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Preface

This book presents selected papers submitted for the 12th International Symposium
on High-Temperature Metallurgical Processing at The Minerals, Metals &Materials
Society (TMS) Annual Meeting & Exhibition held in Anaheim, California, USA
in 2022. The symposium created a platform for presenting ongoing research on the
analysis, development, and/or operation of high-temperature processes that involved
processing of mineral resources, production, and treatment of metals, alloys, ceramic
materials, etc. It also provided a space for reporting fundamental and applied research
related to metallurgical waste generation, characterization, minimization, collec-
tion, separation, treatment, and disposal. Moreover, it was open to people who are
interested in integrating experiment and computation to solve enduring engineering
problems due to the high complexity, high cost, and high energy consumption of
metallurgical process and to those who work on improving practical metallurgical
processes based on techno-economic and life cycle analyses for commercial-scale
production, which identify how to enhance economic feasibility and minimize envi-
ronmental impact. At the TMS 2022 Annual Meeting & Exhibition, this symposium
received a total of 73 abstracts from authors from around the world, of which 68
submissions were accepted. After peer review, 58 papers were included in the book.

This book is expected to serve as a treasured reference for academia and industry
covering a wide range of research fields. Educators, researchers, professionals, and
students will enjoy the diversity of topics that reflect brilliant achievements of
the authors on developing innovative and sustainable technologies and routes for
minerals processing, physical metallurgy, process metallurgy, and materials science
and processing.

The editors of this book would like to express their gratitude to the authors for
their contribution andwillingness to share their research findings and to the reviewers
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vi Preface

for their time and effort that ensured the quality and timeliness of the publication.
The editors would also like to thank the Pyrometallurgy Committee and Extraction
and Processing Division of TMS for sponsoring the symposium and Springer for
publishing the book.

Zhiwei Peng
Jiann-Yang Hwang

Jesse F. White
Jerome P. Downey

Dean Gregurek
Baojun Zhao

Onuralp Yücel
Ender Keskinkilic

Tao Jiang
Morsi Mohamed Mahmoud
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3D Experimental Model Study
on Gas–Solid Flow of Raceway in BF

Cong Li, Qingguo Xue, Xing Peng, Haibin Zuo, Xuefeng She, Guang Wang,
and Jingsong Wang

Abstract The transfer phenomenon and chemical reactions happening in raceway
play a key role in bothmetallurgical principle and industrial operation of blast furnace
(BF).Hot airwith high blasting velocity resulting in efficient gas–solidmotion,which
determines the velocity field and furthermore temperature field, influences the total
rate of chemical reaction. A 1/3rd scale 3D cold sector experimental model taking
blast air kinetic energy as similarity criterion is built to study the gas–solid motion
phenomenon by using 80–110m/s gas inflow and real coke granule (average dimeter:
10–12mm). The results indicate that, to study themovement inside of raceway, using
the blast air kinetic energy as similarity criterion is much more reasonable than the
Reynolds number or Froude number.

Keywords Raceway · Blast air kinetic energy · Cold experimentation · Gas–solid
interaction

Introduction

In BF production, the transmission phenomenon and chemical reaction in raceway
are very important and have always been the focus of research. For example, raceway
in actual BF by microwave reflection method is directly measured [1]. Through the
cold physical model, the different effects of two-dimensional slot model and three-
dimensional sector model in whole furnace model are studied [2, 3]. The application
of numerical simulation can comprehensively study themultiphase flow, temperature
field, transmission phenomenon, composition distribution, and chemical reaction in
BF [4, 5].

In the cold simulation of physical model, the commonly used coke particle substi-
tutes are glass beads, plastic balls, beans, and grains. The density, equivalent diameter,
and internal friction coefficient of these particles are very different from those of coke.
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Besides, the selected similarity criterion is generally Reynolds number or Froude
number, and thus, the blast speed is low. There are some deficiencies in revealing the
particle motion under the interaction of gas–solid, especially the high-speed motion
[2, 6].

In this paper, using blast air kinetic energy as similarity criterion and coke as filler,
a 1/3rd scale 3D sector physical model is established to simulate the gas–solid flow
in the lower part of BF at four blast speeds of 80, 90, 100, and 110m/s, with emphasis
on the particle movement in the raceway. Experiments show that it is reasonable to
use blast air kinetic energy as similarity criterion and coke as filler, which can more
accurately reflect the actual situation in the raceway of BF tuyere and improve the
reliability of physical cold simulation.

Model Description

Model Geometry

A cold sector model scale of 1/3rd was determined. The basic geometric dimensions
of the model are as follows. The cold model is made of plexiglass, and measurement
holes with an alignment of 10 × 10 cm are reserved on one side wall, as shown in
Fig. 1 (Table 1).

Fig. 1 3D model experimental facility (empty and charged)
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Table 1 Dimension of real
industrial BF and model (unit:
mm)

Real industrial BF Model

Hearth radius 2600 867

Hearth heighta 2900 540

Bosh height 3000 1000

Belly radius 3000 1000

Belly height 1200 100

Tuyere diameter 100 35

Tuyere central line height 2500 400

Raceway depthb 998 350

Raceway height 865 300

Raceway width 563 200

a Hearth is shortened for the reason of no hot metal liquid
b Raceway parameter is calculated according to literature [7, 8]

Table 2 Blast air kinetic
energy real industrial BF and
model

Real industrial BF Model

Tuyere diameter (mm) 110 35

Real blast speed (m/s) 190 110

Mass flow (kg/s) 1.136a 0.1275

Blast air kinetic energy (kJ/s)b 20.495 0.771

a The effects of blast pressure and temperature are considered
b The ratio of is 26.58

Taking Blast Air Kinetic Energy as the Similarity Criterion

In this experiment, the blast air kinetic energy is used as the similarity criterion when
determining the blast speed. The size of coke particles should also be one-third of
the actual coke, so the mass of actual coke in industry is 27 times that of the coke
particles used in this model. The blast air kinetic energy should also be reduced to
one twenty seventh of actual BF (Table 2).

Particle Physical Properties and Measuring Devices

According to the real density and volume, six kinds of particles are selected: hollow
alumina ball, coke (average diameter 12 mm), chickpea, black bean, red bean, and
mung bean. The physical properties are shown in Table 3.

The density and average equivalent diameter of coke and chickpea are similar.
Therefore, when filling the model, gray chickpea is used to replace some coke parti-
cles, which not only ensures the accuracy and reliability of physical simulation, rather
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Table 3 Particle physical properties

Real density
(kg/m3)

Average single
particle mass (kg)

Average single
particle volume
(m3)

Average
equivalent
diameter (m)

Alumina ball 2435 1.35E−03 5.56E−07 0.0102

Coke 1280 7.92E−04 6.19E−07 0.0106

Chickpea 1242 6.54E−04 5.26E−07 0.0100

Black bean 1163 2.10E−04 1.80E−07 0.0070

Red bean 1302 1.31E−04 1.01E−07 0.0058

Mung bean 1360 6.15E−05 4.52E−08 0.0044

than hollow alumina ball, chickpea, black bean, red bean, or mung bean, but also
plays a role of tracing.

Use L-shaped pitot tube + digital display instrument and hot air velocimeter to
measure the gas flow velocity in the model. Use a high-speed industrial camera to
capture particle motion and obtain motion data, and the image storage interval is
25 ms.

Results and Discussion

Gas Superficial Velocity Distribution

After obtaining the velocity values in the horizontal and vertical directions, the
contour map of gas flow superficial velocity distribution on the vertical plane passing
through the tuyere central line is drawn, as shown below (Figs. 2, 3, 4, 5, 6, 7, 8 and
9).

It can be seen from the contour map that after the core air flow enters the model
from the tuyere, because the space expands instantaneously, the kinetic energy decays
rapidly, and the velocity gradient is large. The core air flow quickly decays from high
speed to 25–40 m/s differently. When approaching the end wall, the horizontal speed
further decays to 3–7 m/s differently. Finally, subject to the obstruction of the end
wall, the core air flow turns to the vertical direction.

Motion of Single Particle Under the Interaction of Gas–Solid

Through a pipe above the tuyere, a single particle of six kinds is put into airflow.
A horizontal section is set when making the pipeline, so as to avoid friction and
gravity to the greatest extent. Record the horizontal position of particles between
two contiguous pictures (the scale plate in the image below is 5 × 5 cm), and the
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Fig. 2 Contour of axial velocity in plane XY through tuyere central line (blast speed: 80 m/s, X
and Y axes unit: cm)

Fig. 3 Contour of radial velocity in plane XY through tuyere central line (blast speed: 80 m/s, X
and Y axes unit: cm)

storage interval of two contiguous pictures is 25 ms, so as to obtain the particle
movement speed (Fig. 10).

The moving speed of particles is measured for many times, and the average value
is taken to obtain the results, as shown below (Fig. 11).

It can be seen from the above figure that with the increase of blast speed, the
particle movement speed increases obviously, and the movement speed of particles
with low density and small equivalent diameter, such as mung bean and red bean,
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Fig. 4 Contour of axial velocity in plane XY through tuyere central line (blast speed: 90 m/s, X
and Y axes unit: cm)

Fig. 5 Contour of radial velocity in plane XY through tuyere central line (blast speed: 90 m/s, X
and Y axes unit: cm)

increases more obviously. This is consistent with the sharp increase of the specific
surface area of powdered charge (≤5 to 8 mm) and the easy fluidization of powdered
particles.
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Fig. 6 Contour of axial velocity in plane XY through tuyere central line (blast speed: 100 m/s, X
and Y axes unit: cm)

Fig. 7 Contour of radial velocity in plane XY through tuyere central line (blast speed: 100 m/s, X
and Y axes unit: cm)

Multi-particle Motion Under Gas–Solid Interaction

Multi-particle motion experiments were carried out under four blast speeds: 80, 90,
100, 110 m/s. Three kinds of particles: alumina ball, chickpea, and coke are put into
it (Fig. 12).
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Fig. 8 Contour of axial velocity in plane XY through tuyere central line (blast speed: 110 m/s, X
and Y axes unit: cm)

Fig. 9 Contour of radial velocity in plane XY through tuyere central line (blast speed: 110 m/s, X
and Y axes unit: cm)

After obtaining the position information, similar to the motion of a single particle,
the motion speed of particle can be calculated, as shown in Table 4.

Because of the elastic collision force between particles, the velocity of most coke
particles is lower than that of single particles. At 100 m/s and 110m/s, there are more
moving particles, and the particle velocity decreases significantly. The frequency of
particle at 100 m/s entering in the middle low-speed region is more than 110 m/s
(Fig. 13).
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Fig. 10 Two contiguous images of alumina ball at 80 m/s blast speed

Fig. 11 Particle velocity
under different blast speeds
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According to the particle velocity and direction, the raceway can be divided into
four regions: the lower rightward region, the upper leftward region, the right upward
region, and the middle low-speed region.
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Fig. 12 Particle motion and identification at 100 m/s blast speed

Table 4 Particle speed in four zones at different blast speeds

80a 90 100 110

Bottom rightward – 5.00 3.20 3.60

Top leftward – – 1.40 3.00

Right upward – 3.00 1.00 1.80

Middle slow – – 0.80 0.60

a No moving particles have been found at 80 m/s. And size of moving particles at 90 m/s is
particularly small (it maybe the granule resulting from friction)

Conclusions

The conclusions are as follows:

• Coke particles circle obviously in raceway at blast speed of 100 m/s and 110 m/s.
This proves the rationality of choosing blast air kinetic energy as the similarity
criterion to establish the cold raceway model of BF.

• Small cokeparticles are selected as thefiller basedon the samephysical parameters
and density. The geometric size is strictly scaled to meet the similarity criteria as
much as possible, which can improve the reliability of physical simulation.
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Fig. 13 Different motion
zones in raceway

• For the movement speed of single particle, the influence of particle real density
is greater at low blast speed, while the influence of equivalent diameter is greater
at high blast speed.

• The multi-particle motion in the raceway under the interaction of gas–solid can
be divided into four regions with significantly different velocities and directions.
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Modelling of Permanent Magnetic Field
for Its Application in Electroslag
Remelting

Guotao Zhou, Shenyang Song, Wei Yan, and Jing Li

Abstract A high-efficiency and low-power consumption permanent magnetic tech-
nology was proposed to modify the poor control of structure and primary carbide
of high-carbon stainless steel. One key point of the better application of permanent
magnetic technology is the generation of magnetic field with stronger intensity and
more even distribution using less magnet. In this study, the permanent magnetic
field under varying arrangement, thickness, number, and arc degree of magnets was
modelled. The results indicated that adjacent magnets with same polarization mode
have stronger magnetic field intensity. All the greater magnet thickness, greater arc
degree of single magnet and less magnet number under same sum of total arc degree
can increase field intensity. The arrangement mode of two 40 mm-thickness magnets
with arc degree of 120 and different polarization mode among more than 20 arrange-
ment modes has strongest field intensity and widest range of intensive magnetic flux
density along radial direction.

Keywords Permanent magnetic field ·Magnet arrangement · Electroslag remelting

List of Symbols

µ0 Vacuum permeability
B Magnetic flux density
M Magnetization intensity
H Magnetic field intensity
Vm Magnetic scalar potential
µr Relative permeability
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Introduction

Electroslag remelting (ESR) has been receiving increasingly widespread application
during production of special steels and alloys due to its excellent performance in
increasing cleanliness, solidification structure refinement, and homogeneity of metal
materials. High-carbonmartensitic stainless steels have broadly used in production of
high-grade knives because of high hardness, abrasive resistance, and corrosion resis-
tance. They are always produced through ESR to improve cleanliness and structure.
However, the coarse primary carbides are observed frequently in ESR ingots due to
high carbon and alloy contents, this would deteriorate the product performance and
service life. The primary carbide is especially difficult to be eliminated completely
during subsequent process, it is therefore ESR process is the critical step to control
the primary carbide.

Many measurements have been proposed and tried to adjust the segregation and
primary carbide through process parameter optimization, alloying treatment of steel,
and development of new ESR technique. Suh [1] found that increase of melting rate
could decrease the size of primary carbide on the surface but increase the size of
primary carbide in the zone of 1/2 radius and core of high-speed steel ESR ingot.
Chumanov [2] investigated the primary carbide of semi-heat-resistant steel prepared
by ESR through rotating a consumable electrode and found the carbide became fine
and uniform, he contributed this to the increasing uniformity of pool temperature
and cooling rate. Chang [3] adopted the similar method with Chumanov during ESR
of bearing steel; as a result, the segregation of carbon and chromium was decreased,
and the primary carbide was restrained. Boccalini [4] found that addition of rare
earth promoted the formation of M6C carbide and attributed this to the formation of
more nucleation sites in the case of rare-earth oxysulfide.

Ultimately, formation of primary carbide is the result of interdendritic enrichment
of carbide-forming elements in the solidification front. To control primary carbide
should first control the interdendritic segregation of carbide-forming elements. Dong
[5] reported that element segregation decreases with the decrease of dendrite spacing
in electroslag remelted cold roller steel and concluded that solidification segregation
of ESR ingot could be suppressed through control of secondary dendrite spacing.
Despite some methods as above have been investigated and employed, however,
these measurements are always conducted through changing the process parame-
ters of ESR, most of time they have not obvious effect especially for large-size
ingot limited by the solidification mode of ESR. External field control of metal
solidification represented by electromagnetic field has been utilized widely during
continuous casting of steel and received good effectiveness. Some researchers [6,
7] have applied electromagnetic stirring during centrifugal casting of high-speed
roller steel and mould casting of high-speed steel. The results indicated that the
carbide became finer and distributed more uniformly. The application of electro-
magnetic field during ESR is rarely reported. Murgas [8] and Wang [9] reported
that the solidification structure became fine and dendrite spacing decreased after
application of electromagnetic field during ESR of M2 high-speed steel and H13 die
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steel. Considering the relationship between primary carbide and element segregation
and dendrite spacing, the electromagnetic field may be effective for primary carbide
control. Permanent magnetic field has more advantages such as high field inten-
sity, low energy consumption, and simple equipment structure, so it may be more
suitable for large section and high-alloy electroslag remelted steel compared to elec-
tromagnetic field. Permanent magnetic field is generated from permanent magnet,
the size, number and arrangement mode of permanent magnet are the designing
keys for generation of high permanent magnetic field intensity in the case of less
magnet number. The present study aims to propose an optimum arrangement mode
of permanent magnet for subsequent application during ESR.

Modelling Description

TheCOMSOLMultiphysics (COMSOL) softwarewas employed in the present study
to conduct the modelling and computation. The geometrical model can be built
through COMSOL software with same height of 200 mm but varying permanent
magnet number, thickness, arc degree, arrangementmode, and polarization direction.
N38 permanent magnet (sintered NdFeB) with a magnetic flux density of 1.26 T and
a relative permeability of 1.05 was used in the modelling. In the case of magnetic
system simulated with permanent magnets, the AC/DC module with the magnetic
field no current (MFNC) physics was utilized. The surrounding air layer of the
permanent magnet model with a thickness of 20 mm and a relative permeability of
1.0 was set as the insulation surface in the model, and this means that the magnetic
induction line cannot penetrate the air layer or a magnetic vector potential is zero.
The steel with a relative permeability of 1.0 and a conductivity of 7.14 × 105 S/m
was used as thematerial between themagnets. Then, themodel wasmeshed. Figure 1
presents the mesh example for the arrangement mode of NSNS (N and S represent
the polarization direction of north and south, respectively) used in the modelling.

Fig. 1 Mesh of the
permanent magnet model
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In the area with no current, Maxwell–Ampere’s law for the system can be
simplified as follows.

∇ ·
(

1

µ0
B − M

)
= ∇ · H = 0 (1)

The following equation can be obtained according to the Gauss magnetic law.

∇ · B = 0 (2)

The magnetic scalar potential can be defined using the following equation.

H = −∇Vm (3)

The constitutive relation equation for surrounding air area can be written as
follows.

B = µ0µr H (4)

The constitutive relation equation for permanent magnet can be obtained through
a combination of the above Eqs. (1–3).

B = µ0(H + M) (5)

where µ0 is vacuum permeability, B is magnetic flux density, M is magnetization
intensity, H is magnetic field intensity, Vm is magnetic scalar potential, and µr is
relative permeability.

Results and Discussion

Effect of Polarization Direction on Permanent Magnetic Field

The generation and magnitude of magnetic field are related to the polarization direc-
tion. This is because the polarization direction affects the transmit–receive and distri-
bution of magnetic lines. In order to investigate the effect of polarization direc-
tion of magnet on permanent magnetic field, two polarization direction modes of
magnets including “North–South-North–South (NSNS)” and “North–North-South-
South (NNSS)” were modelled. All magnets used in the model have same thick-
ness of 40 mm, same arc degree of 45°, and same height of 200 mm. The modes
can be expressed simply as 4-60-NSNS-40 and 4-60-NNSS-40 (magnet number–
arc degree–polarization mode–thickness). Figure 2 indicates the calculated coupled
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Fig. 2 Magnetic flux density and vector for a 4-60-NSNS-40 and b 4-60-NNSS-40 mode

figures of magnetic flux density and magnetic vector. In the figure, red and blue
represent the south magnetic pole (S) and the north magnetic pole (N), respectively.

It can be found from Fig. 2a, b that the distribution of magnetic lines from the
model with NSNS polarization mode is very different from that from the model with
NNSS polarization mode. The magnetic lines are sparse in the core but dense around
the magnets for NSNS mode, while the magnetic lines are denser in the core for
NNSS mode than that for NSNS mode. This result can be observed more visually
from Fig. 3, which gives the change relationship of magnetic flux density with radial
distance of pair magnet pole. The magnetic flux density of core is almost 0 for NSNS
mode, while it is up to 1350 G for NSNS mode. This is because the magnetic lines
are inclined to enter the nearest magnet with the opposite polarization mode. The
magnet arrangement of NSNS mode is easier to receive the magnetic lines from the
adjacent magnets than the NNSS mode.

Fig. 3 Magnetic flux density along radial distance of magnetic pole for a 4-60-NSNS-40 and
b 4-60-NNSS-40 mode
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Effect of Magnet Thickness on Permanent Magnetic Field

As shown in Fig. 4, the permanent magnetic field was modelled using the magnets
with thickness of 20mmand 40mmbut same arrangementmode (NNSS) and number
of four. The modes can be expressed simply as 4-60-NNSS-20 and 4-60-NNSS-40.
It can be seen from Fig. 4 that the magnetic flux density in the core and around the
thinner magnets is obviously lower than that generated by the thicker magnets. In
details, the magnetic flux density increases by double with a doubling of the magnet
thickness according to Fig. 5. But the range of intensive magnetic field along the
radial direction has no apparent change. Therefore, application of thick magnet is
one way to strengthen magnetic field.

Fig. 4 Magnetic flux density and vector for a 4-60-NNSS-20 and b 4-60-NNSS-40 mode

Fig. 5 Magnetic flux density along radial distance of magnetic pole for a 4-60-NNSS-20 and
b 4-60-NNSS-40 mode
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Effect of Magnet Number on Permanent Magnetic Field

In order to evaluate the single effect of magnet number on the permanent magnetic
field, the effect of themagnet number onmagnetic fieldwas investigated in the case of
same total arc degree of magnet, same magnet thickness as well as same polarization
direction with a symmetrical distribution.

Figure 6 presents the calculated coupled figures of magnetic flux density and
magnetic vector. Twomagnets with single arc degree of 120° and thickness of 40mm
(2-120-NS-40)were used in themodelling for Fig. 6a, while fourmagnets with single
arc degree of 60° and thickness of 40 mm (4-60-NS-40) were used in the modelling
for Fig. 6b. It can be seen that both magnetic flux density and magnetic vector are
different with each other despite of same and total arc degree of 240°. Figure 7 shows
the change of magnetic flux density with radial distance of pair magnetic pole. It can
be found that the core magnetic flux density of 2-120-NS-40 mode is up to 1650 G,
which is stronger than 1350 G of 4-60-NS-40 mode. This is because the magnetic
lines from the N pole tend to enter the nearest S pole, this phenomenon just agrees
with the magnet arrangement mode as shown in Fig. 6b. It should be stressed that

Fig. 6 Magnetic flux density and vector for a 2-120-NS-40 and b 4-60-NNSS-40 mode

Fig. 7 Magnetic flux density along radial distance of magnetic pole for a 2-120-NS-40 and
b 4-60-NNSS-40 mode
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Fig. 8 Magnetic flux density and vector for a 2-90-NS-40, b 4-45-NNSS-40, and c 6-30-NNNSSS-
40 mode

Fig. 9 Magnetic flux density along radial distance of magnetic pole for a 2-90-NS-40, b 4-45-
NNSS-40, and c 6-30-NNNSSS-40 mode

the magnetic flux density in the core zone is important because the molten pool is
in the core zone during ESR, and high magnetic flux density means strong magnetic
force to affect the solidification process of steel.

The permanent magnetic field was further modelled in the case of same total
arc degree of 90° made up of two 90-arc degree magnets (2-90-NS-40 mode), four
45-arc degree magnets (4-45-NNSS-40 mode), and six two 30-arc degree magnets
(6-30-NNNSSS-40 mode). Figures 8 and 9 present the calculated coupled figures
of magnetic flux density and magnetic vector as well as the change relationship of
magnetic flux density with radial distance of pair magnetic pole. As magnet number
increases, it can be seen from Figs. 8 and 9 that the magnetic lines passing through
the core zone become less and less, the core magnetic flux density decreases from
about 1350 G for 2-90-NS-40 mode to about 1000 G for 4-45-NNSS-40 mode and
6-30-NNNSSS-40 mode, but the range of intensive magnetic field along the radial
direction decreases.

Effect of Magnet Arc Degree on Permanent Magnetic Field

Figure 10 shows the calculated coupled figures ofmagnetic flux density andmagnetic
vector for the mode with same magnet number of two and same magnet thickness of
40 mm but different arc degree of 30° (Fig. 10a 2-30-NS-40 mode), 45° (Fig. 10b 2-
45-NS-40mode), and 60° (Fig. 10c 2-60-NS-40mode). It can be seen fromFig. 10a–c
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Fig. 10 Magnetic flux density and vector for a 2-30-NS-40, b 2-45-NS-40, and c 2-60-NS-40mode

that more magnetic lines pass through the core zone with increasing arc degree. This
is because larger arc degree of pair magnet pole can emit and receive more magnetic
lines. In combination with Fig. 11, it can be found that the core magnetic flux density
increases from about 500 G to about 700 G and then to about 950 Gwith the increase
of arc degree from 30° to 45° and then to 60°. But the range of intensive magnetic
field along the radial direction decreases. In combination with Figs. 6a and 8a, the
magnetic flux density increases by 1150 G when the arc degree increases from 30°
to 120°.

Figure 12 shows the similar change tendency of magnetic lines and magnetic flux
density with modelling results of those modes shown in Fig. 10. Compared with
modes presented in Fig. 10, the arc degrees are still same, but the magnet number
increases from two to four. According to Fig. 13, the core magnetic flux density
increases from about 700 G to about 1000 G and then to about 1350 G, but the range

Fig. 11 Magnetic flux density along radial distance of magnetic pole for a 2-30-NS-40, b 2-45-
NS-40, and c 2-60-NS-40 mode

Fig. 12 Magnetic flux density and vector for a 4-30-NNSS-40, b 4-45-NNSS-40, and c 4-60-
NNSS-40 mode
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Fig. 13 Magnetic flux density along radial distance of magnetic pole for a 4-30-NNSS-40,
b 4-45-NNSS-40, and c 4-60-NNSS-40 mode

of intensive magnetic field along the radial direction decreases with increasing arc
degree.

For ESR of large-size ingots, the high core magnetic flux density is necessary
to generate large magnetic force to control the solidification process during ESR.
According to the above modelling results, it can be found that the core has higher
magnetic flux density in the case of same polarization direction of adjacent magnets.
The core magnetic flux density increases with the increase of magnet thickness, arc
degree, and less magnet number in the case of same total arc degree.

Concluding Summary

Same polarization direction of adjacentmagnets is beneficial for increase ofmagnetic
flux density. The core magnetic flux density is stronger for thicker magnet when the
magnet arrangement and number are same. The core magnetic flux density becomes
stronger with increasing total magnet arc degree in the case of same magnet arrange-
ment and number. The core magnetic flux density also becomes stronger when the
magnet number is less, but the total arc degree is same. Among these modes, the
mode of 2-120-NS-40 has largest core magnetic flux density of about 1650 G, the
modes of 2-90-NS-40 and 4-60-NNSS-40 have similar core magnetic flux density of
about 1350 G, but the 4-60-NNSS-40 mode has wider range of intensive magnetic
field along the radial direction. The corresponding arrangement mode of magnet can
be chosen according to the ingot size, demand for magnetic flux density, and magnet
saving.
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Numerical Simulation of the Effect
of Bed Height Diameter Ratio
on Gas–Solid Flow Characteristics
in a Side Stirred Fluidized Bed

Chuanfu Li, Yan Liu, Ting’an Zhang, Ning Li, and Shengyu Zhang

Abstract Fluidized bed reactor has become an important branch of non-blast
furnace ironmaking due to its high heat and mass transfer efficiency, simple equip-
ment structure, and low cost. In view of the uneven distribution of gas–solid two-
phase in the traditional fluidized bed fluidization process, this paper puts forward
a new idea that side stirring is applied to the fluidization iron making process to
inhibit the sticking. The bed height diameter ratio is a structural factor which has
great influence on the hydrodynamic performance of fluidized bed. In this paper, the
three-dimensional numerical simulation of gas–solid fluidized bed is carried out by
using Eulerian–Eulerian two-fluid model under the same inner diameter of fluidized
bed reactor to study the effect of bed height diameter ratio on two-phase flow in
gas–solid fluidized bed.

Keywords Fluidization ironmaking · Side stirring · Numerical simulation · Bed
height diameter ratio

Introduction

At present, blast furnace ironmaking technology has almost reached a perfect level
[1]. However, problems such as resources and environment are becoming increas-
ingly tense. The fluidized ironmaking technology can directly reduce hematite by
carbon monoxide or hydrogen. The reduction kinetic conditions are better, which
can not only reduce resource consumption, but also reduce environmental pollution.
The research shows that using H2 instead of CO as reducing agent in the process
of iron ore reduction can effectively improve the reaction rate and further reduce
CO2 emission [2, 3]. However, in industrial production, it is prone to slugging,
channeling, and sticking problem. The uneven distribution of gas–solid two phases
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reduces the fluidization quality and the efficiency of heat and mass transfer. Song [4]
added a vertical stirring device to the fluidized bed of ultrafine iron oxide powder and
concluded that the addition of stirring device can significantly improve the fluidiza-
tion quality of iron oxide powder. Wang [5] numerically simulated the flow behavior
of particles in a gas–solid stirred fluidized bed with frame agitator. The results show
that the transverse motion of particles is enhanced by mechanical stirring. Although
adding vertical stirring device in fluidized bed can improve the degree of gas–solid
mixing to a certain extent, the action area of agitating vane is small and can only
affect the movement of gas–solid two phases in horizontal direction, and the effect is
limited. In order to further improve the effect of stirring device, a new idea of using
side stirring to inhibit particle sticking in fluidized ironmaking process is proposed
in this paper. The bed height diameter ratio is one of the structural factors that have
a great influence on hydrodynamics. Sathiyamoorty and Horio [6] verified through
experiments that the influence of height diameter ratio of fluidized bed on the uniform
distribution of gas–solid two-phase cannot be ignored. Zhang et al. [7] studied the
influence of bed height on pressure fluctuation in a fluidized bed filled with Geldart B
particles and found that there was obvious gas–solid heterogeneity when the height
diameter ratio was 6. Gokon [8] determined the appropriate particle size range and
bed height diameter ratio for the design of fluidized bed reactor.

In this paper, the three-dimensional numerical simulation of the fluidization
process in a side stirred fluidized bed reactor at room temperature is carried out
by using the Eulerian–Eulerian two-fluid model. The effect of bed height diameter
ratio on gas–solid two-phase flow characteristics in a side stirred fluidized bed was
investigated. It provides data support for the next high temperature experiment of
hydrogen reduction of hematite.

Simulation Calculation Models and Parameters

Mathematical Model Basic Assumptions

In this paper, the Eulerian–Eulerian two-fluid model coupled with kinetic theory
of granular flow is used to simulate the side stirred fluidized bed. In order to save
calculation resources, the quantities that have little impact on gas–solid two-phase
flow are simplified, so the following assumptions are made:

(1) The slip action between wall and gas–solid two-phase is not considered;
(2) The lift force between gas and solid is not considered;
(3) Due to the large density difference between gas and solid, the virtual mass

force is not considered;
(4) The dispersive force of turbulence is not considered.
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Fig. 1 Physical model andmesh. a Schematic diagram of the side agitated fluidized bed bMeshing
of the fluidized bed c Meshing of agitator d Inlet e Outlet

Physical Model and Mesh Model

Figure 1 shows the geometric model andmeshmodel of the side stirred fluidized bed.
The inner wall diameter D of the fluidized bed is 0.1 m, the agitating vane diameter
is 0.07 m, and the agitator shaft is inserted into the fluidized bed at 45°. The distance
between the center of the agitating vane and the bottom of the fluidized bed is 0.2 m.

Boundary Conditions and Related Simulation Parameters

Table 1 shows the physical parameters, operating parameters, and boundary condi-
tions of simulation calculation of solid particle fluidization process in a side stirred
fluidized bed under different bed height diameter ratio.

RNG k-ε is selected as turbulence model. The wall of fluidized bed and the wall of
agitator adopt non-slip boundary for gas–solid two-phase flow. The operating pres-
sure is set to 101.325 kPa. The momentum transfer between gas and solid phases
mainly depends on the drag force [9]. Aiming at the decrease of drag force caused by
particle agglomeration in a specific particle concentration range, based on the charac-
teristic analysis of the traditional drag force model in different particle concentration
ranges, the drag force model suitable for different particle concentration ranges is
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Table 1 Physical parameters
and operation parameters

Calculating parameters Parametric values

Particle density, ρs (kg/m3) 2840.200

Gas density, ρg (kg/m3) 1.225

Average particle diameter, ds (μm) 500

Apparent gas velocity, ug (m/s) 0.500

Stirring speed, N (rpm) 160

Initial static bed height, H0 (mm) 200, 300, 400, 500

Inlet type Velocity-inlet

Outlet type Pressure-outlet

Time step, �t (s) 0.001

Particle collision coefficient, ess 0.900

selected, and the modified drag force model is obtained through the smooth function
connection [10]. The modified drag model is imported into FLUENT software by
user-defined (UDF) program.

Simulation Results and Analysis

Effect of Bed Height Diameter Ratio on Bed Pressure Drop

The variation of bed pressure drop with time in side stirred fluidized bed under
different bed height diameter ratio is shown in Fig. 2. The figure reflects the fluctua-
tion of bed pressure in side stirred fluidized bed. The change of gas volume fraction
caused by the interaction between gas and solid particles and the bed vibration caused

Fig. 2 Variation of bed
pressure drop with time in
side stirred fluidized bed
with different height
diameter ratio
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Table 2 Variation of average
deviation of bed pressure drop
with height diameter ratio

Bed height diameter ratio Average deviation of bed pressure
drop (%)

2:1 7.24

3:1 7.53

4:1 8.46

5:1 8.69

by the collision between solid particles and side agitator, solid particles, and wall can
lead to the fluctuation of bed pressure in the bed. It can be seen from the figure that
with the increase of the bed height diameter ratioC, the pressure drop in the bed grad-
ually increases, and the stronger the pressure fluctuation in the fluidized bed. When
the bed height diameter ratio is 2:1 and 3:1, the bed pressure fluctuation is small,
while when the bed height diameter ratio is 4:1 and 5:1, the bed pressure fluctuation
is more intense. This is due to the increase of the bed height diameter ratio and the
mass of the added solid particles, resulting in the gradual increase of the average
pressure drop of the fluidized bed. Through calculation, the average deviation of bed
pressure drop under the condition that the height diameter ratio of fluidized bed is
2:1, 3:1, 4:1, and 5:1 is shown in Table 2. It can be seen that the average deviation of
bed pressure drop increases with the increase of bed height diameter ratio. When the
height diameter ratio of fluidized bed is 2:1 and 3:1, the fluctuation of bed pressure
drop in side stirred fluidized bed is smaller, and the operation is more stable.

Characteristics of Gas Radial Velocity Distribution

Figure 3 shows the gas velocity distribution along the radial direction of the fluidized
bed at 10 s with axial heights of 0.1, 0.2, 0.3, 0.4, and 0.5 m, respectively. According
to the cloud diagram of solid particle volume fraction distribution at different bed
height diameter ratios in Fig. 6, when the axial height is 0.1m, the fluidization state of
fluidized beds with different bed height diameter ratio is similar, and the distribution
of gas and solid is relatively uniform. Since the agitating vane is located at axial
height of 0.2 m, the gas velocity distribution is complex, generally showing a higher
central velocity and a lower velocity on both sides. During the mixing process, the
momentum of the gas increases. When the axial height is 0.3 m and the bed height
diameter ratio is 2:1, the gas velocity is small, and when the ratio is 3:1, the gas
velocity is large due to the formation of bubbles on the left and right sides. When the
axial height is 0.4 and 0.5 m and the bed height diameter ratio is 5:1, the maximum
gas velocity reaches 3.66 m/s due to the formation of bubbles on the right side.
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Fig. 3 Gas velocity distribution at different axial height under different bed height diameter ratio
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Characteristics of Particle Axial Velocity Distribution

Figure 4 is the cloud diagram of solid particle velocity vector distribution under
different bed height diameter ratio at 10 s. It can be seen from the figure that under
the four bed height diameter ratios, the momentum of bubbles increases due to the
action of the agitating vane, which drives the movement of solid particles. Therefore,
the velocity of solid particles above the agitating vane is large. Vortices are generated
in the lower part of the fluidized bed and the upper part of the agitator when the height
diameter ratio of the bed is 4:1 and 5:1.When the bed height diameter ratio is 5:1, two
vortices are formed on both sides above the impeller due to the formation, growth,
and floating of bubbles above the impeller.

Figure 5 shows the particles axial velocity distribution along the radial direction of
the fluidized bed at 10 swith axial heights of 0.1, 0.2, 0.3, 0.4, and 0.5m, respectively.
When the axial height is 0.4 m and the bed height diameter ratio is 2:1, the particle
volume fraction is 0 because the position is above the bed layer. Similarly, when the
axial height is 0.5 m and the height diameter ratio is 2:1 and 3:1, the particle volume
fraction is 0. At the axial height of 0.1, 0.2, and 0.3 m, the fluidized bed particles with
different bed height diameter ratio show similar axial velocity distribution.When the
axial height is 0.4 and 0.5 m and the bed height diameter ratio is 5:1, vortices are
generated in the fluidized bed. According to Sect. 3.2, the gas velocity on the right
side of the fluidized bed is large, so it drives the solid particles to move upward and
has a large axial velocity. In the gas vortex, the axial velocities of solid particles
are positive on the right and negative on the left. The gas drives the particles to
move counterclockwise. It can also be seen from the figure that among the absolute
values of solid particle velocity, the particle velocity in the center is larger, and the
particle velocity near the side wall of the fluidized bed is smaller. This is because the
resistance increases and the particle velocity near the wall is relatively small due to
the influence of boundary viscous force and particle adhesion.

Fig. 4 Velocity vector
distribution of particles
under different bed height
diameter ratio
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Fig. 5 Particles axial velocity distribution along the radial direction of the fluidized bed under
different bed height diameter ratio
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Fig. 6 Distribution of
particle volume fraction
under different bed height
diameter ratio

Distribution Characteristics of Solid Particle Volume Fraction

The cloud diagram of solid particle volume fraction can more intuitively see whether
the gas–solid mixing is uniform, the accumulation of particles, and the existence
of bubbles. Figure 6 shows the distribution of solid particles radial volume fraction
on the section with axial height of 0.1, 0.2, 0.3, 0.4, and 0.5 m under different bed
height diameter ratio at 10 s. It can be seen from the figure that under the conditions
of different bed height diameter ratio, the lower part of the fluidized bed has better
fluidization effect than the upper part. With the increase of height diameter ratio,
the accumulation of particles in the upper part of the fluidized bed becomes more
serious. Small bubbles are formed above the agitating vane. With the increase of the
bed height diameter ratio, the bubbles in the upper part of the bed continue to grow
and have a large size because they exceed the action range of the agitating vane.

Figure 7 shows the radial volume fraction distribution of solid particles at different
bed height diameter ratios at 10 s with axial heights of 0.1, 0.2, 0.3, 0.4, and 0.5 m,
respectively. In order to further analyze the distribution of solid particles in fluidized
bed, the radial volume fraction distribution of solid particles at different axial heights
was compared. The bed height diameter ratio condition with solid particle volume
fraction of 0 is not shown in the figure. When the bed height diameter ratio is 3:1 and
4:1, the fluidization state is relatively stable when the axial height is 0.1 m. At the
axial height of 0.2 m, the gas volume fraction in the fluidized bed changes sharply
due to the action of the agitating vane. When the axial height is 0.4 m and the bed
height diameter ratio is 4:1, the volume fraction of solid particles in the middle of
the fluidized bed is evenly distributed, with an average value of about 0.414, and the
volume fraction of solid particles near the side walls on both sides of the fluidized
bed is large, When the axial height is 0.5 m and the bed height diameter ratio is 5:1,
the volume fraction of solid particles on the right side of the fluidized bed is low and
that on the left side is high due to the floating of bubbles on the right side and the
falling of solids on the left side. The main reason for the non-uniformity of radial
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Fig. 7 Volume fraction distribution of particle at different axial heights under different bed height
diameter ratios
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solid particle volume fraction distribution is the accumulation of particles in the
fluidized bed, which makes the gas volume fraction at the local position significantly
lower and causes the radial solid particle volume fraction distribution to fluctuate
greatly. In addition, due to the different bed height diameter ratio, the resistance of
gas passing through the solid particle bed is different, which makes the difference of
gas–solid two-phase mixing in the fluidized bed.

Conclusions

In this paper, the effect of bed height diameter ratio on gas–solid two-phase fluidiza-
tion characteristics in side stirred fluidized bed was studied by numerical simulation.
The results show that when the bed height diameter ratio is 2:1 and 3:1, the fluctu-
ation of bed pressure drop in side stirred fluidized bed is small, and the operation is
stable.

The radial distribution of gas–solid two-phase velocity and volume fraction distri-
bution on different sections in the side stirred fluidized bed were obtained. Due to
the different bed height diameter ratio, the resistance of gas passing through the
solid particle bed is different, which makes the mixing of gas–solid two phases in
the fluidized bed different. In order to make the distribution of gas–solid two-phase
in the fluidized bed more uniform, no large bubbles are formed in the bed and give
full play to the role of the agitating vane, and therefore, the fluidized bed with a
bed height diameter ratio of 3:1 has better fluidization effect and smaller particle
accumulation area.
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First-Principles Calculations
of Adsorption Reactions of C and Cl2
on TiO2 (001) Surface
with Bridge-Oxygen Defect in Fluidized
Chlorination

Fan Yang, Liangying Wen, Qin Peng, Yan Zhao, Meilong Hu,
Shengfu Zhang, and Zhongqing Yang

Abstract Based on the first-principles calculations of the density functional theory,
the reaction mechanism of carbochlorination of TiO2 with bridge-oxygen defect was
studied. The results show that the presence of C promotes the carbochlorination
reactions. When C and Cl2 co-adsorbed on the bridge-oxygen defect of TiO2 (001)
surface, Cl2 molecules dissociate, and all C atoms bond to Ti or O atoms on the
surface. In the adsorption reactions, O2c atoms are the electron acceptors, and Ti5c(r)
atoms are the electron providers. The adsorption energy of the structure that CO
formed by C and O2c, and two Cl atoms bonded with Ti5c on both sides is low, and
the adsorption energy of this structure is −11.78 eV.

Keywords Defects · Adsorption · Fluidized chlorination · Surface

Introduction

Titanium dioxide is widely used in coating, papermaking, and printing. TiCl4 is an
important raw material for the production of the titanium dioxide by chlorination.
At present, the carbochlorination process is widely used to prepare TiCl4 by mixing
titanium containing materials and petroleum coke and sending them to a fluidized
chlorination furnace at high temperature for reaction. There are obvious interactions
among C, Cl2, and TiO2 particles in the chlorination process. The Ti–O bond on
the surface of TiO2 will break, and bridge-oxygen defects will inevitably appear on
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the surface. The appearance of these defective surfaces has a certain impact on the
chlorination process. Therefore, it is of great significance to explore the adsorption
behavior and mechanism of C and Cl2 on the defect surface of TiO2 to regulate and
control the chlorination reaction process and efficiently prepare TiCl4.

The first-principles calculations of the density functional theory (DFT) are used
to explore the interactions among the materials at the microscopic level. In recent
years, many scholars have studied the adsorption behaviors of themolecules or atoms
on the surface of metal compounds by DFT. Guo et al. [1] studied the adsorption
behavior of H2O2 on CuO (111) and Ag/CuO (111) surfaces. It was found that the
small molecules dissociated from H2O2 had the highest adsorption stability on CuO
(111) and Ag/CuO (111) surfaces. The adsorption energy of H, O, OH, and OOH
on Ag/CuO (111) surface was higher than that on CuO (111) surface. Zhong et al.
[2] studied the adsorption behavior of CO on FeO surface. It was found that CO was
more inclined to form C–Fe bond with Fe atoms on FeO (100) and (110) surfaces.
Yang et al. [3, 4] studied the adsorption behaviors of C and Cl2 on TiO2 surfaces. It
was found that the presence of C could promote the adsorption of Cl2 on the surface
of TiO2, and C atom was more conducive to the adsorption of Cl2 on the surface
of TiO2 (100) than CO molecule. With the increase of the proportion of C atoms in
the reaction process, the possibility of Cl atoms being completely adsorbed on TiO2

(110) surface has increased. Rutile TiO2 contains three low index surfaces, which are
(110), (100), and (001) surfaces, respectively. Among them, TiO2 (001) has higher
surface activity and possibility of oxygen defects. At present, the adsorption process
of TiO2 (001) surface with bridge-oxygen defect is rarely reported. Therefore, it is
of great significance to explore the adsorption behavior and mechanism of C and Cl2
on TiO2 (001) surface with bridge-oxygen defect to enrich and perfect the fluidized
chlorination theory.

In this work, based on the first-principles calculations, we have investigated the
separate adsorption and co-adsorption behaviors of C and Cl2 on TiO2 (001) surface
with bridge-oxygen defect. By analyzing the adsorption energy,Mulliken charge and
density of states, the adsorption mechanism of C and Cl2 on TiO2 (001) surface with
bridge-oxygen defect has been studied, and it provides a deeper theoretical basis for
the further study of the chlorination reaction behavior.

Calculation Method and Models

The separate adsorption and co-adsorption processes of C and Cl2 on TiO2 (001)
surface with bridge-oxygen defect were calculated by Castep module in Material
Studio software. The ultra-soft pseudopotential of plane wave was used to describe
the electron interactions in the calculation processes. The exchange correlation func-
tional used theGGA-PBE [5, 6]. Themodel ofTiO2 (001) surfacewith bridge-oxygen
defect was 2 × 2 supercell, which composed of seven layers of atoms. The bottom
four atomic layers were fixed, and the other three atomic layers were relaxed. K point
and energy cutoff were set to 3 × 3 × 1 and 400 eV, respectively. The thickness of
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Fig. 1 Optimized TiO2 (001) surface with bridge-oxygen defect. The left is the front view, and the
right is the top view

the vacuum layer was set to 15 Å. Figure 1 shows the optimized structure of TiO2

(001) surface with bridge-oxygen defect. In the calculation, the adsorption energy
Eads of X (X = Cl2, C + Cl2) is defined as follows.

Eads = ETiO2+X − (ETiO2 + EX ) (1)

where ETiO2+X represents the surface energy of X (X = Cl2, C + Cl2) adsorbed on
TiO2 surface with bridge-oxygen defect, and ETiO2 represents the energy of TiO2

surface with bridge-oxygen defect, and EX represents the energy of X (X = Cl2, C
+ Cl2).

Results and Discussion

Adsorption Structures

Figure 2 shows the structures of Cl2 adsorbed on TiO2 (001) defect surface. The
chemical bonds of Cl2 molecules in both structures are broken, and the distances
between the dissociated Cl atoms extend to 3.35 Å and 3.62 Å, respectively. A
dissociated Cl atom bonds with the surface Ti5c(r) in structure a, and the bond length
is 2.22 Å. The two dissociated Cl atoms bond with Ti5c on both sides in structure
b, and bond lengths of them are 2.25 Å and 2.22 Å, respectively. The adsorption
energies of the structures a and b are −3.20 eV and −5.71 eV, respectively. Among
them, the adsorption energy of the structure b is lower, indicating that the stability
of the structure with both Cl atoms bonded to the surface is higher. By analyzing the
Mulliken charge of these two adsorption structures, Ti5c(r) is electron provider, and
Cl2 is electron acceptor.
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Fig. 2 Adsorption structures of Cl2 on TiO2 (001) surface with bridge-oxygen defect

Figure 3 shows the adsorption structures of C and Cl2 on TiO2 (001) surface with
bridge-oxygen defect. O2c(s) moves upward from the surface under the action of
C and Cl2 in structure a. The dissociated Cl atoms bond with Ti5c(r) and C, and
the bond lengths are 2.25 Å and 1.83 Å, respectively. The dissociated Cl atoms in
structure f bond with Ti5c on both sides, and the bond lengths of them are 2.33 Å
and 2.23 Å, respectively. In structure g, C and Ti5c(r) form Ti5c(r)–C bond with the
bond length of 2.03 Å. After dissociation, both Cl atoms bond with C atoms, and
the chemical bond lengths are 1.75 Å and 1.80 Å, respectively. The bond length of
Ti5c(r)–C in the structure i is 2.14 Å. The dissociated Cl atoms bond with Ti5c(l)
and C, and the bond lengths are 2.27 Å and 1.67 Å, respectively.

The adsorption energies of these structures in Fig. 3 are −9.29 eV, −8.45
eV, −8.84 eV, −11.48 eV, −7.68 eV, −11.78 eV, −9.91 eV, −11.57 eV, and
−9.02 eV, respectively. Among them, the adsorption energy of structure f is low,
indicating that the adsorption structure of CO formed by C and O2c, and two Cl
atoms bond with Ti5c on both sides is stable. Compared with the structures b, c,
and e, the structures a, d, f, g, h, and i have lower adsorption energies and higher
stabilities, indicating that the bond of the dissociated Cl atom with Ti or C atoms on
the surface can improve the stability of the adsorption structures. Compared with the
adsorption energies of−3.20 eV and−5.71 for Cl2 adsorbed on TiO2 (001) surface,
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Fig. 3 Adsorption structures of C and Cl2 on TiO2 (001) surface with bridge-oxygen defect
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Table 1 Mulliken charge analysis of C and Cl2 adsorbed on TiO2 (001) defect surface

No. C O2c Ti5c(r) Cl2

q(e) �q(e) q(e) �q(e) q(e) �q(e) q(e) �q(e)

a 3.90 0.10 6.55 −0.55 10.80 1.20 14.38 −0.38

b 3.92 0.08 6.57 −0.57 10.87 1.13 14.70 −0.70

c 4.10 −0.10 6.49 −0.49 10.82 1.18 14.73 −0.73

d 4.09 −0.09 6.49 −0.49 10.85 1.15 14.36 −0.36

e 4.56 −0.56 / / 10.77 1.23 14.03 −0.03

f 3.59 0.41 6.45 −0.45 10.83 1.17 14.70 −0.70

g 4.57 −0.57 / / 10.76 1.24 13.98 0.02

h 4.08 −0.08 6.51 −0.51 10.81 1.19 14.67 −0.67

i 4.40 −0.40 / / 10.69 1.31 14.17 −0.17

q(e) is the total amount of the electrons. �q(e) represents gain or loss electrons. Negative value
represents gain electrons, and positive value represents loss electrons. O2c in structures a, b, c, d,
f, and h are O2c(s), O2c(v), O2c(u), O2c(u), O2c(f), and O2c(u)

the addition of C can promote the occurrence of the adsorption reaction of Cl2 on
TiO2 (001) defect surface.

Charge Analysis

Table 1 shows the Mulliken charge analysis of C and Cl2 adsorbed on TiO2 (001)
surface with bridge-oxygen defect, where a, b, c, d, e, f, g, h, and i correspond to the
structures a, b, c, d, e, f, g, h, and i in Fig. 3, respectively. O2c is electron acceptor,
while Ti5c(r) is electron provider in these structures. In structures a, b, and f, C atoms
are the electron providers. C atoms are the electron acceptors in structures c, d, e,
g, h, and i. Cl2 in the structures a, b, c, d, e, f, h, and i are electron acceptors. The
amounts of the electrons obtained by Cl2 are 0.38e, 0.70e, 0.73e, 0.36e, 0.03e, 0.70e,
0.67e, and 0.17e, respectively. Among the above structures, after the dissociation of
Cl2 molecules in the structures e and g, Cl atoms bond with C or enter the vacuum
layer, and there is no Ti–Cl bond in the structures. The amounts of electrons obtained
or lost by Cl2 in both structures are less, indicating that it is difficult for Cl2 to obtain
more electrons when there are no Ti–Cl bonds in the adsorption structures.

Density of State

Figure 4 shows the partial density of states of C and Cl2 adsorbed on TiO2 (001)
surface with bridge-oxygen defect. Resonance peaks may exist between C and O2c,
Ti5c and Cl, and C and Cl in the different adsorption structures. The Cl atoms in
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Fig. 4 Partial density of states of C and Cl2 adsorbed on TiO2 (001) defect surface. The structures
a, b, c, d, e, g, and h are corresponding to the structures a, b, c, d, e, g, h, and i in Fig. 3, respectively.
Where Ti atoms all refer to Ti5c(r), O atoms in the structures a and b refer to O2c(s) and O2c(v),
and O atoms in the structures c, d, and h refer to O2c(u), respectively
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the structures a, b, c, d, and h are all bonded with Ti5c(r), and the Cl atoms in the
structures e, g, and i are the right Cl atoms bonded with C atom. Compared with the
structures a, b, c, d, and h, the density of states peaks of Ti5c(r) in the structures e,
g, and i near −5.00 eV on the left side of Fermi level is sharp, indicating that the
electron localizations around Ti5c(r) in the adsorption structures without C–O bond
are strong and the electron activities are low. In the structures e and i, C atoms only
bond with two other atoms, which are Ti5c(r) and one of the dissociated Cl atoms,
respectively. In the density of states diagrams of the two structures, the density of
states peak ofCl atomon the left side of Fermi level is sharp near−5.30 eV, indicating
that the electron delocalization around Cl atom is weak.

Conclusions

Based on the first-principles calculations, the separate adsorption and co-adsorption
models of C and Cl2 on the rutile TiO2 (001) surface with the bridge-oxygen defects
are established, and their adsorption behaviors are studied. Cl2 molecules dissociate
when they adsorbed alone on TiO2 (001) defect surface. In the adsorption reactions,
Ti5c(r) is the electron providers, and Cl2 atoms are the electron acceptors. When C
and Cl2 co-adsorbed on TiO2 (001) surface, Cl2 molecules are dissociated, and C
bonds with the surface atoms. The presence of C promotes the chlorination reaction.
In the adsorption reaction, O2c is the electron acceptor, and Ti5c(r) is the electron
provider. There are resonance peaks between C and O2c or between Ti5c and Cl
atoms. In the adsorption structures without C–O bond, the electron localizations
around Ti5c(r) are strong, and the electron activities are low.
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Research on Cost System of Total Scrap
EAF Steel-Making Process

Bo Li, Ling-zhi Yang, Yu-feng Guo, Shuai Wang, and Hang Hu

Abstract EAF steel-making process is a discrete and complex processwith complex
equipment and wide professional coverage, resulting in many data sources and poor
authenticity, accuracy, and real-time performance. In the process of product produc-
tion, the enterprise’s operating capital flow is not clear, and the cost accounting is
rough, which seriously affected the cost management of the steel mill. This paper
is based on multivariate data acquisition and feature preprocessing. Using Visual
Studio 2013 development tools andMicrosoft SQLServer 2012 database technology,
the cost data collection module, cost real-time monitoring and calculation module,
process cost module, cost composition and trend analysis module, and historical cost
inquiry module were developed, and the full cost analysis model was built to realize
the dynamic analysis and optimization of costs in steel-making and production.

Keywords EAF steel-making · Total scrap · Cost analysis ·Model

Introduction

As one of the two main steel-making methods, the electric arc furnace (EAF) steel-
making has the advantages of short process, less investment, fast construction, and
outstanding energy saving effect [1, 2]. In recent years, the proportion of EAF steel-
making in China has gradually increased.With the continuous accumulation of scrap
resources in China and the continuous development of EAF steel-making technology
[3, 4], how to effectively control the cost of EAF steel-making process has become an
important work. At present, the main factors affecting the cost of EAF steel-making
process are scrap and electric energy. Therefore, how to accurately and timely collect
the real-time smelting consumption of each station in the EAF steel-making process
and provide the basis for optimizing the cost accounting of the EAF steel-making
process is a problem to be solved.
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Some researchers have done a lot of researches on cost accounting of EAF steel-
making process in iron and steel plants, mainly through collecting on-site smelting
data, applying computer technology, developing softwarewith cost statistics function
for managers to view and analyze. Based on the blast furnace data acquisition system
of Shougang Jingtang Iron and Steel Plant, Li and Zhu [5] proposed a cost data
acquisition scheme based on OPC technology. Song [6] used the method of DBLink
and Kepware to collect, store, and display data in real time and realized the self-
steel-making of varieties of steel under double slag mode, which achieved good
results in Hebei Steel Tube Company. Mao et al. [7] put forward the industrial
gateway data acquisition system, which can realize multi-source heterogeneous data
acquisition and provide a unified basis for enterprise resource management system
and energy management system. For iron and steel enterprises, Li [8] established
a cost management system based on ERP and MES system, which achieved the
integration and sharing of data, realized the dynamic control and prediction of the cost
of iron and steel enterprises, and improved the informatization level of iron and steel
enterprises. Liu et al. [9] used PowerBuilder 10.5 andMSSQLSever2005 technology
to develop a set of steel industry cost prediction system. The system can provide
detailed cost prediction information for managers and assist managers to make cost
decisions. Hu et al. [10] based on material balance and heat balance, combined
with the actual situation of a steel plant, according to the target requirements of
steel composition, determined the converter end-point control and alloy charging,
calculating the total cost of LF.

In this paper, the EAF steel-making process of a steel plant is taken as the research
background. The real-time cost data collection module is developed by KEPServer.
The cost analysis model system is developed by Visual Studio 2013 development
software. The collected smelting data are systematically analyzed to optimize the
smelting operation of EAF steel-making process, providing theoretical basis for
reducing smelting cost for iron and steel enterprises.

Establishment of Cost Analysis Model System

EAF short steel-making process with its advantages in investment, efficiency, and
environmental protection has become one of the two main processes of world steel
production. For iron and steel enterprises, the smelting cost directly affected the
efficiency of enterprises. In order to monitor the smelting cost in real time and
reduce the smelting cost in the production process, it is necessary to develop the cost
analysis model system of EAF steel-making process based on the actual smelting
situation.
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Fig. 1 Real-time cost data collection module structure diagram

Real-Time Cost Data Collection Module

The online operation of the cost analysis model system required the support of on-
site real-time production data. The smelting process of EAF steel-making process
includes many process data and cost parameters, including scrap charging, power
consumption, injection consumption, lime consumption, and other data. These data
directly reflected the real-time cost of EAF steel-making process. Therefore, it is
necessary to collect real-time smelting data of EAF steel-making process, developing
real-time cost data collection module, and provide data services and support for cost
analysis model system.

The production data in the EAF steel-making process are mainly from the three-
level data information system and PLC production data, and KEPServerEX software
is selected as the third-party OPC server to construct the data collection platform
[11, 12]. The software can ensure the stability and convenience of real-time cost
data collection, reduce the difficulty of module development, and shorten the time
of module development. The real-time cost data are saved in Microsoft SQL Server
2012. The database software can provide a comprehensive view of all real-time data
and help ensure data confidence through integration, purification, and management.
In hardware, choosing a good performance server for data storage is the core of the
cost model. The structure of real-time cost data collection module is shown in Fig. 1.

The Structure of Cost Analysis Model System

With the continuous development of computer technology, it is easier to verify the
on-site smelting cost. In order to optimize the smelting cost, the collected real-time
cost data are systematically analyzed to facilitate real-time comparison of the cost
of each smelting furnace and each station.

Due to the large amount of cost data collected, it is necessary to display and analyze
the cost from the dimensions of furnace, time, and cost composition according to the
cost data. The cost analysis model system is divided into five modules, includes cost
inquiry module, process cost module, material composition module, trend analysis
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Fig. 2 Structure of cost analysis model system

module, and group compare module. The system structure of cost analysis model
system is shown in Fig. 2.

Cost Inquiry Module

The cost inquiry module obtains various raw material consumption data through the
real-time cost data collection module and obtains the cost data through the module
calculation. The cost inquiry module can query the cost data of the EAF steel-
making process through the time range or the furnace range (smelting steel, shift
group, EAF charging cost, EAF scrap cost, EAF power supply cost, EAF injection
cost, EAF consumables cost, LF charging cost, LF power cost, LF injection cost, LF
consumables cost, etc.).

Process Cost Module

The process cost module disposals the data according to the scrap feeding data,
auxiliary feeding data, temperature measurement paper tube consumption, and the
consumption number of other spare parts in each process of each furnace under the
query conditions, calculates the process cost, and draws the histogram. The process
cost of each smelting furnace under the query condition is intuitively reflected.
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Material Consumption Module

The material composition module is according to the query conditions of each EAF
process, LF process, CC process of metal material feeding data, auxiliary alloy
feeding data, electric energy and injection and consumption of public supplies and
other information for data processing, calculation cost composition and automatic
generation of pie chart.

Trend Analysis Module

The trend analysis module is according to the query conditions of each EAF process,
LF process, CC process of metal material feeding data, auxiliary alloy feeding data,
electric energy and consumption of public supplies and other information for data
analysis, forming a line chart, intuitively view the trend of cost consumption of each
material in each process.

Group Compare Module

The group compare module conducts data analysis according to the metal material
feeding data, auxiliary material alloy feeding data, electric energy and injection
number as well as the consumption number of public spare parts, and consumables
generated in each process of the furnace under the corresponding query conditions,
and shown the consumption trend of each material in each furnace. In the production
process, if the material weight exceeds the standard, the red background will be
displayed; if the material weight exceeds the standard, the green background will
be displayed. The module is convenient for operation to adjust the weight of each
material in time.

Cost Analysis Model System

Development Tools

The cost analysis model system is developed with C# language on the Visual
Studio 2013 platform. C# programming language is the mainstream programming
language at present, which is a fully object-oriented programming language. C#
is designed to be a “simple, modern, and universal” and object-oriented program-
ming language. The implementation of this language should provide support for
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the following software engineering elements: strong type checking, array dimen-
sion checking, uninitialized variable reference detection, and automatic garbage
collection (garbage collection refers to an automatic memory release technology).
Software must be strong, durable, and have strong programming productivity. This
language provides suitable component development applications for development in
distributed environments.

Visual Studio 2010 integrates access to objects, relational data, and XML in
a more concise language. This software provides wizards, tools, and components
that simplify the development of code to build and manage SQL Server databases,
Windows workflow applications, Enterprise Server solutions, etc. [13].

System Interface and Function

The cost analysis model system is developed by Visual Studio 2013 software. The
system consists of five modules, which can monitor the cost of EAF steel-making
process in real time, draw the cost composition diagram under different conditions
and processes, and analyze the cost benchmarking. The interface diagram of each
module is shown in Figs. 3, 4, 5, 6 and 7.

The cost analysis model system is a complex system composed of five different
modules. By using this system, operators can timely adjust the cost consumption
under the steel-making process of the whole scrap EAF through historical cost data,
so as to minimize the consumption of furnace raw materials and reduce the smelting
cost.

Fig. 3 Interface of cost inquiry module
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Fig. 4 Interface of process cost module

Fig. 5 Interface of material consumption module
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Fig. 6 Interface of trend analysis module

Fig. 7 Interface of group compare module



Research on Cost System of Total Scrap … 57

System Analysis and Discussion

The cost analysis model system based on real-time cost data collection module
consists of cost inquiry module, process cost module, material consumption module,
trend analysis module, and group compare module, which effectively solves the
problems of unclear operating capital flow and rough cost accounting in EAF steel-
making process enterprises.

(1) Through the cost analysis model system, it is convenient for enterprises to
monitor the cost in real time and provide the basis for the development of
intelligent cost platform.

(2) Through the cost analysis model system, the smelting operation of EAF steel-
making process is optimized, and different charging guidance is provided
according to different types of steels.

(3) The cost analysis model system calculated the cost composition of each station
and realized the dynamic analysis and optimization of cost in steel-making
production process.

Conclusion and Further Research

Due to the complexity of EAF steel-making process, the cost accounting of steel-
making process in iron and steel plants is rough, which seriously affected the benefits
of iron and steel plants.With the development of computer technology, more detailed
real-timecost data collectionwill be needed in the future, anduse thebigdata platform
to analyze the cost data in real time.

In this paper, KEPServerEX software is used as the third-party OPC server to
build a data collection platform, construct a real-time cost data collection module,
and store it in Microsoft SQL 2012 database. The cost analysis model system is
developed by using Visual Studio 2013. The system consists of cost inquiry module,
process costmodule,material consumptionmodule, trend analysismodule, andgroup
compare module. The system can be used for real-time cost data analysis of EAF
steel-making process and provide a theoretical basis for iron and steel enterprises to
reduce smelting costs.

In the future, the smelting operation of EAF steel-making process can be opti-
mized according to the cost data of multiple furnaces, and the charging optimization
operation system can be built according to the needs of different steel types to realize
dynamic cost control of EAF steel-making process.
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Study on Stress–Strain and Deformation
Behavior of Bloom in the Heavy
Reduction Process Under Single Roll

Yizhe Du, Songyuan Ai, Yanhong Fang, Mujun Long, and Dengfu Chen

Abstract In order to obtain the key parameters of the bloomheavy reduction process
in continuous casting, the mathematical model of solidification heat transfer of
bloom continuous casting was established by using the general simulation software
of billet secondary cooling. Then, combined with Abaqus finite element software,
the stress–strain and deformation behavior of billet was investigated in detail. The
results demonstrated that the calculation error tends to stabilize when the size of the
reduction roll unit is below 15 mm. The stress of billet is distributed symmetrically
along the thickness direction, and decreases from the inner arc and the outer arc to
the center. The maximum stress increases from 119 to 140 MPa in the range of 10
to 30 mm reduction amounts, resulting in the increase of the corner crack tendency.
The reduction amount shall be greater than 10 mm to effectively improve the internal
quality of the billet. In addition, the side strain of the billet is basically consistent with
the deformation distribution in the width direction and has a good linear relationship.

Keywords Bloom · Heavy reduction · Error analysis · Stress · Deformation
behavior

Introduction

Due to the large section size of bloom, slow solidification and uneven cooling often
occur, which lead to serious central segregation and central porosity in the continuous
casting process. These defects will deteriorate the quality of subsequent products.
Traditional soft reduction technology has limited ability to improve the internal
quality problems of blooms. Therefore, in order to improve the quality of billet,
people have proposed heavy reduction technology on the basis of soft reduction.
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However, with the increase of the reduction amount, the tendency of cracks in the
billet also increases. In order to clarify the implementation effect of the heavy reduc-
tion process and avoid the appearance of surface or internal cracks, it is necessary to
conduct an in-depth study on the stress–strain behavior and deformation of the cast
billet during the reduction process.

At present, a large number of scholars have carried out a series of simulation and
experimental investigation on the heavy reduction process. Wu et al. [1] studied the
closing behavior of internal porosity during blooms under heavy reduction and found
that large deformation is beneficial to the elimination of porosity. Ji et al. [2] explored
the influence of blooms on the internal quality of billet through a combination of
experimental and numerical simulation. The results show that heavy reduction can
effectively increase the internal density of the cast billet. A two-stage reduction
method is also proposed in their study. Cheng et al. [3] compared the difference in
the effect of single-roll reduction and multi-roll reduction on the internal quality of
blooms and indicate that single-roll reduction can more effectively close the internal
pores of the billet.

Although there has conducted in-depth research on the process of casting billet
heavy reduction, the calculation errors caused by different element sizes in the finite
element simulation are often ignored. Therefore, in order to clarify the influence of
varying element sizes on the calculation results, we firstly conduct mesh convergence
analysis to select the best element size. Then we use Abaqus finite element software
to explore the high-temperature stress and strain behavior of bloom. In addition, we
quantitatively analysis the deformation in the width direction of the side of the cast
billet during the heavy reduction process. The research results can provide some
valuable information for the selection of key parameters in the heavy reduction
process and design of the reduction device.

Model and Method

The research objective of this paper is GCr15 bloom from a factory. The main chem-
ical composition andparameters involved in the continuous casting process are shown
in Tables 1 and 2.

Table 1 Main chemical composition of the GCr15 (mass fraction)/%

Steel C Si Mn P S Cr

GCr15 0.95–1.05 0.15–0.35 0.25–0.45 ≤0.025 ≤0.025 1.40–1.65
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Table 2 Parameters for the
GCr15 bloom continuous
casting process

Parameters Value

Transverse section size (mm × mm) 420 × 530

Casting speed (m/min) 0.45

Machine radius (m) 16.5

Reduction roll diameter (mm) 500

Reduction position (fs) 1.0

Mathematical Model of Solidification Heat Transfer

The temperature field information of the bloom is the basis for the accurate construc-
tion of the high-temperature stress–strain model. In order to save calculating costs
and obtain accurate initial temperature information under heavy reduction, the three-
dimensional heat transfer problem is transformed into two-dimensional, and the
billet size change caused by solidification and cooling shrinkage is ignored, and the
solidification heat transfer of continuous casting is considered as a steady-state heat
transfer process. The effect of forced convection of molten steel on the heat transfer
of the cast billet is processed into the effective thermal conductivity of molten steel.
Taking into account the influence of molten steel flow on heat transfer, the equiva-
lent specific heat Ce is used to replace the specific heat C of steel in the two-phase
zone [4]. According to the relationship of the pulling speed v = ∂Z/∂τ , the basic
differential equation of heat transfer in bloom solidification can be obtained:

Ceρ
∂t

∂τ
= ∂

∂x

(
λe

∂t

∂x

)
+ ∂

∂y

(
λe

∂t

∂y

)
(1)

where t is temperature, K; τ is time, s; ρ is density of steel, kg/m3; Ce is effective
specific heat, J/(kg °C); λe is the thermal conductivity, W/(m °C).

The model includes four heat transfer modes of the cast billet during continuous
casting which are cooling water impact, cooling water evaporation radiation heat
transfer, and contact between the cast billet and the roller. At the same time, it also
considers that the difference in water flow density distribution and the difference
between inner and outer arcs to ensure the temperature distribution during continuous
casting can be accurately calculated [5, 6]. The high-temperature physical property
parameters of GCr15 steel involved in the calculation are shown in Table 3.

In this paper, the general simulation software of the secondary cooling developed
by the 2M laboratory fromChong Qing University [7] was used to simulate the solid-
ification and heat transfer behavior of the bloom during the entire continuous casting
process. As shown in Fig. 1, the temperature calculation results in the thickness
direction of the billet at the time of reduction are imported into Abaqus as the initial
temperature field conditions of the stress–strainmodel in Section “High-Temperature
Stress–Strain Mathematical Model”. On this basis, the stress–strain and deformation
behavior of the billet under different reduction conditions is calculated and analyzed.
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Table 3 GCr15 steel
thermophysical parameters

Parameters Value

Liquidus temperature (°C) 1345

Solidus temperature (°C) 1455

Density (kg/m3) 7883.24–0.34421T

Specific heat (J/kg °C) 479.95544 + 0.15426T

Thermal conductivity (w/m °C) 44.350–0.0169T

Freezing latent heat (kJ/kg) 236,500

Fig. 1 Temperature distribution of heavy reduction position

High-Temperature Stress–Strain Mathematical Model

Model Descriptions

The composition andmesh distribution of themodel are shown in Fig. 2. Based on the
symmetry in thewidth direction, a 1/2model is established along the center line of the
drawing direction. Considering that there will be a certain flow in the front and rear

Fig. 2 3D FEM model of
heavy reduction
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direction of the cast billet during the reduction process, the model is appropriately
lengthened along the drawing direction, and finally, 1600 mm is selected as the
length of the cast billet model. At the beginning of calculation, the upper roll firstly
reduction a suitable amounts (10–30 mm) at a position of 800 mm away from the end
of billet. Then, the upper and lower rollers roll 200 mm in the opposite direction of
the billet to obtain the stress and strain information of the cast billet in this process.
Since the stress only acts on the solidified shell, this model considers the influence
of the hydrostatic pressure of the liquid steel by setting different material properties.
When the solid ratio in the reduction region is greater than that corresponding to the
zero strength temperature, the influence of the hydrostatic pressure of the steel is not
considered.

The model adopts a structured grid division and selects indirect thermal–mechan-
ical coupling to calculate. Among them, the heat transfer model adopts the DC3D20
hexahedral quadratic integration unit; In the stress–strainmodel, the cast billet adopts
the method of sparse and dense grid division, and adopts the C3D8RH hexahedral
linear hybrid formulation unit combined with reduced integration unit. The average
unit size is 15 mm. The rolls adopt C3D8R hexahedron linear reduced integration
unit.

In order to reduce the calculation cost, the following assumptions are made under
the premise of ensuring the accuracy of the calculation: ➀ The casting billet is
isotropic and composed of continuous medium. ➁ The mechanical properties of the
billet are only a function of temperature. ➂ The billet is an elastoplastic material, the
rolls are an elastic material, and the elastic modulus of the rolls is much greater than
that of the casting billet.

Boundary Conditions

The displacement and rotation of the roller are set as boundary conditions during the
simulation. Assuming that the billet does not move, the upper and lower rollers also
rotate in the opposite direction of the billet. The roller is set to contact with the billet
surface, the normal direction is set to “hard” contact, the tangential direction is set to
Coulomb friction, and the friction coefficient is 0.3 [8]. The temperature field in the
region under heavy reduction is extracted, set as a predefined field, and loaded into
the heat transfer model as the initial temperature field of the stress–strain model.

In addition to the thermal stress caused by temperature drop, the billet will be
subjected to great reduction force and large deformation. The total strain increment
dε include thermal dεT , elastic strain increment dεe, and plastic strain increment dεp

[9], i.e.:

dε = dεT + dεe + dεp (2)
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Mechanical Performance Parameters

In the stress–strain model, the main mechanical property parameters include elastic
modulus, Poisson’s ratio, coefficient of thermal expansion, and plastic deforma-
tion parameters, which are closely related to temperature. Therefore, in order to
improve the accuracy of simulation results, the accurate mechanical property param-
eters should be provided. The plastic deformation parameters of GCr15 steel can
be obtained from the literature [10], and the variation law of thermal expansion
coefficient can be obtained from the research results of Qian et al. [11].

Results and Discussion

Error Analysis

The unit size is a critical factor affecting the accuracy of the calculation results.
Therefore, it is necessary to analyze the convergence of mesh before calculation.
As shown in Fig. 3, in order to facilitate statistics, taking the 30 mm units as the
benchmark, the error analysis is carried out by comparing the tangential force and
normal force received by the upper roll during heavy reduction. The billet unit size
is kept unchanged in this process. The results demonstrate that the error curve of
tangential force and normal force is obviously divided into three regions. Among
them, when the unit size of the reduction roll is less than 15 mm, the calculation
errors of normal force and tangential force are relatively stable. When the unit size
of the reduction roll is in the range of 15–25 mm, the calculation error increases
rapidly with the decrease of the unit size. Besides, the error of calculation results is

Fig. 3 Error analysis with
varying unit sizes
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relatively large when the unit size is greater than 25 mm. This is because when the
size of reduction roll unit is too large, the stress on it cannot be fully captured, leading
to the deviation of the calculation results from the reality. Consequently, considering
the calculation cost and accuracy, the reduction roll unit size of 15 mm is finally used
for simulation.

Stress Analysis

In order to obtain the stress distribution of the billet and evaluate the tendency of
surface cracks, the stress distribution was quantitatively analyzed with the reduction
of 30 mm as an example. Figure 4a, b, respectively, shows the stress distribution on
the upper surface and cross section of the billet at the reduction position. It can be
seen that the stress distribution in the non-corner area on the upper surface of the
billet is relatively uniform, and the corner stress value at the position where the roller
is pressed down reaches the maximum. Combined with the temperature distribution
of the billet cross section (i.e. Fig. 1), it can be obtained that the stress distribution
is directly related to the temperature distribution. The lower the temperature, the
stronger the deformation resistance and the greater the stress. The temperature in the
central area of the billet is the highest, and the stress is the lowest.

Figure 4c, d shows the stress distribution on the side of the billet and the central
symmetrical side at the reduction position, respectively. It can be concluding that
although only the upper roller is reduction, the deformation of the inner and outer
arcs of the billet is extraordinary similarity, and the stress distribution also has good
symmetry. The stress decreases from the inner and outer arc to the center as a whole.
The temperature of the billet side is lower, and the overall stress is greater than
that of central symmetrical side. At the side of the billet, the maximum stress at the
corner reaches 140MPa, and there is stress concentration. On the central symmetrical
side of the billet, with the deepening into the billet, the stress decreases sharply, up

Fig. 4 Distribution of stress of different position of GCr15 bloom a upper surface b cross section
c side d center symmetry side
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Fig. 5 Distribution of stress
along thickness direction of
billet
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to 87 MPa, and there is almost no stress in the center. This shows that the heavy
reduction process is mainly the stress on the outer shell, especially in the corner area.

Figure 5 shows the distribution of billet side stress along the thickness direction
at the pressing position when the reduction amount is 10–30 mm. It can be seen that
change law of billet stress is consistent in the thickness direction. The overall stress
increases firstly and then decreases, reaching themaximum in the range of 17–38mm
from the upper and lower surfaces and the minimum in the center. The maximum
stress increases from 119 to 140 MPa in the range of 10 mm–30 mm reduction
amounts. Therefore, with the increase of the reduction amount, it is necessary to
follow the growth of stress in the corner of billet to avoid the occurrence of surface
cracks caused by stress concentration.

Strain Analysis

Due to the high temperature in the central of the billet and poor resistance to defor-
mation, the strain during the reduction process is large, which may result in internal
cracks. In addition, the heavy reduction process will cause the billet to deform in
varying directions. Among them, the investigation on the deformation of billet in
width direction can not only judge the reduction effect of heavy reduction to a certain
extent, but also provide a reference for the designof the supporting device of reduction
roll. Consequently, in order to clarify the deformation of the billet and the tendency
of internal cracks, the deformation behavior and strain distribution were analyzed
quantitatively.

Figure 6a shows the distribution of equivalent strain of billet cross section under
the 30 mm reduction amounts. In the width direction, the strain in the non-corner
area remains basically stable, and the equivalent plastic strain in the center is evenly
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Fig. 6 Distribution of equivalent strain of varying position of GCr15 bloom. a cross section b side
c center symmetry side

distributed, all above 0.05, indicating that the strain can be effectively transmitted
to the center at this reduction. Figure 6b, c shows the distribution of equivalent
strain on the side and central symmetrical side of the billet at the reduction position,
respectively. With the reduction of the upper roll, the strain of the billet increases
gradually, and the equivalent plastic strain distribution of the outer side and the
central symmetrical side of the billet maintains central symmetry in the thickness
direction. From the upper and lower surfaces to the center, the strain first increases,
thendecreases, and remains stable in the central region. In the side thickness direction,
the maximum equivalent plastic strain is distributed in the area 30–60 mm thick from
the upper and lower surfaces, and themaximumvalue is 0.23; the central symmetrical
side is the largest in the range of 40–60 mm. This is because the temperature of the
outer side of the billet is lower than that of the central side, so the stress change of
the central side is easy to transfer to the billet center, which is consistent with the
above analysis results.

Figure 7a, b shows the strain distribution along the thickness direction on the
side of the billet and the variation of deformation in the width direction at different
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Fig. 7 Strain distribution a and the broadening amount distribution b in the side width direction
of billet within the range of reduction amounts of 10–30 mm



68 Y. Du et al.

positions on the side. It can be seen that the distribution law of slab strain and
deformation is completely consistent, both of which are approximately in "M" shape.
When the reduction amount is 10 mm, the central strain of billet is almost 0. This
shows that it cannot be effectively transferred to the center of the billet, and the
reduction effect is poor. Therefore, for the target steel grade and section, in order to
improve the internal quality of the billet, the reduction amount in the heavy reduction
process should be greater than 10 mm. However, while increasing the reduction
amount, it is necessary to pay attention to the growth of the internal strain of the
billet and control it within the critical strain range to avoid the occurrence of internal
cracks. By observing Fig. 7b, it can be seen that the sides of the billet are deformed
to varying degrees during the reduction process. The maximum deformation in the
width direction of slab side increases from 3.4 mm to 7.2 in the range of 10–30 mm
reduction amounts. Thus, when designing the supporting device of holding down roll,
it is necessary to reserve enough roller length according to the broadening amount
of the billet, so as to achieve the purpose of effective reduction.

Figure 8a shows the variation of the maximum strain on the side of the billet
and the maximum deformation in the width direction within the reduction range of
10–30mm.With the increase of the reduction amount, the side strain and broadening
amount increase, and the increase decreases, which is consistent with the research
results of Wu et al. [1]. This is mainly because with the increase of the reduction
amount, the deformation resistance of billet increases, resulting in the difficulty of
billet deformation. As shown in Fig. 8b, the quantitative relationship between the
billet strain and the deformation in the width direction is obtained, that is, y = 0.798
+ 28.303x, R2 = 0.99. It can be seen that the lateral strain of the billet is basically
linear with the deformation in width direction.
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Conclusions

By establishing the high-temperature stress–strain mathematical model of bloom
under heavy reduction pressing, the stress–strain and deformation behavior is studied,
which provides somevaluable information for the selection of key process parameters
and the design of related devices. The specific conclusions are as follows:

(1) The unit size of the model will directly affect the calculation accuracy. On the
premise that the billet unit size remains unchanged, by comparing the tangential
force and normal force received by the reduction roll in the heavy reduction
process, it is finally concluded that the calculation error tends to be stable when
the unit size of the reduction roll is less than 15 mm.

(2) The stress of the billet is symmetrically distributed along the center in the
thickness direction, and the stress decreases from the inner and outer arc to
the center. In the range of 10–30 mm reduction amounts, the maximum stress
of billet increases from 119 to 140 MPa. With the increase of the reduction
amount, the tendency of corner cracks increases.

(3) Under the working condition of this investigation, the reduction amount shall
be greater than 10 mm to improve the internal quality of the billet. But at the
same time, we should pay attention to the growth of internal strain of the billet
and control it within the critical strain range to avoid the occurrence of internal
crack. In addition, the distribution law of billet side strain and broadening
amount at different positions is basically the same, and they have a good linear
relationship.
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Decarburization and Chromium
Conservation Model in AOD Refining
Process of 304 Stainless Steel

Jun Cai and Jing Li

Abstract Decreasing chromium loss in the decarburization stage of the argon
oxygen decarburization (AOD) refining process is one of the key technologies of
304 stainless steel smelting. In this paper, based on the theoretical conditions and
production status of a 75 t AOD furnace, a decarburization and chromium conser-
vation mathematical model of 304 stainless steel was established. Using this model,
conditions of chromium oxidization in different situations can be predicted, and the
required CO partial pressure as well as the gas supply parameters of decarburiza-
tion and chromium conservation under different smelting conditions can also be
calculated. Applying the model on a 75 t AOD furnace, the side and top combined
blowing parameters in AOD refining process were optimized, and the burning loss
of chromium in molten steel was also reduced obviously. In addition, a 379.2 kg
decrease of the average consumption of ferrosilicon in the reduction stage has been
achieved using the model, and the average smelting cycle was shortened by 6.4 min.

Keywords Decarburization and chromium conservation model · Argon oxygen
decarburization · 304 stainless steel

Introduction

Nowadays, approximately 70% of world’s stainless steel is produced through the
electric arc furnace (EAF) → argon oxygen decarburization (AOD) process [1].
Due to the relatively high carbon content of austenitic stainless steel, to speed up
the smelting rhythm, most production enterprises adopt this process [2–5]. As a
typical austenitic stainless steel, 304 stainless steel is widely used owing to the
characteristics of corrosion resistance, low temperature plasticity, easy forming, and
good weldability. As one of the key links, AOD refining process directly affects the
molten steel quality and cost-effectiveness of 304 stainless steel, such as burning loss
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of chromium [6] and ferrosilicon consumption [7]. Moreover, the decarbonization
efficiency in AOD refining process has a significant influence on the smelting cycle,
which is considered as an essential impact of operation-level performance [8].

During the research work of the past few decades, many mathematical models in
AOD refining process of stainless steel production were established, such as decar-
burization rate [9], heat balance calculation [10], and temperature prediction [11, 12],
which have also been applied to industrial production successfully [13]. However,
few works about the decarburization and chromium conservation model in the AOD
refining process of 304 stainless steel were reported, especially the dynamic control
of decarburization and chromium conservation by determining blowing parame-
ters through model calculation. For different initial molten steel conditions, as the
blowing goes on, the temperature and composition of molten steel were different and
changed dynamically at different blowing periods. Correspondingly, these differ-
ences caused a change kinetic and thermodynamic conditions of the decarburization
and chromium conservation, furthermore, greatly affects the quality control of 304
stainless steel in AOD refining process. Therefore, the establishment of decarbur-
ization and chromium conservation calculation model is complex and is of great
significance for the actual production of 304 stainless steel. Based on the actual
operations, thermodynamic and kinetic conditions of the blowing process of refining
304 stainless steel in the 75 t AOD converter, a mathematical model of molten steel
decarburization and chromium conservation in the decarburization process of 304
stainless steel was established in this paper. According to determined conditions of
initial molten steel and blowing parameters, the model can be used to judge whether
chromium burning loss occurs, calculate and determine the relative process parame-
ters for controlling chromium burning loss. Moreover, through using the calculation
results of the model, the gas supply parameters required for the molten steel decar-
burization and chromium conservation were determined in the decarburization stage
of theAOD refining process. Combinedwith themathematical model of decarburiza-
tion and chromium conservation and the actual operating conditions of the 75 t AOD
converter refining 304 stainless steel, the purpose of decarburization and chromium
conservation in the decarburization stage was achieved by adjusting the gas supply
parameters, and the burning loss of chromium in molten steel was minimized, which
has essential guiding significance for the optimization of gas supply parameters in
the actual production process of 304 stainless steel.
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Establishment of Decarburization and Chromium
Conservation Model

Process Introduction

In this paper, the 304 stainless steel is produced by the process of EAF → AOD →
LF (Ladle Furnace)→CC (Continuous Casting), and the process schematic diagram
is shown in Fig. 1.

The decarburization and chromium conservation model was established on the
basis of the refining of AOD refining process of 304 stainless steel. The mixture
of inert gas and oxygen was blown into AOD refining furnace through side–top
combined blowing, in which oxygen is mainly used for decarbonization and inert gas
(argon or nitrogen) is mainly used to reduce the partial pressure of carbon monoxide.
AOD refining process can be divided into four stages, namely steel melting stage,
decarburization period I, decarburization period II, and reduction stage. Before the
reduction stage, nitrogen is used to replace expensive argon, and pure argon is blown
on the side in the reduction stage. In the steel melting and decarburization stage, due
to the side–top combined blowing and six branch gas supply, the gas stirs the molten
bath strongly, and the dynamic conditions are good.

In the steel melting stage, the initial molten steel, slag, scrap, alloy, and other
furnace charges are mixed into the AOD furnace. Because of high contents of carbon
and silicon in the initial molten steel and a lowmolten bath temperature, pure oxygen
and the mixture of oxygen and nitrogen are blown into AOD refining furnace to heat
up the bath rapidly through top blowing and side blowing, respectively. In the actual
production process, in order to protect the side blowing elements, furnace lining, and
safe production, a certain flow of nitrogen (>16 Nm/min) is necessary to be blown
as the protective gas through side blowing, and the maximum value of R, the mass
ratio of oxygen to nitrogen, is 8.5.

The decarburization stage includes decarburization period I and II. The side–
top combined blowing process is adopted for decarburization, and the gas supply
parameter R can be adjusted online. As the progress of decarburization reaction
progresses, the carbon content in steel gradually decreases, and the bath temperature
increases.When the carbon content drops to a certain value and the temperaturemeets
the requirements, the R value is decreased to reduce metal burning loss and control
the excessive temperature of the molten bath. When the decarburization stage ends

Fig. 1 Production process
schematic diagram of
stainless steel

EAF AOD LF CC
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and enters the reduction stage, stop top blowing and side blowing with pure argon.
Moreover, alloy, lime, etc., were added into molten bath to adjust the composition of
molten steel and refining slag, in which ferrosilicon was added to reduce (Cr2O3) in
the slag to [Cr] and back to the molten steel. After the temperature and composition
of molten steel meet the target requirements, the tapping operation was carried out.

Competitive Oxidation of Carbon and Chromium in AOD
Decarburization Stage

In the decarburization stage of AOD refining process, based on the industrial site gas
supply intensity, when the molten steel carbon concentration is high (high carbon
area), the molten steel decarburization reaction rate is mainly determined by the
oxygen supply intensity. When the molten steel carbon concentration is low (low
carbon area), the molten steel decarburization reaction rate is mainly determined
by the mass transfer rate of [C] from the molten steel to the gas–liquid reaction
interface. There is a critical carbon concentration corresponding to the oxygen supply
intensity. When the carbon concentration is higher than the critical value, the oxygen
blown into the bath reacts with carbon without chromium burning. When the carbon
concentrationofmolten steel is lower than the critical value, the competitive oxidation
of carbon and chromium occurs, and chromium was oxidized to Cr2O3, resulting
in the burning loss of chromium. The changing curve of conversion temperature
of competitive oxidation of carbon and chromium during decarburization in AOD
refining process of 304 stainless steel is shown in Fig. 2.

According to Fig. 2, in the process of competitive oxidation of carbon and
chromium, the increase of [C] content and temperature are beneficial to decarburiza-
tion and chromium reservation in the molten bath. As the content of [C] decreases,
the conversion temperature of competitive oxidation of carbon and chromium grad-
ually increases. When the content of [C] in molten steel is greater than 0.3%, the

Fig. 2 Curve of conversion
temperature of competitive
oxidation of carbon and
chromium
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Fig. 3 Equilibrium
relationship between CO
partial pressure and
temperature of carbon and
chromium competitive
oxidation reaction
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conversion temperatures are below 1680 °C. When the content of [C] in molten steel
reduces to less than 0.3%, the conversion temperature rapidly increases to above
1680 °C. When the carbon content in molten steel decreases below the critical value,
the molten bath temperature cannot meet the temperature requirements of decarbur-
ization and chromium reservation, and [Cr] oxidation occurs in molten steel. In this
case, to continue decarburization, it is necessary to improve the stirring strength in
the furnace and reduce the partial pressure of CO for reducing chromium burning
loss in the molten bath.

Under different carbon content conditions, the relationship between CO partial
pressure and bath temperature when the carbon and chromium competitive oxidation
reaction reaches equilibrium is shown in Fig. 3.

It can be seen fromFig. 3, as the bath temperature increases, the equilibriumpartial
pressure of CO increases. At a certain temperature, the [C] content of molten steel
decreases, and correspondingly, the equilibrium partial pressure of CO decreases
rapidly. In addition, as the content of [C] decreases, decarburization and chromium
reservation have strict requirements for reducing CO partial pressure.

Determination of Critical Carbon Content

The oxidative reactions of the carbon and chromium can be written as follows:

[C] + 1

2
O2 = (CO) (1)

2

3
[Cr] + 1

2
O2 = 1

3
(Cr2O3) (2)

Combining Eqs. (1) and (2), the decarburization and chromium reservation
reaction in AOD refining process of 304 stainless steel can be expressed as Eq. (3):
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1

3
(Cr2O3) + [C] = 2

3
[Cr] + CO (3)

When the reaction achieves equilibrium, the equilibrium constant (K1) can be
determined by Eq. (4) [14]:

lg K1 = lg
f 2/3[Cr][%Cr]2/3 pCO

f[C][%C]
= −13114

T
+ 8.38 (4)

The activity (ai) of elements in molten steel can be expressed by Eq. (5):

ai = fi · [%i] (5)

According to the thermodynamic manual, the activity interaction coefficients of
each component to C and Cr (f [C] and f [Cr]) in molten steel are found, and they can
be calculated by Eqs. (6) and (7), respectively:

lg f[C] = 0.14[%C] − 0.024[%Cr] + 0.012[%Ni] + 0.08[%Si] − 0.012[%Mn]
(6)

lg f[Cr] = −0.12[%C] − 0.0003[%Cr] + 0.0002[%Ni] − 0.0043[%Si] (7)

The activities of carbon and chromium were calculated by Eqs. (5) to (7). Then,
by substitute the calculation result into Eq. (4), the following result can be obtained:

0.22%[C] + lg%[C] − lg pCO − 0.024%[Cr] + 0.012%[Ni] + 0.08%[Si]

− 0.012%[Mn] − 0.67 lg%[Cr] = 13,114

T
− 8.38 (8)

According to Eq. (8), pCO can be obtained byR, and the actual smelting parameters
can be substituted into Eq. (8) to obtain the critical carbon content, so as to judge
whether the burning loss of chromium occurs in molten steel.

Application of Decarburization and Chromium Reservation
Model

Optimization of Gas Supply Parameters

Taking 304 stainless steel produced by 75 tAOD furnace for 3 heats in a stainless steel
production enterprise as an example, high oxygen nitrogen ratio (R = 8.5) blowing
was used in the decarburization stage. The critical carbon content of decarburization
period I and decarburization period II was calculated through the model.
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Under a certain R, there is a critical carbon content correspondingly. In the actual
production process, it is necessary to blow a certain flow of nitrogen (>18 Nm/min)
as the protective gas during gas supply. Therefore, the actual value of R has an
adjustable range. Correspondingly, there is a controllable range of critical carbon
content for decarburization and chromium reservation. The controllable range of crit-
ical carbon content of decarburization period I and decarburization period II is shown
in Table 1.

It can be seen from Table 1 that when the actual production heats of the 3 heats
are blown with R = 8.5, at the end of decarbonization period II, the critical carbon
contents of the 3 heats are 0.363%, 0.428%, and 0.382%, and the actual carbon
contents are 0.110%, 0.093%, and 0.121%, respectively. The carbon content is lower
than the critical carbon content. In the decarburization stage, when the carbon content
is reduced to the critical carbon content value, the critical carbon content can be
reduced by adjusting R online to reduce the burning loss of chromium in molten
steel as much as possible.

Before optimizing the blowing parameters, the 75 t AOD converter adopts the
gas supply mode of subsection regulation R, namely stepped gas supply, as shown
in Fig. 4a. According to the mathematical model of decarburization and chromium
reservation and the actual operating conditions, the gas supply mode was optimized
as curved gas supply, as shown in Fig. 4b. It can be seen from Fig. 4b, when the

Table 1 Range of relevant gas supply parameters of AOD blowing

Heat R Pco/pθ Critical carbon content, mass
pct

End of decarburization period
II, mass pct

C02 0.2–8.5 0.429–1.416 0.124–0.363 0.110

C05 0.2–8.5 0.429–1.416 0.149–0.428 0.093

C06 0.2–8.5 0.429–1.416 0.131–0.382 0.121
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Fig. 4 Gas supply mode of the AOD blowing
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carbon content of molten steel is greater than the critical value, the gas supply adopts
a high R. On the contrary, the R is adjusted online, namely curve gas supply.

Model Application Results

In the process of AOD decarburization, the critical carbon content at each sampling
point was calculated using the model. In the initial stage of blowing, high R was
adopted to improve the decarburization efficiency, which is conducive to a rapid
temperature rise of molten bath and shortening smelting cycle. When the carbon
content in steel drops to a critical value, the AOD blowing adopts the curve mode
of gas supply for decarburization and chromium reservation. In a stainless steel
production enterprise, the optimized AOD gas supply scheme was adopted to smelt
10 heats of 304 stainless steel in the 75 t AOD furnace. Compared with 10 heats with
similar initial boundary conditions without optimizing gas supply, their relevant
production indexes are shown in Table 2.

According to Table 2, compared with the conventional stepped gas supply under
similar initial boundary conditions, after optimizing the gas supply parameters, the
burning loss of molten steel chromium was significantly reduced, the ferrosilicon
consumption of each furnace was reduced, and the smelting cycle was shortened.
After optimizing the gas supply parameters, in the initial stage of blowing, the oxygen
supply intensity was improved, the decarburization speed was accelerated, and the
average smelting cycle was shortened by 6.4 min. In the later stage of blowing, the
curve gas supply was adopted. Compared with the conventional gas supply mode,
namely stepped mode, the burning loss of chromium was reduced by 1.86%. In the
reduction stage, ferrosilicon was added to reduce (Cr2O3) in the slag. By optimizing
the gas supply parameters, the average consumption of ferrosilicon per heat was
reduced by 379.2 kg (34.3%).

Conclusions

In this study, a decarburization and chromium reservation model in AOD refining
process of 304 stainless steel was established. By using this model, R adjustment
in the refining process was guided, and the optimization of gas supply has achieved
goodmetallurgical results. The following conclusions were drawn: Firstly, according
to the theory of competitive oxidation of carbon and chromium, in the process of
decarburization in the AOD furnace, increasing the bath temperature and reducing
pCO are beneficial to the decarburization and chromium reservation of molten steel.
The value of pCO is controlled by R, and adjusting R can achieve the purpose
of decarburization and chromium reservation. Secondly, there is a critical carbon
content for decarburization and chromium reservation of refining 304 stainless steel
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Table 2 Relevant data for refining process of 304 stainless steel 75 t AOD furnace

Heat Mass of steel, t End of blowing
(Cr2O3), Mass Pct

Ferrosilicon
consumption, kg

Smelting cycle, min

1 73.5 5.35 1350 95

1’ 72.8 2.13 805 78

2 75.6 4.52 1642 86

2’ 75 4.30 1350 74

3 78 6.03 1602 90

3’ 77.8 2.49 1190 79

4 74 5.64 1410 89

4’ 74.7 3.60 1000 89

5 74 4.77 1474 67

5’ 74.5 3.56 1015 66

6 72 4.31 1377 78

6’ 73.1 2.95 1180 75

7 70 6.07 1236 77

7’ 71.9 4.83 1125 71

8 75 5.25 1467 80

8’ 74.3 3.73 1096 76

9 76 5.82 1580 83

9’ 75.7 3.58 1230 81

10 79 5.13 1695 88

10’ 78 3.15 1050 80

1–10: The optimized gas supply of blowing
1’–10’: The conventional gas supply of blowing

in the 75 t AOD furnace. This critical value can be calculated by the decarbur-
ization and chromium reservation model, to reduce the oxidation of chromium in
blowing. Thirdly, compared with the conventional gas supply mode, the burning loss
of chromium can be reduced by 1.86% through optimizing the gas supply parameters,
the average ferrosilicon consumption per heat was reduced by 379.2 kg (34.3%), and
the average smelting cycle can be shortened by 6.4 min.
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Removal of Arsenic from Leaching
Residue of Tungsten

Liqiang Xu, Chunfa Liao, Sui Xie, and Baojun Zhao

Abstract After years of exploitation of tungsten ore in China, the average grade of
tungsten ore has decreased obviously, and the contents of impurities are getting higher
and higher. Arsenic is commonly present in wolframite [(Fe, Mn)WO4] resulting
in As-containing leaching residue. The residue is therefore classified as hazardous
waste due to its heavy metal content, especially the arsenic content up to 2 wt%. The
arsenic has to be removed before the residue can be used or treated. A technique
involving sodium carbonate roasting–water leaching has been developed to remove
arsenic from tungsten leaching residue efficiently. The optimized parameters were
determined experimentally, and the reaction mechanisms have been analyzed by
FactSage 8.1. The results show that the arsenic content in the residue can be reduced
below 0.1% and the tungsten in the residue is also recovered in the same time.

Keywords Tungsten · Leaching residue · Arsenic · Roasting · FactSage

Introduction

Tungsten is one of the critical minerals with wide applications. The most common
tungsten minerals are wolframite (Fe,Mn)WO4 and scheelite CaWO4 [1–3].
Leaching of the tungsten minerals is the key process in production of the final prod-
ucts. The leaching residue is increasing continuously since the grade of the tungsten
ore is decreasing [4, 5]. Due to the complexity of the ores and processes used, 2–5
wt% WO3 and other valuable elements are remained in the leaching residues [5].
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With nearly 1 million tons of the leaching residue in stock, approximately 70,000–
80,000 tons residue is producing annually in China. Treatment of these residues to
recover valuable elements has attracted extensive researches [4–7].

Arsenic is commonly present in the wolframite resulting in arsenic-containing
residue [8, 9]. The leaching residue containing over 0.1 wt% As is defined as
dangerous waste since arsenic is harmful to human health [10, 11].With the decrease
of tungsten ore grade, the impurities including arsenic in tungsten ore are increasing
continuously [12–14]. It is urgent to develop a suitable process to efficiently treat
the residue and recover the valuable elements. A high-temperature process to treat
the tungsten leaching residue under reducing condition has been developed recently
[15–17]. W–Fe–Mn alloy can be produced from the process and used for production
of cast iron. However, it was found that the arsenic from the leaching residue can
also come to the alloy, causing the alloy to be contaminated with arsenic [15]. It
is essential to remove arsenic before alloy production for efficient utilization of the
leaching residue.

It was observed that arsenic is present in the leaching residue as FeAsS which is
the same mineral from the tungsten ore [15]. This confirms that FeAsS did not react
with any other components during the leaching process. Thermodynamic analyses
indicate that arsenic can be removed from the residue at different conditions. High-
temperature experiments were carried out to evaluate these methods.

Methodology

Three approaches were considered to remove arsenic from tungsten leaching residue
based on the thermodynamic analyses. Three series of experiments have been
conducted in different conditions to evaluate the approaches proposed. The compo-
sition of the leaching residue from industry is given in Table 1. The residue contains
0.8 wt%As2O3 and 3.8 wt%WO3. 18.2 wt%MnO and 39.5 wt% Fe2O3 indicate that
the residue was mainly resulted from wolframite (Fe,Mn)WO4, and certain amount
of scheelite CaWO4 was also involved as 15.3 wt% CaO is present. As-received
leaching residue consisted of significant moisture. The residue was dried completely
for all experiments, and the composition given in Table 1 does not include water.

In the first series of experiments, 60 g dry residue sample placed in an alumina
crucible was heated at 800 °C for 4 h under high-purity argon flow. Po2 was estimated
to be 10–5 atm according to the O2 and H2O concentrations in the gas. After cooling,
the sample was then ground for further reduction experiments. 10 g sample was
mixed with 1 g SiO2 and 1 g graphite powder and pelletised. The pellets placed

Table 1 Composition of the dry tungsten leaching residue

Sample WO3 Na2O Al2O3 SiO2 SO3 K2O CaO MnO Fe2O3 As2O3

WZ1 3.8 3.6 3.9 10.4 4.9 0.4 15.3 18.2 39.5 0.80
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in an alumina crucible were heated to 1450 °C for 60 min under high-purity argon
flow. The sample was rapidly cooled on the bottom of the furnace with argon gas
flashing. The alloy and slag were removed from the crucible and crushed to analyse
their compositions by XRF.

In the second series of experiments, 20 g dried leaching residue was pelletised
and heated to 1000 °C or 1100 °C for 2 or 4 h. Alumina crucible was used for
the experiments, and mixtures of air and N2 were used to obtain the oxygen partial
pressure between 0.02 and 0.1 atm. After heat treatment under controlled oxygen
partial pressures, the samples were cooled on the bottom of the furnace and then
removed from the crucible for XRF analysis.

The third series experiments were sodium carbonate roasting followed by water
leaching. 50 g dried leaching residue was mixed with sodium carbonate according
to the required ratios. The mixed sample in alumina crucible was heated in a muffle
furnace at 700–900 °C for 1–2 h. The heated samples were ground and leached with
water. The second leaching residue was dried for XRF analysis.

FactSage 8.1 software was used in the thermodynamic calculations [18]. The
databases selected in FactSage 8.1 for calculations were “FactPS” and “FTox-
ide”. The solution phases selected in the calculations included “FToxid-SLAGA”,
“FToxid-SPINA”, and “FToxid-MeO”.

Results and Discussion

It has been confirmed from the analysis of tungsten leaching residue that FeAsS
from the tungsten ore did not react with other components and air during high-
temperature leaching process [15]. The first and second series of experiments were
planned based on the assumption that FeAsS will only react with the gas at relatively
lower temperatures. The products of the reactions will be As and As2O3 vapors
leaving the condensed system.

Removal of Arsenic as Decomposition Product

Thermodynamic analysis by FactSage 8.1 [18] indicates that FeAsS is completely
decomposed into solid FeS and gas As at temperatures above 614 °C:

FeAsS(s) → As(g) + FeS(s) (1)

After the residue was heated at 800 °C for 4 h under high-purity argon flow, 10 g
heated sample was mixed with 1 g SiO2 and 0.8 g, 1 g and 1.2 g graphite powder,
respectively. Three samples were treated at 1450 °C for 60 min in high-purity argon
atmosphere. The compositions of the alloys and slags from three experiments are
given in Table 2. It can be seen that the alloymainly consists of Fe andWwhen carbon
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Table 2 Compositions of the slags and alloys analysed by XRF

Alloy W Na Al Si S K Ca Mn Fe As

1 9.9 0.0 0.0 0.0 0.3 0.0 0.0 0.1 87.8 1.6

2 8.7 0.0 0.0 0.0 0.2 0.0 0.0 0.5 89.1 1.3

3 7.6 0.0 0.0 0.0 0.0 0.0 0.0 13.4 77.9 0.9

Reduced slag WO3 Na2O Al2O3 SiO2 SO3 K2O CaO MnO Fe2O3 As2O3

1 0.8 3.9 19.7 27.2 0.5 0.5 18.4 21.2 7.8 0.0

2 0.1 4.0 22.1 28.8 0.4 0.6 19.4 22.0 2.6 0.0

3 0.0 4.2 22.0 33.1 0.8 0.6 22.3 16.8 0.2 0.0

is lower than 1 g. 13.4 wt%Mn is present in the alloy if carbon is increased to 1.2 g.
Unfortunately, 0.9–1.6 wt% As is present in all alloys. The arsenic concentration in
the alloy decreases with increasing carbon. It is clear that the arsenic in the leaching
residue was not removed according to Reaction 1. It seemed that FeAsS reacted
with other components such as Na2O, K2O, and CaO. It is noted from Table 2 that
all arsenic was removed from the slag during the reduction process. All iron and
tungsten are recovered in the alloy with addition of 1.2 g carbon for 10 g residue.

Removal of Arsenic as Oxide

FactSage calculations indicate that As2O3 can be formed under controlled oxygen
partial pressures and vaporized at the temperature above 465 °C:

FeAsS(s) + O2(g) → As2O3(g) + Fe3O4(s) + SO2(g) (2)

Analyses of the second series of samples indicate that, after heat treatment at
temperatures 1000–1100 °C under oxygen partial pressure 0.02 to 0.1 atm, theAs2O3

in the samples is still 0.6–0.7 wt%. This means that the arsenic was not removed
according to Reaction 2. Again, it seems that the assumption of FeAsS not reacting
with other components was not correct. If the residue composition given in Table
1 is used for FactSage calculations to consider the oxidation of FeAsS, the results
are shown in Figs. 1 and 2 for 900 °C and 1100 °C, respectively. According to
the calculations, the products of residue oxidation include liquid slag, spinel Fe3O4,
Fe2(AsO4)2, and gas.Only the spinel does not include arsenic in these phases.Arsenic
in the slag and Fe2(AsO4)2 will stay in the condensed system. Only the arsenic in
gas can be removed from the condensed system.

It can be seen from Fig. 1 that at 900 °C, there is a small window of 45–47 g
O2 per 100 g FeAsS in which only the spinel and gas are present. In ideal situation,
all arsenic can be removed as gas. This window is increased significantly when the
temperature is increased to 1100 °C as shown in Fig. 2. However, the second series
experiments did not achieve the expected results as shown in Fig. 2. It seems that
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Fig. 1 Percentage of the
condensed phases present for
oxidation of FeAsS at
900 °C calculated by
FactSage 8.1 [18]
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Fig. 2 Percentage of the
condensed phases present for
oxidation of FeAsS at
1100 °C calculated by
FactSage 8.1 [18]
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the mixed gas of air and N2 did not provide enough O2 for the reactions to reach the
window between 33 and 47 g O2 per 100 g FeAsS as shown in Fig. 2. It is difficult
to control the amount of oxygen to react with the multi-phases to attain equilibrium.

In conclusion, in the temperature range 800–1100 °C, the FeAsS in the tungsten
leaching residue can react with other components present in the residue. It is difficult
to remove arsenic from the condensed system by vaporization.

Removal of Arsenic by Roasting and Leaching

It has been demonstrated that direct leaching or high-temperature vaporization
cannot remove arsenic from the leaching residue. A roasting–leaching approach
was proposed to produce harmless residue based on the following reactions:

FeAsS(s) + Na2CO3(s) + O2(g) → Na3AsO4(s) + Fe2O3(s) + CO2(g) + SO2(g)
(3)

FeAsS(s) + K2CO3(s) + O2(g) → K3AsO4(s) + Fe2O3(s) + CO2(g) + SO2(g)
(4)

The roasting productsNa3AsO4 andK3AsO4 can dissolve intowater and therefore
separate from the residue. Thermodynamic analysis by FactSage 8.1 is shown in
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Fig. 3 Percentage of the
soluble and insoluble arsenic
as a function of sodium
carbonate at 800 °C
calculated by FactSage 8.1
[18]
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Fig. 3. 100 g as-received leaching residue reacts with different amounts of Na2CO3

at 800 °C. The insoluble arsenic in the figure represents AsFeS and As-containing
slag. The soluble arsenic in the figure represents Na3AsO4 and K3AsO4 that can be
dissolved into water. The Na2CO3 can directly react with SO3, WO3, Al2O3, and
SiO2 at different extents. It seems that Reaction 3 only starts when Na2CO3 is higher
than 3 g. It can be seen from the figure that the insoluble arsenic decreases and
the soluble arsenic increases with increasing Na2CO3. When Na2CO3 is higher than
5.2 g for 100 g residue, all arsenic is converted to the soluble arsenic. Thermodynamic
calculations give only the trend of the reactions. In practice, theNa2CO3 consumption
is always much higher than the theoretical values.

The conditions and results of the roasting–leaching experiments are presented in
Table 3. The new leaching residue is named as second residue to be differentiated
from the original leaching residue. Experiments 4–8 describe the effect of Na2CO3

on the removal of arsenic. Experiments 6, 9, and 10 describe the effect of temperature
on the removal of arsenic. It can be seen from Table 3 that not only arsenic, but also
tungsten decreases with increasing Na2CO3. The aqueous leachate containing both
tungsten and arsenic is similar to the conventional leachate which can be processed
in the existing plant to remove arsenic and recover tungsten. The second residue with
low arsenic is harmless and can be used for cement production.

Figure 4 shows the remaining arsenic and tungsten in the second residue. It can
be seen from the figure that when Na2CO3 is higher than 30 g, the As in the second
residue is below 0.1 wt% which makes the residue harmless according to the envi-
ronmental policy. At the same conditions, theWO3 in the second residue is decreased
from 3.8 to 0.4–0.7 wt%. Over 90% tungsten is recovered, and nearly 90% arsenic
is removed from the as-received residue in this process.

Figure 5 shows the remaining arsenic and tungsten in the second residue as a
function of temperature. It can be seen from the figure that both arsenic and tungsten
remained in the second residue decrease with increasing temperature. 800 °C seems
to be a minimum temperature to enable the remaining arsenic in second residue to
be lower than 0.1 wt%. Increase of temperature from 800 to 900 °C can slightly
decrease arsenic in second residue but can significantly decrease tungsten in second
residue.
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Fig. 4 Effect of sodium
carbonate on remaining
arsenic and tungsten in the
second residue

Fig. 5 Effect of temperature
on remaining arsenic and
tungsten in the second
residue

Conclusions

High-temperature experiments have been conducted to evaluate the proposed
approaches to remove arsenic from tungsten leaching residue. It is not possible to
remove arsenic from the residue by vaporization. Reactions of the arsenic with other
components in the residue stopped vaporization of arsenic in the forms of element
or oxide.

Roasting–leaching route is an effect process to remove arsenic from the residue.
Optimum Na2CO3 addition and temperature have been identified from the experi-
ments to obtain harmless residue.At the same conditions, over 90%valuable tungsten
can also be recovered. The aqueous leachate containing tungsten and arsenic can be
processed in the existing plant to remove arsenic and recover tungsten.
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Experimental Studies on Reduction
Mechanisms of Lead-Rich Slag
with Different PbO Concentrations

Sui Xie, Chunfa Liao, and Baojun Zhao

Abstract Smelting reduction of lead-rich slag is a clean technology recently devel-
oped in China to produce primary lead metal. The technology has the advantages of
more efficient capture of SO2 and lead fugitive emissions and low energy consump-
tion. The extent of the slag reduction was continuously measured by the product gas
volume. Effect of PbO concentration on the reduction of lead-rich slag was deter-
mined in the temperature range 1073–1473 K. The reduction of lead-rich slag by
carbon was found to be chemically controlled at early stage and then diffusion-
controlled at late stage. The activation energy for chemically controlled reduc-
tion decreases with increasing PbO concentration in lead-rich slag. The reaction
mechanism has been discussed by experimental results and FactSage 8.1.

Keywords Lead-rich slag · Reduction · PbO concentration · Kinetics · FactSage

Introduction

Lead is widely used in chemical power sources, metallurgy, and radiation protec-
tion due to the characteristics of excellent ductility, corrosion resistance, and low
electrical conductivity [1, 2]. The lead-rich slag has been used to replace sinter to
produce lead metal [3, 4]. Smelting oxidation and reduction process to produce lead
metal simplifies the operation, increases the capture of SO2 and decreases the energy
consumption [5–7].

Kinaev et al. studied the reduction of lead oxide by carbon at high temperature [8].
It was found that the reduction was the chemical-controlled stage at the first stage,
mixed controlled at the second stage, and diffusion-controlled at the last stage [8].
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Zhao et al. investigated the reduction of synthetic lead slags and industrial lead sinters
by CO gas and examined the microstructure and phase compositions of the reduced
sample [9]. Liao and Zhao studied the phase equilibria of the system “Fe2O3”–
ZnO–Al2O3–(PbO+CaO+SiO2) to characterize the lead-rich slag [10]. The softening
behaviors of lead-rich slag and sinter were investigated under reducing condition, and
the reduced sampleswere examined by EPMA [11, 12]. Yang et al. reported the effect
of CaO/SiO2 ratio on the reduction of lead-rich slag by carbon [13]. In the present
study, the reduction experiments of lead-rich slag with different PbO concentrations
were systematically carried out between 1073 and 1473 K. The reduction kinetics
are discussed by experimental results and thermodynamic calculations [14–17].

Experimental

Materials

YM1, YM2, and YM3 are the synthetic slags prepared from pure PbO, ZnO, Fe2O3,
CaCO3, and SiO2 in air. Table 1 shows the compositions of the YM1, YM2, and
YM3. These samples have approximately the same ZnO/Fe2O3/CaO/SiO2 ratios but
different PbO concentrations to cover the range of the potential industrial lead-rich
slags. The samples contain up to 3.2 wt% Al2O3 because they were prepared in
alumina crucibles.

Experimental Procedure

The equipment used in the reduction experiments is shown in Fig. 1. The experiments
were performed in a 19 mm ID corundum tube. The graphite crucible (18 mm OD,
14 mm ID, and 40 mm high) was placed on a platform consisting of an inverted
corundum crucible and supported by a corundum thermocouple sheath in which a
R-type thermocouple was inserted. The graphite crucible was introduced into the
reaction tube from the bottom of the furnace and held on the hot zone under Ar gas
flow. Then, the reaction tube was sealed, and the gas flashing was stopped.

Table 1 Compositions of the lead-rich slags for reduction experiments

Sample PbO ZnO Fe2O3 CaO SiO2 Al2O3

YM1 58.7 9.1 13.1 5.5 10.4 3.2

YM2 51.8 11.4 17.0 6.7 11.9 1.3

YM3 47.3 13.3 19.6 7.4 12.1 0.3
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Fig. 1 Assembly of the vertical tube furnace, gas collection, and data record system

5.00 g lead-rich slag (~1 mm diameter size) was added from the top of the furnace
into the graphite crucible, and the system was sealed again. As the lead-rich slag
touched the hot graphite crucible, the reduction reaction started, and the product
gas was released. The gas generated from the reduction included CO and CO2.
However, the gas composition was not determined, and the total gas volume was
used to represent the reduction extent. A water-containing pressure device captured
the CO/CO2 gas generated from the reduction reaction. The same volume of water
was displaced by the captured gas into a container on a balance. The volume of the
CO/CO2 gas produced from the reductionwas determinedby continuouslymeasuring
the weight of the displaced water every 5 s. The graphite crucible and reduction
products were cooled with the furnace to room temperature under Ar gas flow as the
reduction reaction finished.

FactSage Calculations

FactSage 8.1 software was used in the thermodynamic calculations [18].
The databases selected in FactSage 8.1 for calculations were “FactPS” and
“FToxide”. The solution phases selected in the calculations included “FToxid-
SLAGA”, “FToxid-SPINA”, “FToxid-MeO”, “FToxid-cPyrA”, “FToxid-PyrA”,
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“FToxid-WOLLA”, “FToxid-Bred”, “FToxid-bC2SA”, “FToxid-aC2SA”, “FToxid-
Mel”, “FToxid-Oliv”, “FToxid-Mull”, “FToxid-CORU”, “FToxid-ZNIT”, “FToxid-
WILL”, “FToxid-PbO”, and “FToxid-PCSi”.

Results and Discussion

Thermodynamic Analysis

The reactions between the lead-rich slag and carbon include

PbO(l) + C(s) = Pb(l) + CO(g) (1)

Fe2O3(l) + C(s) = 2FeO(s) + CO(g) (2)

ZnO(l) + C(s) = Zn(g) + CO(g) (3)

FeO(l) + CO = Fe(s) + CO(g) (4)

YM1 is taken as an example to describe the processes of reaction 1 to reaction 4
calculated by FactSage 8.1. It can be seen from Fig. 2 that the reduction of Fe2O3

to FeO (reaction 2) started first followed by the reduction of PbO (reaction 1). The
reduction of ZnO to Zn (reaction 3) started significantly after reactions 1 and 2 almost
completed. Metallic iron was not observed in the reduced samples indicating that
reaction 4 did not happen in the temperature range investigated.

Fig. 2 Equilibrium extents
of reactions (1) to (4) at
1473 K calculated by
FactSage 8.1
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Reduction Experiments

The theoretical volume of the gas generated by Eqs. (1)–(3) can be calculated from
the composition andweight of the lead-rich slag. The reduction of FeO(l) to Fe(s) can
be neglected because Fe metal was not observed after the reduction. The reducibility
is described as follows:

α = Vm × 100%/VT (5)

where Vm is the volume of the gas measured, VT is the theoretical volume of the
gas produced from Eqs. (1)–(3), and α is the reducibility. The reducibility of YM1
and YM3 is presented in Figs. 3 and 4, respectively. The reducibility of YM2 as a
function of reaction time has been reported previously [6].

It can be seen from Figs. 3 and 4 that the reducibility of YM1 and YM3 increases
rapidly at the beginning and then slows down with the reaction time. It seems that the
reduction of lead-rich slag by carbon is chemical-controlled stage at the first stage and
diffusion-controlled at the last stage. The reduction was mixed controlled between
the chemical-controlled stage and the diffusion-controlled stage. It is also shown that
the reaction between carbon and lead-rich slag was limited at temperatures below
1173 K.

The reducibility of lead-rich slag increases with increasing reaction time and
temperature. The reducibility of YM1, YM2, and YM3 at the identical reduction
time 100 s and 3600 s are presented in Figs. 5 and 6, respectively. It can be seen from
Fig. 5 that in the chemically controlled stage, the reducibility of each slag increases
with increasing temperature. At the same temperature, the reducibility of the lead-
rich slag increases with increasing the PbO concentration in the slag. Figure 6 shows
the same trends for the diffusion-controlled reactions at 3600 s. However, the effect

Fig. 3 Reducibility of YM1
in graphite crucible as a
function of reaction time
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Fig. 4 Reducibility of YM3
in graphite crucible as a
function of reaction time

Fig. 5 Comparison of
reducibility for slags at 100 s
reaction

of PbO concentration on the reducibility is not as significant as that for the chemically
controlled reactions.

Reduction Kinetics

The kinetic analysis of the reduction contains two steps:

(1) To calculate the values of the rate constants (k) from the reducibility as a
function of reaction time at different temperatures. The reduction reaction
was mainly the liquid–solid reaction. The reduction was controlled by the
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Fig. 6 Comparison of
reducibility for slags at
3600 s reaction

chemical reaction at the initial stage, and the shrinking core model is suggested
to describe the reduction [14–17]:

1− (1− α)1/3 = kt (6)

where α is the reducibility of the reduction, k is the reaction rate constant, and
t is the reduction time.

(2) To get activation energy from the fitting of k − T relationship with Arrhenius
equation:

k = Ae−E/RT (7)

whereA is the pre-exponential factor (s−1),E is the activation energy (Jmol−1),
R is the gas constant (8.314 J mol−1 K−1), and T is the absolute temperature
(K). Figure 7 shows the realtionship between ln(k) and 1/T for the reduction
reaction of YM1 at the chemically controlled stage.

The activation energy of YM1 at the chemically controlled stage can be calculated
by the slope of ln(k) against 1/T from Fig. 7 which is 94.0 kJ/mol. In the same way,
the activation energy ofYM2 andYM3 is 94.9 kJ/mol and 139.7 kJ/mol, respectively,
at the chemically controlled stage. It looks like that the activation energy does not
change significantly when the PbO concentration in the slag decreased from 58.7
wt% (YM1) to 51.8 wt% (YM2). However, further decrease of PbO concentration
from 51.8 wt% (YM2) to 47.3 wt% (YM3) increased the activation energy from
94.9 kJ/mol to 139.7 kJ/mol.
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Fig. 7 Realtionship between
ln(k) and 1/T for the
reduction reaction of YM1 at
the chemically controlled
stage

Conclusions

Reduction of lead-rich slag in the temperature range of 1073–1473 K has been inves-
tigated by accurate measurements of the gas volume generated from the reactions.
The activation energy for the reduction has been calculated based on the experimental
data. The results showed that.

(1) The reduction of PbO to Pb and Fe2O3 to FeO can happen simultaneously
followed by the reduction of ZnO to Zn. Under the experimental conditions,
FeO cannot be reduced to Fe which was confirmed by the examination of the
reduced samples.

(2) The reaction rate of the lead-rich slag containing different PbO concentrations
was initially fast but becomes slower as the extent of reaction increases. The
reaction rate is limited at temperatures below 1173 K and greatly increases at
temperatures above 1173 K.

(3) The reduction of lead-rich slag at the initial stage is chemically controlled. The
activation energy of YM1, YM2, and YM3 at the chemically controlled stage
is 94.0 kJ/mol, 94.9 kJ/mol, and 139.7 kJ/mol, respectively, which increases
with decreasing PbO concentration in the slag.
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Experimental Study
on Dephosphorization
of High-Phosphorus Mn–Si Alloys

Can Sun, Zizong Zhu, Wanyi Jiao, Chongyuan Zhang, Yingdong Wang,
and Jintao Fan

Abstract In an attempt to reduce phosphorus content of the Mn–Si alloys produced
by high-phosphorus manganese ores, dephosphorization thermodynamic experi-
ments of high-phosphorusMn–Si alloyswere investigated by usingAl-based dephos-
phorization agent and CaO–SiO2–Al2O3 covering slags in silicon molybdenum
furnacewithout protectionof gas.This research focusedon the transform rule of phos-
phorus element during the process of its entrance into slag, the effect of CaO/Al2O3

(mass ratio of CaO to Al2O3) on dephosphorization ratio, and the main phases
in dephosphorization slags. The results showed that phosphorus element entered
into slag from Mn–Si alloys, respectively, conforming to these two routes: [P] →
Fe3(PO4)2 → Ca3(PO4)2 → 6 . 2CaO . SiO2–3CaO . P2O5 solid solution and [P] →
AlPO4. With increase of CaO/Al2O3, the dephosphorization ratio increased, and the
greatest dephosphorization ratio could reach 79%.

Keywords Manganese-silicon alloys · Al-based dephosphorization agent ·
Dephosphorization · Dephosphorization slags

Introduction

Extremely rich manganese ores are deposited in Chengkou and Xiushan, two coun-
ties of Chongqing city in China. However, those ores are low-quality due to high
phosphorus in them, resulting in that Mn-based alloys, produced by them, generally
contain high phosphorus around 1wt.%. SuchMn–Si alloys cannot be used in process
of steel-making as deoxidizer and alloy additives, because the excessive phosphorus
would cause cold shortness of steel and reduce its quality. Therefore, to improve the
utilization of Mn-based alloys produced by such manganese ores in steel-making,
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novel dephosphorization method for high-phosphorus Mn-based alloys has to be
invented.

Many scholars studied reductive dephosphoriztion of Mn-based alloys, using
CaO–CaF2 melt slags [1, 2], metals [3–6] such as Ca, Mg, and Ba, rare-earth metals
[7, 8], or alloys such as CaC2 [9], SiCa [10–12], and Ba alloys [13] to proceed depo-
sition dephosphorization in Argon atmosphere. Unfortunately, some flows exist in
those methods. For example, the slags containing CaF2 are easily pulverized and
produce HF gas which is harmful to environment, and Ca metal or Ca alloys contain
high carbon content that hinters dephosphorization.

Despite the high efficiency of reductive dephosphorization of Mn-based alloys,
it is uneconomical and difficult to obtain strong reductive atmosphere in industrial
production. Hence, without protection of argon, this research usedCaO–SiO2–Al2O3

covering slags and Al-based dephosphorization agent to finish dephosphorization of
Mn–Si alloys containing high phosphorus content and studied the transform rule
of phosphorus element during the process of its entrance into slag, the effect of
CaO/Al2O3 (mass ratio of CaO to Al2O3) on dephosphorization ratio, and the main
phases in dephosphorization slags.

Experimental

Materials

In this experiment, Mn–Si alloys were produced by a certain alloy factory in
Chengkou county of Chongqing city in China. The main chemical compositions of
the alloy were Mn (60.39 wt.%), Si (25.03 wt.%), Fe (10.57 wt.%), C (1.05 wt.%),
P (1.00 wt.%), and S (0.04 wt.%). Al-based dephosphorization agent was used, in
which the main component was Al ≥ 70.00 wt.%. The covering slag was made of
CaO–Al2O3–SiO2 slag system, which was composed of pure reagent for chemical
analysis of CaO, Al2O3, and SiO2.

Procedure

In this experiment, the slag system composition as shown in Table 1 was used to
conduct dephosphorization experiment on Mn–Si alloys with or without Al-based
dephosphorization agent. The dosage of alloy was 100 g, the dosage of dephos-
phorization agent was 5% of the alloy mass, and ratio of the slag to the metal was
0.4.

Given that the Al in the Al-based dephosphorization agent was oxidized to Al2O3

in the experimental atmosphere and entered the covering slag, it might lead to the
gradual solidification of the covering slag with stirring during the dephosphorization
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Table 1 Components of slag system

Number CaO/wt.% Al2O3/wt.% SiO2/wt.% CaO/Al2O3

1 56.0 40.0 4 1.40

2 54.3 41.7 4 1.30

3 51.5 44.5 4 1.16

4 49.3 46.7 4 1.05

5 46.8 49.2 4 0.95

process, and the slag andmetal could not be separatedfinally. Therefore, the following
three groups of experiments were carried out under the condition that the slag system
component numbered 1 in Table 1 was selected: (a) no Al-based dephosphorization
agent was added; (b) the addition of Al-based dephosphorization agent; (c) when the
Al-based dephosphorization agent was added, it was assumed that after the Al in the
dephosphorization agent had completely removed P from the alloy, the remaining
Al was completely oxidized into the slag, and the Al2O3 was reduced as formulation
Z = 1.89 y −1.65× on the basis of the original slag (y and x are the mass of Al in
the Al-based dephosphorization agent and the mass of P in the alloy, respectively).
The Al-based dephosphorization agent, Mn–Si alloy particles, and fully mixed CaO–
Al2O3–SiO2 covering slagwere put into the graphite crucible in turn, and then,we put
the graphite crucible intoGM-8-17 silicon molybdenum furnace whose temperature
was 1400 °C.After 15min, the rawmaterials in the cruciblewere stirred every 10min,
and then, taking out the crucible quickly after 30 min. In the end, we separated the
slag and metal.

The morphologies of dephosphorization slags obtained from the above three
groups of experiments are shown in Fig. 1. It was found that when the Al-based
dephosphorization agent was added without reducing the Al2O3 in the slag, the
covering slag gradually solidified from the molten state with agitation, and then, the
slag and metal could not be separated. Therefore, when the Al-based dephosphoriza-
tion agent was added for dephosphorization experiment, the corresponding Al2O3

content should be reduced on the basis of the slag system composition shown in
Table 1.

Fig. 1 Dephosphorization slags
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Analytical Methods

The alloy samples before and after dephosphorization were ground to the parti-
cles whose size is less than 200 mesh, and P, SI, Mn, and Fe contents of alloys
were measured by inductively coupled plasma mass spectrometer (ICP-AES, DV-
4300). The samples of suitable size were selected from dephosphorization slags and
observed under electron probe microanalysis (EPMA, JXA-8530F Plus) after rough
grinding, fine grinding, polishing, and carbon spraying, and the distribution of every
element was analyzed. The remaining slags were ground to the particle whose size
is less than 200 mesh and the phases in them were analyzed by X-ray diffraction
(XRD, D/Max 2500pc).

Results and Discussion

The Transformation Law of Phosphorus

X-ray diffraction analysis of dephosphorized slags and Mn–Si alloys after dephos-
phorization was carried out, and the results are shown in Fig. 2. Without the addition
ofAl-based dephosphorization agent, P element exists in the form of 6 · 2CaO · SiO2–
3CaO · P2O5 solid solution and 3FeO · P2O5 in the dephosphorized slags and alloys,
respectively (Fig. 2a, b). This result revealed that in this dephosphorization process,
the P in the alloy was first oxidized by FeO to form 3FeO · P2O5. According to the
characteristic that the weak alkaline oxide could be replaced by the strong alkaline
oxidation in the composite oxide, when the alloy melt and the slag contacted, the
more alkaline CaO in the slag replaced the FeO in 3FeO · P2O5 to form 3CaO · P2O5.
The phosphoric acid ions in 3CaO · P2O5 in the slag replaced SiO4- 4 in Ca2SiO4

in the slag and finally precipitated as 6 · 2CaO · SiO2–3CaO · P2O5 solid solution.
Therefore, the transformation mode of phosphorus between slag and metal could be
expressed as

[Fe] + 1

2
O2 = (FeO) (1)

8(FeO) + 2[P] = (3FeO · P2O5) + 5[Fe] (2)

(3FeO · P2O5) + 3(CaO) = (3CaO · P2O5) + 3(FeO) (3)

(3CaO · P2O5) + 6(Ca2SiO4) = (6 · 2CaO · SiO2 − 3CaO · P2O5) (4)

In addition to 6 · 2CaO · SiO2–3CaO · P2O5 solid solution and 3FeO · P2O5,
AlPO4 (Fig. 2c, d) was also found to exist in the dephosphorized slag and alloy
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Fig. 2 XRD patterns of dephophorization slags and Mn–Si alloys after dephophorization: without
adding Al-based dephophorization agent: a slag; b alloy; added Al-based dephophorization agent:
c slag; d alloy

with the addition of Al-based dephosphorization agent. In industry, AlPO4 is usually
prepared by reacting P2O5 with Al2O3 at 500–900 °C. However, the alkalinity of
Al2O3 is lower than that of FeO, so Al2O3 cannot replace FeO in 3CaO·P2O5 to
generate AlPO4, and the P in the alloy could not exist in the form of pure P2O5 when
the dephosphorization experiment was carried out. Therefore, it was considered in
this study that Al in Al-based dephosphorization agent reacted directly with [P] in
the alloy to form AlPO4 under oxidizing atmosphere. The melting point of AlPO4

is higher than 1450 °C, and it is stable at the experimental temperature. Moreover,
the AlPO4’s density of 2.566 g/cm3 is lower than that of Mn–Si alloy and slag,
and it can float from the alloy melt to the slag with agitation. The reaction between
dephosphorization agent and phosphorus is

Al(l) + 2O2 + [P] = AlPO4(s) (5)
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Effect of CaO/Al2O3 on Dephosphorization Ratio

After the dephosphorization experiment, the content ofmain elements inMn–Si alloy
was shown in Table 2. Among them, the last five groups of experiments were carried
out with the addition of dephosphorization agent. In the slag matching process, the
corresponding Al2O3 was reduced on the basis of the slag system components shown
in Table 1. Theoretically, this part of Al2O3 could be supplemented by the oxidation
of Al in the dephosphorization agent in the dephosphorization process. Therefore,
for convenience of comparison, CaO/Al2O3 was not changed.

According to Table 2, in which “DeP” means dephosphorization ratio, the
maximum dephosphorization ratio was 19% without adding Al-based dephospho-
rization agent, which indicated that the slag system did not have high dephosphoriza-
tion ability under the experimental conditions. The dephosphorization rate increased
significantly with the addition of Al-based dephosphorization agent, and the highest
dephosphorization rate was 79%. In all cases, the dephosphorization rate increased
with the increase of CaO/Al2O3.

According to the ionization theory slag, during dephosphorization, a part of PO3−
4

in 3CaO . P2O5 will replace SIO
4−
4 in Ca2SiO4, and Ca3(PO4)2 and Ca2SiO4 will be

precipitated together.However,whenCaO/Al2O3 decreases,Al2O3 will continuously
absorb O2− to form AlO5−

4 . The production of AlO5−
4 will also replace the SIO4−

4 in
Ca2SiO4, inhibiting the precipitation of PO

3−
4 with Ca2SiO4, which is not conducive

to dephosphorization.
The calculation formulas of phosphorus capacity of slag are as follows:

[P] + 3

2

(
O2−) + 5

4
O2 = (

PO3−
4

)
(6)

Table 2 Contents of main elements in alloys after dephosphorization

Number CaO/Al2O3 Agent/% Mn/wt.% Si/wt.% Fe/wt.% P/wt.% DeP/%

1-1 1.40 0 58.72 22.21 10.37 0.81 19

1-2 1.30 58.64 21.95 10.11 0.83 17

1-3 1.16 58.85 22.43 10.18 0.87 13

1-4 1.05 57.21 21.86 10.07 0.89 11

1-5 0.95 58.56 22.15 10.19 0.91 9

2-1 1.40 5 57.90 20.44 9.90 0.21 79

2-2 1.30 57.63 20.52 9.78 0.22 78

2-3 1.16 57.88 20.76 9.90 0.26 74

2-4 1.05 58.24 20.85 9.95 0.29 71

2-5 0.95 57.98 20.70 9.84 0.31 69
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K = w
(
PO3−

4

) × γ
(
PO3−

4

)

a
3
2

O2− × P
5
4
O2

× a[P]
(7)

C = w
(
PO3−

4

)

P
5
4
O2

× a[P]
= K × a

3
2

O2−

γ
(
PO3−

4

) (8)

where K is the reaction equilibrium constant of Eq. (6);W (PO3−
4 ) is the mass fraction

of phosphate ions in the slag; γ (PO3−
4 ) is the activity coefficient of phosphate ions

in the slag; PO2 is the partial pressure of oxygen in the reaction system; a[P] is the
activity of dissolved phosphorus in the alloy; aO2

− is the activity of oxygen ions in
the slag.

According to the calculation of phosphorus capacity of slag, the phosphorus
capacity of slag is related to temperature and the activity of oxygen ions in slag.
When the temperature is constant, the greater the activity of oxygen ions, the greater
the phosphorus capacity of slag. With the increase of CaO/Al2O3, the absorption
of oxygen ions decreases, and the release of oxygen ions increases. Eventually
the activity of oxygen ions in slag increases, and the phosphorus capacity of slag
increases, which is conducive to dephosphorization.

The viscosity of the slag determines the difficulty of AlPO4 particles entering the
slag from the alloy melt. After the slag system was reconstructed, the covering slag
could not be melted at the experimental temperature, and its viscosity could not be
measured. Therefore, the change of the slag viscosity with CaO/Al2O3 after adding
Al-based dephosphorization agent was only analyzed theoretically.

For homogeneous slag, the viscosity obeys the law of Newtonian viscous liquid
and depends on the activation energy of moving particles. In the slag system used in
the experiment, SiO2 content is very low, so Al2O3 is the main factor affecting the
slag viscosity. Al2O3 is an amphoteric oxide, which is acidic in alkaline slag and can
absorbO2− in alkaline slag to formAlxOz−

y withnetwork structure.AlxOz−
y has a large

radius, is affected by the surrounding heterogeneous charged ions, and also requires
the highest viscous activation energy when moving. With the increase of Al2O3

content, the degree of polymerization of AlxOz−
y increases, as does the viscosity of

molten slag. When CaO/Al2O3 increases, the viscosity of the slag decreases, and the
resistance of AlPO4 into the slag decreases.

Distribution of Elements and Main Phases
in Dephosphorization Slag

From Fig. 3a–a7, we can see the main kinds of mineral structures in the slag: gray-
white area (position 2) enriched with P element, gray area (position 1) enriched with
Al, Ca, and O elements, and gray-black area (position 3) enriched with Si and C
elements, bright-white area (position 4) enriched with Mn, Fe elements. Combined
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Fig. 3 Backscatter electron component image of dephosphorization slag and the distribution of
every element in the slag

with Fig. 2c and Table 3, it can be seen that the main phases in the gray-white area are
6.2CaO.SiO2–3CaO.P2O5 solid solution and 2CaO.SiO2–3CaO.P2O5 solid solution
and AlPO4; the main phase in the gray area is 12CaO.7Al2O3; the main phase in the
gray-black area is SiC.

At 1400 °C,whenMn–Si–Cgot ternarymelt equilibrium, the solubility ofCwould
decrease with the increase of Si content. When Si content exceeded the critical value
of 0.5 mol fraction, C in the melt would not be stable, and at this time, saturated pure
substance β-sic existed in the solution stably [14]. The alloy used in this experiment
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Table 3 Content of every element in position 1–3

Position Mn/% Ca/% Al/% Mg/% P/% C/% O/% Si/%

1 0.014 35.139 25.417 2.127 0.566 2.849 32.147 2.126

2 0.024 41.752 19.067 1.323 1.421 2.448 30.772 2.688

3 0.073 1.686 2.902 0.124 0.091 35.463 1.998 58.198

could be regarded as Mn–Si–Fe–C–P five-binary melt with Mn and Si as the main
elements and unchanged content. According to the above research, the experimental
graphite crucible carburized in the process of dephosphorization. When the content
of C in the alloy exceeded a certain value, the stable existence of β-sic in the alloy
would enter the dephosphorization slag through the slag–metal interface.

Conclusions

Without the protection of atmosphere, Al-based dephosphorization agent and CaO–
Al2O3–SiO2 slag system were successfully used to dephosphorize high-phosphorus
Mn–Si alloy. The main conclusions are summarized: the phosphorus in the alloy
finally entered the slag by the transformation law of [P] → Fe3(PO4)2 → Ca3(PO4)2
→6·2CaO·SiO2–3CaO·P2O5 solid solution and [P]→AlPO4, respectively;when the
dosage of dephosphorization agent was 5%, the ratio of CaO–Al2O3–SiO2 covering
slag was 56:44:4 (on the basis of reducing the corresponding amount of Al2O3), the
temperature was 1400 °C, the slag–metal ratio was 0.4, and the dephosphorization
rate was the highest, which was 79%; gray-white area enriched with P element, gray
area enriched with Al, Ca, and O elements, and gray-black area enriched with Si and
C elements. The main phases in the gray-white area are 6·2CaO·SiO2–3CaO·P2O5

solid solution, 2CaO·SiO2–3CaO.P2O5 solid solution and AlPO4; the main phase in
the gray area is 12CaO·7Al2O3; the main phase in the gray-black area is SiC.
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Recent Studies on Hot Metal
Desulfurization

Ender Keskinkilic

Abstract Hot metal desulfurization station is an indispensable part of a modern
integrated iron and steelmaking company. In this plant, roughly speaking, at least
ninety percent of sulfur in hotmetal is eliminated before basic oxygen steelmaking. In
the conventional process, stable sulfide-making additives of various kinds and forms
are introduced to the hot metal present in torpedo cars or more commonly in ladles.
Together with desulfurization reactions, a slag rich in sulfides is collected at the top,
and it is then skimmed out. Other than hot metal treatment stage, further removal
of sulfur may be accomplished in secondary steelmaking, depending primarily on
suitability of metallurgical conditions in that specific vessel. In this literature work,
recent experimental studies related to hot metal desulfurization are reviewed. More
emphasis shall be on the works performed after the millennium and specifically in
the last decade, including the ones offering new and novel methods.

Keywords Hot metal desulfurization · Integrated iron and steelmaking

Introduction

Desulfurization in iron containing alloy–slag systems can generally be expressed
with the following reaction:

S(%) + (O2−) = (S2−) + O(%) (1)

where underlined ones represent the specie dissolved in the metal while
(
O2−)

and
(S2−) show the oxide and sulfide anions in the slag, respectively. Starting from the
equilibrium constant of this reaction, one can easily reach the sulfur slag–metal
distribution ratio, (%S)

%S , as follows:
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(%S)

%S−
= K

γS2−
· fS · aO2− · 1

aO
(2)

Therefore, four main parameters govern this partition ratio: (a) K , equilibrium
constant, which is temperature-dependent, (b) fS , activity coefficient of sulfur, so
metal composition, (c) aO2− , activity of oxide anions in slag (actually related to slag
composition or more correctly slag basicity), and (d) aO , dissolved oxygen activity
(oxygen potential of the system). When the two main smelting processes of inte-
grated iron and steelmaking are concerned, unfortunately blast furnace and converter
steelmaking are not metallurgically suitable for sulfur removal. Blast furnace, for
many reasons, should be operated with acidic slags, which therefore have low aO2− .
Converter steelmaking systems, on the other hand, are the systems where the oxygen
potential (aO ) is very high. These can be regarded as the simple explanation of the
main reasons of establishment of external desulfurization process operated between
the blast furnace and the converter. Today, desulfurization is an indispensable part
of a modern integrated iron and steelmaking company.

Hot metal desulfurization is simply conducted by sending additives, which are
capable of forming high stability sulfide compounds, to the hot metal bath kept in
torpedo cars or more commonly in ladles. Variation of standard Gibbs free energy
change with temperature for some sulfidation reactions is presented in Fig. 1 [1].
Among those given ones, calcium is the most stable sulfide forming element, while
nickel sulfide is the least stable sulfide. Sodium is an important and stable sulfide
forming element, but due to its corrosive nature, it is not commonly preferred in
steelmaking shops. In conventional operations, calcium generally in the form of CaO,
named as burnt lime, magnesium (in various forms) is mostly utilized. Elemental
Mg share in the desulfurization mix is higher when the target sulfur content is lower.
Additionally, fluorspar (CaF2) is charged in minor amounts to satisfy the fluidity of
the slag and to enhance CaO dissolution. CaC2 is another desulfurizing agent, but its
storage necessitates humidity-free bins, so the steelmakers, most of the time, do not
hear about it. Desulfurization abilities of various agents were studied and presented
in the work conducted by Lindström and Sichen [2].

In this study, recent experimental studies related to hot metal desulfurization are
reviewed. More emphasis shall be on the works performed after the millennium and
specifically in the last decade, including the ones offering new and novel methods.

Examples to Recent Studies on Hot Metal Desulfurization

Examples to recent studies on hot metal desulfurization can be grouped mainly into
four categories as alternative fluxes for desulfurization, ways of addition of desul-
furization agents, modeling and simulation of desulfurization, and desulfurization
kinetics. In the scopeof thiswork, someexamples to thefirst and the second categories
were included.
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Fig. 1 Variation of �G◦ versus T for various sulfidation reactions: 2X + S2(g) = 2XS where X:
Ba, Ca, Ce, Mg, Mn, Zn, Ni. Note Thermodynamic data was obtained from FactSage 8.1

Alternative Fluxes for Desulfurization

Anexample to experimental investigation for the use of redmud containing flux in hot
metal desulfurizationwas thework performed by Li and coworkers [3]. The chemical
composition of the sintered red mud obtained from Shanxi Xiaoyi aluminum plant
was reported as 11.10% Fe2O3, 25.12% Al2O3, 19.79% CaO, 25.30% SiO2, 5.42%
TiO2, 0.83% MgO, and 10.08% Na2O. In lab-scale runs, charges containing molten
iron (prepared from chemical reagents, and a composition of 4%C and 0.05–0.1%S)
and red mud + CaO mixtures (red mud/CaO ratio: 1.2–4.4) were smelted in the
temperature range of 1350–1450 °C. Slag/molten iron ratio was fixed as 0.1 or 0.2.
In all experiments, the crucible was kept 30 min at the target temperature. According
to the findings of the laboratory runs, the phases having low melting points like
12CaO.7Al2O3, Ca12Al14O33, and Na4CaSi3O9 were detected in the final slag. Good
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slag fluiditywas also reportedwhen redmud-basedfluxwas used.Redmud/CaO ratio
in between 1.2 and 2.4 was found to give a high %desulfurization (~80%) and a low
final S composition (<0.02%). The best results were obtained when red mud/CaO
ratio was 2 providing %desulfurization value of ~86% and final sulfur content of
0.016%. Results of the pilot-scale tests were reported to verify the feasibility of red
mud usage in hot metal desulfurization.

More recently, Zhang et al. proposed a method aiming to recycle the red mud in
hot metal desulfurization [4]. The red mud obtained from a Chinese company was
reported to contain 46.91% TFe, 7.90% Al2O3, 0.35% CaO, 5.01% SiO2, 3.92%
TiO2, 0.09% MgO, and 1.73% Na2O. This iron-rich red mud was first subjected to
prereduction with coke. Then, prereduced red mud was mixed with CaO–Al2O3 or
CaO–Al dross in certain proportions, and then, the mixture was equilibrated with pig
iron (4.34%C, 0.431%Si, and 0.070%S) using a vertical tube furnace. The runs were
conducted at 1300 °C for 5–60 min. Traditional desulfurization mixture (90% CaO
+ 10%CaF2) was used in the experiments where no prereduced red mud was used.
The authors concluded that (prereduced red mud–CaO–Al2O3) or (prereduced red
mud–CaO–Aluminum dross) mixtures showed nearly the same desulfurization effi-
ciency with the traditional flux, and therefore, other than the benefit of iron recovery,
they proposed use of prereduced red mud containing mixtures instead of fluorine
containing traditional mixtures in hot metal desulfurization. As another recycling
proposal, Ayguiar and coworkers investigated the use of marble waste (70%CaO,
20%MgO) in hot metal treatment [5]. According to the results obtained from a
lab-scale setup, they concluded that it could be used as a desulfurizer.

Santo et al. investigated the possibility of use of industrial wastes and different
fluxes in hot metal desulfurization [6]. They aimed to analyze the possibility of
partial replacement of calcitic lime (C) with limestone waste (L) and slag from
desulfurization in the Kambara reactor (K). The authors also studied the possible
replacement of CaF2 with B2O3 (B), sodalite (S), and aluminum dross (A). Hot metal
containing 4.77%C and 0.042%Swas equilibrated with traditional flux (95% calcitic
lime + 5% CaF2) and various calcitic lime + alternative fluxes mixtures. According
to laboratory-scale experiments conducted at 1350 °C under inert atmosphere, it was
concluded that limestone waste could be used to replace part of lime and that use
of slag from Kambara reactor was not effective. The authors mentioned that better
results were obtained with B2O3 compared to fluorspar. The authors also underlined
that combined use of agents resulted in better desulfurization efficiencies. The highest
efficiency was reported as 92.41% with the mixture abbreviated as C69L15K6S5B5

(subscripts indicating weight percentages).
The possibility of use of ZnO in hot metal desulfurization was investigated by

Lindström et al. [7]. The authors established a lab-scale setup using a vertical tube
furnace. Pig iron containing ~460 ppm sulfur was equilibrated with (ZnO + calcium
oxide-based desulfurizing agent) mixture. Stirring was applied at the target tempera-
ture (1723K) for 2–15min. According to findings of the study, the authors concluded
that ZnO could not decrease sulfur concentration and that it was not suitable as an
agent in hot metal treatment. This was in contradiction with the previous literature.
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The authors indicated that the thermodynamic data obtained in previous studies had
calculation mistakes and they also outlined these points.

As mentioned earlier, storage of CaC2 is critical. Condo et al. investigated the
effect of aging on the ability ofCaC2 for hotmetal desulfurization [8]. The researchers
conducted industrial trials aswell as lab-scale experiments to see the effect of the time
of storage on its desulfurization power. According to the results of industrials trials,
the authors concluded that no significant change was observed. In the laboratory-
scale runs, as it is well known, samples exposed to atmosphere caused formation
of Ca(OH)2 layer as an outer layer. The thicknesses of the desulfurization product
(CaS) layer were compared for the samples subjected to air for different times. No
significant difference was reported, as found from industrial tests.

Magnesium is commonly used in hot metal desulfurization in various forms. Its
rather lowboiling point causes efficiency problems in the hotmetal treatment process.
Metallic magnesium is also relatively expensive compared to CaO containing fluxes.
Therefore, efforts have been made to try magnesium oxide containing fluxes. For
example, Nakai and coworkers investigated the use of dolomite flux in lab-scale
and industrial-scale experiments as an alternative to Mg or MgO + Al pellet [9].
According to 200 t industrial-scale experiments with charges containing dolomite
and aluminumash, itwas reported thatMgefficiency (Mg that becameMgS*100/Mg
in flux) for desulfurization was 15–25% with Mg consumption of 1–1.3 kg/ton as
MgO. The authors concluded that these efficiency values were similar to the ones
obtained from Mg and MgO + Al, so this dolomitic flux could be used in hot metal
desulfurization.

Ways of Addition of Desulfurization Agents

Tripathi et al. investigated the effect of lance design on hot metal desulfurization
[10]. 0.25 scale plexi-glass model of hundred-ton hot metal ladle was fabricated for
the purpose of water model studies. Simulation was based on a system inwhich CaC2

sent into the hot metal with nitrogen gas. Seven different lance port configurations
including the T-shape port used by the Indian steel companywere tried with the water
model and simulated using computational fluid dynamics. At the end of plant trials,
swirling-type stationary design was reported to yield the best results. The authors
also calculated the rate constant obtained from the first-order kinetics. It was found
to increase from 0.09 (T-shape) to 0.11 min−1 (swirling-type stationary design).

Kikuchi and coworkers studied the effect of reducing gas on hot metal desulfur-
ization with CaO-based agent in mid-scale and commercial-scale experiments [11].
Propanewas used as a reducing gas. Its effect was examined from two aspects: 1. Flux
injection: Propane was mixed with the nitrogen carrier gas. 2. Mechanical stirring:
Top blowingwith propane gas was conducted together withmechanical stirring by an
impeller. In both ways, the flux efficiency of desulfurization was found to increase.
For flux injection, this improvement was explained with a local decrease in oxygen
potential as well as an increase in surface area between the hot metal and agent. On
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the other hand, for impeller mixing, stirring energy was noted as an additional factor
to the oxygen potential and the surface area, so better sulfur slag–metal distribu-
tion ratio values were reported. In relation to the top blowing with propane gas, the
authors mentioned that due to the absorption of the flame into the hot metal at the
cavity created by impeller rotation, H content of the hot metal increased from 1 to
3–8 ppm.

Kumar et al. investigated in situ generation of magnesium in hot metal treatment
using porousMgO+Al tablets [12]. Pilot tests were conducted using thirty-kilogram
liquid iron bath. At each trial, ~30 kg of metal was melted. The metal was reported
to contain 4.5%C and 0.075%S. MgO + Al tablets were placed in a graphite immer-
sion tube—called as reactor—having six openings at the bottom and argon inlet
on top. The reactor was used in immersed condition in liquid iron bath allowing
in situ production of magnesium vapor from aluminothermic reduction of MgO.
Temperatures of trials were reported as in the range of 1233–1401 °C. Better desul-
furization results were noted when the flow rate of the carrier gas (Ar) was increased.
According to the results of the pilot-scale experiments, the lowest sulfur value at the
end of desulfurization was reported as 270 ppm from the starting value of 750 ppm.
The authors compared these results with industrial CaC2 +Mg desulfurization. They
further proposed additional items to be fulfilled to reach lower sulfur levels in relation
to immersion depth and thickness of the reactor, tablet size, CaO addition to charge
mix, etc.

As an alternative to the commercial granularmagnesium injection, Su et al. studied
magnesium efficiency in hot metal desulfurization with a system where magnesium
vapor was sent to the induction furnace from the bottom [13]. Modeling studies were
validated with high temperature experiments. According to the results of the induc-
tion furnace runs, the authors concluded that magnesium efficiency was inversely
proportional with desulfurization temperature, the flow rate of the carrier gas (Ar),
and the mass of magnesium injection. In a hot metal bath size of 4.5 kg, the highest
magnesium usage efficiency was reported as 83% at the desulfurization temperature
of 1573 K, argon flow rate of 3 L/min, and magnesium mass of 1.55 g.

Nakai and coworkers investigated the effect of flux addition method on hot metal
desulfurization with both water model tests and seventy-kilogram hot metal tests
[14]. Three modes were studied: 1. Batch addition of flux at the beginning of the
process, 2. Continuous addition, and 3. Powder blasting (flux was blasted from a
lance with nitrogen carrier gas). In all three ways, mechanical stirring was applied
with an impeller. In water model tests, teflon particles were used to simulate the
flux. Aggregation was highly observed in batch addition, followed by continuous
addition. The least aggregation was noted in powder blasting. In hot metal exper-
iments, an induction furnace was used. In each run, 70 kg of hot metal (4–5%C,
0.04%S) was melted in magnesia crucible. Fine CaO particles were added at each
test, and its amount was 5 kg/ton. The time for desulfurization was 20 min. In
powder blasting experiments, nitrogen carrier gas was sent with a flow rate of 100
and 200 Nl/min. The authors concluded that desulfurization efficiency was improved
with the use of powder blasting and this was attributed to 1. Better flux dispersion
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and less aggregation, 2. Elimination of desulfurization product aggregation due to
mechanical stirring.

Nakai et al. then examined the powder blasting separately in a further study [15].
Plant trials with 300-ton ladle in a Japanese companywere performed. The difference
of carrier gas flow rates (i.e. 100 and 200 Nl/min) was outlined in more detail.
Higher gas flow rate was reported to yield better %desulfurization. Based on these
results, blasting conditions for plant trials were determined. Hot metal having initial
sulfur content of 0.025–0.030% was subjected to desulfurization tests. The initial
temperature of the ladle was in the range of 1523–1663 K. Carrier gas of nitrogen
with a flow rate of 6–20Nm3/minwas used for powder blasting purpose.According to
the results of industrial trials of powder blasting, the researchers concluded that CaO-
based flux consumption reduced by 19% compared to top-batch addition practice.

Conclusions

Recent experimental studies dealingwith hotmetal desulfurizationwere reviewed. In
the scope of this work, some investigations related to “alternative fluxes for desulfu-
rization” and “ways of addition of desulfurization agents” were included. In relation
to these studies, the following main conclusions can be drawn:

• According to the results of laboratory- and pilot-scale studies, the use of red mud
in hot metal desulfurization was reported to be feasible.

• The use of industrial wastes and different fluxes was investigated. From the
results of the lab-scale runs, limestone waste was offered to replace part of lime.
Combined use of agents was advised for better desulfurization efficiencies.

• The use of ZnO in hot metal desulfurization was found to be unsuccessful. Aging
of CaC2 before hot metal treatment was reported to give nearly the same results
with the ones without aging. Use of dolomite was investigated as an alternative
to Mg and MgO + Al.

• According to application of different lance designs, the use of swirling-type
stationary design was reported to yield higher desulfurization rate constant
compared to rotational T-shape port.

• In situ generation of magnesium vapor with the use of MgO + Al tablets was
proposed, and the results were compared with industrial CaC2 + Mg desulfur-
ization. Additional items were reported to be fulfilled to obtain lower final sulfur
contents. Sending Mg vapor from the bottom of the vessel was another proposal,
and magnesium usage efficiency was found to be 83% from the laboratory-scale
experiments.

• Addition alternatives of CaO-based slag were investigated in detail. In mechani-
cally stirred lab-scale and pilot-scale systems, batch addition from the top, contin-
uous addition from the top, and powder blasting with a carrier gas were compared.
Powder blasting method was reported to yield the best results, providing better
flux dispersion and less aggregation.
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Modification of Basic Oxygen Furnace
Slag Using Iron Ore Tailing and Blast
Furnace Dust

Liang Wang, Wei Ren, Xiaofang Zhang, Ziwen Han, and Jinlian Li

Abstract Due to the accumulation of solidwastes,more andmore attention has been
paid to the recycle and reuse of basic oxygen furnace (BOF) slag. However, CaO
contained in the slag will cause cracks, which has limited the use of the slag as raw
material in architecture to a large extent. In this study, the preparation of cementitious
material with BOF slag has been conducted in lab scale and was enlarged in a 50 kg
submerged arc furnace to figure out the feasibility of using it. Through reduction
and binary basicity modification, effects of C/O (mole), processing time, and metal
recovery have been studied. At 1500 °C, the higher the C/O, the greater the reduction
of Fe, P, andMn, and the proper C/Owas 1.5.Withmore andmore ore tailings added,
the slag reduction deteriorated. The reduction speed was lower, while the binary
basicity (mass(CaO)/mass(SiO2)) climbed up. The vitrification rate of the modified
slag was also lower, so the ore tailing should be more than 17.5% considering the
limit of vitrification rate (90.3%). Finally, cementitious properties such as flexural
and compressive strength can reach 5.2 and 45.3 MPa separately, which fulfills the
request of Portland cement.
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Introduction

Great importance has been attached to environmental protection in recent years.
China also closely follows this trend and has introduced many policies to protect
the environment, thus has brought great burden to steel industries. Therefore, the
recycling of iron and steel by-product has attracted people’s attention. As a solid
by-product, basic oxygen furnace (BOF) slag, which is generated in steel making
process (about 80 kg/ton hot metal), has become popular. Most of them were recov-
ered through grinding-magnetic separation-powders. Besides, hot stuffy steel slag
technology is also applied. In this process, about 2–5% metal iron can be separated
directly, and part of the magnetic iron powder is recycled through second magnetic
separation. Totally, about 3% of the iron in the powder is wasted. The existing tech-
nology is proficient in dealing with the cold slag, but it cannot help recycle the heat
contained in the slag (>1360 °C), which has resulted in a large amount of waste.
Moreover, the powder contains some active calcium oxide (f-CaO), which will cause
crack trouble if used in road construction.

The treatment of cold BOF slag has been studied for a long time. For the prepa-
ration of this kind product mentioned above, carbothermic reduction and slag modi-
fication are two important steps; the first step is mainly for the metal recovery and
the second is for the valorization of slag. Dankwah et al. [1] and his group have
studied the effect of metallurgical coke and waste plastics blends on the reduction
of EAF slag, and other researchers used graphite, anthracite, BOF dust, and super
graphite [1–13] as reducing agents to recover metal from BOF slag in lab scale.
Compared to the carbon-bearing dust (by-product in iron-making), the price of using
these reducing agents is higher, thus there is a few pilot studies. Many products,
including phosphorous fertilizer, metal recovery, sintering raw material, and cemen-
titious material, have been developed. Morita et al. [14–17] studied the reuse the
phosphorus resource. After enriching, the slag can be used as fertilizer. Ye and Liu
[2, 3, 17–24] have done the work to recycle the metals in the slag, and Wimmer
et al. [5] conducted an overview study on how to apply BOF slag in cement industry.
Moreover, he pointed out that the sintering application in which BOF slag was used
as raw material was a traditional way in China [15, 19, 25].

In Ansteel, about 1.3 million tons of steel are produced annually. Therefore, in
this study, a new method—to recover metal and to prepare cement using modified
BOF slag—has been conducted. In addition, the basicity of slag was adjusted by
iron tailings from steel works to reduce the melting point of slag and the existence
of f-CaO. At the same time, the iron was recovered by carbothermal reduction with
blast furnace dust as reducing agent. The converter slagwas upgraded to blast furnace
slag and used to prepare cement. The effects of C/O ratio, iron tailings ratio, as well
as the reduction time in the process were also investigated.
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Table 1 Chemical composition of raw materials (%)

Raw material TFe FeO Fe2O3 SiO2 CaO MgO Al2O3 MnO C P2O5

BOF slag 17.34 0.72 23.14 12.89 38.38 10.76 9.18 1.47 – 1.16

Ore tailings 11.47 9.36 6.01 69.7 3.23 2.7 1.5 0.23 – 0.044

BF dust 31.04 1.44 42.14 6.09 3.13 0.64 2.26 0.11 35.85 0.082

Experimental Method and Materials

Raw Material

The raw materials were BOF slag, ore tailing, and blast furnace (BF) dust, which
all came from Ansteel. The BOF slag has about 17.34% total iron, and the binary
basicity (R, same below) was 2.98. As for the ore tailings, it contained about 69.7%
silicon dioxide and played a role to modify the R of slag. The BF dust was used to
be a reducer which had about 35.85% carbon (for chemical composition, see Table
1). All the raw material mentioned above were grounded and screened before the
experiment, and the particle size is lower than 0.075 mm.

Reduction and Melting Procedure

In order to get a reasonable C/O and slag basicity, the reduction was carried out in a
high-temperature horizontal resistance furnace. BF dust and BOF slag were mixed
evenly according to the C/O= 1.0, 1.5, 2.0, 2.5 before reduction (for detail, see Table
2). Moreover, the reduction temperature was 1500 °C and the constant temperature
was 30 min. The whole test process was protected by nitrogen, and the nitrogen flow
was 4 L/min.

Reduction and melting procedure were mainly conducted in a 50 kg submerged
arc furnace (SAF), and the graphite crucible was used with the inner size ϕ400 ×
600 mm. The mixture of BOF slag, BF dust, and ore tailings was prepared in a fixed
proportion based on the C/O (mole) and slag basicity, and part of it were charged
into the SAF for a period after preheat of 5 min. Then, add more burden until the
last charge was melted. The SAF still worked for 10–30 min even though the whole
mixture has been melted.

Test and Characterization

Each slagmixture (4–10mg)was loaded in anAl2O3 crucible to find the suitable reac-
tion temperature and weight loss with thermogravimetric analysis (TGA, Setaram
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Table 2 Experimental program

Test NO BF dust
(%)

BOF
dust
(%)

Ore
tailings
(%)

Total
mass
(g)

C/O
(mole)

Temperature
(K)

Time
(min)

Reduction A1 16.94 83.06 – 50 1.0 1773 30

A2 27.32 72.68 1.5

A3 39.40 60.60 2.0

A4 53.58 46.42 2.5

TGA B1 27.32 72.68 0 50 1.5 – –

B2 26.70 68.30 5

B3 26.08 63.92 10

B4 25.48 59.52 15

B5 24.84 55.16 20

Slag
modification
test

C1 25.48 59.52 15.00 50 1.5 1773 30

C2 25.15 57.35 17.50

C3 24.83 55.17 20.00

C4 24.53 52.97 22.50

C5 24.22 50.78 25.00

C6 23.91 48.59 27.50

C7 23.60 46.40 30.00

SAF D1 24.83 55.17 20.00 20 k 1.5 – 10

D2 15

D3 20

D4 30

Labsys Evo, 1600 °C). The microstructure of the slag and samples was quantitatively
analyzed using field-emission electron probe microanalysis (FEI, Quant400) at fixed
accelerating voltage (15 kV) and beam current (4–200 nA). For the wavelength-
dispersive spectroscopy (WDS) analysis of the light elementMn and P, the analyzing
crystal used was a layered diffracting element 1 at K-α line. Phase identification was
achieved via X-ray diffraction (XRD, X’pert Pro), with 2θ ranging from 10 to 80°
and Cu Kα radiation at 40 kV and 40 mA.

Results and Discussion

Effect of C/O on BOF Slag Reduction

At 1500 °C, the higher C/O, the greater iron, phosphorus, and manganese reduced,
especially the iron recovery can be seen clearly as an iron ball in slag (Table 3).
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Table 3 Chemical composition of modified slag (%)

NO MFe TFe SiO2 CaO MgO Al2O3 MnO P2O5 MFe/TFe R

A1 18.86 24.74 15.33 37.55 10.99 5.26 1.49 1.11 76.23 2.45

A2 29.45 31.14 14.7 34.28 10.14 5.19 1.33 0.99 94.57 2.33

A3 33.46 35.17 12.66 27.33 8.34 4.33 1.28 0.85 95.14 2.16

A4 38.23 39.76 10.16 19.06 6.15 3.6 1.13 0.66 96.15 1.88

The MFe/TFe can reach over 94%. Through the chemical analyses, it was found that
the more BF dust, the higher C/O. Meantime, the iron oxide content in the reduced
sample became lower, and the value decreased from 7.96% with C/O = 1.0–2.38%.
WhenC/O= 1.5, the percent ofmetal iron increase from 18.86 to 29.45%,whichwas
almost the total iron. Moreover, there was no big difference when C/O changed from
1.5 to 2.5. Therefore, the suitable C/O is 1.5. This result was somehow different
from the practice of Li’s [17], and such a high C/O can attribute to the reducing
agent BF dust. The dust had about 35% carbon, which made it difficult to finish the
reduction. Also, it had lower opportunity to contact with other ferrous oxide during
the reduction. In addition, it was easy to reduce BOF slag when it was modified
because the melting point was lower.

For further utilization of iron and slag, the P andMn separationwas studied. Those
elements were found in the iron part instead of slag phase. As seen in Fig. 1, after
30 min reduction under the temperature of 1500 °C, most of iron was generated as a
style of metal Fe and existed as an iron ball via SEM+ EDS. P and Mn were mostly
transferred from slag to iron, which was different from the study of Morita et al. The
basicity change of slag may play an important role in its transfer. These results were
based on the thermo-dynamic theory, which was the same as other researchers likes
Qian and Gong [3, 4, 18].

The slag after modification had no active CaO through XRD, and the main phase
were 12CaO·7Al2O3, MgO, γ-2CaO·SiO2 and β-2CaO·SiO2 for A1–A3 (Fig. 2).
With the addition of 2CaO·Al2O3·SiO2, the A4 sample also displayed the same
phase. All of them can be directly used as raw materials in construction. In such

Fig. 1 SEM and EDS for reduced BOF slag
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Fig. 2 XRD for sample
A1-A4

high basicity modified slag, there was few active CaO. This may be due to Al2O3,
which was beneficial to the compound of CaO–Al2O3 and it has absorbed the extra
active CaO compared with the BOF slag.

Effect of Ore Tailing on Modified Slag Reduction

When the C/O ratio is 1.5, ore tailing deteriorated the reduction of mixed sample
(mixture of BOF slag and BF dust); the iron ore tailing was within the range of 0–
20%; the reduction ratio decreased from 87.10 to 74.15%. The addition of ore tailing
wasmainly for the modification of slag sample R, and the recycling of metal was also
concerned. Therefore, the performance of ore tailing for the reduction should be in
test beside of quartz. TG test showed that the weight loss percentage and iron oxide
reduction rate decreased with the increase of iron tailings content in the range of
0–20% iron tailings (for detail, see below). The value were 13.265, 12.668, 11.846,
11.237, and 10.27% when the addition of ore tailing was 0, 5%, 10%, 15%, and
20%, respectively (see Fig. 3). Through calculation, the reduction ratio was 87.10,
85.13, 81.47, 79.13, and 74.15%. The ore tailing had a lower total iron and more
FeO compared with the other two raw materials. The results suggest that the weight
loss should be fewer. Moreover, this condition can be improved with liquid slag (the
higher R, the higher melting point of slag, and the better C/O contact).

During the test, with an increasing ore tailing, it was interesting to find the unex-
pected increasing weight loss. Through XRD, the ore tailing contains CaCO3 and
other phases (see Fig. 4). The actual weight loss of the mixed sample was calculated
by TGA test. It was found that it was the carbonate compound that caused the weight
loss of ore tailing. In this condition, the addition of ore tailing may not be economic,
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Fig. 3 Weight loss percentage of mixture sample

Fig. 4 XRD of ore tailing

and it led to a further calculation between the recovery of metal and fuel energy
exhaustion.

Effect of Ore Tailing on Slag Basicity and Its Vitrification Rate

The basicity of slag has been lowered to 1.0, whichwas almost the same as BF slag by
adding 17.5% ore tailing. The vitrification rate of slag decreased with an increasing
basicity. The basicity 0.93 was the key-point in the view point of crystallization
compared with BF slag and modified slag. With the high-temperature horizontal
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resistance furnace, different levels of basicity in slag were produced with C/O =
1.5. Interestingly, the slag sample cracked in the air cooling period (it may have
something to do with the difference in temperature between inner core and outer
layer of slag sample, according to the bad conductivity of slag). Moreover, the slag
was like glass in some scale as a climbing up ore tailing addition. According to the
index of vitrification rate, which was also the main index for cementitious material,
the ore tailing should be lower than 17.5%. According to Fig. 5, with 15–30% ore
tailing, the non-crystallization ratio is in the range of 75–100%, which suggested
that the ore tailing was higher than 17.5% of the BF slag.

Fig. 5 Vitrification rate of different R slag
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Preparation Using Submerged Arc Furnace

Separation of Metal and Modified Slag

Via the BF dust and C/O = 1.5, the metal recovery and cement raw material can be
prepared with SAF. To enlarge the experiment, SAF was used to prepare different
levels of modified slag. As seen in Fig. 6, the metal and slag were separated clearly,
and the metal iron was at the bottom due to its heavy weight. However, it was frus-
trated to find that much more iron oxide in slag compared with the high-temperature
horizontal resistance furnace result (for details, see Table 4). 9.52% iron oxide was
discovered in slag phase on top.Moreover, more andmore gas porewere generated in
the reducing process, which can be used to explain the inadequate reaction interface

Fig. 6 Modified slag and recovery of metal iron

Table 4 Chemical composition of modified slag (%)

NO FeO Fe2O3 SiO2 CaO MgO Al2O3 MnO P2O5

D1 9.52 3.60 31.01 32.54 9.84 5.47 1.50 0.94

D2 5.48 3.04 33.08 34.89 10.70 5.67 1.62 0.98

D3 5.80 1.74 34.70 35.38 11.34 5.84 1.59 0.95

D4 4.71 0.82 33.54 34.27 10.80 5.71 1.53 0.99
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Fig.7 Cementitious properties of samples

between slag and reagent BF dust. During the heating process, BOF slag was melted
first and deposited at the bottom, then the BF dust was added as reagent. Thus, it was
difficult to reduce the slag even though there was a lot of BF dust.

Cementitious Properties of Modified Slag

Modified slag can be used as cementitious material in the view of compressive and
flexural strength, and the value can reach 45.3 and 5.2 MPa (Fig. 7). Modified slag
was prepared, and its cementitious properties were tested. The BF slag was analyzed
in the same way for comparative evaluation. During this test, the sample was grinded
in the size of −0.074 mm and mixed with cement in the ratio of 1:1, and 0.5%
additive was used to prepare cement. From the test result, it can be found that the
BOF slag sample D4 was better than BF slag, which was thought to be a good raw
material for cement production. It is also found that the BOF slag sample D3 was
almost the same as BF slag. For 7 days’ flexural strength, D3, D4, and BF slag can
reach 3.5 Mpa, 5 Mpa, and 4 Mpa, respectively. The value of them increased with
time.

Conclusions

Through the experiments and practice in SAF, the conclusions can be outlined as
follows:
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(1) 1.5 was the reasonable C/O ratio when BF dust was applied to modified BF
slag as cementitious material.

(2) Ore tailing deteriorated the reduction of the mixed sample (mixture of BOF
slag and BF dust) within range of iron ore tailing addition from 0 to 20%, and
the reduction rate decreased from 87.10 to 74.15% when C/O was 1.5.

(3) P, Mn, and metal Fe were separated from slag, and after 30 min of reaction, the
contents of Fe2O3, MnO, and P2O5 in slag decreased to 0.82, 1.53, and 0.99,
respectively.

(4) The basicity of slag decreased to 1.0, which was almost the same as BF slag
by adding 17.5% ore tailing. The vitrification rate of slag decreased with an
increasing basicity, which was the key-point of crystallization compared with
BF slag and modified slag.
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Evaporation of Antimony Trioxide
from Antimony Slag by Nitrogen
Injection in a Top-Submerged Lance
Smelting Set-Up

Hongbin Ling, Annelies Malfliet, Bart Blanpain, and Muxing Guo

Abstract In this work, we studied the evaporation of antimony trioxide (Sb2O3)
from an antimony slag by bubbling nitrogen gas in the temperature range 1000–
1300 °C. Experiments were carried out at gas flow rates of 20–60 l/h for 70 min.
The slag evaporation ratio and Sb recovery were evaluated by a gravimetric method.
Increasing temperature andgasflowrate resulted in ahigher slag evaporation ratio and
Sb recovery. The Sb recovery reached around 69% at 1200 °C with a gas flow rate of
40 l/h. The generated Sb2O3 product consisted of senarmontite and valentinite. With
Sb2O3 evaporation, the PbO content in the molten slag gradually increased, resulting
in an increase of PbO content in the product. Based on the overall economic benefits,
the evaporation process can be optimized to balance the Sb recovery and the purity
of the Sb2O3 product.

Keywords Evaporation · Antimony trioxide · Antimony slag · Bubbling nitrogen

Introduction

The Sb recovery from industrial residues has attracted more and more attention in
recent years due to the increasing scarcity and criticality of Sb [1, 2]. Sb-containing
industrial residues can be processed by carbothermic reduction to produce antimony
metal or by evaporation to produce antimony trioxide (ATO) [3, 4]. The latter is more
attractive because ATO has a diverse application in industry and dominates overall
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global Sb end-use [5]. There have beenmany studies regarding the direct evaporation
of ATO from Sb-containing industrial residues. Mendoza et al. reported that the ATO
evaporation rate decreases with increasing the slag basicity in a CaO-SiO2–FeO1.5

slag at 1300 °C [6]; Itoh et al. confirmed the feasibility to produce ATO by blowing
oxygen into the recycled antimony-lead–bismuth alloy at around 800 °C with higher
oxygen partial pressure [7]; On the premise of slag conditioning, Binz and Friedrich
proposed to produce commercial-grade ATO from lead dross by evaporation at 700–
900 °C [8]. However, research work is limited on the ATO production by evaporation
of antimony slag (AS), a typical slag generated in industry. AS usually consists of
antimony oxide and a fraction of iron oxide, lead oxide, silica, and alumina. It is
considered as a significant secondary resource due to its high Sb content (>60 wt%)
[9].

In this work, we studied the evaporation of ATO from AS in a top-submerged
lance smelting bath with N2 injection, focusing on the effect of injection parameters
on the evaporation ratio and Sb recovery. The behavior of PbO in molten slag during
the evaporation was also monitored. Finally, the generated ATO product and the
residual slag after evaporation were characterized.

Experimental Method

Experimental Material

TheASsamples used in this studywere collected fromCampine,Belgium.According
to our previous study [9], the AS sample is mainly composed of Sb (61.9 wt%) with
Al (5.0 wt%), Fe (1.7 wt%), and Pb (1.1 wt%) as minor constituents. The mineral
phases in AS include valentinite (Sb2O3), antimony (Sb), alumina (Al2O3), alumina-
chromium oxide solid solution ((Al, Cr)2O3), and spinels ((Mg, Fe)(Al, Cr)2O4 and
(Mg, Fe)Sb2O4).

Experimental Set-Up

Figure 1 shows the schematic diagram of the experimental set-up, which consists of
a 4000 ml capacity induction furnace (Indutherm TF 4000) and gas injection system.
A SiC crucible was placed inside the furnace chamber as induction susceptor. An
alumina crucible (OD 64.6 mm, ID 58.8 mm, and H 110 mm) was used for the slag
evaporation, and this crucible was placed in another protection alumina crucible. The
purpose of using the alumina crucible is to protect the SiC induction susceptor from
the slag splashing. The N2 injection lance (alumina tube with OD 12.1 mm and ID
8.3 mm) was inserted in the slag at 1.5 or 10 mm above the bottom of the reaction
crucible, while the Ar lance (the same as the N2 lance) was positioned above the slag
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Fig. 1 Schematic diagram of the experimental set-up used for AS slag evaporation test

surface. A thermocouple enclosed inside an alumina sheath was located close to the
reaction crucible to monitor the temperature. An Al plate was placed between the
top opening of the furnace and the ventilator to collect the generated ATO product.

Slag Evaporation Experimental Procedure

300 g slag sample was added into the reaction crucible, which was covered by a
graphite plate during the furnace heating. Ar gas with a flow rate of 100 l/h was
blown during the heating to prevent the oxidation of Sb2O3 to Sb2O4. We stopped Ar
injection and removed the graphite plate when the temperature exceeded 1000 °C. At
a temperature above 1000 °C, Sb2O4 is unstable and would not be formed. When the
temperature stabilized at a set value, the slag was stirred with a steel rod, and the first
sample was taken by freezing slag on the rod. Subsequently, N2 with a specified flow
rate was injected into the slag bath. Slag samples were taken at intervals of 10 min
during the evaporation. The sample was immediately quenched in water, then dried,
and ground for chemical analysis. The evaporation continued for 70 min for each
test. During evaporation, a part of the fume was deposited on the Al plate, and the
rest was evacuated by the ventilator. The detailed experimental conditions are shown
in Table 1.
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Table 1 Detailed experimental conditions and PbO content of the ATO at different time intervals

Run
no

Temperature
(°C)

N2 flow
rate (l/h)

Lance
inner
diameter
(mm)

Lance
position
(mm)

PbO content of ATO (wt%)

0–20 min 20–40 min >40 min

S-1
S-2
S-3
S-4
S-5
S-6
S-7
S-8
S-9
S-10

1000
1100
1200
1300
1200
1200
1200
1200
1200
1200

60
60
60
60
20
30
40
50
60
60

8.2
8.2
8.2
8.2
8.2
8.2
8.2
8.2
8.2
5.7

1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
10
1.5

0.013
0.015
0.004
0.061
–
0.004
0.016
0.010
0.020
0.018

0.035
0.028
0.044
0.254
0.022
0.007
0.002
0.023
–
0.065

0.040
0.100
–
1.448
0.191
0.024
0.082
0.187
–
0.101

Analytical Techniques

Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES, Varian 720-
ES) was used in this study to determine the chemical composition of the slag samples.
Approximately 0.1 g solid sample was digested with three acids (6 ml HCl + 3 ml
HNO3 + 3 ml HF) in a microwave reactor (CEM MARS 6 iWAVE) at 200 °C for
20 min. 1 g boric acid was added to neutralize HF. A Seifert 3003 TT X-ray diffrac-
tometer with Cu Kα radiation was applied to identify the mineral phases in the
samples. The sample was measured in the 2θ-range from 5° to 80° with a step size
of 0.03° per second. Scanning Electron Microscopy (SEM, Philips XL30) was used
to characterize the morphology of the ATO product. A JXA-8530F Electron Probe
Micro-analyzer withWavelength Dispersive Spectrometers was used for microstruc-
ture and composition analyses of the residual slag after evaporation. The standards
used for slag analysis were antimony trioxide for Sb, almandine garnet for Si, Al,
Mg, Ca, and Fe, albite for Na, crocoite for Pb, chromium oxide for Cr, and willemite
for Zn. The beam current and accelerating voltage were set at 15 nA and 15 kV,
respectively. The acquisition time was 10 s on peak and 5 s on the background left
and right.

Results and Discussion

Slag Evaporation Ratio and Sb Recovery

The slag evaporation ratio and Sb recovery are defined by Eqs. (1) and (2), respec-
tively. In Eqs. (1) and (2), W0, Wi, and Wt represent the weight of the original
slag, the sample i taken during evaporation, and the residual slag after evaporation,
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respectively. MSb and MATO refer to the molar mass of Sb and Sb2O3, respectively.
The value 185.7 in Eq. (2) refers to the weight of Sb (in gram) in the slag before
evaporation. The possible oxidation of Sb2O3 may affect the slag evaporation ratio in
Eq. (1), but this influence is not considered here as the mass increase due to oxidation
is much less than the mass loss due to evaporation. For Sb recovery calculation in
Eq. (2), we assume that the weight loss of ASwas only attributed to ATO evaporation
from the slag. The evaporation of PbO is not considered owing to its low content in
the slag. The obtained results are shown in Figs. 2 and 3.

Evaporation ratio (%) = W0 − ∑7
i=0 Wi −Wt

W0
× 100% (1)

Sb recovery (%) = 2Msb(W0 − ∑7
i=0 Wi −Wt )

185.7MATO
× 100% (2)
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Fig. 2 Effect of temperature a and N2 gas flow rate b on the slag evaporation ratio and Sb recovery
(under conditions of lance inner diameter of 8.2 mm, and lance position of 1.5 mm and evaporation
time of 70 min)
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Fig. 3 Effect of lance position a and lance inner diameter b on the slag evaporation ratio and Sb
recovery
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With increasing the temperature from 1000 to 1300 °C, the evaporation ratio
gradually increased from 42.5 to 55.9% (Fig. 2a). Correspondingly, the Sb recovery
increased from 57.4 to 75.5%. This can be understood by the increase in the vapor
pressure or volatility of Sb2O3 with increasing temperature. In addition, the viscosity
of the slag decreases with temperature, enhancing the fluidity in the molten slag and
facilitating the mass transfer of Sb2O3. At 1300 °C, slag splashing was observed
during the experiment, suggesting that the actual evaporation ratio and Sb recovery
were somewhat lower than the calculated value.

The slag evaporation ratio gradually increased from 40.3 to 51.0% when
increasing the N2 flow rate from 20 to 40 l/h (Fig. 2b). Correspondingly, the Sb
recovery increased from 54.4 to 68.9%. Normally, a higher N2 flow rate can improve
molten slag agitation, facilitating the mass transfer of Sb2O3 in the slag. Therefore,
increasing the gas injection rate is beneficial to the Sb2O3 evaporation from the slag.
With further increasing the N2 flow rate to 50 and 60 l/h, there is no increase of
the slag evaporation ratio and/or Sb recovery. The evaporation can be maximized at
40 l/h of N2 injection.

The slag evaporation ratio increased from 44.0 to 51.0% as the position of the
N2 lance (represented by the distance from the crucible bottom to the lance end)
decreased from 10 to 1.5 mm. Correspondingly, the Sb recovery climbed from 59.3
to 68.8% (Fig. 3a). Since the height of the molten slag bath gradually decreased
during the test, the extent of slag agitation decreased with time. The deeper the N2

lance was immersed, the more the slag agitation is intensified in the slag bath, which
is favorable to the mass transfer of Sb2O3. At a specified N2 flow rate of 60 l/h, the
slag evaporation ratio is 45.1 and 51.0%when using a lance with an inner diameter of
5.7 mm and 8.2 mm, respectively (Fig. 3b). Accordingly, the Sb recovery yields 60.9
and 68.8%, respectively. Apparently, Sb2O3 evaporation is more favorable by using
a large inner diameter lance. However, using a small diameter lance can increase the
gas momentum at a given gas flow rate, increasing the evaporation ratio [10]. This is
contradictory with the results obtained in the present work. Further work is needed
to clarify this.

PbO Content in the Molten Slag and in the Generated ATO

During the experiment, PbO in molten slag can also be evaporated into the gas phase
and co-deposited with ATO. Since commercial-grade ATO has a stringent limit for
the PbO content, it is essential to monitor the PbO content in the slag and the ATO
product during the evaporation process. As shown in Fig. 4, the PbO content in the
molten slag gradually increases with processing time. This increase in PbO content
is attributed to the PbO enrichment with ATO evaporation and is larger than the loss
due to PbO evaporation. As such, a higher PbO content is expected in the molten
slag with more ATO evaporation. In Fig. 4a, the PbO content in the molten slag at
1300 °C is much higher than that at lower temperatures for a given evaporation time.
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Fig. 4 PbO content in the molten slag as a function of time at different a temperatures and b N2
flow rates (under conditions of 1200 °C, 60 l/h N2 flow, 8.2 mm lance inner diameter, and 1.5 mm
lance immersed depth)

The PbO content in the molten slag also increased with increasing temperature and
N2 flow rate (Fig. 4a, b).

Table 1 also shows the PbO content in the evaporated ATO at different times. The
PbO content in the ATO increases with time (due to the PbO enrichment in molten
slag), leading to a decrease in ATO product purity as the evaporation proceeds. It
is difficult to understand the effect of other parameters on the PbO content in the
ATO since only a small fraction of ATO was collected in this work. In short, the
PbO content is below 0.25 wt% (the upper limit specified by International Antimony
Association [8]) in all tests except for S-4, where the evaporation temperature was
1300 °C.

Characterization of the Evaporated ATO and the Residual Slag

The ATO deposited on the Al plate shows a white color (Fig. 5a). As seen in the X-
ray diffraction pattern (Fig. 5b), senarmontite (α-Sb2O3) and valentinite (β-Sb2O3)
are the main phases of the ATO. The SEM image exhibits the ATO particles with
octahedral, rod-shaped, and spherical morphologies (Fig. 5c). The octahedral and
spherical crystals are senarmontite, and the rod-shaped crystals are identified to
be valentinite [11, 12]. It should be noted that commercial ATO products prefer
senarmontite with octahedral crystals. The crystal structure and morphology of ATO
mainly depend on the deposition conditions, especially the temperature [13]. In
addition, the ATO contains a small amount of PbO. The ICP-OES analysis confirms
that the PbO content in ATO is less than 0.2 wt% when the evaporation temperature
is below 1200 °C (Table 1).

The residual slag from test S-7 was characterized using different analytical tech-
niques. Figure 6a shows themain elemental composition of the residual slag analyzed
with LiBO2 fusion followed by ICP-OES. The slag sample is mainly composed of
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Fig. 5 Characterization of the ATO deposited on the Al plate, a white color, b phase composition,
and c morphology

Sb (36.6 wt%), Al (13.0 wt%), Fe (4.1 wt%), Pb (2.4 wt%), Cr (1.6 wt%), and Si
(4.3 wt%). As seen in the X-ray diffraction pattern (Fig. 6b), valentinite (β-Sb2O3),
aluminum oxide (Al2O3), and amorphous phase are identified in the residual slag.
Figure 6c shows the BSE images of the residual slag sample. According to the
EPMA-WDS measurement, spinel and metallic antimony were also present in the
residual slag. Phase C in Fig. 6c is rich in CaO (12.0 wt%) and Sb2O5 (72.8 wt%)
with minor Fe2O3, Al2O3, and PbO contents. The calculated formula of phase C
is CaSb2O6. The amorphous phase Am1 contains 16.4 wt% SiO2, 2.3 wt% Na2O,
10.7 wt% Al2O3, 2.2 wt% Fe2O3, 5.4 wt% PbO, 1.2 wt% CaO, 0.4 wt% MgO, and
61.3 wt% Sb2O5. The amorphous phase Am2 contains more Sb2O5 (68.1 wt% on
average) and less other oxides than Am1. Sb2O5 rather than Sb2O3 is present in the
amorphous phase because under this assumption, the analyzed total oxide composi-
tion is closer to 100%. However, the presence of Sb2O5 needs to be further confirmed
in our follow-up experiments.

The residual slag contains a considerable amount of Sb (36.6 wt%), indicating the
evaporation of Sb2O3 was not fully completed. This incomplete Sb2O3 evaporation
is probably due to (i) the slag viscosity increased with Sb2O3 evaporation, impeding
the mass transfer in the molten slag; (ii) Sb2O3 in the molten slag was oxidized into
Sb2O4 or Sb2O5 (since the experiments were carried out in an open furnace), which
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Fig. 6 Characterization of the residual slag of run S-7, a chemical composition, bmineral phases,
and c BSE images (V = valentinite, Am = amorphous, M = metallic Sb, S = spinel, Al = Al2O3
and (Al, Cr)2O3, C = CaSb2O6)

are difficult to be evaporated; (iii) the changes in slag composition decreased the
Sb2O3 activity in the molten slag. These possible reasons will be further investigated
in our future research.
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Conclusions

The evaporation of Sb-rich slag was experimentally studied to obtain fundamental
knowledge on Sb-rich slag evaporation. The main conclusions of this work can be
drawn as follows:

(1) Increasing the temperature, gas flow rate, lance inner diameter, and lance
position resulted in a higher slag evaporation ratio and Sb recovery.

(2) The optimum evaporation conditions using the present experimental set-up are
1200 °C and a N2 flow rate of 40 l/h.

(3) The PbO content in the slag is enriched during evaporation, resulting in an
increasing PbO content in the ATO product.

(4) The produced ATO consists of both senarmontite (α-Sb2O3) and valentinite
(β-Sb2O3).

(5) The residual slag after evaporation contains 36.6 wt% Sb, indicating an
incomplete evaporation of Sb2O3 under the present experimental conditions.
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Microstructural Evolution of Thermal
Insulation Materials Prepared
by Sintering of Ferronickel Slag and Fly
Ash Cenosphere

Guangyan Zhu, Zhiwei Peng, Lei Yang, Wenxing Shang, and Mingjun Rao

Abstract The annual output of ferronickel slag in China has increased rapidly in
recent years, causing a serious threat to the environment. In this study, the influence of
addition of FACup to 35wt%on the process of preparing thermal insulationmaterials
from ferronickel slag was investigated, with an emphasis on the microstructural
evolution. When the addition of FAC increased from 15 wt% to 35 wt%, along
with phase transformations, the microstructure of thermal insulation material varied
significantly, featured by conversion from isolated pores to connected pores. The
pore size and porosity of the material increased rapidly from 84 µm and 28% to
140 µm and 47%, respectively, improving the thermal insulation performance of the
material.

Keywords Ferronickel slag · Fly ash cenosphere · Sintering ·Microstructure ·
Porosity

Introduction

Ferronickel slag is a byproduct generated in the process of production of ferronickel
from laterite ores by pyrometallurgical methods, primarily the rotary kiln-electric
arc furnace (RKEF) process [1]. The annual output of ferronickel slag in China has
exceeded 40 million tons, causing a serious threat to the environment [2]. Due to
use of laterite ores, the ferronickel slag discharged often has high magnesium and
silicon contents [3]. At present, ferronickel slag is used as a raw material for land-
filling, production of cement and concrete, recovery of valuable metals, preparation
of refractory materials, etc [4–11]. However, there are still some problems in the
utilization of ferronickel slag, such as low utilization percentage of the slag, high
production cost, and poor product quality [4].
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Fly ash cenosphere (FAC) is a solid waste generated from coal-fired power plants
[12]. Its main chemical components are silica and alumina. Because of its hollow
structure, high porosity, and large specific surface area [6], FAC can be used as a
pore former for producing thermal insulation materials.

Recently, a facile route has been developed for preparation of high-temperature
thermal insulation materials by sintering of ferronickel slag in the presence of FAC
[13, 14]. It was demonstrated that at 1200 °C, a good thermal insulation material
with thermal conductivity less than 1W/(mK) and compressive strength greater than
10MPa could be obtained by adding 25 wt% FAC for sintering of ferronickel slag for
2 h. Both the addition of FAC and sintering temperature affected the preparation of
the thermal insulation material [14]. However, a detailed study of the microstructural
evolution during the sintering process with different additions of FAC has not been
reported. The purpose of this study was to investigate the effect of FAC addition on
the microstructure of thermal insulation material derived from ferronickel slag.

Experimental

Raw Materials

The raw materials were mainly ferronickel slag and FAC. Figure 1 shows the XRD
patterns of ferronickel slag and FAC. The slag was composed of olivine, while FAC
was primarily constituted by mullite and quartz. Figure 2 shows the SEM images of
the materials. Evidently, the slag particles were very fine, while the FAC particles
were basically spherical with larger sizes. Besides, for briquetting of the mixture of
ferronickel slag and FAC before sintering, sodium carboxymethyl cellulose (CMC)
was used as binder.

Fig. 1 XRD patterns of a ferronickel slag and b FAC
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Fig. 2 SEM images of a ferronickel slag and b FAC

Experimental Procedure

Initially, ferronickel slag and FAC were ground to passing through a 200-mesh
(0.074 mm) sieve, and mixed evenly with different FAC additions and 0.5 wt%
sodium carboxymethyl cellulose (CMC). Their mixtures were then briquetted by a
manual hydraulic press at 6 MPa. The briquettes were dried in an oven at 105 °C
for 3 h and sintered in a muffle furnace at 1200 °C for 2 h. The resulting materials
were then taken out and cooled as thermal insulation materials for characterizations
of properties.

Characterizations

The microstructural evolution of the thermal insulation materials was characterized
using an electron scanning electron microscope (SEM, FEI QUANTA 200; FEI,
Eindhoven, TheNetherlands) equippedwith an energy dispersiveX-ray spectroscopy
(EDS) detector (EDAX, Inc., Mahwah, NJ, USA). The apparent porosities of the
materials were determined by theArchimedesmethod. The pore sizesweremeasured
by using software ImageJ (National Institutes of Health, Bethesda, MD, USA) to
analyze SEM images. The BET surface areas of the materials were measured using
an automated gas adsorption analyzer (ASAP 2420, Micromeritics, USA).

Results and Discussion

Figure 3 shows the microstructures of thermal insulation materials obtained by
sintering of ferronickel slag with the additions of 0 wt%, 15 wt%, 20 wt%, 25 wt%,
30 wt%, and 35 wt% FAC. Without the addition of FAC, the thermal insulation
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Fig. 3 SEM images of the thermal insulation materials prepared by sintering of ferronickel slag
with different additions of FAC showing the phase transformations: C–cristobalite, D–cordierite,
E–enstatite, F–forsterite, M–mullite, O–olivine, and S–spinel

material was mainly composed of three phases, namely forsterite (point F), olivine
(point O), and enstatite (point E). For the insulation material prepared by sintering
with the addition of 15 wt% FAC, mullite (point M), cordierite (point D), and cristo-
balite (point C) began to appear. It was in association with the decomposition of
olivine in ferronickel slag to forsterite which had preferential reaction with SiO2,
producing enstatite. The enstatite would subsequently react with Al2O3 and SiO2 to
form cordierite. On the other hand, cristobalite was a result of phase transformation
of SiO2 from the raw materials at high temperature. The main reactions are given as
follows.

2
[
(Mg · Fe)O · SiO2

] + 3/2O2 = Mg2SiO4 + Fe2O3 + SiO2 (1)

Mg2SiO4 + SiO2 = 2MgSiO3 (2)

14MgO+ 2Al2O3 + 17SiO2 = 12MgSiO3 +Mg2Al4Si5O18 (3)

Except the above main phases, there were also spinel (point S) phases. When
the addition of FAC increased to 20 wt%, the reaction between ferronickel slag and
FAC was still incomplete, indicated by residual olivine in Fig. 3. After sintering
with the addition of 25 wt% FAC, the thermal insulation material had no obvious
olivine phase. On the contrary, the large quantity of cordierite (point D) indicated
the complete reaction between ferronickel slag and FAC. Meanwhile, more spinel
particles were identified. For the insulation materials obtained by sintering with the
additions of 30 and 35 wt% FAC, their main phases were enstatite, cordierite, and
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forsterite with clear crystal boundaries, in addition to spinel. Note that for brevity, the
corresponding EDS spectra for identifying the phases in Fig. 3 were not provided.

As a pore former, FAC was expected to play an important role in preparing the
thermal insulationmaterials by introducing poreswith variablemorphology. Figure 4
shows the evolution process of pore structure of the insulation materials. When the
addition of FAC was below 20 wt%, the materials contained mainly isolated pores.
As it increased to 25 wt%, connected pores began to appear. When it continuously
increased further to 35 wt%, large connected pores were observed.

Because of the changes of pore structures, the pore size and porosity of the thermal
insulation material varied significantly with the addition of FAC. As shown in Fig. 5,

Fig. 4 SEM images of the thermal insulation materials prepared by sintering of ferronickel slag
with different additions of FAC showing the pore changes

Fig. 5 Variations of pore size and porosity of thermal insulation material with addition of FAC
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Fig. 6 Variations of BET surface area of thermal insulation material with addition of FAC

when the addition of FAC increased from 15 wt% to 35 wt%, the pore size and
porosity of the material increased rapidly from 84 µm and 28% to 140 µm and
47%, respectively. Due to the addition of FAC which had hollow structure, the BET
surface area of the material also increased steadily with increasing addition of FAC,
as demonstrated in Fig. 6. As expected, these changes would contribute to higher
insulation performance of the material, in agreement with the decreasing trend of
thermal conductivity reported previously [13].

Conclusions

This study reported the effect of the addition of FAC on producing thermal insu-
lation materials using ferronickel slag as a main raw material. Adding FAC could
induce phase transitions with significant changes of microstructure. When the addi-
tion of FAC increased from 15 wt% to 35 wt%, along with phase transformations,
the microstructure of thermal insulation material varied considerably. There was an
evident conversion from isolated pores to connected pores. It was demonstrated that
the pore size of the material increased from 84 µm to 140 µm. Meanwhile, the
porosity increased rapidly from 28% to 47%, respectively. These changes would
improve thermal insulation performance of the material.
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Comparative Study on the Cleanliness
of Ultra-Low Carbon Al-Killed Steel
by Different Heating Processes

Shen-yang Song, Jing Li, Wei Yan, and Jian-xiao Zhang

Abstract Cleanliness of aluminum-killed ultra-low carbon steel produced through
BOF-RH-CC and BOF-LF-RH-CC was comparatively investigated by various test
equipment. Three different heating processes were used when the converter tapping
temperature was low: reheating by blowing oxygen and Al addition during RH early
decarburization stage (Process-A); reheating by blowing oxygen and Al particles
addition at the end of RH decarburization (Process-B); and no Al addition at RH
decarburization stage but the process was BOF-LF-RH-CC (Process-C). The non-
metallic inclusions can be removed obviously in three refining processes. Statistical
analysis of inclusion area fraction showedProcess-Awas substantially less than those
in Process-B. Furthermore, the proportion of single inclusion area <8 μm2 increased
from Process-A level 85% to Process-C level 95%.Moreover, this study proposed an
XGBoost model based on big data mining methods to investigate the computational
simulation and the introduction of the XGBoost model ensured 90% accuracy rate
for seeking an optimum refining process.

Keywords Ultra-low carbon aluminum-killed steel · Deoxidation ·
Desulfurization · Cleanliness · Datamining · XGBoost model

Advanced ultra-low carbon Al-killed steel has been widely used in automobiles,
household appliances as well as other products because of its high strength, good
plasticity, and excellent formability [1]. Automobile and household appliances have
extremely high requirements for the surface quality of cold-rolled panel. On the
contrary, amount of large-sized non-deforming inclusions cause the surface defects
of cold-rolled panel. Therefore, it is important to reduce the amount of inclusions
and control inclusions size during the refining process [2–5].

Ruhrstahl Heraeus (RH) refining is a preferred process for mass production of
ultra-clean steel because of its advantages in decarburization, deoxidation, inclusions
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removal, alloying, and short processing cycle. So it always associates with converter
and continuous casting to achieve most production of ultra-low carbon Al-killed
steel. For low carbon aluminum-killed steel, lots of Al2O3 inclusions are generated
after aluminum alloy being fed into molten steel with a small amount of dissolved
oxygen and they are often considered to be harmful to castability and final product
quality. Liu studied the relationship between the total oxygen content in the steel,
the amount of Al inclusion in the steel, and steel circulation time during RH refining
process. In first two minutes after aluminum addition, the inclusions in steel are
pure Al2O3 cluster; six minutes later, the cluster of Al2O3 inclusions disappear, the
majority of inclusions in steel are globular and massive Al2O3 with size of less
than 5 μm [6]. Moreover, the formation mechanism and morphological evolution of
Al2O3 inclusions during RH refining process was researched. Some researchers have
reported that lower slag oxidizability is beneficial for improving the cleanliness of
molten steel during the refining process [7].

It is still difficult to achieve stable and satisfactory temperature control under
low end carbon content for converter steelmaking despite some plants or researchers
having appliedmethods like dynamic converter automatic steelmaking system [8]. In
order to ensure continuous casting regular production, blowing oxygen and adding
aluminum are usually carried out in the decarburization stage of the RH-OB refining
process to reheat. As a result, the amount of Al and Al2O3 inclusion would increase
during the RH process. More Al2O3 inclusion decreases the cleanliness of liquid
steel. At the same time, reheating of RH-OB requires oxygen blowing, which will
deteriorate the improvement of RH-OB vacuum degree, and will be also unfavorable
for the improvement of the decarburization rate of molten steel [9–11]. In order to
ensure the cleanliness of molten steel, a long holding time in the ladle after RH
vacuum process is always required for ultra-low carbon Al-killed steel. A reason-
able holding time could improve the cleanliness, but prolonging the holding time
long will cause significant temperature drop of molten steel, and further accelerate
secondary oxidation of molten steel. Cui studied the influence of the holding time
after RH process on the total oxygen content and non-metal inclusion content of
IF steel. It is suggested that the holding time should be controlled between 30 and
40 min [12]. With the rapid development of information technology, tens of thou-
sands of production data can be tracked and recorded, which results in exponential
data growth. This is often called the ‘big data era’ [13]. Wang established a data
mining model to investigate the effect of smelting parameters on the inclusion defect
of cold sheet and ranked them as: the total oxygen content before deoxidization in RH
> BOF endpoint temperature > temperature before deoxidization in RH. However,
Wu didn’t propose a better solution to control these parameters and the number of
examined samples was quite small, which limited the model’s generalizability [14].
Therefore, the timing of aluminumaddition, how to reduce aluminumaddition during
RH decarburization process under the condition of stable temperature and improve
the cleanliness of molten steel are problems need to solve.

In presentwork, to study influence of different heating processes on the cleanliness
of ultra-low carbon Al-killed steel and to determine the appropriate chemical heating
process, RH industrial experiments involved three different heating processes. The
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Table 1 Main chemical compositions of steel (wt.%)

C Si Mn P S Ti N Als

<0.0020 0.005 0.07–0.15 <0.012 <0.010 0.060–0.070 <0.0030 0.028–0.050

refining effects of the different heating processes were comparatively investigated
from the aspects of liquid steel temperature, impurity element content, and inclu-
sions evolution. Moreover, through collecting and analyzing few months of different
heating processes test data, this study introduced an innovative data miningXGBoost
model to predict the suitable heating process.

Experimental and Research Methods

Production Process

The current production process of ultra-low carbon Al-killed steel in a domestic steel
corporation (see Table 1 for main chemical compositions of steel) was basic oxygen
furnace (BOF)—RH—continuous casting (CC)—hot rolling. The converter tapping
temperature was 1660 °C, RH-OB vacuum treatment included decarburization for
15min, followed by aluminumdeoxidation, then Ti-Fe andMn alloying, a circulation
for 6 min. After RH treatment, the molten steel in the ladle remained unstirred for
more than 30 min before casting.

RH-OB industrial experiments involved two different heating projects during the
decarburization stage: Process-A was heating by oxygen blowing and Al particle
addition in the early decarburization stage of the RH refining (0–5 min); Process-B
was blowing oxygen and Al particle addition at the end of RH decarburization (10–
15 min). The process was called a normal process if no extra heat was added during
RH decarburization stage.

Process-C was BOF-LF-RH-CC, the converter tapping temperature was 1610 °C,
when molten steel was taken into LF refining furnace, followed by heating up with
blowing argon for 35 min. No slag was made during LF refining process. The RH
vacuum treatment included decarburization for 15 min, followed by aluminum deox-
idation, then Ti-Fe alloying, and a circulation for 6 min. After RH treatment, the
molten steel in the ladle remained unstirred for more than 30 min before casting; the
specific process is shown in Fig. 1.

Experimental Methodology

In three different heating processes, steel samples were taken during refining process.
Steel samples were taken by a bucket sampling device at the inlet LF station, leaving
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Fig. 1 Ultra-low carbon Al-killed steel time and temperature of steelmaking process

the LF station, at the inlet RH station and leaving the RH station for each process,
and the dissolved oxygen content and temperature in RH process were recorded.
The sampling process was shown in Fig. 2, and RH refining operation was shown in
Fig. 3.

Fig. 2 Secondary refining process sampling
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Fig. 3 RH refining operations

Each bucket steel sample took �5 × 7 mm sample and 15 mm × 15 mm ×
10 mm metallographic sample. The 15 mm × 15 mm × 10 mm metallographic
samples were polished by the automatic grinding machine, and the scanning elec-
tron microscope (FEI Quanta-250; FEI Corporation, Hillsboro, OR) equipped with
EDS (XFlash 5030; Bruker, Germany) examined and analyzed the morphology and
chemical composition of non-metallic inclusions. The amount of inclusions and
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inclusion sizewas detected byEVO-INCA steel inclusion automatic scanning system
(ZEISS, EVO18 INCASteel, Germany). The �5 × 7 mm cylinder samples were
polished with 120 mesh sandpaper until the surface was clean, and the total oxygen
and nitrogen contents in the samples were measured by an oxygen, nitrogen, and
hydrogen analyzer (HORIBA, emga-830, Japan).

Results and Discussion

Temperature Evolution of Different Refining Process

Figure 4 shows the temperature evolution of the different refining processes. In BOF-
RH-CC way: normal process, BOF blowing end temperature was 1690 °C; BOF
blowing end temperature for Process-A and Process-B was 1680 °C. In Process-C,
adopt BOF-LF-RH-CC way, the BOF blowing end temperature was 1650 °C. In
RH-OB refining step, at end of decarburization, the temperature of Process-A was
1605 °C the temperature of Process-B was 1600 °C, the normal process and Process-
C, the temperature was controlled at 1610 °C; when the vacuum was broken, the
temperatures of the molten steel for Process-A and Process-B were controlled close
to1600 °C, indicating that two processes achieved the same heating effect. Process-C
could control the temperature at 1605 °C, higher than normal process.

Fig. 4 Temperature evolution of different refining process
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Change of Aluminum Adding in RH Refining

Due to that the RH inlet temperature was unstable in the BOF-RH-CC process, the
addition ofAl particleswas needed to increase the temperature during theRH refining
process. The function of Al addition in the process of RH refining was temperature-
rising, deoxidation, and alloying. Comparedwith theBOF-RH-CCprocess, the intro-
duction of the LF furnace made the RH inlet temperature more stable in the BOF-
LF-RH-CC process, and therefore the function of Al addition in BOF-LF-RH-CC
process changed to deoxidation and alloying.

The decarburization time of the RH refining process was about 15 min. The
temperature after decarburization for 5 min determined the amount of Al particles
that should be added into the RH decarburization stage. If the temperature after
decarburization for 5 min was lower than 1610 °C, Al particles should be added in
the furnace. The temperature of the RH refining decarburization process temperature
needed to be higher than 1610 °C for 5 min, which was concluded according to
the superheat demand of steel continuous casting and the field production data.
Figure 5 shows the ratio of oxygen blowing in RH decarburization stage. When the
decarburization temperature for 5 min was less than 1610 °C, Al adding rate was
up to 86.4%, while when the decarburization temperature for 5 min was more than
1610 °C, Al adding rate was only 11.1%. As can be seen from the above discussion,
stabilizing the decarburization temperature for 5 min above 1610 °C can reduce the
Al adding ratio at the decarburization stage effectively.

After RH decarburization processing, Al particles were used to deoxidize.
According to the condition of 105 tons molten steel and 0.04% content of [Al]s
in steel, the amount of Al added in the RH refining process was shown in Fig. 6.
For Process-C, average Al added in RH process was 133.5 kg; for Process-A and
Process-B, average Al added in RH process was 175 kg which was significantly
higher than the average weight of 140 kg in normal process.

Fig. 5 Ratio of oxygen
blowing in RH
decarburization stage
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Fig. 6 Amount of aluminum
added during refining
process
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Different Refining Processes

During the RH decarburization stage, the effect of molten reheating through Al
addition which was not only controlled by the reasonable amount of aluminum addi-
tion, but also by oxygen blowing timing and oxygen blowing intensity. If oxygen
blowing was too early, it would damage the refractory material at the bottom of the
connecting pipe and delay the improvement of vacuum degree in the vacuum room
which could lead to slow down the decarburization. If oxygen blowing was too late,
it would not be conducive for timely CO gas release, and the decarburization would
be incomplete due to low dissolved oxygen content in molten steel. Through the
Process-C, RH furnace temperature was stable, thus reducing the Al addition ratio in
the RH refining decarburization stage, which could not only reduce the RH refining
cost, but also improve the RH refining effect.

T [O] and Sulfur Content Control in Molten Steel

T [O] Control in Molten Steel

The dissolved oxygen reflected cleanliness of molten steel. Figure 7 shows the vari-
ation of dissolved oxygen in different refining processes. It can be seen from Fig. 7,
except Process-B blowing oxygen at the end of the decarburization which caused
oxygen level raise to 500× 10–6, normal process, Process-A, Process-C had a similar
oxygen level variation trend in the RH refining stage. By comparing variation of
dissolved oxygen in RH refining process, it can be found that:

(1) Compared with the BOF-RH-CC process, Process-C adopted BOF-LF-RH-
CC process reduced the RH inlet oxygen level. The average of oxygen level
was 300 × 10–6 in Process-C, while the BOF-RH-CC process average oxygen
level was 450 × 10–6.
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Fig. 7 Variation of
dissolved oxygen in RH
refining process
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Using the Process-C can reduce inlet T [O] about 150 × 10–6 compared with
the BOF-RH-CC process. The reason was Process-C added high aluminum complex
refining slag in the LF refining process which reacted with dissolved oxygen in
molten steel. High aluminum complex refining slag can not only reduce the content
of dissolved oxygen in molten steel, but also reduce the content of (FeO) and (MnO)
in the refining slag.

(2) Normal process, Process-A, and Process-C had similar deoxidation rateswhich
started from the RH decarburization stage for 5 min to the end of decarburiza-
tion. Within 10 min, the dissolved oxygen level decreased by about 70 × 10–6.
After decarburization, the dissolved oxygen content of normal process and
Process-A was about 350 × 10–6, while it was about 275 × 10–6 for Process-
C. The inlet oxygen level of molten steel determined the T [O] at the end of
decarburization.

(3) T [O] content at the end of RH decarburization was 500 ppm in Process-B,
which is substantially greater than that in other processes.

(4) After the end of decarburization, the vacuum degree was maintained at
1.5 mbar, by adding aluminum particles, different refining ways had same
deoxidation rate.

(5) Finally, the normal RH terminal total oxygen content was 80× 10–6, Process-A
was 90 × 10–6, Process-B was 95 × 10–6, and the Process-C was 70 × 10–6.
Therefore, the Process-C can reduce the terminal T [O]content effectively.

Sulfur Content Control in Molten Steel

Themain chemical compositions of steel during different refining process were listed
in Table 2.

Sulfur content changes in the refining process were shown in Fig. 8.
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Table 2 Main chemical compositions of steel during different refining process (wt.%)

Process C Si Mn P S Ti T.O N Al

Process-C LF
inlet

0.041 0.004 0.100 0.012 0.010 – 0.0500 – 0.004

LF
outlet

0.044 0.004 0.077 0.008 0.003 – 0.0300 – 0.012

RH
inlet

0.044 0.004 0.077 0.008 0.003 – 0.0300 – 0.012

RH
outlet

0.0015 0.004 0.125 0.008 0.003 0.066 0.0070 0.002 0.04

Normal
process

RH
inlet

0.028 0.004 0.080 0.008 0.006 – 0.0450 – 0.005

RH
outlet

0.0015 0.004 0.125 0.008 0.006 0.066 0.0080 0.002 0.04

Process-A RH
inlet

0.028 0.004 0.080 0.008 0.006 – 0.0450 – 0.005

RH
outlet

0.0015 0.004 0.125 0.008 0.006 0.066 0.0080 0.002 0.04

Process-B RH
inlet

0.028 0.004 0.080 0.008 0.006 – 0.0450 – 0.005

RH
outlet

0.0015 0.004 0.125 0.008 0.006 0.066 0.0080 0.002 0.04

RH Inlet RH Outlet -- LF Inlet LF Outlet RH Inlet RH Outlet
0.000

0.002

0.004

0.006

0.008

0.010

0.003%0.003%0.003%

0.006%

BOF-LF-RH-CC 

[S
] /

%

BOF-RH-CC

0.006%

0.010%

Fig. 8 Sulfur content in molten steel during refining process
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In the BOF-RH-CC processing, including Process-A, Process-B, and normal
process, the molten steel [S] % was 0.006%. By comparing the RH refining inlet
steel compositions and refining terminal steel compositions in Fig. 8, it can be seen
that the average [S] % in Process-C was reduced from 0.0100 to 0.0030%.

Change of Inclusion Quantity and Size

Figure 9a shows the average comparison of inclusion area per square millimeter steel
sample at the RH refining end under different refining processes.

In Fig. 9a, in normal process had the inclusion control level with inclusion
area 220 μm2/mm2; Process-A had the inclusion control level with inclusion area
280 μm2/mm2, whereas Process-B had the worst inclusion control level with and
inclusion area of 300 μm2/mm2; Process-C had the best inclusion control level with
an inclusion area of 210μm2/mm2. It can be seen under the condition that the finished
product control [Al]s was 0.04% and the circulation time was 6 min, the Process-B
generated more Al2O3 inclusions. The normal process RH inlet oxygen level was
450 × 10–6, adding 140 kg of aluminum in the whole refining process; Process-A
and Process-B RH inlet oxygen level was 450 × 10–6, adding 175 kg of aluminum
in the whole refining process; the Process-C RH inlet oxygen level was 300 × 10–6,
adding 133.5 kg of aluminum in the whole refining process.

The RH inlet oxygen level of Process-A and Process-B was almost the same
as that of normal process; however, the amount of aluminum added in Process-A
and Process-B was 35 kg more than that in normal process. This was because inlet
molten steel temperature of Process-A and Process-B was about 1640 °C, and the
normal process was 1652 °C Except deoxidation and alloying, the aluminum added
in Process-A and Process-B also heated up molten steel temperature during the
decarburization stage, which increased the amount of aluminum.
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Figure 9b shows the amount of single inclusion cumulative frequency between
different refining processes. The critical area of steel surface inclusion affecting
fatigue performance is 8 μm2, and when the area of a single inclusion was less than
8 μm2, it was considered that it has no effect on steel quality [15]. In Process-B, the
ratio of single inclusion area <8μm2 proportion was 77.3%; Process-A was 80.5%.
As a contrast, the ratio of single inclusion area <8μm2 proportion was 88.8% in
normal process; furthermore, Process-C was 92.1%. Therefore, we can conclude
that heating up molten steel temperature during the decarburization stage has a bad
effect on steel cleanliness.

Figure 10 shows the large-sized inclusion amount of RH refining end steel
samples. The inclusion amount of normal processwas 1.5/mm2, the inclusion amount
of Process-A was 2.71/mm2, and the inclusion amount of Process-B was 3.0/mm2.
In Process-C, inclusion amount was 1.11/mm2.

Compared with the BOF-RH-CC process, Process-C can lower the RH inlet
dissolved oxygen level, reduce the amount of aluminum particles added, stabilize the
control level of inclusions, and significantly improve the cleanliness of liquid steel.

Because Al deoxidation was used in this steel, the evolution of Al2O3 inclusion
size under different refining processes was further studied. The size distribution of
Al2O3 inclusions in different processes is shown in Fig. 11. According to Fig. 11,
the inclusion area of Al2O3 in normal process furnaces was evenly distributed, and
the of Al2O3 inclusions less than 10 μm2 in molten steel were about 88%, and that
of Al2O3 inclusions less than 5 μm2 in molten steel were about 73%; in Process-
A, Al2O3 inclusions less than 10 μm2 in molten steel were about 85%, and that
of Al2O3 inclusions less than 5 μm2 in molten steel were about 65%; in Process-
B, Al2O3 inclusions less than 10μm2 in molten steel were about 79%, and that of
Al2O3 inclusions less than 5 μm2 in molten steel were about 40%. According to
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Fig. 11 Al2O3 inclusion
distribution in different
refining process

Fig. 11 which shows the inclusion area of Al2O3 in Process-C, the proportion of
Al2O3 inclusions less than 10 μm2 in molten steel was about 95%, and that of Al2O3

less than 5 μm2 in molten steel was about 90%. In the Process-C, the proportion of
small-size inclusions was higher than that of other processes.

Discussions

Reasons for Improving the Cleanliness of Aluminum-Killed
Ultra-Low Carbon Steel

Firstly, in BOF-RH-CC process, the inclusion numbers for Process-A and Process-
B were compared. Inclusion numbers for Process-A were substantially lower than
those for Process-B at different refining stages.

In Process-A, Al addition was divided into two parts. Part of the Al was added
during the decarburization early stage for reheating; at the same time, inclusions
produced in the decarburization stage had 10 min to remove; because the dissolved
oxygen in the molten steel was reduced, the inclusions produced by final deoxidation
were also reduced accordingly.

In Process-A, the inclusion removing time is 10 min in decarburization stage +
6 min in Al deoxidation +6 min in circulation; in Process-B, the inclusion removing
time is 6 min in Al deoxidation +6 min in circulation, the oxidizability of molten
steel by slag and the inclusion adsorption capacity of slag were similar for Process-A
and Process-B; however, the inclusion numbers in molten steel for Process-B were
still greater. Therefore, in the case of Process-A, inclusions were remove by longer
time, and cleanliness control is more effective.
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Secondly, the reason that the Process-C can significantly improve the cleanliness
of liquid steel compared Process-A could be attributed to: (1) LF furnace can heat
molten steel, so it can avoid heating up of Al adding during the decarburization of
RH operation, and (2) LF furnace can blow argon for stirring to promote inclusion
rise and better control the cleanliness of liquid steel.

In the ladle argon blowing refining process, liquid steel was in a turbulent state, the
rate of inclusion floating and removal consists of two aspects. One was the floating
rate of the inclusion itself based on Stokes equation, and the other was the floating
rate of the inclusion captured by argon bubbles.

Under laminar flowconditions, thefloating velocity of inclusions can be calculated
by Stokes Eq. (1)

us = g(ρsteel − ρinclusion)d2
inclusion

18μsteel
(1)

In Eq. (1), g represents the acceleration of gravity, g= 9.8 m/s2; ρsteel、ρ inclusion is
density of molten steel and inclusions, kg/m3; μsteel is kinematic viscosity of liquid
steel, Pa s; dinclusion is inclusion diameter, m.

According to Eq. (1), the floating speed of the inclusion Stokes was related to
the diameter of the inclusion. With the increase of inclusion’s diameter, the Stokes
floating speed increases.

Zhang [16] discussed the influence of bubble flotation on the different sizes’
inclusion removal rate by establishing a simplifiedmodel, but he ignored the influence
of turbulence on inclusion removal by bubble flotation. The calculated large-sized
inclusions’ removal rate was higher than small-sized inclusions. It also explained
that turbulence must be considered for the inclusion bubble flotation removal in LF
refining process. Duan [17] considered the influence of turbulence on bubble flotation
to remove inclusions, he found that in the Ar bubble column, the liquid steel of the
turbulent kinetic energy was at around 10−1m2/s2, at the same time, utilizing the
bubble flotation to remove inclusions mainly concentrated in the Ar bubble column.
Under the condition of the turbulent kinetic energy, the catching probability of a
single bubble for inclusions of different sizes was basically the same.

The turbulence condition inclusion removal formula is as follows:

dninclusion
dt

= −2u0
H

· αP

100
· ninclusion (2)

αP = 2.39 + 573.12 · Q (3)

u0 = 0.22 + 3.48 · Q − 158.08 · Q2 (4)

In equation, u0 is the average rising velocity of molten steel in the plume region,
m/s; αP represents the volume fraction of the plume area of the ladle blowing argon



Comparative Study on the Cleanliness of Ultra-Low Carbon … 165

column, %; ninclusion is the total number of inclusions in the furnace; Q is Argon flow
rate of ladle blowing, m3/s.

The current LF furnace argon flow rate was 220 NL/min; under the condition that
the inclusion diameter is 1, 10, 100μm, Stokes floating speed and inclusion flotation
speed were calculated respectively. Figure 12 shows the change of inclusion removal
rate with time which the inclusion diameter is 1, 10, 100 μm.

According to Fig. 12a, b, when the inclusion diameter was 1, 10μm, the inclusion
size was small and Stokes floating speed was slow. Compared with Stokes floating
removal, bubble flotation was the main inclusion removal method. Under the condi-
tion of argon blowing and stirring, almost all 1 μm inclusions were removed by
bubble flotation. The ratio of 10 μm inclusion’s removal by bubble flotation was
about 3 times than Stokes floating removal. It can be seen that ladle argon blowing
and stirring can significantly increase the proportion of inclusion removal.

It can be seen fromFig. 12c, when inclusion diameter was 100μm, Stokes floating
speed cannot be ignored due to large size of inclusion, and Stokes floating became
the main way to remove inclusions.

In order to further compare theLF refiningprocess in the removal effect of different
dimension inclusions, the inclusion removal rate with time was calculated where the
inclusion diameter is 1, 10, 100μm. In this calculation, LF furnace argon gas flowwas
220 NL/min; both bubble flotation and Stokes flotation was considered. Figure 13
shows inclusion removal rate for different inclusion diameters.

According to Figs. 12 and 13, when the size of inclusions was 1 and 10 μm, the
floating speed of Stokes was relatively small compared with Ar flow field. The main
way to remove inclusions was bubble flotation. However, when the inclusion size is
100 μm, the floating speed of Stokes can’t be ignored, so Stokes floating removal
will be the main way to remove inclusions.

Recently, in the Process-C adopted BOF-LF-RH-CC process, the LF refining time
was about 35min. During this time, the refining furnace can increase the temperature
ofmolten steel effectively, control the composition ofmolten steel, and reducemolten
steel T [O]. In particular, for 100μm-diameter large-size non-metallic inclusions, the
removal rate of LF refining process can reach more than 80%. For 10 μm-diameter
size non-metallic inclusions, the removal rate of LF refining process can be close to
15%. Argon blowing and stirring in LF furnace can significantly reduce the amount
of inclusions.

Al2O3 inclusion has the characteristics of high melting point, poor wettability
with steel liquid, and easy to rise to slag for removal. Strong circulating stirring of
molten steel underLF refiningpromotedAl2O3 inclusions collision polymerization in
molten steel; at the same time, the floating removal ofAl2O3 inclusionswas promoted
by molten steel circulation, which reduced the quantity and density of inclusions.
After adopting the BOF-LF-RH-CC process, the amount of Al added in RH stage
was reduced, the proportion of large-sized Al2O3 inclusions in molten steel was
reduced, too. For BOF-RH-CC process, it had more addition of Al in decarburization
stage and more deoxidation products compared with the BOF-LF-RH-CC process,
so it produced more Al2O3 inclusions. In the limited RH refining time, the Al2O3

inclusions removal efficiency of BOF-RH-CC process was obviously lower than
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Fig. 12 Inclusion removal
fraction as a function of time
for different removal
conditions with inclusion
diameter of 1, 10, 100 μm
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Fig. 13 Inclusion removal
rate for different inclusion
diameters
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that of the BOF-LF-RH-CC process. After RH refining, Al2O3 inclusions in the
BOF-RH-CC process were larger in size and more in quantity than BOF-LF-RH-CC
process.

Selection of Different Heating Process

It could be seen from the above analysis, Process-B was the worst in terms of molten
steel T[O] control and inclusion control compared with all heating processes, so
Process-B should no longer be used anymore; Process-C had the best performance
in molten steel composition and inclusion control, which was conducive to improve
product sale price. But it had a disadvantage in long refining time, when the contin-
uous casting productionwas in a tight pace, as the scheme is not conducive to increase
steel production capacity. Process-A was conducive to the acceleration of produc-
tion pace, but the control of composition and inclusion of liquid steel is worse than
Process-C. How to choose the above two heating process under unstable refining
inlet temperature situation? Data mining analysis was used to further research.

XGBoost Decision was used in this research. XGBoost Decision belongs to a
family of ensemble models. The general idea of boosting trees is to generate a
number of simple trees, where each tree is built based on the prediction residuals of
the preceding tree. Due to learning from the previous tree, the misclassification can
be minimized. On the basis of the traditional boosting tree, the XGBoost algorithm
employs a gradient descent algorithm to speed up the convergence [18]. In addition,
considering that XGBoost as an ensemble model is more robust than models based
on a single algorithm, it can be concluded that the XGBoost model would be the best
model for predicting the result with 90% overall accuracy [19].

Data for a total of more than 2000 refining process was obtained. The whole
data mining process for XGBoost prediction model is shown in Fig. 14. Python
environment was used for data modeling and analysis.
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Fig. 14 Logic flows for building final prediction model

Moreover, the robustness of the XGBoost prediction model to the number of
decision trees was further investigated. A limited number of decision trees cannot
provide enough information, so the prediction accuracy is low. A training decision
tree with a very large number may result in overfitting, so XGBoost prediction model
decision treewas needed to construct in advance.XGBoost predictionmodel decision
tree is shown in Fig. 15.

XGBoost prediction model decision tree was built by Sklearn module and
XGBoost module of Python. The root nodes were selected separately as converter
tapping temperature, continuous casting production rhythm tense, and molten steel
[S]% ≥0.010. Each decision tree was limited; the max depth was under 5, model

Fig. 15 XGBoost prediction model decision tree
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learning rate was under 0.1, and child weight was 1. In the XGBoost model, early
stopping rounds were limited as 10 to prevent model overfitting.

Based on the above model establishment process, the prediction accuracy of
XGBoost prediction model was 93.4%. It could guide the steel company to adopt
different heating processing effectively. When converter tapping temperature was
under 1660 °C but waiting time more than 10 min, continuous casting rhythm was
fit, the model was recommended to adopt Process-C. Different heating process was
needed to consider above variety of conditions.

Conclusions

In view of the problem that RH temperature fluctuates greatly in the production of
ultra-low carbon Al-killed steel by BOF -RH-CC, and Al adding heat up of RH
process decreases the cleanliness degree of molten steel, this study puts forward the
new production process of BOF-LF-RH-CC, and compares the evolution of temper-
ature, aluminum content, sulfur content, oxygen content, and inclusions in the two
processes. The main conclusions are as follows:

(1) BOF blowing end temperature for Process-A and Process-B was 1680 °C; in
Process-C, the blowing end temperature was 1650 °C. When the RH vacuum
was broken, the temperatures of the molten steel for Process-A and Process-
B were controlled close to1600°C, indicating that two processes achieved the
same heating effect. Process-C could control the temperature at 1605 °C,which
was higher than BOF-RH-CC process.

(2) The sulfur content of RH outbound liquid steel in BOF-LF-RH-CC refining
process was significantly reduced, from 0.0100 to 0.0030% on average, while
the sulfur content of RH outbound is 0.006% in the normal process.

(3) After refining, three heating processes can reduce the total oxygen content of
steel. In BOF-RH-CC process, RH-OB has higher inlet oxygen content in the
station than BOF-LF-RH-CC. The average aluminum adding in Process-A and
Process-B is 175 kg, and the total oxygen content after RH refining is more
than 0.0080%. The RH inlet oxygen content in the BOF-LF-RH-CC process
was reduced, with the average aluminum adding in the process being 133.5 kg,
and the total oxygen mass fraction after RH refining was 0.0070%.

(4) After refining treatment, three processes can reduce the inclusion area fraction
and quantity density in the steel effectively. After BOF-LF-RH-CC refining,
the average inclusion area fraction after RH treatment decreased from 289.8
to 227.5 μm2/mm2 compared with original process. The proportion of inclu-
sion size less than 8 μm increased from 85 to 95%. The proportion of Al2O3

inclusions less than 5μm2 increased from about 50% to more than 70%. The
proportion of which bigger than 5μm2 was significantly reduced after BOF-
LF-RH-CC. BOF-LF-RH-CC process is more beneficial to control the size of
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Al2O3 inclusions and reduce the impact of inclusions on the cleanliness of
liquid steel.

(5) The BOF-LF-RH-CC process has more advantages than BOF-RH-CC process
in the aspects of temperature stability of molten steel, control of impurity
elements and inclusions, but it had a disadvantage in long refining time. The
prediction accuracy of XGBoost prediction model was 93.4%. It could guide
the steel company to adopt different heating processing effectively.
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Thermal Analysis of Potential High
Entropy Alloy Binder Alternatives
for Tungsten Carbide

Jannette Chorney, Jerome Downey, K. V. Sudhakar, Morgan Ashbaugh,
and Grant Wallace

Abstract Cobalt has been the predominant binder for tungsten carbides for almost
one hundred years. However, a suitable substitute is required because cobalt faces
supply risks, is in high demand for other applications, and is a known carcinogen.
Select high entropy alloys (HEAs) are being investigated as potential alternatives
to cobalt. However, published fundamental data are lacking for these alloys. Char-
acterization of the high entropy alloys allows for operating parameter identifica-
tion and optimization for sintering. Phase transition onset temperatures, the kinetic
components of heat flow, and green binder vaporization temperatures have been
determined by differential scanning calorimetry (DSC), thermo-gravimetric analysis
(TGA), modulated differential scanning calorimetry (MDSC), and thermodynamic
modeling for the selected HEAs.

Keywords Tungsten carbide · HEA · Thermodynamics

Introduction

Cemented carbides are composed of hard, wear-resistant, metal carbide particles and
a tough, ductile, metal binder phase that combines to form composite materials with
high hardness and toughness [1]. While tungsten carbide (WC) is by far the most
commercially significant carbide, other important carbides include tantalum carbide
(TaC), titanium carbide (TiC), and niobium carbide (NbC) [1, 2]. Cobalt, and to a
lesser extent nickel, has traditionally been employed as the metal binder [1, 3].

The search for a satisfactory substitute for cobalt in cemented carbide applications
is driven by cobalt’s toxic characteristics, susceptibility to supply interruptions (the
U.S. is highly import-reliant), and the general desire to replace it with a less expensive
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metal or alloy [3]. Severe toxicological consequences are associated with both cobalt
and nickel [4–8], and notable human health effects identified from human and/or
animal studies include respiratory cancer, dermatitis, reproductive effects, and other
non-cancerous effects [4–8]. Workplace exposure to cobalt is of primary concern
during cemented carbide production and utilization, where cemented carbides may
become an inhalation hazard.

A viable alternative to cobalt has proven elusive for most cemented carbide appli-
cations. Attempts to substitute other base metals or simple alloys have failed to
produce a satisfactory combination of physical properties. Prior research examined
the most promising alternatives, nickel and nickel–cobalt [9, 10]. While these alter-
natives partially mitigate the cost and availability concerns, the human health effects
remain. Nickel, while providing excellent corrosion resistance, is lower in hard-
ness and generally lower in strength and presents its own toxicological concerns
[4, 5, 7]. Aside from nickel, it is doubtful that any commercially pure metal is a
satisfactory substitute for cobalt. Prior research into alloys has not been extensive.
Iron-manganese binders have been examined but were found to be unsuitable due to
equipment contamination [11].

High entropy alloys (HEAs) are traditionally formed by mixing five or more
metals in equimolar proportions. HEAs are a relatively new area of investigation, and
research into these alloys has intensified in the last decade because HEAswith higher
strength-to-weight ratios, greater tensile strength, and fracture resistance superior
to conventional metals and alloys have been identified [12]. This combination of
attributes makes HEAs logical binder candidates in cemented carbide applications.
To date, most HEAs that have been studied have contained cobalt and or nickel [12].

Materials and Methods

The study examines the use of more complex, high entropy iron-containing alloys.
Published thermodynamic data for these novel alloys are lacking; therefore, it is
important to experimentally develop these data. Thermodynamic modeling with
Thermo-Calc 2021b software was conducted for the alloys of interest, and the phase
diagram data generated provided a reference for the temperatures observed with
DSC/TGA analyses. Potential sintering temperatures were determined by Differ-
ential Scanning Calorimetry and Thermogravimetric Analysis (DSC/TGA) of the
HEA alloy/WC mixtures. Decomposition temperatures for the green binders were
also identified. Building upon the data derived from these analyses, high temperature
X-ray diffraction (XRD) was performed at temperatures determined by DSC/TGA,
which allowed the identification of stable and meta-stable compounds formed at
these temperatures. The results of these experiments form the foundation for the
HEA binder investigation.

Metal powders from US Nano were utilized to prepare all alloys, with the
exception of the silver powder, (5–8 micron, 99.9% powder, Sigma Aldrich). The
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poly(vinyl butyral-co-vinyl alcohol-co-vinyl acetate) (PVA/PVB, Sigma Aldrich)
and polyethylene glycol (PEG, Sigma Aldrich) were used as green binders.

Alloy mixtures were prepared under an argon atmosphere in an INERT I-LAB
glovebox. The samples were blended in a Union Process HD-01 Attritor mill with
reagent alcohol (anhydrous, Sigma Aldrich) for 72 h to ensure complete mixing.
Samples were then dried and crushed under argon in preparation for DSC/TGA
characterization and pressing for sintering.

Thermochemical datawere collected utilizing aTA Instruments SDTQ650Simul-
taneous Thermal Analyzer. All samples were analyzed under an argon atmosphere in
a 90μL alumina crucible. Analyses were conducted utilizing TA Instruments TRIOS
software.

A Rigaku IV X-ray Diffractometer with a high temperature furnace attachment
(PTC EVO2 temperature controller) was used to conduct XRD analyses. Samples
were analyzed under an argon atmosphere at elevated temperatures using PDXL
analysis software, and results were quantified. A platinum sample holder was used,
and the furnace was ramped at 20 °C per minute to the target temperature, held for
five minutes to stabilize before measurement, and held at constant temperature while
the measurement was collected. It should be noted that the nature of the furnace
attachment, and the scintillation counter used, decreases the peak intensity for the
diffractograms.

Results and Discussion

Porosity control is critical in the development and manufacture of sintered tungsten
carbide. Therefore, it is important to identify the decomposition temperatures to facil-
itate the removal of the green binder during sintering of cemented carbides. Through
DSC analysis, the decomposition onset temperature for PEG (Fig. 1), PVA/PVB
(Fig. 2), and the combined binder (PEG+ PVA/PVB) (Fig. 3) was determined to be
236 °C, 384 °C, and 255 °C, respectively. The enthalpies of these decompositions
were found to be 103 J/g for PEG, 151 J/g for PVA/PVB, and 98 J/g for the combined
binder. A one-hour hold performed at the decomposition onset temperature of each
of the green binders when sintering allows the decomposition of the green binder
and transport of the gaseous binder products to the surface of the sintered piece.

Onset and peak temperatures for phase transitions of the alloy were identified
with DSC, and as seen in Figs. 4 and 5, for HEA A4, the enthalpy of the transitions
was calculated using TRIOS software. Due to the small size of the deflections for the
DSC analyses, derivatives of the heat flow were often utilized to aid interpretation.
In Fig. 6, multiple deflections near 1400 °C in HEA 7A are caused by the formation
and decomposition of meta-stable phases.

Table 1 shows the peak temperatures for the transitions for nine HEAs; the first
deflection, or transition, at approximately 231 °C for each of the alloys is due to the
melting of tin. The peak at 577 °C, for example, corresponds to a liquidus temperature
indicated on a Thermo-Calc phase diagram produced for HEA 4.
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Fig. 1 DSC/TGA of PEG to determine decomposition temperature and enthalpy

Fig. 2 DSC/TGA of PVA/PVB to determine decomposition temperature and enthalpy

High temperature XRD diffractograms allow identification of the formation of
compounds, both stable and meta-stable, at elevated temperatures. In Fig. 7, an
overlay of diffractograms obtained at three temperatures allows visualization of the
compound formation for HEA 4. The front diffractogram was collected at 25 °C, so
the peaks are from the alloy elements and tungsten carbide only, themiddle at 990 °C,
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Fig. 3 DSC/TGA scan of green binders, PEG, and PVA/PVB to determine their decomposition
temperature

Exo Up

Peak temperature: 241.92 °C

Enthalpy (normalized): 16.623 J/g
Onset x: 228.41 °C

Peak temperature: 517.13 °C

Enthalpy (normalized): 2.0737 J/g
Onset x: 491.35 °C

Peak temperature: 1277.27 °C

Enthalpy (normalized): 289.45 J/g
Onset x: 1143.90 °C

Peak temperature: 1407.22 °C

Enthalpy (normalized): 23.552 J/g
Onset x: 1391.96 °CPeak temperature: 577.46 °C

Enthalpy (normalized): 21.516 J/g
Onset x: 543.55 °C

Fig. 4 DSC of alloy HEA A4 which shows the phase transitions and their respective enthalpies
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Fig. 5 DSC of WC with HEA 4, which shows the phase transitions. A derivative is used for the
alloy with WC, because the deflections are small

and the last diffractogram at 1025 °C. The diffractograms at the elevated temperatures
include additional peaks illustrating compounds formed at that temperature. In Fig. 7,
at 1025 °C, for example, CrSn2, Cr3C2, Fe3Sn2, FeSn2, Cu3Sn, Al4C3, W2C, W, and
austenite are present, as well as the brittle phase, Fe3W3C (η). Detection of the
η-phase allows future operating parameter optimization to avoid its formation.

Modulated differential scanning calorimetry (MDSC), as shown in Fig. 8 for HEA
4, provides both reversible heat flow, which is the heat capacity component of the
heat flow, and non-reversible heat flow, which is the kinetic, or temperature and time
dependent component [13]. The modulated DSC analysis for all of the high entropy
alloys investigated showed a high kinetic component.

Conclusions

An alternative to cobalt or nickel as a binder for cemented carbides remains elusive,
but HEAs may potentially be a suitable substitute. Determination of the thermody-
namic properties is the foundation for an investigation of their suitability. The evalua-
tion of the green binder decomposition temperatures facilitates green binder removal
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Fig. 6 DSC thermogram of HEA 7 shows the formation and decomposition of meta-stable phases
near 1400 °C

Table 1 Transition peak temperatures for nine HEAs

Alloy 1st peak
temp (°C)

2nd peak
temp (°C)

3rd peak
temp (°C)

4th peak
temp (°C)

5th peak
temp (°C)

6th peak
temp (°C)

7th peak
temp (°C)

HEA 1 239 581 664 1255 1373 – –

HEA 2 231 481 1233 1372 – – –

HEA 3
(+90
wt.%
WC)

228 435 785 882 Not
relevant
above 906

– –

HEA 4 243 517 577 1277 1407 – –

HEA 5 230 475 546 659 1163 1414 –

HEA6
(+90
wt.%
WC)

228 414 777 Not
relevant
above 906

– – –

HEA 7 229 559 659 680 1045 1277 1437

HEA 8 230 1073 1213 1291 1410 – –

HEA 9
(+90
wt.%
WC)

227 776 Not
relevant
above 906

– – – –
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Fig. 7 XRD diffractogram of 25 °C (front), 990 °C (middle), and 1025 °C (back)
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Fig. 8 Modulated DSC for HEA4 shows the strong kinetic component
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to reduce porosity in the sinteredmaterial.DSC/TGA, thermodynamicmodeling soft-
ware such as Thermo-Calc, and high temperature XRD are invaluable for the deter-
mination of phase transitions, and therefore, the determination of potential sintering
temperatures for cemented carbides utilizing HEAs as a binder.
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Dynamics Behaviors of Droplets
Impacting on a Heated Tailings Surface

Yan Zhao, Liangying Wen, Li Su, Bo Liu, JianXin Wang, and Liwen Hu

Abstract Tailings are produced by high-titanium blast furnace slag using “high-
temperature carbonization-low-temperature chlorination” technology. In this paper,
droplet impact on a heated tailings surface is experimentally investigated over a
wide range of Weber numbers and surface temperatures. The spread of droplets into
a liquid film on the tailings surface and dynamics behavior of the droplets were
observed by a high-speed camera. Five regimes are observed, namely spreading,
boiling induced break-up, advancing recoiling, splashingwith continuous liquid film,
and splashing with broken liquid film. In addition, the effects of Weber number
and surface temperature on boiling mode and spread of droplets are examined. The
scaling law of maximum spreading ratio with the Weber number is also established,
and it agrees well with experimental measurements and the literatures over a range
of Weber numbers and high temperature.

Keywords Droplet · Impact · Tailings surface · Maximum spreading ratio

Introduction

The phenomena of liquid droplets impacting on a hot wall have widespread applica-
tion in diverse industries such as the chemical industry, themetallurgical industry, the
aerospace industry, and the manufacturing industry [1–5]. Generally, the movement
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of droplets impacting on a solid surface is a surface flow phenomenon. Heated solid
surfaces are often accompanied with heat and mass transfer processes; the coupling
effect of thermodynamics and dynamics influences the movement evolution of the
droplet impacting on the wall, which leads to droplets’ behaviors; these behaviors
depend on important parameters [6] such as the density, viscosity, and surface tension
of liquid [7], droplet impact velocity [8], surface temperature, surface wettability
[9], and surface roughness [10, 11]. In order to express these factors quantitatively,
the dimensionless parameters of droplet impact are [12]: Weber number written as
We = ρv20D0/γ , and Reynolds number written as Re = ρv0D0/μ, where ρ, v0,
D0, γ , and μ are the droplet density, velocity, initial droplet diameter, respectively.
The Weber number is used to assess the relative importance of the droplet inertia
compared with the surface tension. Moreover, the Reynolds number defines the rela-
tive importance of the droplet inertia and the viscous force. During droplet impact
process, kinetic energy transformed into inter facial energy; the shrinkage charac-
teristics of droplets depend on the droplet interfacial energy and energy dissipation
degree. Investigating the dynamics process of water impacting on a heated surface
is essential to understand the nature of multiphase flow on free surface.

Numerical researches show that Weber number and surface temperature have
important effects on droplet impact dynamics [5, 13]. Tran et al. [14] experimentally
observed the impact process of droplets on a smooth surface at different surface
temperatures and explored the relationship between the spreading diameter and the
Weber number. The three typical droplet behaviors (contact boiling, gentle film
boiling, and spraying film boiling) were obtained based on the Weber number and
surface temperatures. Wang et al. [15] found that the critical temperature of dry
impact was lower than the Leidenfrost temperature in the case of a high impact
Weber number. At high droplet impact velocity, the dry impact happens to the plate
surface temperature much lower than the commonly believed Leidenfrost tempera-
ture due to the squeeze film effect. Cen et al. [16] studied the jet break-up dynamics
of bio-butanol droplet impinging on a hot wall surface at different Weber numbers
and found jet break-up phenomenon occurs at Weber number ranging from 14 and
90. Firstly, length of jet break-up increases slowly, then decreases sharply, and then
increases with Weber number. Jadidbonab et al. [17] experimentally studied the
impact of diesel–fuel droplets on a similarly sized polished spherical heated solid
particle and found that the maximum spreading factor increases with impact Weber
number but decreases with the particle temperature. Jin et al. [18] investigated the
motion of droplet impacting on a low-temperature solid surface at different angles and
analyzed the effects of surface temperatures and collision angles on droplet spreading
diameter and spreading time. They concluded that droplet spreading time increased
with collision angle. Mitra et al. [19] investigated the effect of hot spherical surfaces
on the impact process of three different cold droplets (water, isopropanol, acetone)
and found a power function relationship between the droplet impact spreading ratio
and Weber number.

Droplet impact experiments were mainly performed on metal surfaces. In this
paper, we have studied the dynamics behaviors of droplets impingement on a tailings
surface C. The tailings used in this experiment were formed by high-titanium blast
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furnace slag after extraction of titanium using “high-temperature carbonization-low-
temperature chlorination” technology. The tailings were utilized to prepare glass–
ceramic foams. However, the tailings containing more than 3% of the chloride ions
could not be directed utilized. Based on the fact that droplet has a singular interface
reaction effect on the hot surface. It can help reveal the relationship between the
behavioral characteristics of water droplets and dechlorination evaporation rate at the
interface of hot tailings. The effects of surface temperature, the velocity of droplet,
and the size of droplet on the spreading factor during the impact process are explored.

Experiment

Figure 1 schematically illustrates the experimental setup for observing droplet impact
process on the tailings surface. The setup consists of a reactor for placing the tita-
nium extraction tailings sample, a syringe pump, different inner diameters needles,
a heating platform, a high-speed camera, an LED light source, and a computer to
control the visualization purposes. A tailings sample was closely placed on a hot
plate with a temperature controller. The cylindrical sample is 30 mm in diameter and
10 mm in height. The main components of tailings sample used in the experiments
are shown in Table 1. The surface temperature of the tailings sample was measured
with a mobile K-type thermocouple. A syringe pump is utilized to feed water into the
needle at room temperature. The size of the needle can be varied to create different
sizes droplets. The water droplet is generated by three needles with a tip inner diam-
eter of 0.21, 0.34, and 0.51 mm, respectively. The needle was initially located far

Fig. 1 Schematic of experiment apparatus
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Table 1 Components of tailings after extracting titanium

Components TiC CaO MgO SiO2 TiO2 Al2O3 MnO CaCl2 MgCl2 MnCl2 C

Mass
fraction/%

3.26 29.08 8.55 27.80 2.25 14.43 0.72 3.86 0.55 0.05 9.45

above the heated surface and then lowed immediately to certain heights, after the
surface temperature Tw reached the pre-set value. Water droplets were formed at the
tip of a fine needle and driven by gravity before impacting the surface. LED light
source provided sufficient backlight to show the profiles of both the surfaces and the
droplets. A high-speed camera was employed to record the droplet impact process
from the same horizontal height as the tailings surface, at a framerate of 2000 f/s.
The spatial resolution of the high-speed camera was 1024 × 786 pixels. The droplet
impact experiment was repeated at least three times for each scenario.

The size of droplets is obtained by pixel analysis of the droplet images captured
by the high-speed camera. The recorded images of droplet impact were processed
through Image-Pro Plus 6.0 (Media Cybernetics) software. Due to the gravity, the
shape of the falling droplet was not perfectly spherical. The vertical diameter Dv

and the horizontal diameter Dh of the droplet were calculated respectively before
impacting the surface, to obtain the equivalent diameter [20] D0 = (

DvD2
h

)1/3
. The

impact velocity ν0 was calculated by analyzing the displacements of the droplet in
the last three frames.

Distilled water droplets of diameter d0 = 2.3, 2.9, and 3.4 mm were released
from three different inner diameter needles using a syringe pump at a volume rate of
2 µL s−1. The height between the droplets and the surface was from 50 to 100 mm,
corresponding to the impact velocity, ν0, from 0.98 to 1.40 ms−1. The droplet condi-
tions, droplet size, droplet velocity, and its correspondingWeber number are summa-
rized in Table 2. The initial conditions and properties of impacting droplet and hot
surface used in the present experiments are listed in Table 3.

Table 2 Droplet conditions d0 (mm) ν0(m/s)

0.98 1.2 1.4

2.3 We = 31.7 We = 46.9 We = 61.9

2.9 We = 39.3 We = 59.1 We = 78.8

3.4 We = 42.8 We = 67.6 We = 92.7
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Table 3 Initial conditions
and properties of impacting
droplet and hot surface

Impinging droplet Water

Initial droplet temperature 20 °C

Droplet density 998 kg/m3

Droplet viscosity 0.001 Pa s

Droplet surface tension 0.0717 kg s−2

Initial droplet velocity 0.98, 1.2, 1.4 m/s

Initial droplet diameter 2.3, 2.9, 3.4 mm

Surface material Tailings

Solid bulk density 2530 kg/m3

Surface temperature 100 ± 1–500 ± 1 °C

Results and Discussion

Observations of Different Impact Regimes

Five impact regimes were obtained for droplet impact on the tailings surface for 54
experimental measurement points across the range of droplet impact Weber number
and surface temperature conditions. They are spread, boiling induced break-up,
advancing recoiling, splash with continuous liquid film, and splash with broken
liquid film regimes.

Spread Regime

Figure 2 shows the image sequences of droplets impacting the tailings surface at the
temperature of 200 °C and the Weber number of 42.8. After contacting the tailings
surface at t = 0 ms, the upper part of droplet remains nearly spherical, while the
bottom spreads gradually in all directions. As the spreading diameter increases, the
gravitational potential energy of the droplet is gradually transformed into kinetic
energy. Due to the porous tailings surface, the spreading of droplets is accompanied
by liquid penetration into the surface as time increases. Meanwhile, the liquid film
is formed after saturation of the voids at the surface. Owing to the surface tension
force, the spreading speed of droplet decays with time. This regime occurs when Ts,
which are defined as the Leidenfrost temperature in the Staat et al. Regime map [21].

t=0ms t=3ms t=5ms t=8ms

Fig. 2 Droplet impact behavior on the tailings surface in spread regime. Ts = 200 °C We = 42.8
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t=0ms t=3ms t=11ms t=16ms

Fig. 3 Droplet impact behavior on the tailings surface in boiling induced break-up regime. Ts =
300 °C We = 31.7

Boiling Induced Break-Up Regime

Figure 3 shows the image sequences of droplets impacting the tailings surface at the
temperature of 300 °C and the Weber number of 39.3. Due to the further increase in
the surface temperature, the heat exchange between the droplets and the surface is
enhanced. The droplets rapidly enter into the boiling state, and the nucleation density
and formation rate of bubbles increase, leading to the violent droplet perturbation.
For lowWeber numbers, droplets have no enough kinetic energy to overcome surface
tension, the central region of the droplets is thick, and the edge of droplet further
spreads and reaches the maximum spreading at t = 11 ms. Numerous bubbles are
generated at the liquid–solid interfaces during the boiling process, the bubbles break
up from the liquid lamella, resulting in the formation of several small secondary
droplets. The surface energy is gradually converted into kinetic energy for the upward
movement of the droplet at t = 14 ms. At the same time, the vapor pressure between
the droplet and the surface produces an upward thrust to prevent the droplet from
penetrating into the tailings surface, causing the droplet to roll on the surface at t =
16 ms.

Advancing Recoiling Regime

Figure 4 shows the image sequences of droplets impacting the tailings surface at the
temperature of 400 °C and the Weber number of 39.3. The droplets gradually spread
under the effect of inertia. After the maximum spreading diameter is reached, the
droplet is in a non-equilibrium state, the triple-phase contact line of vapor–liquid-
solid converges towards the droplet center, and a vertical liquid column appears,
namely “Worthington jet” [22]. It has an upward tendency, eventually overcomes
the surface tension under the effect of inertia force, and breaks away from the main

t=0ms t=4ms t=5ms t=13ms

Fig. 4 Droplet impact behavior on the tailings surface in advancing recoiling regime. Ts = 400 °C
We = 39.3
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t=0ms t=6ms t=10ms t=15ms

Fig. 5 Droplet impact behavior on the tailings surface in splash with continuous liquid film regime.
Ts = 450 °C We = 67.6

droplet. The regime here can be identified as advancing recoiling regime. In this
regime for low temperature, the kinetic energy dominates over the reaction force
from the droplet evaporation process. As surface temperature increases, the evap-
oration rate relatively rises. The vapor pressure overcomes the downward kinetic
energy, leading to the recoil phenomenon. As the temperature further increases,
the stable vapor layer beneath the droplet impedes the droplet evaporation and the
heat exchange. The downward kinetic energy becomes dominant and suppresses the
droplet recoiling due to the vapor pressure reduction.

Splash with Continuous Liquid Film Regime

Figure 5 shows the image sequences of droplets impacting the tailings surface at the
temperature of 450 °C and the Weber number of 67.6. Compared with the boiling
induced break-up regime, the dropletsC have enough kinetic energy to dominate over
the surface tension, and a continuous liquid film forms at the bottom of droplet. The
corrugate edge of droplet becomes unstable and breaks into several child droplets
at t = 15 ms. Moreover, the central region of liquid film is still continuous. The
surface temperature is much higher than the droplet boiling point. After contacting
the surface, the droplet boils and vaporizes immediately with a huge disturbance.
Some secondary droplets are formed, owing to the Rayleigh-Plateau instability [23]
exerted by the interaction of the vapor layer and surface tension.

Splash with Broken Liquid Film Regime

Figure 6 shows the image sequences of droplets impacting the tailings surface at
the temperature of 500 °C and the Weber number of 78.8. Increasing the Weber
number means an increase in kinetic energy. As a result, the inertia effects dominate
to surface tension effects. The higher impact velocity extends the droplet spreading

t=0ms t=2ms t=5ms t=15ms t=27ms

Fig. 6 Droplet impact behavior on the tailings surface in splash with broken liquid film regime. Ts
= 500 °C We = 78.8
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to the maximum diameter at t = 5 ms, and several child droplets split away from
the rim of the liquid film at t = 15 ms. Subsequently, the liquid film breaks up and
detaches from the surface.

Through the above experimental observations, it was found that surface temper-
ature and impact Weber number had a significant effect on the dynamics behaviors.
Furthermore, the dynamics behaviors of droplets impacting on the tailings surface
are significantly different from that on the smooth surface. The droplets bounce off
the smooth surface for surface temperature higher than the Leidenfrost temperature;
it generally considered that this phenomenon represents nucleate boiling transformed
into transition boiling.On the other hand, for droplet impacting on the tailings surface,
the rebound phenomenon does not occur when the surface temperature is above the
Leidenfrost temperature of smooth surface (i.e. iron surface of 280–325 °C). An
important factor for this difference is the capillary effect of the rough and undense
tailings surface which absorbs a mass of kinetic energy from the spreading liquid
film to prevent it rebound off the surface. The droplet impact process is a complex
process of multiphase flow and heat and mass transfer, which is accompanied by
bubble nucleation, growth, aggregation, and burst.

Spreading Characteristics of Droplets

This section focuses on the effect of Weber number and surface temperature on the
spreading ratios of droplets on the tailings surfaces. The droplet spreading ratios β

are defined as follows, where Dt is the spreading diameter of droplet impacting on
the surface, t is time. βmax is the maximum droplet spreading factor.

β = Dt

D0

Effect of Weber Number

Many previous works have shown that Weber number We is an important parameter
that affects the spreading characteristics of droplets impaction on the surface. The
droplets maximum spreading ratios β increase withWe.Weber numberWe is defined
to represent the ratio of inertia force to surface tension. In the present experimental
study, the Weber number We is affected by the droplet diameter and impact velocity.

The spreading ratiosβ of droplets on the tailings surfacewith different temperature
at variousWeber numbersWe are shown in Fig. 7. Figure 7a indicatesβ on the surface
temperature of 300 °C. At the lowerWeber numbersWe, the droplets keep spreading
under the effect of inertia force. After reaching maximum spreading diameter, the
droplets start to retract due to the surface tension, and the spreading ratios β decrease
with time. In Fig. 7b, for the surface temperature of 400 °C andWe= 78.8, the kinetic



Dynamics Behaviors of Droplets Impacting on a Heated … 193

Fig. 7 Variations of the spreading factors on tailings surface with different Weber numbers. a
Surface temperature Ts = 300 °C, b surface temperature Ts = 400 °C

energy of droplets dominates over the surface tension, and the fact can be shown at t
= 6.5 ms where the spreading process is stopped. It is clear that droplets spreading
rate andmaximum spreading ratioβmax increasewithWe. The observed facts indicate
that the time for droplets reaching the maximum spreading ratio is around 4 ms, and
it is independent of the Weber number.

The droplet spreads horizontally under the effect of inertial force and surface
tension. At high Weber number, the droplets have enough inertial force to reach
the maximum spreading diameter. After reaching the maximum spreading diameter,
the droplets start to contract due to the surface tension and the viscous resistance.
Furthermore, as the maximum spreading diameter increases, the surface tension of
the droplet also increases, resulting in the droplet retracting faster.

Effect of Surface Temperature

The variation of spreading factors on tailings surface at different surface temperatures
is shown in Fig. 8. As the surface temperature increases from 400 to 500 °C, the
droplet spreads more rapidly and reaches a larger maximum spreading diameter
when t > 1.6 ms. It can be concluded that viscosity and surface tension of droplet
decrease with the increase of surface temperature. At Ts = 300 °C, the droplet
spreads to the maximum diameter at t = 4 ms, then recoils, and the spreading factor
decreases. The droplets are in the nucleate boiling state, and the bubbles form and
grow in the droplet.
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Fig. 8 Effect of surface
temperature on droplet
spreading factor on tailings
surface at We ≈ 61.9

Scaling Analysis of Maximum Spreading Factor

In Fig. 9, the maximum spreading factor is plotted as a function of Weber number.
The maximum spreading factor is generally expressed in the form of βmax = cWen ,
where c and n can be obtained by through regressing experiments data. According
to this model, the experimental data for the tailings surface can be fitted by the
correction with Weber number:

βmax = 0.574We0.433 (1)

Fig. 9 Effect of Weber
number on the droplet
maximum spreading factor.
(Red solid line represents the
prediction of
βmax = 0.574We0.433 in
present study) (Color figure
online)
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Comparison of present experiments with the results in previous research is also
illustrated in Fig. 9. The corrections of maximum spreading factor by Clanet et al.
[8], Wang et al. [23], and Jowkar [24] are used for comparison. It is found that
the predicted value of Eq. (1) is more consistent with the experimental data. The
corrections of Clanet,Wang, and Jowkar are below themaximum spreading diameter
in present work.

Conclusions

Dynamic behaviors of droplet impacting on the tailings surface have been investi-
gated in this research. The effects of Weber numbers and the surface temperatures
on the maximum spreading diameter are explored. The following conclusions can
be drawn:

(1) The droplet impact behaviors are classified into five hydrodynamic regimes
in the range of 31.7 < We < 92.7 and Ts < 500, including spread, boiling
induced break-up, advancing recoiling, splash with continuous liquid film, and
splash with broken film. Furthermore, no rebound phenomenon occurs under
the effect of capillary force on the rough tailings surface.

(2) The surface temperature has negligible effect on the spreading factor at early
stage of impact (t < 1.5 ms). At t > 1.5 ms, the maximum spreading factor
and spreading rate increase with increasing the surface temperature. While the
time to reach the maximum spreading diameter is found to be insensitive to
the surface temperature, it is around 4 ms in this work.

(3) The droplets of larger Weber number can reach a larger maximum spreading
diameter and spreads more promptly. The droplet maximum spreading factor
can be fitted by the correction with Weber number βmax = 0.574We0.433.
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Contact Line Undulation Induced
Capillary Interaction Between
Micron-Sized Ce2O3 Inclusions at the Ar
Gas/Liquid Steel Interface

Zilong Qiu, Annelies Malfliet, Bart Blanpain, and Muxing Guo

Abstract The behavior of Ce2O3 inclusions was observed in-situ at the argon
gas/liquid steel interface.A fast agglomeration of inclusionswas frequently observed.
It is found that inclusions usually have rough surfaces and surface chemical hetero-
geneities, suggesting an undulating contact line around the inclusions on the liquid
steel surface. In thiswork, both the undulating contact line induced capillary force and
the resistive drag force on inclusions are considered. In calculations, the inclusions
are treated as capillary ‘charges’ or ‘multipoles’ through the analogy with electro-
statics. The results show that the capillary ‘quadrupole’ assumption best represents
the strong pairwise attractive force between inclusions. The resistive drag force is
dominant compared to the net (inertial) force on the particles by 5 or 6 orders of
magnitude. We can conclude that the contact line undulation provides a sufficient
attraction for inclusion agglomeration, even for particles smaller than 10 µm.

Keywords Capillary force · Contact line undulation ·Meniscus shape · Drag force

Introduction

The dynamic behavior of non-metallic inclusions at the gas/liquid steel interface or
slag/liquid steel interface is of importance for inclusion removal and steel quality
control [1]. The agglomeration of Al2O3 particles/clusters at the gas/steel interface
was studied in-situ at high temperature for the first time by Yin and co-workers
using high-temperature confocal scanning lasermicroscopy (CSLM) [2]. An obvious
attraction was observed between the floating inclusions, and this attractive force is
attributed to the capillary interaction due to the meniscus deformation around the
particles. A detailed description of the capillary interaction between floating spheres
was analytically derived by Kralchevsky et al. [3], i.e., the so-called K-P model.
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In reality, most of the inclusions are non-spherical. To apply the K-P model to non-
spherical particles, these particles are usually simplified as sphereswith an equivalent
radius [4]. However, the force calculated using the K-P model with an equivalent
radius is usually one or two orders smaller than the observed force [4, 5]. Since the
capillary force is proportional to particles size, the particle radius is scaled up from
the equivalent radius to the effective radius by a shape factor to decrease this discrep-
ancy [6]. In previous studies, the viscous drag force from the liquid steel is usually
ignored when particles are sliding on the steel surface. However, the drag force can
overwhelm the previously calculated attractive force based on particle accelerations
[7]. Therefore, the drag force should be taken into account in this system. It is worth
noting that inclusion surfaces are usually rough, and the surface chemical composi-
tionmay vary at different positions [8]. These topological or chemical heterogeneities
can introduce an undulating triple-phase contact line around the particles to satisfy
Young’s equation [9, 10]. The contact line undulation type (‘quadrupolar’ or ‘hexap-
olar’) and the capillary force resulting from this undulation will be discussed in this
paper.

Models for the Capillary Interaction

Interaction Between Capillary ‘Charges’

The so-called ‘charge’ type meniscus shape means the meniscus around an isolated
particle is uniform, and the contact line is planar. A schematic configuration of a
particle at a fluids’ interface is shown in Fig. 1a. We suppose the interface is flat far
from the particle, and this flat interface coincides with the xy plane. The meniscus
shape is controlled by the Young–Laplace equation, which can be linearized when
the particle is small (qR2 � 1).

d2h

dr2
+ 1

r

dh

dr
= q2h, (1)

where r is the distance from a sphere center in the radial coordinate; q−1 is the capil-
lary length q2 = (ρI−ρII)/γ (γ is the surface tension); If the contact line undulation
is not considered, the meniscus shape around a capillary ‘charge’ is analytical given
in Eq. (2), and a counter-plot of the meniscus shape calculated from Eq. (2) is
demonstrated Fig. 1b.

hChrg(r) = −Q ln
(γeqr

2

)
, (2)

where the subscript ‘Chrg’ is the abbreviation of ‘charge’; γ e = 1.781 is the constant
of Euler-Mascheroni [3]; Q is the so-called capillary ‘charge’.
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Fig. 1 a Schematic of capillary meniscus around a sphere of radius R with contact angles of α,
where Rc is the radius of the triple-phase contact lines, b the immersion depth, H the amplitudes of
contact line undulations, ψ the meniscus slope at the contact line, ρI and ρII the densities of fluids
I and II. b, c and d are the contour-plot diagrams of the meniscus shape around a capillary ‘charge’,
‘quadrupole’ and ‘hexapole’, respectively. The x and y coordinates and the height of the meniscus
are scaled by the contact radius Rc

Q = 1

6
q2R2

(
2 − 4D + 3 cosα − cos3 α

)
, (3)

whereD is the density ratio (D = (ρ − ρII)/(ρI − ρII), and ρ is the particle density).
For two capillary ‘charges’ with an inter-center distance of L, the respective

capillary energy and force are

�WChrg−Chrg = 2πγ QAQB ln

(
γeqL

2

)
, 2Rc � L (4)

FChrg−Chrg = 2πγ
QAQB

L
, 2Rc � L (5)
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where subscripts A and B indicate particle A and particle B; L is the inter-center
distance.

Interaction Between Capillary ‘Multipoles’

For particles that have rough surfaces and surface chemical heterogeneities, the
triple-phase contact line can be undulated [9]. The boundary condition of a capillary
‘multipole’ is [10]

hMP(r = Rc) = H cos[n(ϕ − ϕ0)], (6)

where the subscript ‘MP’ means capillary ‘multipole’; n is the ‘multipole’ order: n=
2 for capillary ‘quadrupole’ abbreviated as ‘QP’, and n = 3 for capillary ‘hexapoles’
abbreviated as ‘HP’; ϕ0 is the phase angles and ϕ is the running azimuthal angle.
The meniscus shape around a capillary ‘multipole’ is

hMP(r) = H cos[n(ϕ − ϕ0)]

(
Rc

r

)n

. (7)

The counter-plot diagrams of the meniscus shape around a capillary ‘quadrupole’
and a capillary ‘multipole ‘ calculated from Eq. (7) are demonstrated in Fig. 1c, d
respectively.

For two interacting capillary ‘multipoles’, the interaction energy and charge are.

�WMP−MP = −πγG0HAHB cos(nAϕA + nBϕB)
RnA
c,AR

nB
c,B

L(nA+nB )
, 2Rc � L (8)

FMP−MP = (nA + nB)πγG0HAHB cos(nAϕA + nBϕB)
RnA
c,AR

nB
c,B

L(nA+nB+1)
, 2Rc � L

(9)

where nA and nB are the multiple orders of particle A and particle B, respectively. G0

is a constant depending on the ‘multipole’ orders.

G0 =
min(nA,nB )∑

n=1

2(−1)nA+nB nA!nB !
(nA − n)!(nB − n)!n!(n − 1)! . (10)
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Results and Discussion

The 20%Cr steel sample containing Ce2O3 inclusions was prepared in a vertical tube
furnace (GERO HTRV V 100-250/18). The detailed preparation procedure can be
found in our previous work [11]. To observe the 3D morphology of inclusions, the
particles were electrolytically extracted using a 10% acetic acid solution [12]. The
extracted particles were analyzed using scanning electron microscopy with energy
dispersive spectroscopy (SEM–EDS, Philips XL 30 FEG). The typical morphologies
of the extracted particles are shown in Fig. 2. Analysis of the other 39 particles shows
that the surfaces of most particles are rough and 61% of them are not pure Ce2O3

but have minor impurities of S or Si (less than 10 mass percent). Compounds such as
Ce2O2S can be precipitated on the Ce2O3 surface when the content of oxygen is low
in the liquid steel [13]. These topological and chemical heterogeneities of inclusion
surfaces can induce an undulating triple-phase contact line around the inclusions to
satisfy Young’s equation.

For the CSLM in-situ observation, the steel sample was machined into discs (Φ
4 mm × 2 mm) and then melted in a high purity alumina crucible (with 4.5 mm ID
and 5.5 mmOD) in the CSLM (1LM21H-SVF17SP) located at the upper focal point
of the oval heating chamber under a purified argon atmosphere (PO2 < 10–20 atm).
The observation was carried out at 1823 K, and the images were recorded at a

Fig. 2 SEM images of electrically extracted inclusions
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rate of 30 fps. The background around the inclusion particles was removed, and the
inter-center distances between the particles weremeasured (see Fig. 3a). The detailed
procedure of the background removal and themass center determination can be found
in our previous work [11]. Figure 3b shows the inter-center distance as a function
of time (blue rectangles). The top-view inclusion perimeter (l), area (A), and the
corresponding equivalent radius (Req = √

A/π ) and effective radius (Reff = l/2π )
are listed in Table 1. It should be noted that the inter-center distance cannot be
measured very accurately due to the relatively low image resolution (0.7 µm/pixel)
[11]. The particle acceleration calculated by Newton’s law of motion using the less
accurate distance data can be oscillating significantly, leading to unreasonable force
output. Fitting the distance data points to a 4th order polynomial function helps to
reduce this force oscillation [11]. The inertial force on particles can be derived from
the second differentiation of the fitted function after multiplication with the particles’

Fig. 3 a CSLM image sequence of two inclusions approaching each other, and b the inter-center
distance vs time, including the experimental distance points and the fitted curve by the 4th order
polynomial function
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Table 1 Areas and perimeters of the inclusions and the corresponding equivalent and effective
radii

A (µm2) l (µm) Req (µm) Reff (µm) Shape parameter (S)

Particle A 63.7 33.5 4.5 5.3 0.71

Particle B 61.1 34.2 4.4 5.5 0.65

Note The shape parameter S = 4π A/ l2 and Reff = Req/
√
S

effective mass [11]. The fitted function of the current distance data points is shown
in Eq. (11), and the fitted distance is plotted in Fig. 3b as well (solid curve).

L = 1.32 × 10−4 t4 − 2.67 × 10−4 t3 + 6.61 × 10−5 t2

− 2.26 × 10−5 t + 3.51 × 10−5 (11)

For micron-sized particles moving to each other with a low velocity, the Reynolds
number is small. The drag force can be calculated from Stokes’ law [14]

Fdrag = 6πμR f (b/R)vG−1(L/R), (12)

where ν is the particle velocity; μ is the viscosity that equals 0.0046 (Pa•s) for
20%Cr steel at 1823 K [15]; f is the viscous drag coefficient, which equals 0.43 in
the current system [16], where the densities of the Ce2O3 and the steel are 6920 kg/m3

and 6200 kg/m3, respectively [17, 18], the contact angle between the particle and the
steel is 105° [19]; G−1(L/R) accounts for the hydrodynamic resistance

G−1(L/R) =
(
1 + R

2(L − 2R)

)

×
[
1 + 0.3766 exp

[
− (ln(L − 2R) − ln R + 0.6789)2

6.297

]]
(13)

Studies at room temperature show that the inertial force based on particle accel-
eration is negligible compared to the drag force [14]. Therefore, the resistive drag
force should be almost balanced by the attractive capillary force, and the following
equations should hold

dL

dt
= |vA| + |vB | (14)

6πγ RA fA|vA|G−1
A = 6πγ RB fB |vB |G−1

B (15)

where νA and νB are the velocities of the individual particles.
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For inclusion particles attached to the interface of inert gas and liquid steel, the
triple-phase contact line around the particles can be undulated when the particles
have surfaces of topological or chemical heterogeneities. However, the real meniscus
shape is not able to be measured directly due to the high temperature and the non-
transparent properties of the liquid steel [20]. Note that the drag force derived from
the CSLM images should be almost balanced by the attractive capillary force [14].
To evaluate the performance of the ‘quadrupolar’ or the ‘hexapolar’ undulations,
we search the undulation amplitudes, which have the minimum sum of squared
residuals (SSR) between the measured drag force and the theoretical capillary force
at different separation distances. Suppose the contact line is undulated from the ideal
planar contact line due the pinning effect and the contact angle hysteresis (CAH) is
small. The relationship between the undulation amplitude and the CAH is

H = 2R sin

(
CAH

4

)
sin

(
4α − CAH

4

)
(16)

Since the capillary force is very sensitive to the undulation amplitude, we assume
the CAH is small from 0° to 2°. The searching step for the minimum SSR is 0.01°.
The contour plot of the SSR for capillary ‘quadrupoles’ and capillary ‘hexapoles’ is
shown in Fig. 4. The CAHs at the minimum SSR are, respectively, 1.72° (particle
A) and 0.08° (particle B) for capillary ‘quadrupoles’, 0.39° (particle A) and 1.38°
(particle B) for capillary ‘hexapoles’.

The capillary forces calculated from the ‘quadrupolar’ and ‘hexapolar’ meniscus
shapes are shown in Fig. 5a using the CAHs at minimized SSR values from Fig. 4.
The force calculated from the capillary ‘quadrupole’ shows a better prediction than
the capillary ‘hexapoles’ with coefficients of determination (R2) of 0.93 and 0.61,
respectively. The inertial force can be six orders of magnitude smaller than the drag
force (see Fig. 5a). This result confirms that the inertial force is negligibly small
compared to the drag force. The attractive force provided by the capillary ‘charge’

Fig. 4 Contour-plot diagrams of the SSR between the experimentally measured attractive force
and the capillary force predicted from a capillary ‘quadrupoles’ and b capillary ‘hexapoles’. The
equivalent radius of particles is adopted here



Contact Line Undulation Induced Capillary Interaction Between … 205

Fig.5 a Drag and inertial forces calculated from the CSLM image sequence and the capillary force
calculated from capillary models (‘charge’ and ‘multipoles’); b interaction energies calculated from
capillary models (‘charge’ and ‘multipoles’) where the energy is scaled by the thermal energy

with an equivalent radius is even smaller, which is about seven orders of magni-
tude smaller than the drag force. The calculated capillary attraction force using the
effective radius shows a stronger force compared to the equivalent radius, but it
is still six orders of magnitude smaller than the drag force. Figure 5b shows the
interaction energy between inclusion particles due to the capillary attraction. Theo-
retically, the interaction energy should exceed the thermal energy to overcome the
random thermal motion for a pairwise attraction. Both the capillary ‘quadrupole’
and ‘hexapole’ models give sufficient energy for particle agglomeration. However,
the capillary ‘charge’ with the equivalent or effective radius is insufficient to over-
come the random thermal motion. Therefore, we can conclude that the meniscus
shape without undulation is not able to provide enough attractive force/energy for
the inclusion agglomeration when the viscous drag is considered.

Even though the capillary ‘multipoles’ show a better prediction of the attraction
force compared to the capillary ‘charge’ model, there is always a deviation from
the calculated force and the experimental force. This discrepancy is believed to
result from the more complex contact line undulation around the inclusions rather
than rotational symmetry assumed in the capillary ‘multipole’ models. In addition,
inclusions are simplified as spheres, and this simplification may introduce a certain
error. However, the inclusion shape-induced capillary interaction is out of scope for
this paper, and it will be investigated in the future.

Conclusions

The Ce2O3 inclusion particles usually have topologically and chemically heteroge-
neous surfaces, which can introduce an undulating triple-phase contact line around
the particles on the liquid steel surface. The viscous drag on particles should be
counted in the inclusion agglomeration process, and the drag force can be six orders
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of magnitude stronger than the inertial force. Comparing to the capillary ‘charge’
model, the capillary ‘multipoles’ assumption provides sufficient driving force and
energy for inclusion agglomeration on the liquid steel surface.
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Experimental Study on Thermodynamics
of CaO–SiO2–Ce2O3–5wt.% Al2O3
System at 1773 K

Mengchuan Li, Tongsheng Zhang, Wanlin Wang, Hualong Zhang,
and Rensheng Li

Abstract The liquidus temperature and relative equilibrium systemofCe containing
system have important basic guiding role for comprehensive utilization of rare earth
Ce resources, while the lack of thermodynamic information seriously restricts the
application of rare earth in steel. The phase equilibrium relationship of CaO–SiO2–
Ce2O3–5wt.% Al2O3 phase diagram system, which was carried out at 1773 K, and
was analyzed byX-RayDiffraction (XRF), X-ray photoelectron spectroscopy (XPS),
X-ray diffraction (XRD), Field Emission Scanning ElectronMicroscopy (FE-SEM),
Energy Disperse Spectroscopy (EDS) and Electro-Probe Microanalyzer (EPMA)
was studied in this paper. The isotherms and phase relations of CaO–SiO2–Ce2O3–
5wt.% Al2O3 system related to the Ce slag system containing rare earth elements
were obtained at 1773 K. And the phase equilibrium data obtained in current work
can provide the basis for the control of rare earth inclusions in molten steel and the
optimization of relevant thermodynamic database, and provide the theoretical basis
for the sustainable utilization of rare earth resources containing cerium.

Keywords Phase equilibrium · Thermodynamic · Ce · Sustainability

Introduction

Thermodynamic behavior of rare earth oxides in calcium silicate system at high
temperature is closely related to pyrometallurgical process. In addition, rare earth
elements, which are considered as strong deoxidizing and desulfurizing agents and
their remarkable effect of purification of molten steel, have a long-term application
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prospect in the production process of ferrous metallurgy. The absolute Gibbs free
energy of Ce2O3 in molten steel is equivalent to that of CaO, so a series of reactions
will occur when Ce is added to molten steel, in which many scholars have done a lot
of researches [1–3]. In addition, the thermodynamic data of the system containing
rare earth oxides are also necessary to the field of rare earth resource recycling and
material processing [4, 5].

In general, the formation characteristics of rare earth mineral phases in metal-
lurgical process can be estimated by systematic phase equilibrium experiments [6].
Jeong et al. [7] confirmed that Ce is stable as Ce2O3 in MnO–SiO2–Al2O3–Ce2Ox

system at 1873 K under the conditions of CO, CO2, SO2, and Ar mixed atmosphere.
Zec et al. [8] studied the phase equilibrium of Ce2O3–SiO2–ZrO2 system at 1673 K
and found the existence of Ce4+ in the fired compositions. Tas et al. [9] systematically
studied theCe2O3–Ce2Si2O7 system from1423Kandmeasured a relatively complete
phase diagram of the Ce2O3–Ce2Si2O7 system. Kawamura et al. [10] studied the
effect of SiO2 content in Gd2O3–Ce2O3–SiO2 system on the formation of compound
(Gd0.9Ce0.1)2Si2O7. Zhao et al. [11]measured the isothermal phase diagrams ofCaO–
SiO2–Ce2O3 system at 1873 K and put forward an empirical formula to estimate the
activity of Ce2O3. However, there is almost no pure CaO–SiO2–Ce2O3 system slag
during the resource recycling and material process, and Al2O3 is a crucial compo-
nent. Especially, in steelmaking process of high quality steel, inclusion control is
also a major control within CaO–SiO2–Al2O3 system. However, the lack of accurate
information on phase diagram of CaO–SiO2–Ce2O3–Al2O3 leads to the delay of
significant progress in the study of steel containing rare earth.

In this study, the liquid phase isotherm of CaO–SiO2–Ce2O3 system with 5wt.%
Al2O3 content was accurately determined by high temperature equilibrium experi-
ment, and the phase diagramof the above systemwas also determined,whichprovides
a theoretical basis for the refining ofRE-contained steel and the sustainable utilization
of RE-contained minerals.

Experimental

Preparation of Rare Earth Slag Samples

Rapid quenching technology keeps the original phase equilibrium structure state of
slag samples at the target temperature. In order to ensure the accuracy of the test
results, CaO powder, CeO2 powder, Al2O3 powder, and SiO2 powder with chemical
purity of 99.99% were used in the experiment. Firstly, these powders were placed
in muffle furnace (temperature measurement accuracy ±1 K) and baked at 1273 K
for 6 h to evaporate water and remove impurities. According to the predesigned
composition ratio, a balance with an accuracy of 0.0001 g was used to accurately
weigh. Then the powders were ground in agate mortar for 30 min to make the oxides
evenly mixed and served in platinum crucible. A high frequency induction furnace
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Fig. 1 High frequency
induction furnace

adopted in current research is shown in Fig. 1. Mixed powder samples were heated to
1923 K in a reducing atmosphere furnace with Ar+ 10% CO, and then the melt kept
the temperature for 3 h to get homogeneous liquid slag. Thereafter, the samples were
taken out from the high frequency induction furnace and inserted into the icewater for
quenching. In order to determine whether CeO2 could be completely converted into
Ce2O3 in reducing atmosphere, X-ray photoelectron spectroscopy (XPS) tests were
performed on the premelting samples. As shown in Fig. 2, the test results showed
that only Ce3+ but no Ce4+ existed in the premelting samples.

To ensure that there is no crystal precipitation in the slag sample during quenching
process, it is necessary to test whether the premelted slag is uniform glass phase.

Fig. 2 Test results showing
that only Ce3+ but no Ce4+

existed in the premelting
samples
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a b

Fig. 3 Microstructure and XRD test results of the premelted slag sample

The premelted slag was ground to below 300 mesh for X-Ray Diffraction (XRD)
detection. If crystallization precipitation was detected, the sample was discarded and
the content of each oxide was adjusted to carry out the premelting test of the slag
sample again. The microstructure and XRD test results of the premelted slag sample
are shown in Fig. 3, from which we can determine that the premelted slag sample is
glass phase with uniform composition.

The composition of quenching samplewas analyzed byX-RayDiffraction (XRD).
It can be seen that the actual measured content of each component shows a small error
compared to the design composition from the results listed in Table 1. The actual
measured contents of each samplewere projected onto theCaO–SiO2–Ce2O3–5wt.%
Al2O3 phase diagram, as shown in Fig. 4.

Equilibration Experiments

Thepremelted slagswith uniformcompositionwere adopted to conduct the equilibra-
tion experiments. A platinum crucible with the slag samples of different composition
was placed in a constant temperature zone in a box-type resistance furnace in which
the temperature wasmeasured by a B-type thermocouple with an overall temperature
accuracy of±1 K as shown in Fig. 5. All samples were heated to 1923 K for 1 h, after
which the temperature dropped to 1773 K, and was thermal insulation for 24 h to
ensure that the sample reached phase equilibrium state. High purity argon was used
as the protective gas to prevent the sample from oxidation in the whole process of the
experiment. Thereafter, the sample is also quickly quenched to room temperature.

The quenched samples were put into the resin for grinding and polishing before
Energy Disperse Spectroscopy (EDS) was used to detect the composition of the
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Table 1 Comparison of design composition and measured composition of quenched molten slag

Number Composition (wt.%)

Al2O3 SiO2 Ce2O3 CaO Total

N1 Designed 5 47.5 33.25 14.25 100

Measured 5.11 46.24 33.79 14.86 100

N2 Designed 5 57 28.5 9.5 100

Measured 5.82 53.23 31.21 9.74 100

N3 Designed 5 61.75 19 14.25 100

Measured 5.24 61.58 19.05 14.13 100

N4 Designed 5 66.5 9.5 19 100

Measured 4.53 74.3 6.92 14.25 100

N5 Designed 5 38 28.5 28.5 100

Measured 4.98 38.21 28.64 28.17 100

N6 Designed 5 35 55 5 100

Measured 5.29 35.38 54.01 5.32 100

N7 Designed 5 38 33.25 23.75 100

Measured 4.89 38.4 33.21 23.5 100

N8 Designed 5 38 42.75 14.25 100

Measured 5.04 32.53 43.95 18.48 100

N9 Designed 5 38 47.5 9.5 100

Measured 6.40 41.26 43.60 8.74 100

N10 Designed 5 42.75 47.5 4.75 100

Measured 5.55 45.69 44.41 4.35 100

N11 Designed 5 76 4.75 14.25 100

Measured 5.09 77.96 4.32 12.63 100

N12 Designed 5 52.25 4.75 38 100

Measured 5.75 54.51 4.76 34.98 100

N13 Designed 5 40.85 23.75 30.4 100

Measured 5.54 42.70 23.32 28.44 100

N14 Designed 5 66.5 16.625 11.875 100

Measured 4.95 68.27 16.08 10.70 100

N15 Designed 5 71.25 3.8 19.95 100

Measured 6.21 72.34 3.54 17.91 100

N16 Designed 5 66.5 23.75 4.75 100

Measured 4.64 67.09 23.68 4.59 100

N17 Designed 5 38 22.8 34.2 100

Measured 4.83 38.7 24.01 32.46 100

(continued)
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Table 1 (continued)

Number Composition (wt.%)

Al2O3 SiO2 Ce2O3 CaO Total

N18 Designed 5 38 38 19 100

Measured 5.56 36.69 40.12 17.63 100

N19 Designed 5 36.1 29.45 29.45 100

Measured 5.44 38.69 17.89 38.43 100

N20 Designed 5 52.25 28.5 14.25 100

Measured 4.99 50.2 29.6 14.76 100

N21 Designed 5 57 19 19 100

Measured 5.00 55.49 19.67 19.84 100

N22 Designed 5 38.95 0 56.05 100

Measured 4.91 40.24 0 54.85 100

N23 Designed 5 57 0 38 100

Measured 5.17 55.39 0 39.44 100

N24 Designed 5 74.1 0 20.9 100

Measured 5.08 72.76 0 22.16 100

N25 Designed 5 67.45 0 27.55 100

Measured 4.97 69.16 0 25.87 100

N26 Designed 5 39.9 2.85 52.25 100

Measured 5.23 40.54 12.36 41.87 100

N27 Designed 5 38.95 11.4 44.65 100

Measured 5.45 39.99 13.61 40.95 100

N28 Designed 5 38 52.25 4.75 100

Measured 4.88 35.56 55.55 4.01 100

N29 Designed 5 39.9 7.6 47.5 100

Measured 5.27 41.63 9.28 43.82 100

N30 Designed 5 52.25 38 4.75 100

Measured 6.46 49.05 39.77 4.72 100

coexisting phase in each quenched sample. The current and the electron beam accel-
eration voltage adopted by EDS tests are 15 mA and 15 kV, respectively. Another
portion of the quenched sample was ground into a powder and characterized by XRD
to identify the crystalline phase.
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Fig. 4 CaO–SiO2–Ce2O3–5wt.% Al2O3 phase diagram

Fig. 5 B-type thermocouple with an overall temperature accuracy of ±1 K
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Results and Discussion

Equilibrium Phase Composition of CaO–SiO2–Ce2O3–5wt.%
Al2O3 System at 1773 K

In general, the study of phase equilibrium inmulti-component systems can be simpli-
fied by constructing isothermal pseudo-ternary phase diagrams with fixed typical
components [12]. According to the industrial production conditions and common
composition of rare earth slag containing trace alumina, the content of Al2O3 is
fixed at 5wt.% in current research. A large number of secondary precipitates would
occur in some samples when quenched to room temperature, resulting in inaccurate
liquidus composition. Therefore, the phase equilibrium experiments of some samples
in CaO–SiO2–Ce2O3–5wt.% Al2O3 system were selected and studied, and multiple
regions in the phase diagram were covered as far as possible. The results of Field
Emission Scanning Electron Microscopy (FE-SEM) and XRD of quenched samples
show that the samples are composed of amorphous glass and crystalline phase. The
crystalline phase is solid precipitated at 1773 K, while the glassy phase is formed by
the quenching and supercooling of the liquid in equilibrium with the solid phase.

The chemical composition of glass phase and crystal phase was quantitatively
measured by EDS, and the crystal phase was further detected by XRD. It can be
found that there are six different equilibrium phases in the samples. Two kinds
of solid solutions also appear in Ce2O3–SiO2–CaO–5wt.% Al2O3 system, namely
CaO·2Ce2O3·3SiO2 and Ca2−xCexSiO4+δ. Those six different equilibrium phases
are: (1) the single liquid phase; (2) the solid–liquid equilibrium phase between
SiO2 and liquid phase; (3) the solid–liquid equilibrium phase between solid solu-
tion Ca2-xCexSiO4+δ and liquid phase; (4) the solid–liquid equilibrium phase between
CaO·2Ce2O3·3SiO2 and liquid phase; (5) the solid–liquid equilibrium phase between
Ce2Si2O7 and liquid phase; and (6) the three-phase equilibrium between SiO2,
Ce2Si2O7, and liquid phase. It is remarkable that there is no fixed molar ratio
between Ca2+ and Ce3+ in the Ca2-xCexSiO4+δ phase in this study. The reason for
this phenomenon is probably that Ce3 + can replace part of Ca2+ in the compound
Ca2SiO4, resulting in Ca2-xCexSiO4+δ. Gao [13] studied the reaction behavior of rare
earth elements in Bayan Obo minerals during the reduction process, and his research
results consistent with those in current paper.

All microstructure and XRD patterns of the equilibrium phase of CaO-SiO2-
Ce2O3-5wt.% Al2O3 system are shown in Fig. 6. However, the results indicated
by XRD and SEM–EDS cannot reveal its exact chemical composition. Due to the
similarity of ion radius and oxygen coordination between Ca2+ and REE3+, there
was an incomplete occupation relationship between Ca2+ and Ce3+, which would
change the composition of the equilibrium phase [14]. Therefore, the trace chemical
composition of the equilibrium phase was quantitatively analyzed by Electro-Probe
Microanalyzer (EPMA) measurement, and the composition of all phases in each
investigated sample was summarized in Table 2. The measured compositional data
are normalized, which are used to construct phase diagrams.
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Fig. 6 Microstructure and XRD patterns of the equilibrium phase of CaO–SiO2–Ce2O3–5wt.%
Al2O3 system
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Fig. 6 (continued)
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Table 2 Equilibrium phase compositions at 1773 K

Sample No Phase Composition (wt.%)

Al2O3 SiO2 Ce2O3 CaO

N2 L 5.94 56.12 28.71 9.23

SiO2 0.35 99.31 0.24 0.1

N3 L 5.36 60.96 19.7 13.98

SiO2 0.29 99.17 0.45 0.09

N4 L 5.73 65.5 10.3 18.47

SiO2 0.24 99.35 0.22 0.19

N5 L 4.54 37.88 17.01 40.57

CaO·2Ce2O3·3SiO2 0.16 20.47 73.23 06.14

N6 L 7.21 42.44 41.82 8.53

Ce2Si2O7 0. 21 26.81 72.63 0.35

N7 L 7.23 42.64 25.64 24.49

CaO·2Ce2O3·3SiO2 0.16 21.13 72.72 5.99

N8 L 10.86 43.84 30.3 15

CaO·2Ce2O3·3SiO2 0.06 22.47 71.3 6.17

N9 L 7.58 45.68 37.02 9.72

CaO·2Ce2O3·3SiO2 0.13 21.59 72.07 6.21

N10 L 6.45 48.12 40.52 4.91

Ce2Si2O7 0.22 99.48 0.12 0.18

N11 L 6.23 67.75 7.49 18.53

SiO2 0.76 98.1 0.45 0.69

N13 L 5.37 42.72 25.01 26.9

CaO·2Ce2O3·3SiO2 0. 07 19.93 73.34 6.66

N15 L 5.95 67.37 5.24 21.44

SiO2 0.4 98.9 0.52 0.18

N16 L 7.8 53.19 33.48 5.53

SiO2 0.35 99.09 0.37 0.19

N17 L 6.43 39.02 21.66 32.89

CaO·2Ce2O3·3SiO2 0.25 21.79 70.87 7.09

N22 L 6.66 41.01 0.01 52.32

Ca2SiO4 0. 41 64.12 0 35.47

N25 L 8.33 65.8 0.02 25.85

SiO2 0.75 98.74 0.3 0.21

N27* L 8.04 36.55 11.96 43.45

Ca2SiO4 1.14 34.32 12.11 52.43

(continued)
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Table 2 (continued)

Sample No Phase Composition (wt.%)

Al2O3 SiO2 Ce2O3 CaO

N28 L 6.39 40.48 47.98 5.15

Ce2Si2O7 0.11 25.46 74.42 0.01

N29* L 6.82 38.3 8.42 46.46

Ca2SiO4 0.46 31.79 15.45 52.30

N30 L 6.17 50.65 38.61 4.57

SiO2 0.33 99.35 0.18 0.14

Ce2Si2O7 0.09 27.87 71.49 0.55

* Represents the results obtained by converting Ce3+ into Ca2+

As shown in Fig. 6a, b, the precipitated phase in sample N3 is only SiO2, the
equilibrium result of sample N2, N4, N11, N15, N16, and N25 is the coexistence
phase of SiO2 and liquid phase, also. Sample N7 presents a phase equilibrium state
in which CaO·2Ce2O3·3SiO2 coexists with the liquid phase, and the gray phase is
CaO·2Ce2O3·3SiO2, as shown in Fig. 6c. A single liquid phase of sample N12 in
Fig. 6e is taken as the representative, indicating that its fractional point is within
the liquid phase region, while samples N1, N20, and N21 have the same equilibrium
results. In the samplesN6,N10, andN28, combiningwithXRDresults, it is confirmed
that the Ce2Si2O7 phase coexists with the liquid phase, as shown in Fig. 6. The dark
gray strip is Ce2Si2O7 phase, and the matrix phase is coexisting liquid phase. As
shown in Fig. 6i, combined with the phase composition and XRD pattern in Table
2, it is confirmed that the light gray precipitated phase of sample N27 is aggregated
as Ca2SiO4, and the dark gray is liquid phase. It is easy to observe the existence of
three equilibrium phase in sample N30 through analyzing Fig.6k. By combining the
XRD pattern results and EDS results, it is easy to find that the black phase, light gray
phase, and the dark gray phase are SiO2, Ce2Si2O7, and liquid phase, respectively. It
should be noted that part of Ca2+ was replaced by Ce3+ in the sample with ‘*’. Thus,
the precipitated phase Ca2SiO4 was obtained by converting Ce3+ into Ca2+.

Construction of the Isotherms

In the process of sample preparation, the content ofAl2O3 was set at 5wt.%.However,
due to the crystal precipitation in the slag, the content of Al2O3 in the quenching
phase cannot be accurately controlled within 5wt.%. Therefore, the composition of
the quenched liquid must be standardized so that the phase relationship of CaO–
SiO2–Ce2O3–5wt.% Al2O3 system can be represented by phase diagram [15, 16].
Based on the above experimental results, the liquid phase isotherms of CaO–SiO2–
Ce2O3–5wt.% Al2O3 system at 1773 K are shown in Fig. 7. It can be seen that
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Fig. 7 Liquid phase
isotherms of
CaO–SiO2–Ce2O3–5wt.%
Al2O3 system at 1773 K

when the content of Al2O3 is constant, the liquid phase region has a tendency to
extend towards the Ce2O3–SiO2 boundary. Yet, there is still no liquid region on
the Ce2O3–SiO2 boundary of the above system, indicating that in the Ce2O3–SiO2–
5wt.% Al2O3 system. Therefore, we can speculate that when the temperature of the
above equilibrium system increases again, a small part of the liquid phase region
may appear on the phase boundary of Ce2O3–SiO2, which we will study in the
follow-up work. In this study, the range of basicity of the liquid phase increased with
the decrease of Ce2O3 content. However, the liquidus temperature expands with the
increase of Ce2O3 content at a fixed basicity.

Phase Diagram of CaO–SiO2–Ce2O3–5wt.% Al2O3 System

Based on all the results of current research, the isotherms and phase relationships of
the specific composition associated with the rare earth element Ce are constructed
as shown in Fig. 8. The liquid phase data obtained by the experiment in this study
is basically consistent with the known data points of CaO–SiO2–Al2O3 system,
which also proves that this experiment has a high accuracy. According to the law of
adjacent phase regions and the trend of phase boundary shown by the experimental
results, the phase relations in regions 2, 3, and 4 are deduced, namely the three-phase
equilibrium between Ca2−xCexSiO4+δ, CaO·2Ce2O3·3SiO2, and the liquid melt, and
the two-phase equilibrium between Ce2Si2O7 and the liquid melt. In addition, in
Fig. 8, the solid phase area with SiO2 content less than 20wt% and the area marked
by the dotted line have not studied yet in this work.

The variation trend of the primary crystal phase at 1773 K can be summarized as
follows. The liquid phase is mainly in the SiO2 content in the range of 45–70%, in
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Fig. 8 Solid phase area with SiO2 content less than 20wt% and the area marked by the dotted line
have not been studied

the low cerium oxide content and low basicity region; the primary phase is silica. In
the region with high basicity and low cerium oxide content, the precipitated phase
is calcium silicate. The main precipitated phase is changed into CaO·2Ce2O3·3SiO2

with the increase of cerium oxide content.

Conclusion

The phase equilibrium relationship of CaO–SiO2–Ce2O3–5wt.% Al2O3 phase
diagram system has been studied in current research. The equilibrium phases at
1773 K are determined by using XRD, XRF, EPMA, FE-SEM, and EDS analysis.
The main results can be summarized as follows.

(1) The composition and content of liquid phase (L), CaO·2Ce2O3·3SiO2 solid
solution phase, Ca2−xCexSiO4+δ solid solution phase, andCe2Si2O7 phasewere
determined by XRD, XRF, EPMA, FE-SEM, and EDS analysis using high
temperature equilibrium technology at 1773 K;

(2) The isothermal liquidus of CaO–SiO2–Ce2O3–5wt.% Al2O3 system at 1773 K
was determined by high temperature equilibrium experiments. At the same
time, the positions of the primary crystal regions of the four precipitated phases
were determined;

(3) According to the experimental results and relevant literature, the phase diagram
of CaO–SiO2–Ce2O3–5wt.% Al2O3 system was obtained.
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Investigation of Bubble Penetration
Through Interface Between Immiscible
Liquids

Xiangfeng Cheng, Baojun Zhao, Fuming Zhang, Gele Qing,
and Zhixing Zhao

Abstract As an important source of copper losses to the slag, SO2 bubbles formed in
the quiescent settlement zone of smelting furnace bringmatte into slag phase through
the immiscible matte-slag interface. The penetration and entrainment mechanisms
of large bubbles were studied while the entrainment by micro bubbles was rarely
investigated. In this paper, attachment of matte droplets to micro SO2 bubbles in
the industrial smelting slags and laboratory samples have been confirmed by high-
temperature experiments. The bubble penetration behaviors through liquid–liquid
interface were simulated by the cold model experiments using water and silicone oil.
Results showed that fine gas bubbles can pass through the liquid–liquid interface and
cause the heavier liquid entrainment. Although the critical bubble penetration size
deduced in previous studies is inconsistent with the phenomenon observed in cold
model experiments, it is an important parameter to classify the bubble entrainment
regimes which is closely associated with the bubble penetration regimes. Greene’s
theoretical derived values of critical bubble penetration and entrainment sizes are in
good agreement but comparatively higher than the experimental results. The Weber
numbers based on the critical bubble penetration size, heavier liquid density, and
interfacial tension under different experimental conditions are normally between 4
and 4.5.

Keywords Copper loss ·Micro bubbles · Liquid–liquid interface · Penetration
mechanisms
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Introduction

The bottom blowing smelting furnace (BBF) and Teniente Converter (TC) are the
two important bath copper smelting furnaces used mainly in China and Chile,
respectively. BBF injects high pressures gases (high oxygen enrichments: approx-
imately 70%) into the bath using 7° and 22° oxygen lances and is operated at
l160–1200 °C [1]. The gases with low oxygen enrichments (35–42%) were applied
in TC and injected horizontally at relatively low pressures [2], and the operating
temperature of TC is around 1250 °C. The average copper content in BBF slag is
around 3.5 wt%, while the copper content in TC smelting slag is controlled to be
around 9 wt%.

In the smelting process, copper concentrate would experience fierce oxidization
with oxygen enriched air in the reaction zone, and then two stratified liquid layers
would be formed in the relatively quiescent settlement zone. Theoretically, the slag
phase (approximately 0.5 m thick) above matte would be discharged cleanly through
discharging hole at the end of the smelting furnace. However, the insufficient oxidiza-
tion of copper concentrate in reaction zone would cause further oxidisation in the
settlement zone, leading to numerous microbubbles generation in the matte phase,
as shown in Eq. 1.

CuFeS2(s) + O2(g) + SiO2(s)(Cu− Fe− S)(l)

+ FeO− SiO2(l) + SO2(g) + heat (1)

Several experimental and numerical studies were carried out on bubble passage
through the immiscible liquid–liquid interface by cold model experiments. Some
researchers proposed that there exists a critical bubble size that could provide suffi-
cient upward force to overcome the interfacial tension to pass through the interface
between superposed liquid layers, and the criterion for the size evaluation depends
on liquids surface tensions and densities [1–3]. However, some studies reported
that the bubble would be trapped at the interface for milliseconds to minutes if the
bubble buoyancy force and inertia force cannot overcome interfacial tension. With
the drainage of disjoining film between bubble and interface, the bubble would even-
tually pass through the interface when the film reaches a critical thickness, which
contradicts previous theories [4–6]. Considering the precondition of heavier liquid
entrainment by rising gas bubbles is that those bubbles are capable of penetrating the
liquid–liquid interface; it is necessary to carry out further studies on fine bubble pene-
tration behaviors and their corresponding entrainment regimes. Meanwhile, quite
limited research attached importance to the metal entrainment by bubbles in molten
metal-slag systems at high-temperature specifically until now. Therefore, the present
study was to clarify the fine bubble penetration behaviors at a liquid–liquid interface
in cold model experiments by integrating the analysis of as-received industrial slag
samples.

In thiswork, the industrial slag samples from the bottom-blown furnace (BBF) and
side-blown furnace (TC) were analysed by Scanning Electron Microscope (SEM)
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to evaluate the SO2 bubble effects on matte entrainment. Flow regimes of fine and
large bubbles at the liquid–liquid interface were observed by high-speed camera, and
the suitable equations suitable to predict bubble terminal velocities were compared.
Critical bubble sizes to classify the flow regimes were compared.

Experimental

Materials

Liquid–liquid systems in cold model experiments were designed with varying chem-
ical compositions, namely silicone oils (10cP, 50cP, 100cP, 200cP, 500cP, Sigma-
Aldrich, USA), SDS (Sodium Dodecyl Sulphate) (99.0%, Sigma-Aldrich, USA),
Glycerol (99.0%, Sigma-Aldrich, USA), and CaCl2 (93.0%, Sigma-Aldrich, USA).
SDS powder was added into the solution to adjust surface tension without density
and viscosity variation. Glycerol solutions of different weight percentages (80, 70,
60, and 40%) were used to change heavier liquid viscosities, and the liquid viscosity
could increase from 60 to 3.72cP, while the density and surface tension remained
constant by adding SDS powder. The Calcium Chloride of different weight percent-
ages was used to change heavier liquid density due to the high solubility in water.
Interfacial tension was determined as the difference between the surface tension of
the two liquids. Water, glycerol, CaCl2, and silicone oils were used to create a series
of liquid–liquid interface systems. The liquid combinations were chosen to cover
a broad range of interfacial tensions, viscosities, and density ratios, as shown in
Table 1.

Experimental Apparatus

The system consisted of a transparent glass container (80 mm× 80 mm× 600 mm),
in which a single bubble was generated through a glass inlet tube connecting with
a syringe pushed by a syringe pump. A high-speed camera was placed at the level
of interface between immiscible liquids in front of the glass cube to capture the
bubble penetration behaviours at 500 fps; a normal camera was used to make up
the high-speed imaging defect of the limited view field. A light source (XGY-II)
in the opposite direction of the high-speed camera was used to provide dispersed
light through a light shading board to illuminate liquids in the glass cube. Air was
injected from a syringe pushed by a syringe pump, and the flow rate was controlled
using this syringe pump. The bubble size could be controlled through some specially-
made glass nozzles which are replaceable in the notch of the gas injection tube. The
experimental apparatus was shown in Fig. 1.
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Fig. 1 Cold model experimental apparatus

Four bubble shapeswere observed in coldmodel experiments, i.e. spherical, oblate
ellipsoidal, oblate ellipsoidal cap, and spherical cap. Small bubbles tend to present a
spherical shape and become elliptical when bubble size grows larger. The bubble size
and terminal velocity were processed by ImageJ. Due to the deformation of rising
bubbles, the equivalent bubble diameter was defined as

deq =
(
d2
h dv

)1/3
(2)

where dh and dv are horizontal and vertical diameters, respectively.

Results and Discussion

Analysis of Industrial Slag Samples

A series of slag samples were collected during slag tappings in commercial BBF and
TC and analysed by SEM systematically. The typical microstructures of the BBF
and TC slag are shown in Fig. 2a, b, respectively. Quantitative analyses of 368 SEM
images of industrial BBF and TC slags show that 14.8% and 11.2% matte droplets
are attached to gas bubbles, respectively, compared to 0.2% and 0.4% matte droplets
attached to spinel solids. The average bubble size in BBF and TC slags is 130 µm
and 168µm, respectively, with a maximum bubble size of 1800 µm. The attachment
between matte and micron bubbles in the industrial slag samples demonstrates the
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Fig. 2 Attachment between matte droplets and SO2 bubbles in BBF slags a and TC slags b

significant effect of micro bubbles on matte entrainment in the matte-slag system at
the high temperature.

Small Bubble Penetration Behaviors

In cold model experiments, some small bubbles, usually smaller than 3 mm in diam-
eter, cannot penetrate the interface directly and will dwell for a short period as
reported in previous studies [1–3]. To visualize the small bubble penetration and
entrainment behaviours at the interface, high-speed imaging techniques were used
in cold model experiments.

The sequential photographs of the whole penetrating process of a small bubble
(2.5 mm in diameter) through a water-10cP silicone oil interface were shown in
Fig. 3. The interfacial force between water and silicone oil tends to prevent the
bubble from crossing the interface and makes bubbles dwell at the interface for up
to several seconds as shown in Fig. 3a. The thin bubble cap film will drain gradually
from the bubble top surface due to the pressure gradient in this period. When bubble
cap film is thin enough, the gas bubble will break up the interface and rise to the
top at t = 0.005 s, as shown in Fig. 3b. The whole heavier liquid peeled off the gas
bubble completely within 0.01 s and began to detach from the interface, as shown in
Fig. 3c–e. No visible water column is formed in this process due to the insufficient
buoyancy force for smaller gas bubbles to penetrate the interface directly and drag
denser liquid globules into the upper phase. The formation of water columns behind
gas bubbles is associated with the immiscible liquid properties and interfacial tension
force [5]. The short denser liquid bridge connecting bubble and interface shown in
Fig. 4e breaks eventually, and a small proportion remains stably at the bubble bottom
surface. The whole duration time from bubble cap film rupture in Fig. 3a to complete
detachment from an interface in Fig. 3f lasts only 0.067 s. It is hypothesized that
the denser liquid entrainments by small gas bubbles are mainly in the form of thin
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Fig. 3 Small gas bubble transporting behaviouor at interface

Fig. 4 Water layer
accumulation at silicone oil
surface after bubble rupture

liquid film accumulated at the bottom of rising bubbles. The surface tension of thin
denser liquid film makes it difficult to peel off the bubble bottom surface to form
a free denser liquid globule as shown in Fig. 3f. It should be noted that interfacial
tension force counteracting bubble buoyancy force and inertia force at the first bubble
impact would decrease with the drainage of bubble cap film due to the changing film
thickness and interface curve, leading to the force unbalance [7, 8].

Although the thin water film is difficult to be identified directly from a series of
photographs due to the limited film thickness and imaging technique limitation by
high-speed camera, the water entrainment by a small-sized bubble was confirmed by
a normal speed camera. Several gas bubbles with diameters controlled between 0.5
and 3 mm in cold model experiments were observed as shown in Fig. 4. The water
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phase is dyed with red ink to provide good contrast between the enveloping water
layer and the upper liquid. All fine bubbles passed through the interface eventually
despite a short dwelling at the interface, and a thin red water film was found to be
floating at the bottom of the rising bubble due to gravity force in front of the white
background.With the accumulation ofwater droplets from the ruptured bubbles at the
surface of the silicon oil, a clear thin red water layer was observed at the top of silicon
oil as seen in Fig. 4. The observation in cold model experiments was consistent with
the SEM analysis of industrial slags samples in Fig. 2, which shows a large number
of matte droplets attachment to SO2 gas bubbles (diameter: 0.016 –1.8 mm) in slag
samples.

Medium Bubble Penetration Behaviours

Sequential photographs in Fig. 5a–f illustrate the penetration process of a medium
gas bubble (5mm in diameter) through a water-silicone oil 50 cP interface. The water
column formswhen a gas bubble attempts to penetrate the water-silicone oil interface
at t = 0.218 s (Fig. 5b), and a discernible water layer covers the bubble surface at t =
0.236 s (Fig. 5c). After the water column breaks at a certain height, the water layer
centres beneath the gas bubble due to the higher specific gravity (Fig. 5c). The water
layer starts to peel off the gas bubble and forms a spherical water droplet underneath
(Fig. 5d, e) which will detach from the bubble when interfacial tension can no longer
support the gravity of the water droplet. The water droplet continues to rise due to
the bubble wake effect and its original momentum (Fig. 5f) and settles after reaching

Fig. 5 Medium bubble penetrating behaviour at interface
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a certain height in the silicon oil. Previous studies mainly focused on the heavier
liquid entrainment by bubbles that can cross the interface directly and carry visible
large liquid droplets into the upper phase and ignored the micro bubbles effect in the
liquid–liquid system, particularly in metal-slag systems at high temperature [4–6,
9–11].

Bubble Terminal Rising Velocity

As a function of bubble rising velocity, Weber number We is an important dimen-
sionless number and parameter in fluid mechanics to analyse an interface between
two different fluids, particularly for multiphase flows with strongly curved surfaces.
Bubble rising velocity is a complicated function of the bubble geometry, the liquid
physical properties, and the physicochemical properties of the gas–liquid interface.
A variety of equations were discussed to predict bubble rising velocity in different
experimental conditions. The bubble penetration behaviours are essentially the result
of the interaction of bubble buoyancy force, bubble inertia force, and interfacial
tension force. Weber number We relating the inertia forces to the forces resulting
from surface tension is indicative of the kinetic energy required to induce the inter-
face deformation necessary for bubble passage, which is related to bubble rising
velocity [4, 12]. Therefore, Stokes equation, Hadamard and Rybczynski equation
(H-R), Mendelson equation, Davies and Taylor equation, and equation deduced by
Travis to predict the rising velocities of bubbles based on previous studies were
briefly discussed here [4, 13–15]. A high-speed camera was used to measure the
bubble terminal velocity in water, 10 cP silicone oil, 50 cP silicone oil, and 100 cP
silicone oil in cold model experiments as shown in Fig. 6a-d, respectively.

As we can see in Fig. 6a–d, Stokes or H-R equations can predict terminal velocity
well for small bubbles in micron scale in different silicone oils. However, with the
increase of bubble size, the terminal velocity correlation for bubble mobile surface
conditions by Travis can well fit the experimental results with bubble size between 1
and 10mm. Thus, it can be used to predict bubble velocity in cold model experiments
considering a similar bubble size range. The terminal velocity correlation for bubble
immobile surface conditions can predict bubble terminal velocity more precisely in
pure water. Davies and Taylor’s correlation and Mendelson’s correlation are suitable
for bubbles larger than 10 mm in diameter.

Discussion on Weber Number and Critical Bubble Penetration
Size

Bubble penetration behaviours through the liquid–liquid interface are essentially the
interaction result of bubble buoyancy force, inertial force, and interfacial tension.
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Fig. 6 Comparison of correaltions to predict bubble terminal velocity

As a measure of the relative importance of the fluid’s inertia compared to its surface
tension,We can be used to characterize the kinetic energy of a rising bubble and the
interfacial free energy from the interface to counteract this energy, as shown in Eq. 3.

We =
(

8

CD

)
(

ρv2

2 CDπ d2

4

)

(πdσI )
= ρ2v2d

σI
(3)

where v is bubble rising velocity, m/s; CD is the drag coefficient; ρ2 is the density of
heavier liquid, kg/m3; d is bubble diameter, m; σI is interfacial tension, N/m.

As shown in Fig. 3, fine bubbles dwelling at the interface due to the lower bubble
buoyancy force and inertia force than interfacial tension can penetrate interface with
the drainage of bubble cap film. However, whether bubbles can overcome interfacial
tension and cross interface directly at the first impact has a significant influence on
heavier liquid entrainment regimes by comparison between Figs. 3 and 4. It should
be noted that the volume of visible heavier liquid layer suspending at the bottom of
larger bubbles in Fig. 4 is much larger than the indiscernible liquid film enveloping
the bubble surface. Thus, previous studies on critical bubble penetration and entrain-
ment sizes make sense in classifying the heavier liquid entrainment methods by
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rising bubbles. Greene et al. proposed the theoretical critical bubble penetration and
entrainment volumes by balancing a static bubble buoyancy force and interfacial
tension and compared with experimental results in cold model experiments [1, 2].
Furthermore, dimensionless number We using bottom liquid density and interfacial
tension bubbles was analysed in experiments. Different from previous studies based
on the static model, We can be used to measure the bubble penetration ability to
cross interface at the first impact at the interface in dynamic conditions by consid-
ering inertia force. In other words, a highWe number means higher kinetic energy to
overcome the constant interfacial energy and could penetrate the interface directly.

As shown in Fig. 7a–d, the critical bubble penetration and entrainment sizes based
on Greene’s theory are very close but larger than experimental results in different
experimental conditions, which is probably because Greene’s model was built in
static conditions and neglected bubble inertia force. With increasing the interfa-
cial tension, the critical bubble penetration and entrainment size increase, which
is in agreement with experimental results. The heavier liquid density has signifi-
cant effects on bubble entrainment size but a slight influence on bubble penetration
size, which also can be confirmed by experimental results. Upper and heavier liquid
viscosity have little effect on those two critical bubble sizes, which can be seen from
the tiny change of experimental data. It should be noted that theWeber number using

Fig. 7 Comparison of critical bubble size between Greene’s theory experimental result and Weber
number



236 X. Cheng et al.

bottom liquid density, interfacial tension, and critical bubble penetration size fluctu-
ates around 4.25 between 4 and 4.5 under different experimental conditions, which
is of great reference value to determine the heavier liquid entrainment regimes by
small bubbles.

Conclusions

In this study, the attachment between micro bubbles and matte droplets in industrial
slag samples was confirmed by SEManalysis. In coldmodel simulation experiments,
small bubbles and larger bubbles penetration behaviours through immiscible liquids
interface by the high-speed camera were investigated. It was found that fine bubbles
stuck at the interface due to interfacial tensionmanaged to cross interfacewith bubble
cap film drainage, and thin indiscernible film enveloping bubbles was observed.
Bubbles capable of penetrating interface directly tend to drag a liquid layer at the
bottom surface stably, which could lead to heavier liquid entrainment in the upper
phase. Greene’s hypothesis about critical bubble penetration and entrainment sizes is
basically in agreement with experimental results while a little higher. Weber number
using bottom liquid density, interfacial tension, and critical bubble penetration size
varied between 4 and 4.5, which could provide valuable guidance for industrial
operations.
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Calculation of Heat Loss of Furnace Body
in Electric Arc Furnace Steelmaking

Zhihui Li, Lingzhi Yang, Yufeng Guo, Shuai Wang, and Hang Hu

Abstract The heat loss of furnace body in EAF steelmaking process is large and
difficult to quantify, which affects the accurate control of smelting end temperature.
In this paper, the EAF body is divided into four parts, namely the upper shell, the
lower shell, the bottom of the furnace, and the furnace cover. The heat transfer in
different regions is studied to explore the characteristics of radiation heat transfer and
convection heat transfer between the EAF body and the surrounding environment. A
theoretical calculation method of heat loss in EAF steelmaking process is obtained,
which provides a theoretical basis for energy saving and emission reduction of EAF
steelmaking.

Keywords EAF steelmaking · Heat loss · Furnace division · Heat transfer behavior

Introduction

Electric arc furnace steelmaking (EAF steelmaking) is a steelmaking method with
electric energy as the heat source. It is a steelmaking method that converts electric
energy into heat energy in arc light. In the process of EAF steelmaking, how heat is
transferred has always been the focus of research by metallurgical workers in China
and abroad.

Domestic and foreign scholars have carried out a lot of research work on heat
transfer analysis in EAF steelmaking process and have made some progress. Chen
et al. [1] derived the analytic formula of radiation heat transfer of single electrode
arc to molten pool and lining by using radiation heat transfer principle and obtained
the law of radiation heat transfer. Guo et al. [2] used a method of numerical model
to numerically calculate the velocity field and temperature field of ions, revealing
the flow and heat transfer law of arc plasma in DC EAF. Qiao [3] pointed out that
during the flat phase of molten pool, only a small part of the heat released from
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the ion body surface to the surrounding was put into the molten steel by convection
and radiation, and most of it was discharged in the form of furnace gas and lost
due to cooling water. Camdali et al. [4] analyzed the heat transfer of AC EAF and
determined the convection and radiation heat loss of the outer surface, top, and bottom
of the EAF in detail.Zhao et al. [5] analyzed the heat transfer characteristics of DC
arc, the heat transfer characteristics of flue gas, and the heat loss of furnace body
from the perspective of energy balance, so as to obtain the heat transfer status in
the actual operation of EAF. In addition, the analysis of heat transfer has also been
widely developed by establishing models. Moghadam et al. [6] established a two-
dimensionalmathematicalmodel to describe the heat transfer and fluid flow inACarc
zone of heat furnace and calculated the heat transfer from arc to melt surface. Wang
et al. [7] established a three-dimensional heat transfer model of tube cooling wall of
EAFanalyzed the heat transfer, and obtained the heat flux intensity of the coolingwall
and the temperature distribution of the key parts. Opitz et al. [8] introduced a radiation
heat transfer model of EAF. The model not only considered the radiation exchange
between the inner surface of the vessel but also considered the radiation heat transfer
between the surface and the participating medium. At the same time, the calculation
formula of radiation heat transfer affected by the medium was given. Wang et al. [9]
established a three-dimensional mathematical model and studied the basic flow and
heat transfer law of DC EAF melt. Contreras-Serna et al. [10] developed a model
based on the heat transfer law. The model considered the surface energy balance
between different layers of the EAF wall and the heat radiation from the arc and slag
surface to the furnace wall and determined the temperature distribution of the tubular
plate and calculated the heat transfer.

Through the study of the above heat transfer process, metallurgical researchers
can get the internal heat transfer mechanism of the EAF, but a large part of the
heat loss in the process of steelmaking is carried out the furnace body. There is
little research on the radiation heat transfer and the convective heat transfer between
EAF body and external environment. At present, this part of the heat loss cannot be
quantified by specific measuring instruments and calculation methods, and it lacks
enough attention. Therefore, based on the basic theory of heat transfer, this paper
proposes a calculation method for determining the heat loss of the furnace body in
the process of EAF steelmaking, to determine the order of magnitude of the radiation
heat transfer loss and convection heat transfer loss caused by the large temperature
difference between the furnace body and the surrounding building in the process
of EAF steelmaking and to understand the size of the heat loss from an intuitive
perspective.

Theoretical Analysis of Heat Transfer

This paper mainly analyzes the characteristics and ways of heat transfer in EAF
steelmaking process and calculates the heat loss between the furnace body area and
the surrounding environment in EAF steelmaking process.
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Heat Transfer Behavior in Furnace Body

The heat loss of the furnace body area is analyzed, and the heat dissipation methods
of the furnace body area are mainly:

(1) The furnace body area has a high temperature in the smelting process, which
will radiate a large amount of heat to the external objects. The radiation heat
transfer heat loss caused by temperature difference between the furnace body
area with higher temperature and the surrounding building envelope with lower
temperature is the radiation heat transfer between the cavity and the inner wall.
Radiation heat loss of furnace body mainly includes radiation heat loss of
furnace body and radiation heat loss of furnace door.

(2) In the process of EAF smelting, the temperature of the furnace body is high,
and the air in the surrounding environment is heated to rise, and the convective
heat transfer between the furnace body and the furnace is carried out. The
convective heat transfer mode belongs to the natural convective heat transfer
in large space.

(3) In order to prevent overheating damage caused by too high temperature in the
furnace shell, furnace cover, and other areas, it is often necessary to provide
cooling water by means of cooling water pipes circling the relevant areas.
Convection heat transfer is carried out between the cooling water and the
furnace body, and the heat transfer mode is inter-wall convective heat transfer.

Geometrical Composition and Heat Transfer Characteristics
of Furnace Body Area

Based on the division of the furnace body, and according to the temperature charac-
teristics, geometric parameters, and relative positions of different parts of the furnace
body area, the furnace body is divided into the upper shell part, the lower shell part,
the bottom part, and the furnace cover part. The geometric elements of the furnace
body area are shown in Fig. 1.

The heat transfer characteristic of the bottom part of the furnace is the convective
heat transfer between the air and the surrounding environment, which is the convec-
tive heat transfer of the air heated by the vertical wall and the convective heat transfer
of the air heated by the hot surface downward.

The heat transfer characteristic of the lower shell is the convective heat transfer
of the air heated on the vertical wall and the convective heat transfer of the air heated
up the hot surface when convective heat transfer is carried out between the lower
shell and the air in the surrounding environment.

The heat transfer characteristic of the upper furnace shell is that when convec-
tive heat transfer is carried out between the upper furnace shell and the air in the
surrounding environment, the vertical wall heats the convective heat transfer of the
air.
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Fig. 1 Geometric composition diagram of furnace body area

The heat transfer characteristic of the furnace cover is the convective heat transfer
between the furnace cover and the air in the surrounding environment, which is the
convective heat transfer of the air heated on the vertical wall and the convective heat
transfer of the air heated up the hot surface.

Modeling and Calculation

Heat Loss Caused by Cooling Water in the Furnace Body Area
of the EAF

There are cooling water pipes outside the furnace body area, which are used to cool
the various parts of the furnace body area. The heat carried away by the cooling water
in each part of the furnace body area in unit time can be calculated by Eq. (1).

QiW=ciρi Vi (Tiout − Ti in) (1)

where QiW is the heat carried by the cooling water of each part of the furnace body
area, W ; Ti in and Tiout are the inlet and outlet temperatures of cooling water in each
part of the furnace body area, respectively, K; The qualitative temperature TiW (K)
determined by the average inlet and outlet temperature of coolingwater is determined
by Eq. (2).ci is the specific heat capacity of cooling water determined by qualitative
temperature TiW , J/(kg·K); ρi is cooling water density determined by qualitative
temperature TiW , kg/m3; Vi is the volume flow rate of cooling water unit time in each
part of the furnace body area, m3.
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TiW = Tiout + Ti in
2

(2)

Heat Loss of Convective Heat Transfer in EAF Body

According to the experimental correlation of natural convection in large space:

Num = C(Gr · Pr)nm (3)

Gr = gαV�T l3

ν2
(4)

Pr = ρcν

λ
(5)

At the same time, for natural convection heat transfer process, Num can also be
calculated by the following formula:

Num = hl

λ
(6)

Therefore, fromEqs. (3) and (6), calculation formula of average surface convective
heat transfer coefficient of heat transfer wall in EAF can be obtained:

h = λNum
l

= λC(Gr · Pr)nm
l

(7)

In this equations, Num is Nusselt number, and it represents the relative size of
dimensionless temperature gradient on the furnace wall; Gr is Grashof number, and
it characterizes the relative magnitude of natural convection, buoyancy and viscous
force; Pr is Prandtl number, and it represents the relative size of momentum diffu-
sion capacity and thermal diffusion capacity; g is acceleration of gravity, m/s2, the
recommended value is 9.81 m/s2; αV is the volumetric expansion coefficient of fluid
(air) around the furnace body area, for gases conforming to the nature of ideal gas,
αV = 1

T in Eq. (4), T is the air qualitative temperature determined by the average
temperature of each part of the furnace body area and the surrounding mainstream
air temperature by Eq. (8), K; TA and TM , respectively, represent the average temper-
ature of each part of the furnace body area and the surrounding mainstream air
temperature, K; l is the characteristic length of the heat transfer wall in the furnace
body area where the fluid (air) flows through, m;h is the average surface convective
heat transfer coefficient of the heat transfer wall in the furnace body area, W/(m2 ·
K); α is the thermal diffusion coefficient of fluid (air), m2/s; ν is the viscous coeffi-
cient of fluid (air) motion determined by the qualitative temperature, m2/s; λ is the
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thermal conductivity of fluid (air), W/ (m · K); c is the specific heat capacity of fluid
(air) determined by qualitative temperature, J/(kg · K); ρ is the fluid (air) density
determined by the qualitative temperature, kg/m3.

Therefore, it can be concluded that the heat between the heat transfer wall of the
furnace body area and the surrounding air due to convective heat transfer:

Q = hA�T = λC(Gr · Pr)nm
l

A�T (8)

For the coefficient C and index n, the actual fluid (air) flow pattern around the
furnace area can be judged by using the Grash of number and the Prandtl number,
so to determine the value of the coefficient and index. The judgment is based on the
following Table 1:

According to the above method, calculate convective heat transfer loss of upper
shell part by Eq. (9).

Q1 = C1A1Vλ1C(T1 − T1A)

l1

[
2gρ1Cc1C(T1 − T1A)l31

ν1Cλ1C(T1 + T1A)

]n1

(9)

Similarly, the convective heat transfer loss of the lower shell can be calculated.
Since the convective heat transfer loss of the lower shell is composed of two parts, it
is:

Q2 = Q2H + Q2V = C2H A2Hλ2C(T2 − T2A)

l2H

[
2gρ2Cc2C(T2 − T2A)l32H

ν2Cλ2C(T2 + T2A)

]n2H

+ C2V A2Vλ2C(T2 − T2A)

l2V

[
2gρ2Cc2C(T2 − T2A)l32V

ν2Cλ2C(T2 + T2A)

]n2V

(10)

The heat loss of convective heat transfer at the bottom and cover of the furnace is
calculated by the same method.

Table 1 Value of the coefficient and index

Shape and position
of heating surface in
body area of EAF

Fluidization state Coefficient C and
index n

Sphere of application

C n

Vertical walls Laminar flow 0.59 1/4 1.43 × 104 ≤ Gr ≤ 3 × 109

Transition 0.0292 0.39 3 × 109 < Gr < 2 × 1010

Turbulent flow 0.11 1/3 Gr ≥ 2 × 1010

Horizontal hot face
up

0.54 1/4 104 ≤ GrPr ≤ 107

0.15 1/4 107 ≤ GrPr ≤ 1011

Horizontal hot face
down

0.27 1/4 105 ≤ GrPr ≤ 1010
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Through the above formula, the heat loss of EAF caused by convective heat
transfer is calculated by Eq. (11):

QC = Q1 + Q2 + Q3 + Q4 =
4∑

i=2

CiH AiHλiC (Ti − Ti A)

li H

[
2gρiC ciC (Ti − Ti A)l3i H

νiCλiC (Ti + Ti A)

]niH

+
4∑

i=1

CiV AiV λiC (Ti − Ti A)

liV

[
2gρiC ciC (Ti − Ti A)l3iV

νiCλiC (Ti + Ti A)

]niV

(11)

Heat Loss of Radiation Heat Transfer in EAF Body

The furnace body in the smelting process temperature is high, and it will radiate a lot
of heat to the external object. Radiation heat loss of furnace body mainly includes
radiation heat transfer loss of furnace body and radiation heat transfer loss of furnace
door.

The EAF is located in a closed workshop and radiates heat with the wall of the
workshop, which belongs to the radiation heat transfer between the cavity and the
inner wall of the actual object. The net radiation heat exchange per unit time is
calculated by Eq. (12):

QRW = εR ARσ
(
T 4
W − T 4

A

)
(12)

In this equations, QRW is the net radiation heat exchange per unit time between
the surface of furnace body and the surrounding wall, W; εR is the emissivity of
furnace body, also known as blackness; AR is the surface area of furnace body, m2;
σ is a Stephen–Boltzmann constant, and it is 5.67 × 10−8 W/(m2 · K4). TW and
TA, respectively, represent the average temperature of the furnace body area and the
surrounding wall surface, K.

The inside of the door of the EAF is high-temperaturemolten steel, and the outside
is low-temperature air. The radiation heat is also large. The molten steel in the EAF
can be regarded as blackbody, and the calculation method of blackbody radiation
in hemispherical space is adopted. The calculation is carried out according to the
following method. The calculation diagram is shown in Fig. 2.

The directional radiation intensity of molten steel in the EAF is obtained by
Eq. (13):

Iθ = Eb

π
= σT 4

π
(13)

where Eb is the radiation energy per unit time per unit radiation area of molten steel,
W/m2; T is the surface temperature of molten steel, K.
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Fig. 2 Schematic diagram
of radiation heat transfer
between molten steel and
furnace gate in EAF

The entrance of the furnace is located above the molten steel level and offsets a
certain distance. The internal molten steel input radiation energy to the furnace door
can be obtained by Eq. (14):

QRD = Iθ A cos θ
Ad sin θ

H 2
d + r2i

= Iθ A cos θ
Ad sin θ

L2
d

(14)

In this equations, Hd is the height from the center of the furnace door to the center
of the molten steel level, m; ri is the radius of liquid steel, m; Ld is the distance from
the center of the furnace door to the center of the liquid steel surface, m; θ is the angle
between the height of the furnace door to the liquid steel level and the connection
line between the center of the furnace door and the center of the liquid steel level,°;
Ad is area of furnace door,m2.

Results and Discussion

At 100 t EAF smelting site, the geometric size of the EAF was measured, and the
continuous temperature measurement was carried out on the external parts of the
furnace bottom, furnace wall, furnace cover, and the inlet and outlet of the cooling
water in the steelmaking process of the EAF through a portable thermometer (in the
middle of smelting, take representative temperature of each part). The measurement
results are shown in Table 2.

Table 2 Measurement results form

Measurement area H/m d/m R/m r/m L/m D/m A/° B/° T/°C

Furnace cover 0.50 7.0 371

Upper furnace shell 2.65 7.0 374

Lower furnace shell 2.11 3.5 1.0 10.0 5.0 240 120 376

Furnace bottom 1.50 3.5 1.0 10.0 5.0 240 120 377
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Table 3 Heat loss of each part

Name of heat loss QW Q1 Q2 Q3 Q4 QC QRW QRD QT

Calculation of heat
loss(KW)

4975 138.6 141.15 148 48.5 476.25 1234 370 7055.25

Fig. 3 Heat loss of electric arc furnace

TheEAF is regarded as a system. In the system, the coolingwater flow is 720m3/h,
and the inlet temperature of cooling water is 32 °C, and the outlet temperature of
cooling water is 38 °C. The heat loss caused by cooling water is obtained by Eq. (1).

The heat loss of each part is calculated according to the above method. The results
are shown in Table 3 and Fig. 3.

The average smelting time is one-hour. Therefore, in the smelting process, the heat
loss caused by cooling water, convective heat transfer, and radiation heat transfer is
calculated by the following equation:

WT = QT × T (15)

In this equation, WT is total heat loss of EAF during smelting, kw·h; QT is the
heat loss per unit time of EAF, W; QT is average smelting time, h.

After the above calculation,WT = 7055.25 kw h; in the smelting process of EAF,
the total energy input is 55880 kw h. The percentage of heat loss in the input energy
is 12.6% and conforms to the general law of heat loss.

Conclusion

Under the general trend of the development of green EAF, this paper aims at the
problem that the heat loss of the EAF is large and has not been well recycled. Based
on the basic theory of heat transfer, the following conclusions were obtained: (1)
The mathematical model of EAF division is established. (2) A calculation method
of the heat loss of the EAF body is proposed. (3) In the smelting process of 100 t
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EAF, the percentage of heat loss in the input energy obtained by the calculation
formula conforms to the proportion range of heat loss in the actual process, which
proves that the calculation formula of heat loss obtained above is roughly accurate.
(4) Since the temperature in the calculation formula is a representative temperature, it
cannot represent the temperature at each moment in the smelting process. Therefore,
the calculated heat loss is not accurate enough. Therefore, in the future, the idea of
integration will be used to correct the calculation method of heat loss and obtain
more realistic results.
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Comparison of Copper Smelting Slags
Between Flash Smelting Furnace
and Bottom-Blowing Furnace

Jinfa Liao, Chunfa Liao, and Baojun Zhao

Abstract Flash smelting furnace (FSF) and oxygen bottom-blowing furnace (BBF)
are the major technologies used in copper industry to produce matte. Different
requirements of copper concentrate, furnace arrangement, and operating parame-
ters result in different slags in FSF and BBF. Quenched slag and matte samples
were collected from both FSF and BBF under normal operating conditions. The slag
temperatures were measured directly at the tapping hole by a K-type thermocouple.
The quenched samples were analysed by XRF and EPMA to obtain slag bulk compo-
sitions, microstructures, and phase compositions. It was found that the FSF and BBF
are significantly different in operating temperature, slag composition, and copper loss
mechanisms. Thermodynamic and viscosity analyses of the FSF and BBF slags have
been conducted to understand two technologies. The results will provide detailed
information for selection and optimisation of FSF and BBF technologies.

Keywords Bottom-blowing furnace · Flash smelting · Slag · Copper smelting ·
FactSage

Introduction

Flash smelting and oxygen bottom-blowing smelting are the major processes to
produce matte from copper concentrates. The common requirements for copper
smelting are large production capacity, energy saving, and environment friendly [1].
As a new technology, oxygen bottom-blowing smelting has the advantages of strong
applicability of rawmaterials, low investment cost, and simple operation. The capital
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cost of molten bath smelting equipment is lower than that of flash smelting, and self-
heating smelting can be fully realized without adding any fuel, and the production
capacity is flexible [2–5].

Flash smelting is a main pyrometallurgical copper smelting technology with large
capacity. The fine concentrate particles react in the high-temperature air stream, and
the volatile impurities in the raw materials can easily enter the gas phase and be
removed from the smelting furnace [6–8]. The flash smelting furnace with high
airtightness has little air leakage and uses oxygen-enriched gas to ensure high-
concentration of SO2 in the flue gas and facilitate the production of sulfuric acid
[9]. The cost of material preparation is high in the flash smelting as the concentrates
must be dry and small size. The dust rate is relatively higher, and the capital cost is
also high. Therefore, both BBF and FSF operate in parallel in current copper industry.

The products of BBF and FSF are matte, slag, and SO2-containing gas. Similar
compositions of the matte and gas can be produced by BBF and FSF. Optimal control
of the slag chemistry is one of the important issues influencing the efficient and stable
operation of the smelting process. The present study aims to understand the difference
between BBF and FSF through analyses of the quenched slag samples collected from
two furnaces.

Sampling Campaign and Analyses

The sampling campaigns were undertaken during normal productions of the FSF and
BBF. The temperatures of the slags on tapping hole were measured directly using a
K-type thermocouple. A long cold steel rodwas used to dip into the slag flow from the
tapping holes, and the slag was stuck on the rod and cooled rapidly. Thematte sample
was collected at the same time using the steel rod. The bulk compositions of the
quenched slag andmattewere analysed byXRF. Themicrostructures of the quenched
slags and compositions of the phases present in the samples were determined using
a JEOL JXA-8200 electron probe X-ray microanalyser (EPMA) with wavelength
dispersive detectors (JEOL is a trademark of Japan Electron Optics Ltd., Tokyo).
An accelerating voltage of 15 kV and a probe current of 15 nA were used. The
Duncumb-Philibert ZAF correction procedure supplied with JXA-8200 was applied.
The average accuracy of the EPMA measurements was estimated to be within 1
weight percent.
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Results

Analyses of FSF Slag

Relatively stable temperatures were measured by a K-type thermocouple during the
slag taping of the FSF. The measurements showed that the FSF was operated at
temperatures 1300–1340 °C at the time of sampling. Typical microstructure of the
quenched slag sample is shown in Fig. 1. It can be seen that a large matte droplet and
many small matte droplets are present in the slag. It is anticipated that the large matte
droplet was present at high temperature, and the small matte droplets were formed
during cooling. The area close to the cold steel rod was well quenched and shows
a glassy phase. No solid phase was found in the well-quenched area indicating that
the slag tapping temperature was higher than its liquidus temperature. The dendrites
present in the slow-cooled area were formed during cooling.

The compositions of the liquid and matte phases measured by EPMA and the
bulk composition measured by XRF are listed in Table 1. The composition of the
liquid phase was measured at the well quenched glassy area which represents the
liquid composition at temperature. The Fe/SiO2 weight ratio of the slag is 1.61 in
bulk and 1.47 in liquid. The Fe/SiO2 ratio of the liquid phase was lower than that of
the bulk slag because the matte droplets containing Fe were not included in the liquid
composition measured by EPMA. The Al2O3 concentration is relatively high (more
than 6.0 wt%) in the slag. In addition, the ZnO concentration is around 2.6 wt% and
As2O3 is 0.5 wt% in the slag. Totally, 3.0 wt% Cu2O was measured in the slag, and

Fig. 1 Typical microstructure of the slag quenched from a FSF
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the liquid contains 2.7 wt%. This indicates that most of the copper in the FSF slag
was present as chemically dissolved. The matte grade of the entrained matte in the
slag is 78 wt% Cu and the bulk matte grade is 72.3 wt% Cu. It is estimated from the
compositions shown in Table 1 that the proportion of the liquid is 99.6 wt%, and the
proportion of the matte is 0.4 wt%.

Analyses of BBF Slag

The slag tapping temperatures in a BBF were directly measured by a K-type ther-
mocouple during normal operation. It was found that the slag tapping temperatures
ranged between 1150 and 1200 °C that are much lower than those of the FSF slags.
Figure 2 shows a typical microstructure of the slag quenched from a BBF. It can be
seen fromFig. 2 that liquid, spinel, andmatte phases are present in the slag. The shape
and size of the spinel phase indicate that the spinel was the primary phase presented
at high temperature. The slag tapping temperature of the BBF was therefore lower
than the liquidus temperature of the slag. The matte droplets in different sizes were
also present in the slag.

The compositions of the liquid, spinel, and matte phases measured by EPMA,
together with the bulk composition of the slag measured by XRF, are presented in
Table 2. The Fe/SiO2 weight ratio of the slag is 1.88 in bulk and 1.09 in the liquid.
The spinel phase contains “FeO” but not SiO2 resulting in a lower Fe/SiO2 ratio in
the liquid phase. It can be seen from Table 2 that, in addition to the “FeO” and SiO2,

Fig. 2 Typical microstructure of the slag sample quenched from a BBF
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Table 2 Compositions of glass, spinel, and matte by EPMA and bulk by XRF for the BBF slag
(wt%)

Phases FeO Cu2O CaO SiO2 Al2O3 As2O3 MgO S PbO ZnO MoO3 K2O Fe/SiO2

Bulk 59.8 3.6 1.9 24.7 1.5 0.2 0.7 1.3 0.9 4.9 0.2 0.3 1.88

Glass 50.2 0.6 2.6 35.8 1.6 0.3 0.8 0.6 1.2 5.6 0.1 0.5 1.09

Spinel 94.5 0.0 0.0 0.6 1.4 0.0 0.2 0.0 0.1 2.8 0.2 0.0

Phase Fe Cu S Zn Pb As Mo

Matte in slag 5.5 63.6 20.4 0.2 0.1 0.1 0.3

Bulk matte 5.0 62.5 19.4 0.8 2.2 0.1 0

ZnO, Al2O3, CaO,MgO, and PbO are also present in the slag. Totally, 3.6 wt%Cu2O
is present in the slag, and the dissolved Cu2O in the liquid phase is only 0.6 wt%.
The matte grade inside the slag is 63.6 wt%, and the bulk matte grade is 62.5 wt%.
It is estimated from the compositions showing in Table 2 that the proportions of the
liquid, spinel, and matte are 68.5, 28.1, and 4.4 wt%, respectively.

Comparison Between FSF and BBF Slags

It can be seen from the above sections that the slag temperature of the FSF is over
100 °C higher than that of the BBF. The Fe/SiO2 ratio in bulk FSF slag is lower than
that in the BBF slag. It is vital to compare the slag properties of the FSF and BBF
systematically. CALculation of PHAse Diagram (CALPHAD) approach has been
widely used to predict physiochemical properties of the metallurgical slags [10]. One
of the commonly used software, FactSage, has been applied successfully in various
areas of high-temperature processes [11]. The liquidus temperatures predicted by
FactSage 8.1 as a function of Fe/SiO2 ratio together with the experimental measure-
ments are shown in Fig. 3. The conditions used in the FactSage predictions are given
in Table 3. The oxygen partial pressures for the BBF slag and FSF slag are 10–8 atm
and 10–6 atm, respectively taken from the previous works [3, 12]. It can be seen
from Fig. 3 that SiO2 and spinel are the primary phases in the composition range
covering the copper smelting slags. The liquidus temperatures sharply decrease in the
SiO2 primary phase field and slowly increase in the spinel primary phase field with
increasing Fe/SiO2 ratio. According to Fig. 3, both FSF and BBF slag compositions
are in the spinel primary phase field. The FSF was operated at the temperature above
the slag liquidus so that the slag was completely liquid. On the other hand, the BBF
was operated at a temperature lower than the slag liquidus resulting in spinel solid
present in the slag. The liquid composition of the BBF slag is located on the isotherm
indicating that the FactSage predictions are reasonably accurate.

In copper production, the Cu-loss in the slag is one of the major techno-economic
indexes. Reducing the content of Cu in the slag can greatly improve the economic
benefits since a large amount of slag is produced in copper smelting process. It is
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Fig. 3 FactSage [11] predicted liquidus temperatures as a function of Fe/SiO2 in liquid, using the
compositions of BBF slag at Po2 = 10–8 atm and FSF slag at Po2 = 10–6 atm

Table 3 Calculation conditions used in the FactSage predictions

Calculation Slags Selected components Po2 (atm)

FeO SiO2 CaO Al2O3 MgO ZnO Cu2O S

Liquidus FSF
√ √ √ √ √ √ √ √

10*−6

BBF
√ √ √ √ √ √ √ √

10*−8

Viscosity FSF
√ √ √ √ √ √ × × –

BBF
√ √ √ √ √ √ × × –

Cu in slag FSF
√ √ √ √ √ √ √ √

10*−6

BBF
√ √ √ √ √ √ √ √

10*−8

well known that there are two main copper loss mechanisms in the smelting slag: (1)
chemical loss, which is related to the dissolution of copper in the liquid phase, and
(2) mechanical or physical loss, which is the entrained matte droplets not completely
settled from the slag. The physical loss of the copper in the slag is mainly dependent
of slag viscosity. Apparent viscosity of the slag is determined by the liquid viscosity
and proportion of solid phase insider the slag. One of the equations to estimate the
apparent viscosity of slag is Einstein-Roscoe equation [13]:

η = η0(1 − f )−2.5 (1)
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where ï is apparent viscosity, ïo is liquid viscosity, and f is the solid fraction. When
the composition and oxygen partial pressure of the slag are fixed, the solid proportion
and apparent viscosity are mainly determined by the operating temperature. As can
be seen from Figs. 1 and 2 that the solid phase is only present in the BBF slag not FSF
slag. As a result, the proportion of the entrained matte droplets in the BBF slag is
much higher than that in the FSF slag. Figures 4 and 5 show the apparent viscosities
and solid fractions for FSF and BBF slags predicted by FactSage 8.1. The slag
compositions and calculation conditions are from Tables 1, 2 and 3, respectively. It
can be seen from Fig. 4 that for the FSF slag, up to 25wt% solid is present at 1260 °C.
The slag viscosities increase slowly if the proportion of the solid is low. However,
the apparent viscosities increase dramatically with decreasing temperature when the
solid fraction is high. At the current FSF operating temperatures 1300–1340 °C, the
solid fraction in the slag is below 5 wt%, and the apparent viscosities are between
0.08 and 0.16 Pa.s.

It can be seen from Fig. 5 that for the BBF slag, the solid phase starts to form at
1230 °C and up to 35 wt% solid is present at 1160 °C. In the current BBF operations,
the viscosities of the slag are in the range of 0.2–1.4 Pa.s which is much higher than
that of the FSF slags. In conclusion, the high viscosity of the BBF slag resulted in a
larger proportion of the physically entrained matter droplets in the slag.

It can be seen from Tables 1 and 2 that liquid in the FSF slag and BBF slag
contains different amounts of copper. This can be explained by Fig. 6. Effect of
Fe/SiO2 ratio on the dissolved copper in slag is predicted by FactSage 8.1 and shown
in Fig. 6. The calculations are conducted by fixing the matte grade 65 wt% Cu and
1200 °C for the BBF slag, and matte grade 70 wt% Cu and 1350 °C for FSF slag,
respectively. It can be seen from the figure that, at the given conditions, the solubility

Fig. 4 Apparent viscosity and solid fraction of FSF slag calculated by FactSage 8.1 [11]
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Fig. 5 Apparent viscosity and solid fraction of BBF slag calculated by FactSage 8.1 [11]

Fig. 6 Solubilities of copper in the liquid phase at fixed matte grade and temperature calculated
by FactSage 8.1 [11]; the symbols are the measured solubilities of copper by EPMA
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of copper in the slag increases with increasing Fe/SiO2 ratio. The copper solubility
in the FSF slags is higher than that in the BBF slags due to higher matte grade and
temperature. It can be seen that the experimentally determined copper solubility in
the BBF slag is close to that predicted by FactSage. However, the experimentally
determined copper solubility in the FSF slag is much higher than that predicted
by FactSage. This indicates that the database of FactSage needs to be improved
according to the accurate experimental results.

Conclusions

The quenched slag samples from BBF and FSF were analysed by EPMA and XRF.
The slag tapping temperatures were found to be 1150–1200 °C for BBF and 1300–
1340 °C for FSF, respectively. The BBF slag tapping temperature was lower than its
liquidus and the FSF slag tapping temperature was higher than its liquidus. Copper
in the BBF slag is mainly entrained matte droplets due to the high apparent viscosity
of the slag caused by lower temperature and solid phase present. Copper in the FSF
slag is mainly dissolved copper in the liquid slag due to a higher temperature and
Fe/SiO2 ratio.
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Effect of Ce Content on Non-metallic
Inclusions in Si–Mn-Killed Stainless
Steels

Lingxiao Cui, Lifeng Zhang, Ying Ren, and Ji Zhang

Abstract The effect of cerium content on inclusions in Si–Mn-killed stainless steels
was studied at 1873 K using laboratory experiments. It was found that the addition
of Ce had little effect on the removal of oxygen and sulfur. When the total cerium
content increased from 0 to 430 ppm, the average diameter, the area fraction, and
the number density of inclusions in the steel all increased. With the increase of the
total cerium content in the steel, inclusions were modified into Ce-containing ones.
The inclusions transformation sequence was: Al–Si–Mn–Ca–O → angular Ce–O–S
→ irregular Ce–O–S. The experiment result was consistent with the thermodynamic
analysis.

Keywords Cerium · Inclusions · Modification mechanism · Thermodynamic
analysis

Introduction

The demand for higher performance steels has been increasing year by year, such as
toughness, fatigue property, strength, and so on. Thus, more stringent requirements
are proposed for steel materials. Non-metallic inclusions in steels have a detrimental
effect on the property of steels [1, 2]. Therefore, the control of the dispersion, size
distribution, composition, and morphology of inclusions play an important role in
controlling the steel quality [3–5]. The application of rare earth elements in steels

L. Cui · Y. Ren · J. Zhang
School of Metallurgical and Ecological Engineering, University of Science and Technology
Beijing, Beijing 100083, China

L. Zhang (B)
State Key Laboratory of Metastable Materials Science and Technology, Yanshan University,
Qinhuangdao 066004, Hebei, China
e-mail: zhanglifeng@ysu.edu.cn

L. Cui
State Key Laboratory of Baiyunebo Rare Earth Resource Researches and Comprehensive
Utilization, Baotou Research Institute of Rare Earths, Baotou 014030, Inner Mongolia, China

© The Minerals, Metals & Materials Society 2022
Z. Peng et al. (eds.), 12th International Symposium on High-Temperature
Metallurgical Processing, The Minerals, Metals & Materials Series,
https://doi.org/10.1007/978-3-030-92388-4_23

263

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-92388-4_23&domain=pdf
mailto:zhanglifeng@ysu.edu.cn
https://doi.org/10.1007/978-3-030-92388-4_23


264 L. Cui et al.

has received extensive attention due to their strong affinity to oxygen and sulfur.
Cai et al. [6] studied the effect of cerium on inclusions in a 205 stainless steel and
proposed that the initial Al2O3 was modified to CeAlO3 then to CeAlO3–Ce2O2S
with the increase of cerium content in the steel from 0 to 230 ppm. Kim et al. [7]
found that theMnO–SiO2–Cr2O3 inclusions in a duplex stainless steel weremodified
to SiO2–Ce2O3–Cr2O3 with the 32 ppm cerium addition. Shi et al. [8] studied the
transformation of inclusions in a stainless steel with different contents of yttrium.
It was proposed the transformation sequence of inclusions was Al2O3–SiO2

–MnO–
CaO → Y2O3–Al2O3(−SiO2) → Y2O3 → YN. Huang et al. [9] investigated the
modification mechanism of inclusions by cerium and proposed the evolution path of
inclusions was MgO·Al2O3 → CeAlO3 → Ce–O–S with the cerium content in the
steel increasing from 0 to 300 ppm.

In the current paper, laboratory experiments were performed to study the effect of
the cerium content on inclusions in Si–Mn-killed stainless steels, and thermodynamic
analysis was conducted to analyze the transformation of inclusions in the steel.

Laboratory Experiments and Analysis

Approximately, 750 g steel sample was cut from a commercial slab of a Si–Mn-killed
stainless steel and was melted in a MgO crucible with a 52 mm inner diameter and
120 mm depth using an electrical resistance furnace with MoSi2 heating bars under
argon atmosphere with a flow rate of 2 L/min. The chemical composition of the steel
is listed in Table 1. The experimental procedure is shown in Fig. 1. The steel sample
was heated to 1873 K at a rate of 10 K/min. After the steel was melted for 5 min, a
certain amount of CeFe alloy wrapped in a pure iron bag was added into the molten
steel. Samples were taken using a quartz sampler 30 min after the addition of cerium
and then quenched in cold water immediately.

After each experiment, the content of the dissolved aluminum ([Al]) and the total
cerium (T.Ce) which consist of the cerium dissolved in the steel and the cerium in
precipitated particles in the steel was analyzed using inductively coupled plasma
mass spectrometry (ICP-MS). The content of the total oxygen (T.O) in the steel

Table 1 Chemical composition of the steel (wt%)

C Si Mn P Cr Ni [Al] N

0.069 0.37 0.88 0.026 18.2 8.1 0.0017 0.034

Fig. 1 Schematic of the
experimental procedure
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Table 2 Chemical
composition of steel samples
(ppm)

Heat No. T.Ce T.O T.S

1 0 45.8 16.2

2 150 44.5 15.3

3 430 46.9 15.7

was analyzed using a LECO ONH836 analyzer. The content of the total sulfur (T.S)
in the steel was analyzed by the infrared absorption method after combustion in
an induction furnace using a sulfur analyzer. The steel sample was mounted and
polished, and inclusions in steel samples were analyzed using an automatic scanning
electron microscope equipped with EDS (SEM–EDS). The minimum detected size
of inclusions was 1 µm, and the detected area was approximately 13.5 mm2.

Chemical Composition of Steel Samples

The content of T.Ce, T.O, and T.S in the steel sample is listed in Table 2. The content
of T.O fluctuated around 45 ppm and the content of T.S fluctuated around 15.5 ppm
when the content of T.Ce in the steel increased from 0 to 430 ppm. It was indicated
that the addition of Ce had little effect on the removal of oxygen and sulfur, because
rare earth-containing inclusions had a high density close to the molten steel and were
hardly to float from the steel to be removed [10, 11].

Inclusions in Steel Samples

The elemental mapping of typical inclusions in the steel sample is shown in Fig. 2. In
the steel without cerium addition, inclusions were mainly small Al–Si–Mn(−Ca)−O
and a few larger Al–Si–Ca–O, as shown in Fig. 2a and b. In the steel with 150 ppm
cerium, inclusions were mainly angular Ce–O–S. In the steel with 430 ppm cerium,
inclusions were mainly irregular Ce–O–S.

The variation of the average composition of inclusionswith the T.Ce content in the
steel is shown inFig. 3.With the increase of theT.Ce content in the steel, the content of
Al2O3, SiO2, MnO, and CaO in inclusions decreased and approximately disappeared
when the content of T.Ce reached 150 ppm. The content of Ce2O3 in inclusions first
increased to 81% when the content of T.Ce increased from 0 to 150 ppm and then
decreased to 71% when the content of T.Ce in the steel increased to 430 ppm. When
the content of cerium in the steel was 150 ppm, CeS was generated, and the content
of CeS in inclusions increased with the increase of cerium in the steel.

The variation of the area fraction, the number density, and the average diameter
of inclusions with the T.Ce content in the steel is shown in Fig. 4. With the increase
of the T.Ce content in the steel, the area fraction and number density of inclusions
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(a) (b)

(c) (d)

Fig. 2 Elemental mapping of typical inclusions in the steel a, b without Ce, c with 150 ppm Ce,
and d with 430 ppm Ce
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Fig. 3 Variation of the average composition of inclusions with the T.Ce content in the steel

showed an increasing tendency due to the generation of Ce-containing inclusions.
The average diameter of inclusions in the steel also showed an increasing tendency
with the increase of the T.Ce content in the steel.

Figure 5 shows the schematic of the transformation process of inclusions with the
T.Ce content in the steel. In the steel without Ce, inclusions were mainly spherical
Al–Si–Mn–Ca–O. When the T.Ce content increased to 150 ppm, inclusions were
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Fig. 5 Schematic of the
transformation process of
inclusions with the T.Ce
content in the steel

completely modified into angular Ce–O–S with larger size. With the T.Ce content in
the steel continuously increased to 430 ppm, inclusions were also large-size Ce–O–S
ones with irregular shape, and the content of CeS in inclusions was higher.
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Table 3 Standard Gibbs free energy of formation and transformation reactions [12–14]

No. Reaction Standard Gibbs free energy (J/mol)

1 [Al] + 3
2 [O] = 3

2 (Al2O3) −602545 + 193.9T

2 [Si] + 2[O] = (SiO2) −580550 + 221T

3 [Mn] + [O] = (MnO) −284420 + 122.8T

4 [Ca] + [O] = (CaO) −284420 + 122.8T

5 [Ce] + [Al] + 3[O] = (CeAlO3) −1366460 + 364 T

6 [Ce] + 1
2 [Si]+ 5

2 [O] = 1
2 (Ce2SiO5) −1038915 + 316.3T

7 [Ce] + 3
2 [O] = 3

2 (Ce2O3) −1366460 + 364 T

8 [Ce] + [S] = (CeS) −422783 + 120.6T

9 [Ce] + 3
2 [S] = 3

2 (Ce2S3) −537290 + 160 T

10 [Ce] + 4
3 [S] = 1

3 (Ce3S4) −498480 + 146T

11 [Ce] + (Al2O3) = (CeAlO3) + [Al] −161370 − 23.7T

12 [Ce] + (SiO2)+ 1
2 [O] = 1

2 (Ce2SiO5) + 1
2 [Si] −458365 + 95.3T

13 [Ce] + (CeAlO3) = (Ce2O3) + [Al] −64630 − 3.9T

14 [Ce] + 1
2 (Ce2SiO5)+ 1

2 [O] = (Ce2O3) + 1
2 [Si] −392175 + 194.8T

Thermodynamic Analysis

In the steel without cerium addition, Al–Si–Mn–Ca–Owas the main inclusion. Since
cerium has a strong affinity to O and S, initial Al–Si–Mn–Ca–O inclusions were
modified into rare earth-containing inclusions with Ce addition. The possible reac-
tion in the current work could be divided into two types: inclusions formation and
transformation reactions. Gibbs free energies of possible formation and transforma-
tion reactions can be expressed as Eqs. (1)–(10) and Eqs. (11)–(14), respectively,
and were listed in Table 3 [12–14].

Henrian activity coefficients and Henrian activities (1 wt% standard state) of the
element in the liquid steel can be calculated by interaction coefficients withWagner’s
model. The activity coefficient and activity of each element in the liquid steel were
calculated by Eqs. (15) and (16):

ai = fi [%i] (15)

lg fi =
n∑

j=1

e ji [% j] (16)

where ai is the activity of element i, f i is the activity coefficient of element i, ei j is
the interaction coefficient between element j, and element i in the molten steel. The
interaction coefficient of the element is listed in Table 4 [15–17].
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Table 4 Interaction coefficients ei j of elements in the molten steel at 1873 K [15–17]

ei j C Si Mn P S Cr Ni Al Ce O

Ce −0.77 – 0.13 1.746 −39.8 – – −2.25 −0.003 −5.03

O −0.45 −0.131 −0.021 −0.07 −0.133 −0.04 0.006 −3.9 −0.57 −0.2

S 0.11 0.063 −0.026 0.029 −0.028 −0.011 0 0.035 −0.231 −0.27

Al 0.091 0.0056 0.012 0.05 0.03 0.025 0.008 0.045 −0.043 −6.6

Si 0.18 0.11 0.002 0.11 0.056 −0.0003 0.005 0.058 −7.7 −0.23

The variation of the change of Gibbs free energy of Eqs. (7)–(10) and Eqs. (11)–
(14) with the dissolved Ce content in the steel is shown in Fig. 6. In the steel without
Ce addition, reactions in Eqs. (1)–(4) occurred, and the main inclusion in the steel
was Al–Si–Mn–Ca–O. The change of Gibbs free energy of Eq. (8) was lower than
that of Eqs. (9) and (10), indicating that CeS was more stable in the current study
when the content of dissolved cerium in the steel was high enough. The Ce2O3

inclusion would precipitate even there was a small amount of dissolved Ce in the
molten steel. For transformation reactions, the change of Gibbs free energy of Eq.
(11) was lower than that of Eq. (12), and the change of Gibbs free energy of Eq.
(13) was lower than that of Eq. (14), indicating that Al2O3 was modified to CeAlO3

then to Ce2O3 and SiO2 was modified to Ce2SiO5 then to Ce2O3 with the increase
of the dissolved cerium content in the molten steel. The change of Gibbs free energy
of Eqs. (11)–(13) was smaller than zero, indicating that the corresponding reaction
occurred in the molten steel. However, the change of Gibbs free energy of Eq. (14)
was bigger than zero which was not consistent with the experiment result due to the
error caused by the absence of relevant interaction coefficients.
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Fig. 6 Variation of change of Gibbs free energy of a formation reactions and b transformation
reactions with the dissolved Ce content in the steel
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Conclusions

In the current study, laboratory experiments and thermodynamic calculations were
performed to investigate the effect of the cerium content on non-metallic inclusions
in Si–Mn-killed stainless steels. The following conclusions were obtained: With the
increase of T.Ce content in the steel, inclusions were modified into Ce-containing
ones. The transformation sequence was: Al–Si–Mn–Ca–O → angular Ce–O–S →
irregular Ce–O–S. With the increase of the T.Ce content in the steel, the average
diameter, the area fraction, and the number density of inclusions in the steel, and the
addition of Ce had little effect on the removal of oxygen and sulfur. Thermodynamic
calculations were performed to analyze the transformation of inclusions in the steel
with the cerium addition and the calculated results corresponded with experimental
results.
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Effect of Ti and Ca Content
on the Characteristics of Inclusions
in Si–Mn–Al Deoxidized Spring Steel

Rensheng Li, Tongsheng Zhang, Wanlin Wang, Mengchuan Li,
and Daoyuan Huang

Abstract The evolution behaviors of nonmetallic inclusions in 55SiCr spring steel
were carried out in three melts treated by titanium and calcium in the present
study. The composition and morphologies of inclusions were determined by FE-
SEM&EDS. The results show that less titanium content more easily modifies the
inclusions into the liquid phase ones in Si–Mn–Al deoxidized melt. And more
calcium content in steel not only transforms more solid inclusion to liquid inclusions
for cleanliness but also avoids the accumulation of titanium oxides in inclusions.
The thermodynamic calculations of inclusion formation were performed in Si–Mn–
Al–Ti–Ca–O steel system at high temperature and during solidification process by
using Factsage 7.2, the thermodynamic calculations consistent with the experimental
results, which can predict the formation of the inclusions in Ti-bearing Si–Mn–Al
deoxidized steel.

Keywords Spring steel · Calcium treatment · Titanium treatment · Si–Mn–Al
deoxidized · Titanium oxides

Introduction

55SiCr spring steel is widely used in automobile suspension and high-speed railway,
automobile industry, agricultural machinery, household appliances, and other indus-
tries. With the development of light weight and high performance materials in the
transportation manufacturing industry, higher requirements are put forward for the
fatigue resistance, shock resistance, and elastic attenuation resistance of spring steel
[1]. At present, the main means to improve the fatigue property of spring steel is
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to improve the inclusion control level and microstructure properties. Generally,
nonmetallic inclusions in spring steel can cause stress concentrations and hinder
the effective improvement of fatigue performance [2].

The addition of titanium can effectively improve the quality of steel. Byun et al.
[5] found that titanium oxide inclusions formed by adding titanium to steel could
promote the transformation of bainite to acicular ferrite. And Kivio et al. [3, 4]
reported that the fine titanium oxide can refine the grain steel. In addition, titanium
can partially replace aluminum for deoxidation of molten steel to form relatively
stable TiOx [6]. However, a large number of studies [6–10] have reported that TiOx

aggregates at the nozzle of continuous casting, which is very harmful to the rhythm
of steel production.

Calcium treatment can effectively transform alumina, spinel inclusions, and sili-
cate inclusions into liquid ones in the steel production process, which is not only
beneficial to improve the mechanical properties of the steel but also help to reduce
nozzle clogging during continuous casting. A large number of previous studies have
reported the modification of inclusions and the cleaning effect of calcium treat-
ment on molten steel [11–14]. However, there are few reports on the modification of
inclusions in Ti-containing Si–Mn–Al deoxidized steel with calcium treatment. In
addition, due to the lack of accurate thermodynamic calculations, the transformation
laws of inclusions in Si–Mn–Al–Ti–Ca–O steels are not clear. Therefore, it is a great
significance to study the evolution of inclusions in Si–Mn–Al deoxidized steels with
different Ti content. The aim in present research is to elucidate the effect of titanium
and calcium treatment strength on inclusion characteristics in low aluminum steels.

Methodology

Experimental Procedure

The experiments were carried out in a high-frequency induction tube furnace. The
schematic diagram of the furnace is illustrated in Fig. 1. Amounts of 450 g of elec-
trolytic iron, 3 g of electrolytic manganese, 3 g of chromium particles, 6.5 g of high-
purity silicon, and 0.32 g of Fe2O3 powder were added into a silicon oxide crucible
with 53 mm in diameter and 100 mm in depth under a purified argon gas atmosphere.
The gas flow rate was maintained at 1L/min with the use of the gas flowmeter. To
achieve sufficient homogenization, the melt after becoming fully liquid was held for
20 min at 1823 K (1550 °C). Thereafter, different amounts of deoxidizer aluminum
and titanium particles were added to the melt with molybdenum rods. After ten
minutes, calcium was added to the melt in the form of Ca-Fe wires for increasing the
calcium yield in the molten steel. Before adding Ca-Fe wire for 5 min, the dissolved
oxygen content was measured with a probe. Meantime, samples were taken from a
quartz glass tube and then quenched in water. The experimental process is shown in
Fig. 2.
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Fig. 1 Schematic diagram of the experimental high-frequency induction furnace

Fig. 2 Melting and sampling process of the present experiments

Chemical Analysis and Inclusion Characterization

Samples were divided into two parts. One half of the steel samples were chemically
analyzed by inductively coupled plasma optical emission spectrometry (ICP-OES),
with an accuracy of ±0.5 ppm, and the total oxygen content of the sample was
detected by inert gas fusion-infrared absorptionmethod with an accuracy of±1 ppm.
The chemical composition of silicon, manganese, chromium, aluminum, titanium,
calcium, and oxygen in the melt is shown in Table 1. In order to investigate the
effects of titanium and calcium contents on the inclusion types in melt, the addition
amount of titanium and calciumwas designed and studied in this research. The melts
before calcium treatment were divided into two types: low aluminum low titanium
melt (Melt 1) and low aluminum high titanium melt (Melt 2, 3). All the melts have
different levels of Ca–Fe wires added, which represent different calcium treatment
intensities.
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Table 1 Chemical compositions of experimental melts (mass percent)

Heat number Si Mn Cr Al Ti Ca [O] T.[O]

1 1.41 0.63 0.62 0.0056 0.0052 0.001 0.0015 0.02

2 1.38 0.66 0.64 0.0061 0.153 0.0009 0.0003 0.02

3 1.40 0.65 0.65 0.0058 0.151 0.0024 0.0003 0.021

The other half of the steel sample were characterized by inclusions. The inclu-
sions in steel samples were detected and analyzed by using FE-SEM&EDS at 15 kV
acceleration voltage, and the morphology, chemical composition, and size of inclu-
sions were obtained. In consideration of accuracy, the minimum size of inclusion
analyzed in this study is 0.5µm. The plane size distribution of the inclusion particles
on the polishing section was evaluated. The total observation area of each sample
is 19.46 mm2, corresponding to the 64 observation areas composed of 8 continuous
observation areas in horizontal direction and 8 observation areas in vertical direction
under the condition of 500 times magnification of FE-SEM and EDS.

Results and Discussion

Typical Morphologies, Composition, and Size Distribution
of the Inclusions

There are three usual valence states of Ti element in oxide: Ti2+, Ti3+, and Ti4+.
Several articles have reported in detail that the oxygen potential and the activity of
titanium in molten steel determine the existing state of titanium [15–17]. According
to the calculation of FACTSAGE 7.2 software and the results of former references,
the existence form of titanium oxide in steel is Ti3O5. Pseudo-quaternary phase
diagrams of Al2O3–SiO2–Ti3O5–CaO–10%MnO adopted in this study were calcu-
lated by using the FTOxide database in Factsage 7.2, as shown in Fig. 3. Solid phases,
such as SiO2, Al2O3, mullite (SiO2-Al2O3), pseudobrookite, manganese aluminate,
perovskite, calcium aluminate, and ilmenite, are shown to be in equilibrium with the
liquid phase.

To evaluate the transformation behavior of inclusions, the compositions obtained
from SEM–EDS were converted into the mass percentages of Ti3O5, Al2O3, SiO2,
CaO, and MnO, which are plotted on pseudo-quaternary phase diagrams of Al2O3–
SiO2–Ti3O5–CaO–10%MnO, as shown in Fig. 4. Each dot in the figure represents
an inclusion composition, and while the red line is the liquid phase region. As shown
in Fig. 4a, the inclusion in Melt 1 mainly located in the liquid phase region, near the
side with high SiO2 content. However, the inclusions in Melt 2 deviated from the
liquid phase region, mainly in the coexistence region of pseudobrookite and liquid
phase, as shown in Fig. 4b. Moreover, half of the inclusions inMelt 3 are in the liquid
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Fig. 3 Pseudo-quaternary phase diagram of Al2O3–SiO2–Ti3O5–CaO–10%MnO system and its
liquid phase region (T = 1823 K)

phase region, and the other half are in the region of perovskite phase, as shown in
Fig. 4c. It is worth noting that the inclusions all appear as white substance in the
black matrix. EDS results of the different region in the inclusions in Melt 3 were
carried out, as shown in Fig. 5. It is found that the content of Ti element in the white
substance is twice that in the black matrix. This indicates that the white substance is
closely related to the oxide of titanium.

In order to explore the generation mechanism of white substance, the average
composition curve of inclusions was carried out, as shown in Fig. 6. It can be
preliminarily found that the content of white substance is related to the ratio of
Ti3O5.Therefore, a higher Ti3O5 ratio leads to an increase in white substance. This
means white substance is closely related to the amount of titanium in the liquid steel.

In addition, the increase of calcium content in molten steel can also lead to
the decrease of Ti3O5 components in the inclusion. This indicates that calcium
reduces the titanium oxide in the inclusion. And all the mechanisms was described
as following Reactions (1) and (2).

3[Ti] + 5/3(Al2O3)inc = 10/3[Al] + (Ti3O5)inc

�Gθ
1 = 649, 322.67 − 248.63T(J/mol) (1)

6[Ti] + 5(SiO2)inc = 5[Si] + 2(Ti3O5)inc

�Gθ
2 = 97, 512 − 275.6T(J/mol) (2)

Furthermore, comparing Melt 2 with Melt 3, the increase of calcium content in
molten steel can greatly reduce the composition of titanium oxide in the inclusion,
resulting in the composition of SiO2 and Al2O3 can be increased. It can be described
by following Reaction (3).
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Fig. 5 Composition of the different regions in inclusion in Melt 3

Fig. 6 Average composition curve of inclusions in melts. (M-1, M-2 represent Melt 1 and Melt 2,
respectively)

5[Ca] + (Ti3O5)inc = 3[Ti] + 5(CaO)inc

�Gθ
3 = 701, 144 − 722.7T(J/mol) (3)

The standard Gibbs free energy (�Gθ ) of Reactions (1, 2), and (3) can be derived
from the equations in Table 2. Moreover, as shown in Tables 1 and 3, the interaction
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Table 2 Fundamental equation for the Gibbs free energy calculation

Reactions �Gθ (J/mol) References

[Si] + 2[O] = (SiO2) (s) −576,440 + 218.2 T [18]

[Mn] + [O] = (MnO) (s) −284,900 + 127.64 T [18]

2[Al] + 3[O] = (Al2O3) (s) −1,225,000 + 393.8 T [18]

[Ti] + 2[O] = (TiO2) (s) −554,340 + 174.26 T [17]

2[Ti] + 3[O] = (Ti2O3(s) −845,928 + 248.6 T [17]

3[Ti] + 5[O] = (Ti3O5) (s) −1,392,344 + 407.7 T [17]

[Ca] + [O] = (CaO) (s) −138,240 − 63.0 T [19]

Table 3 Interaction coefficients used to calculate activity at 1823 K (1550 °C) [20, 21]

e ji Si Mn Cr Al Ti Ca O

Si 0.113 0.002 −0.0003 0.0596 – −0.0688 −0.236

Mn 0.400 0.00 0.00370 0.0720 0.0195 – −0.0853

Al 0.00575 0.0123 0.0257 0.0462 0.0720 −0.0483 −6.781

Ti 0.0514 – 0.0565 0.123 0.0133 – −1.849

Ca −0.0997 −0.016 0.0205 −0.0740 – −0.002 −696.60

O −0.135 −0.0216 −0.0411 −4.00 −0.616 −278.433 −0.205

coefficients and activity of elements with different compositions were calculated.
According to the calculation results, it turns out that the Gibbs free energy (�G =
�Gθ + RT lnK) for Eqs. (1, 2) and (3) is negative.

In addition, to better understand the evolution behavior of inclusions in Si–Mn–Al
deoxidized steel under different Ti and Ca treatments, elemental mapping analyses
were adopted by FE-SEM and EDS, and the results are shown in Fig. 7. As for
low aluminum low titanium melt, the composition of the inclusion core in Melt 1

Fig. 7 Elemental mapping of typical inclusions: a Melt 1, bMelt 2, and c Melt 3
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is mainly SiO2–Al2O3–Ti3O5, and there is Ti aggregation phenomenon at the outer
edge after calcium treatment, as shown in Fig. 7a. Wang et al. [10] reported that
irreversible transient TiOx was formed when Ti/Al increase to 1 in molten steel,
even though no stable phase of TiOx was found in thermodynamic calculation. In
fact, with the increase of titanium content, the aggregation phenomenon of titanium
element is more obvious in the inclusion, and there is more titanium in the inner
of the inclusion, as shown in Fig. 7b. However, compared with Melt 2, with the
increase of calcium treatment intensity, the accumulation of titanium element in
Melt 3 is obviously weakened. This indicates that the accumulation of titanium in
the inclusion increases with the increase of Ti/Al ratio, and the accumulation of
titanium can be reduced by calcium treatment. The increase of Ti3O5 content in the
inclusion is in good agreement with this conclusion, as shown in Fig. 6.

To better evaluate the influence of inclusions in steel properties, the number and
size distribution of inclusions in 64 areas of 19.46 mm2 were statistically analyzed
for each sample, and the results are shown in Fig. 8. As shown in Fig. 8a, with the
increase of titanium content, the content of inclusions in the range of 2–5µm inMelt
2 is higher than that in Melt 1, and the size of inclusions in the range of 5–10 µm
has a similar trend. For Melt 2 and Melt 3, the size distribution of inclusions is only
slightly different in the range of 5–10 µm and >10 µm with increase of calcium
content.

Moreover, the number density and average size of inclusions in present studywere
also statistically analyzed, and the results were shown in Fig. 8b. The number density
of three melts is above 250/mm2, and the average size is >2 µm. Compared with
Melt 1, with the increased of titanium content, the average size of inclusions showed
an upward trend. After increase calcium content in molten steel, the average size
and density of inclusions in Melt 3 are higher than Melt 1 and Melt 2. It is probably
due to the fact that the calcium oxides formed by calcium elements aggregate with
inclusions and increase in size, and some of the calcium oxides are dispersed in the
molten steel.

Fig. 8 Size distribution, number density, and average size of inclusions (M-1 and M-2 represent
Melt 1 and Melt 2, respectively)
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Thermodynamic Analysis of Si–Mn–Al–Ca–Ti–O System
Complex Inclusions

Thermodynamic calculations were carried out to get stability region diagram of
Fe–1.4Si–0.65Mn–0.006Al–xTi–yCa–0.02O systems by using Factsage 7.2 with the
FToxid, FactPS, and FSstel databases, as shown in Fig. 9. The points in the equilib-
riumdiagram represent the experimentalmelt in this study, respectively. As presented
in Fig. 9, with the increase of titanium, the inclusions in the melt changed from
liquid inclusion to pseudobrookite inclusion. When [Ti] = 0.15%, with the increase
of calcium treatment intensity, the inclusion began to change from pseudobrookite
and liquid inclusion to liquid inclusion.

For the actual situation of Ti–bearing Si–Mn–Al deoxidized spring steel, the
behavior of typical inclusions in steel during solidification procedure was analyzed,
as shown in Fig. 10. When [Al] = 0.006%, [Ti] = 0.005%, [Ca] = 0.0015, the liquid
phase exists above 1623 K (1350 °C) in steel. During the solidification process
of the steel, the transformed path of oxide inclusions is as follows: Liquid inclu-
sion → Mullite + SiO2 → Mullite + SiO2 + CaO·Al2O3·2SiO2 + Ti2O3, as shown
in Fig. 10a. When the titanium content in the steel increases to 0.15%, the liquid
phase and pseudobrookite phase always co-exist at 1723 K (1500 °C), as shown in
Fig. 10b. Furthermore, the addition of calcium leads to the formation of calcium
titanate, Al2O3 and Ti2O3 during solidification, as shown in Fig. 10c.

Fig. 9 Thermodynamic equilibriumphase diagramof the precipitation of inclusions under different
calcium and titanium treatments: Fe–1.4Si–0.65Mn–0.006Al–xTi–yCa–0.02O in mass percent
(Temperature = 1823 K)
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Considering the observed complex Si-Mn-Al-Ca-Ti–O inclusions and thermody-
namic calculations, it can be summarized that appropriate titanium content and the
strength of calcium treatment contributes to modify inclusions to liquid ones in the
molten steel. To sum up, less titanium content more easily modifies the inclusions
into the liquid ones in low aluminum steel. Moreover, more calcium content in steel
not only transforms more solid inclusions to liquid inclusions for cleanliness but
also helps to avoid the accumulation of titanium oxides in inclusions. It is because
that the higher titanium content can lead to the accumulation of titanium oxides in
inclusions.

Conclusion

Inclusion evolution after calcium addition in Si-Mn-Al deoxidized spring steel with
different titanium contents has been carried out by using chemical experiments
and thermodynamic calculations at 1823 K (1550 °C). The main findings can be
summarized as follows.

The morphology, composition, and size distribution of inclusions in Si–Mn–Al
deoxidized steel are significantly influenced by titanium and calcium treatment. It can
be summarized that appropriate titanium and calcium content could modify inclu-
sions into liquid ones in themolten steel. A less titanium contentmore easilymodifies
the inclusions into the liquid phase ones in low aluminum content steel. Also, higher
calcium content can effectively reduce the accumulation phenomenon of titanium
oxides in inclusions. The formation of Si–Mn–Al–Ti–Ca–O system inclusions in
spring steel at high temperature and during the solidification process were compre-
hensively calculated, taking all types of inclusions such as titanium oxide, aluminum
oxide, silicon oxide,manganese oxide, calcium titanate,mullite, pseudobrookite, and
liquid inclusion into account. The thermodynamic calculations agree well with the
experimental results, which can predict the formation of the inclusions in Ti-bearing
Si–Mn–Al deoxidized steel.
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Effect of Coarse Coke Breeze Addition
on Magnetite Concentrate Sintering

Huaiying Ma, Chunlai Wang, Yue Xin, Yapeng Zhang, Wen Pan,
and Wang Zhu

Abstract Coarse coke breeze can cause delayed combustion and increase the perme-
ability of the sintering bed. In order to increase the efficiency of magnetite concen-
trate sintering, the effect of coarse coke breeze addition was investigated in an
experimental-scale sintering pot. The results indicated that under a basicity of 2.15,
the increase of coke breeze addition improved sintering speed, productivity, and
reduction disintegration index (RDI+3.15) of sinter. However, sinter tumbler index
and mean diameter were significantly decreased. With increasing coke breeze addi-
tion, themaximum temperature increased,while the holding time of high temperature
over 1100 °C initially increased and then declined. The mineral analysis of sinter
showed that as the coke breeze proportion increased, the amount of silico-ferrite of
calcium and aluminum (SFCA) decreased, while the amount of magnetite increased
and became the main mineral in sinter.

Keywords Coarse coke breeze · Sintering ·Magnetite concentrate · Sintering
speed

Introduction

High grade magnetite concentrates are used as a major feed for sintering in many
sinter plants in China. Due to its dense particles and high assimilation tempera-
ture, magnetite concentrate sintering usually needs higher temperature to ensure
adequate sinter strength. Besides, sinter bed formed from blends containing high
level of magnetite concentrate are more deformable [1], which reduces the green bed
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permeability during sintering and causes reducing atmosphere. A low productivity
is usually encountered in the sintering of blends containing high ratio of magnetite
concentrate.

Solid fuel, including coke and coal, supplies mainly 70–80% of sintering total
energy and strongly influences the sintering permeability and sinter quality [2, 3].
Thus, it is of great significance to access the suitable properties of the solid fuel
such as the total addition and the size distribution. In common, fine coke breeze with
−3mmproportionover 80% is recommended to get the best sinteringperformance [4,
5]. However, larger fuel particles burn slowly and form larger pores in sinter, thereby
increasing the maximum temperature and permeability in sinter bed. As about 20%
magnetite concentrate is mixed in sintering blends in Beijing Shougang Corporation
Limited, coarse coke breeze is used to improve the sintering permeability. This work
focuses on the influences of coarse coke breeze addition towards sintering process
and sinter quality under high level of magnetite concentrate and high basicity. The
work would provide fundamental understanding of magnetite concentrate sintering
with coarse coke breeze.

Experimental

Materials for Sintering Pot Test

Table 1 shows the main chemical composition of raw material used in the tests.
Concentrate A is a Chinese magnetite concentrate with a −0.074mm fraction of
60%. Ores B, C, and D are Australian limonite ores. Ore E is a Brazilian hematite
ore. The size distributions of coke breeze and anthracite are presented in Table 2.
The proportion of coke breeze above 5 mm is 23.1%, which is higher than that of
general coke breeze.

Table 1 Chemical composition of raw materials (mass %)

Materials TFe SiO2 Al2O3 CaO MgO FeO LOI C

Concentrate A 66.49 5.53 0.46 0.42 0.49 28.85 −2.54

Ore B 60.22 4.55 2.32 0.28 0.10 0.19 6.31

Ore C 61.20 4.47 1.90 0.18 0.06 0.22 5.37

Ore D 56.31 7.40 1.52 0.12 0.08 0.18 9.99

Ore E 64.66 1.74 1.27 0.09 0.05 0.30 3.79

Return fines 55.5 5.32 1.78 11.71 1.75 9.6 −0.15

Limestone 3.12 0.76 46.17 6.41 42.25

Quick lime 3.62 0.93 62.87 11.27 20.19

Coke breeze 0.29 6.83 5.52 0.20 0.14 84.91

Anthracite 0.5 10.39 3.33 1.63 0.40 77.48
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Table 2 Size analysis of coke breeze and anthracite (mass %)

Size, mm −1 1–3 3–5 5–8 +8

Coke breeze 32.6 35.5 8.8 16.9 6.2

Anthracite 17.4 47.6 11.2 18.3 5.5

Sintering Pot Test

Table 3 shows the blending ratio of sintering materials. The basicity of each mix
was controlled at a level of 2.15. Besides coke breeze, anthracite was also added to
keep the same with the industrial production. The total fuel addition varied from 4.26
to 6.65% by adjusting the coke breeze amount. A schematic diagram of laboratory
sinter pot is shown in Fig. 1. The blends were mixed manually and then granulated

Table 3 Blending ratio of sintering materials (mass %)

Materials Mix 1 Mix 2 Mix 3 Mix 4

Ore A 17.02 16.88 16.74 16.60

Ore B 4.26 4.22 4.18 4.15

Ore C 25.54 25.32 25.11 24.90

Ore D 8.51 8.44 8.37 8.30

Ore E 4.26 4.22 4.18 4.15

Return fines 19.58 19.41 19.25 19.09

Limestone 11.47 11.38 11.28 11.19

Quick lime 5.11 5.06 5.02 4.98

Coke breeze 3.00 3.80 4.60 5.40

Anthracite 1.26 1.26 1.26 1.26

Fig. 1 Schematic diagram
of laboratory sinter pot
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in a 1000 mm diameter laboratory mixing drum. A hearth layer of 4 kg sinter was
placed onto the bottom grate of sinter pot. Subsequently, the prepared sinter mix was
put into the sinter pot (300 mm diameter × 760 mm height). After a 300 mm height
thermocouple tube was placed in the center of the pot, the bed was ignited by LNG
at 1150 °C for 210 s. Once the ignition finished, a K-type thermocouple was placed
into the tube to measure the bed temperature. The suction pressure of ignition and
sintering was controlled at constant level of 8 and 16 kPa separately. The sintering
was completed as the exhaust gas was cooled down to 200 °C from the maximum
temperature. Then the thermocouple was taken out, and the sinter was crushed and
evaluated for chemical, physical, and metallurgical properties. Also, microstructural
test was conducted by a Leica DMRX microscope.

Results and Discussion

Effects of Coke Addition on Sinter Chemistry and Sintering
Indexes

Table 4 shows the influence of coke breeze addition on sinter chemistry. It was found
that FeO increased from 7.28 to 16.62% with increasing coke breeze addition from
3.00 to 5.40%.

Figure 2d shows that with an increase in coke breeze addition, the sintering speed
increased by nearly 20% from 20 to 23.88mm/min, which was contrary to tests using
fine coke breeze [6]. Figure 2c shows that the sinter yield decreasedwhen coke breeze
addition was increased. Figure 2b shows when the coke breeze addition increased
from 3.00% to 4.6%, the productivity increased from 1.37 t/(m2.h) to 1.50 t/(m2.h).
However, as the coke addition further increased to 5.4%, the productivity began to
decrease. These results indicated that excessive coke breeze had a negative effect on
productivity. As both the sintering speed and sinter yield increased, the decreased
bulk density would be the main reason for the decrease in productivity as shown in
Fig. 2a.

Figure 3 shows results of themaximum temperature and high temperature holding
time in the middle sinter bed. As the coke breeze addition increased, the maximum
temperature increased. However, the high temperature holding time of >1100 °C and

Table 4 Chemical composition of sinter for different fuel addition (mass %)

Coke breeze Total fuel TFe FeO CaO SiO2 MgO R

3.00 4.26 55.20 7.28 12.11 5.55 1.81 2.18

3.80 5.06 55.18 9.86 11.83 5.51 1.68 2.15

4.60 5.86 55.83 10.47 11.78 5.5 1.68 2.14

5.40 6.66 55.43 16.62 12.06 5.7 1.71 2.12
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Fig. 2 Effect of coke
addition on sintering indexes

Fig. 3 Effect of coke
addition on maximum
temperature and high
temperature holding time
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>1200 °C increased and reached maximum at coke breeze addition of 4.6% and then
declined. With increasing the coarse coke breeze addition, the temperature inside the
sinter bed increases. However, the permeability of the sinter bed also increases, which
would accelerate the cooling process and decrease the high temperature holding time.

Effects of Coke Addition on Strength and Size of Sinter

Sinter with large particle size and high cold strength is usually preferred by large
blast furnaces to keep a high permeability. The cold strength of sinter is represented
by the tumble strength (TI) which is the percentage of +6.3 mm fraction remaining
after the tumbling test. Figure 4 shows the influences of coke breeze addition on
sinter TI and mean diameter. As the coke addition increased, both the TI and the
mean diameter decreased.

Effects of Coke Addition on Reduction Properties of Sinter

Figure 5 shows reduction properties of sinters. The RDI+3.15 increased from 70.22
to 82.10% with increasing coke breeze addition from 3.00 to 5.40%. The reduction
degradation of sinter is associated with a volume increase due to the transformation
of hematite to magnetite. With the increase of coke breeze addition, the sinter FeO
increases, and the amount of hematite in sinter decreases. Reducing the hematite
content in the sinter reduces the sinter degradation at lower temperature. RI decreased
with increasing coke breeze addition. These results indicate that sinter produced by
high coke addition is hard to be reduced and deteriorates the permeability in the blast
furnace.

Fig. 4 Effect of coke
addition on TI and mean
diameter of sinter
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Fig. 5 Effect of coke
addition on reduction
properties of sinter

Effects of Coke Addition on Minerals Constituent
and Microstructure of Sinter

Minerals constituent of sinter were tested and quantified by XRD. Figure 6 shows
the results. As the coke breeze addition increased, the content of hematite and SFCA
decreased. Meanwhile, the magnetite content increased from 21 to 43% and became
the main mineral in sinter when the coke breeze ratio was 5.4%. Low-temperature
sintering (T < 1300 °C) is beneficial to the formation of SFCA. With the coke breeze
addition increases, the maximum temperature increases and forms more Fe3O4 [7].

The sinter microstructures are shown in Fig. 7. When coke breeze addition was
below 3.8%, magnetite, hematite, and SFCA were the main minerals. When coke
breeze addition increased to 4.6% (Fig. 7c), secondary hematite was observed around
the pores.With increasing coke addition, the number of pores in sinter increased, and
small pores merged into large pores, which decreased the sinter strength.Meanwhile,
secondary hematite formed due to the increasing high temperature and cooling rate.

Fig. 6 Effect of coke
addition on mineralogy of
sinter
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(a) (b)

(c) (d)

Fig. 7 Microstructure of sinter with different coke breeze additions. a 3.0%; b 3.8%; c 4.6%; d
5.4%. H—Hematite; SH—Secondary Hematite; M—Magnetite; P—Pore

Conclusions

In this work, magnetite concentrate sintering with coarse coke breeze has been inves-
tigated. The experimental results show that with increasing coke breeze addition, the
sintering speed and the productivity increasewhile the sinter strength andmean diam-
eter have a significant decrease. The holding time of high temperature over 1100 °C
initially increases and reaches maximum at coke addition of 4.6% and then declines.
Magnetite in sinter increases gradually to be the main mineral with increasing coke
addition, while SFCA and hematite decrease. As large amount of coke breeze is
added into the sintering mixture, merged pores, which would deteriorate the sinter
strength, begin to form.
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Effect of the Injection Angle of Reducing
Gas on Coal Flow and Combustion
in a 50% Oxygen Blast Furnace

Xing Peng, Jingsong Wang, Zhiyao Li, Haibin Zuo, Xuefeng She,
Guang Wang, and Qingguo Xue

Abstract Medium oxygen-enriched blast furnace that utilizes reducing gas injec-
tions is a feasible new ironmaking process that can significantly reduce the coke ratio
and carbon dioxide emissions. In this study, a three-dimensional numerical model of
lance–blowpipe–tuyere–raceway zone was established, which was used to study the
influence of the reducing gas injection angle (30–70°) on the flow and combustion
of pulverized coal in a new tuyere of the 50% oxygen blast furnace. As the injec-
tion angle increases, the tuyere kinetic energy first decreases and then increases, and
the pulverized coal combustion efficiency increases. Compared with the injection at
30°, the coal particle temperature under the injection conditions of 70° at the raceway
outlet increased by 326 K, and the char conversion ratio and the burnout increased
by 27.4% and 22.4%, respectively. However, it is worth noting that under the high
injection angle, local high temperature appears on the tuyere wall, which requires
cooling to avoid damage to the tuyere in the actual blast furnace.
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Introduction

Blast furnace is the main reactor for pig iron production, which has the advan-
tages of low cost, high efficiency, and stable operation [1]. Therefore, the blast
furnace-converter process accounts for approximately 70% of ironmaking for the
steel industry [2]. The blast furnace ironmaking process consumes a large amount
of carbon-containing energy and is the sector with the largest CO2 emission [3]. To
overcome this dilemma, some emerging low-carbon technologies for blast furnaces
have been developed, such as recycling ofmetallurgical by-product gas, CO2 capture,
oxygen blast furnaces, and hydrogen-rich gas injection [4–8]. Among them, the tech-
nology of top gas circulating oxygen blast furnace combined with CO2 capture is
considered to greatly reduce CO2 emissions [9]. Owing to the harsh process condi-
tions and equipment limitations, this technology has not yet been used in commercial
blast furnaces at this stage. The technology of injecting reducing gas and pulverized
coal into a medium oxygen-enriched blast furnace is regarded as a feasible transi-
tional technology [10, 11]. Reducing gas, mainly carbon monoxide and hydrogen,
has a wide range of sources and flexible production in industry [12–15].

Pulverized coal injection technology can effectively reduce coke consumption
and CO2 emissions, which is beneficial to economy, environment, and operation.
However, the low burnout of pulverized coal in the tuyere and raceway zonewill dete-
riorate the gas permeability of the burden layer, which is not conducive to the stability
of the blast furnace[16]. The flow and combustion behavior of pulverized coal have
been extensively investigated through experiments and numerical analysis. Babich
et al. [17] established a small injection device and studied the combustion behavior of
co-injection of oxygen, carbon monoxide, and pulverized coal under a sleeve spray
lance. Kim et al. [18] used a laminar flow reactor to study the flame structure, coal
particle temperature, and gas phase composition of pulverized coal injection. The
influence of the catalysts on the combustion reactivity of coal, including different
grades of coal and its char, was investigated using a thermo-gravimetric analyzer
[19, 20]. The experimental equipment for pulverized coal combustion provides a
good method for pulverized coal combustion, but it is still very different from the
physical and chemical environment of the blast furnace tuyere. Numerical simu-
lation is an efficient and low-cost method in engineering applications. Shen et al.
[21, 22] established a three-dimensional numerical model with computational fluid
dynamic (CFD), investigated the flow and combustion behavior of pulverized coal
under various blast and operating conditions, and verified it with a pilot scale test
bench. Zhou et al. [23, 24] studied the combustion characteristics of pulverized coal
by CFD method in a top gas recycling oxygen blast furnace. CFD modeling of
pulverized coal combustion has proven to be a reliable and efficient method.

In this study, a three-dimensional lance–blowpipe–tuyere–raceway model was
developed. The effect of the angle of injection reduction on pulverized coal
combustion was investigated in a new tuyere of 50% oxygen blast furnace.
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Table 1 Governing
equations for the gas phase

Mass ∇ · (ρU ) = ∑
n p

ṁ

Momentum ∇ · (ρUU ) − μ · [(μ + μt )
(∇U + (∇U )T

)] =
−∇ · (P + 2

3ρk
) + ∑

n p
fD

Energy ∇ ·
[
ρUH −

(
λ
CP

+ μt
σH

)]
= ∑

nP q

Gas Species ∇ ·
[
ρUYi −

(
�i + μt

σY i

)]
= Wi

Turbulent Kinetic Energy ∇ ·
[
ρUk −

(
μ + μt

σk

)
∇k

]
=

Pk − ρε

Turbulent Dissipation Rate ∇ ·
[
ρUε −

(
μ + μt

σε

)
∇ε

]
=

ε
k (C1Pk − C2ρε)

Mathematical Model

In this model, for the sake of simplicity, the flow and reaction of coke, molten slag,
and iron in the lower part of the blast furnace were not considered; instead, the focus
was on the flow and reaction of the injected fuel. The calculation domains of this
model include the lance, blowpipe, tuyere, and raceway, and the following processes:
(1) gas-particle flow, (2) heat transfers, and the combustion of (3) coal and (4) the
reducing gas.

Governing Equations

The gas phase flow is described using the steady-state Reynolds time-averaged
Navier–Stokes equation with a standard k–ε double equation closure. The combined
mass conservation equation, momentum equation, and standard k–ε double equation
are used to solve the pressure, velocity, turbulent flow energy, and turbulent dissipa-
tion rate, among other properties. The gas phase governing equations are summarized
in Table 1 [11, 21].

Pulverized coal particles are described by the Lagrangian method, but only the
drag force between gas and particles is considered, and the collision between particles
is not considered. The particle governing equations are shown in Table 2 [11, 21].

Chemical Reactions

The combustion process of pulverized coal includes preheating, devolatilization,
combustion of volatiles (CαHβOγNδ), and conversion (oxidation/gasification) of
residual char [11, 22]. The devolatilization process is described by a two-reaction
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Table 2 Governing
equations for the particle
phase

Mass dmP
dt = −ṁ

Momentum mP
dup
dt = − fD,− fD =

1
8πd2pρCD

∣
∣U −Up

∣
∣
(
U −Up

)

Energy mPCp
dTp
dt =

hi,convAp
(
Tg − Tp

) + ∑ dmp
dt Hreac + ApεpσB

(
T 4
rad − T 4

p

)

Table 3 Reactions of
pulverized coal combustion
process

Reaction equations

Homogeneous reactions CαHβOγNδ +O2 → CO+H2O+N2

CO + 0.5O2 → CO2

H2 + 0.5O2 → H2O

Heterogeneous reactions C + CO2 → 2CO

C + H2O → CO + H2

C + 0.5O2 → CO

competition model. The release of volatiles is as follows:

coal →k1 α1V M1 + (1 − α1)C1 (low temperature) (1)

coal →k2 α2V M2 + (1 − α2)C2 (high temperature) (2)

The homogeneous and heterogeneous reactions involved in the combustion
process of pulverized coal are shown in Table 3. Homogeneous reaction is simu-
lated by finite rate/eddy dissipation model, while the heterogeneous reaction of the
char is described by heterogeneous surface reactions model.

The devolatilization and char conversion ratios, as well as the burnout of particles,
are important indicators of the combustion characteristics of pulverized coal. These
indicators were calculated based on the ash balance, as follows:

Devolatilization Ratio = 1 − Mmv

M0mv,0
= 1 − mvma,0

mv,0ma
(3)

Char Conversion Ratio = 1 − Mmc

M0mc,0
= 1 − mcma,0

mc,0ma
(4)

Burnout = 1 − M(1 − ma)

M0
(
1 − ma,0

) = 1 − ma,0/ma

1 − ma,0
(5)

where M0 and M are the initial and current mass of the coal particles, respectively;
mv,0,mc,0, andma,0 are the initial volatile, char, and ash contents in the coal particles,
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respectively; andmv ,mc, andma represent the current contents of volatile, char, and
ash in the coal particles, respectively.

Geometry and Operation Conditions

In this study, based on the heat and material balances of a blast furnace, oxygen
contents of 50% in the reducing gas injection process are utilized. In the iron and
steel industry, metallurgical by-product gas contains a large amount of hydrogen and
carbon monoxide. After removing CO2 and injecting them into a blast furnace, their
chemical energy can be effectively used to reduce coke consumption. Pulverized coal
properties and blast furnace operating conditions are listed in Table 4 [11].

The geometric model was based on the lance–blowpipe–tuyere–raceway zone of
a 430 m3 blast furnace. Figure 1 shows the reducing gas injected into the tuyere
through the delivery pipe. The diameter of the tuyere is 100 mm, and the depth of
the raceway is 780 mm. The injection angles of reducing gas are 30°, 40°, 50°, 60°,
and 70°, respectively.

Results and Discussion

Flows and Temperature Distribution

Figure 2 shows the gas velocity and temperature distribution when reducing gas is
injected under 50% oxygen blast conditions. As the injection angle increases, the
reducing gas has a greater impact on the mainstream hot blast, and its diffusion is
better, as shown in Fig. 2a. After the reducing gas is injected, it quickly reacts with
the oxygen in the hot blast, leading to the gas temperature to rise rapidly, as shown
in Fig. 2b. When the injection angle is 50–70°, the combustion of the reducing gas
causes a high temperature zone near the tuyere wall, which may affect the service
life of the tuyere in the actual blast furnace.

Figure 3a shows the effect of the reducing gas injection angle on the velocity of
coal particles. The mainstream is strongly squeezed under the larger injection angle,
which increases the velocity of the mixed gas, thereby increasing the velocity of
pulverized coal. The fluctuation of particle velocity in the raceway zone is caused
by the whirling motion of the particles. The tuyere kinetic energy (E) has a strong
correlation with the activity of the blast furnace hearth, and its formula is:

E = 1

2
mv2 (4)
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Fig. 1 Geometric dimensions of the three-dimensional numerical model

Fig. 2 Computational domain symmetry plane: a gas velocity distribution; b gas temperature
distribution

Fig. 3 a Average velocity of coal particles at different positions; b gas temperature and kinetic
energy at the tuyere outlet
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m and v are the mass flow and velocity of the tuyere outlet, respectively. As shown in
Fig. 3b, compared with the injection angle of 30°, the gas temperature and the tuyere
kinetic energy under the 40° of injection have a slight decrease in tuyere outlet. This
is because the combustion velocity of reducing gas is lower than its diffusion velocity
and makes the heat of combustion spread to the raceway, not in the tuyere. However,
when injected at 50–70°, the combustion heat of the reducing gas will accumulate
in the tuyere, which increases the gas temperature and the tuyere kinetic energy.

Coal Combustion Characteristics

With the increase of the injection angle, the reducinggas is fullymixed and combusted
with the main stream of hot gas, which promotes the heating and combustion of
the pulverized coal particles. As shown in Fig. 4, when the injection angle is 30°,
the temperature of the coal particles at the raceway outlet is 2185 K; and when the
injection angle is 70°, the temperature of the coal particles is 2511K,with an increase
of 326 K.

As shown in Fig. 5, under the injection conditions of 30–70°, the pulverized coal
devolatilization ratio is more than 94%; at the 50° injection, the devolatilization ratio
drops slightly because the 150 μm coal particles diffuse and heat up slowly; as the
reducing gas injection angle increases, the char conversion ratio and the coal burnout
increase. When the injection angle is 70°, the devolatilization ratio, char conversion
ratio, and burnout of pulverized coal reached 100%, 85.3%, and 88.5%, respectively,
which will help replace the consumption of coke in the blast furnace.

Fig. 4 Average temperature
of coal particles at the
raceway outlet
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Fig. 5 Devolatilization
ratio, carbon conversion
ratio, and burnout of
pulverized coal at the
raceway outlet

Conclusion

In a 50% oxygen blast furnace, the injection of reducing gas through a new tuyere
was investigated using a three-dimensional numerical model. As the injection angle
of the reducing gas increases, the mixed combustion of coal gas and hot blast is
promoted, and the diffusion of pulverized coal is also enhanced, which improves the
efficiency of pulverized coal combustion. Compared with the injection at 30°, the
tuyere kinetic energy is greatly increased during the injection at 70°, and the coal
burnout is also increased by 22.4%, which is conducive to the operation of the blast
furnace and reduces the coke ratio. However, the combustion of the reducing gas
increases the gas temperature near the tuyere wall, which requires enhanced cooling
to prevent damage to the tuyere.

Acknowledgements The authors gratefully acknowledge the financial support of the National
Natural Science Foundation of China (No. U1960205) and State Key Laboratory of Advanced
Metallurgy (No. 41618029), University of Science and Technology Beijing.

Conflict of Interest The authors declare that they have no conflict of interest.

References

1. Kuang S, Li Z, Yu A (2018) Review on modelling and simulation of blast furnace. Steel Res
Int 89(1):1700071

2. Tatsuro A, Michitaka S, Taihei N, Koichi T (2016) Evolution of blast furnace process toward
reductant flexibility and carbon dioxide mitigation in steel works. ISIJ Int 56(10):1681–1696



306 X. Peng et al.

3. Zhang Q, Xu J, Wang Y, Hasanbeigi A, Zhang W, Lu H (2018) Comprehensive assessment of
energy conservation and CO2 emissions mitigation in China’s iron and steel industry based on
dynamic material flows. Appl Energ 209(JAN.1):251–265

4. Nogami H, Yagi J, Kitamura S (2006) Analysis on material and energy balances of ironmaking
systems on blast furnace operations with metallic charging, top gas recycling and natural gas
injection. ISIJ Int 46(12):1759–1766

5. Ziebik A, Lampert K, Szega M (2008) Energy analysis of a blast-furnace system operating
with the COREX process and CO2 removal. Energy 33(2):199–205

6. Kuramochi T, Ramírez A, Turkenburg W, Faaij A (2012) Comparative assessment of CO2
capture technologies for carbon-intensive industrial processes. Prog Energy Combust Sci
38(1):87–112

7. Zhang W, Zhang J, Xue Z (2017) Exergy analyses of the oxygen blast furnace with top gas
recycling process. Energy 121(FEB.15):135–146

8. Yilmaz C, Wendelstorf J, Turek T (2017) Modeling and simulation of hydrogen injection into
a blast furnace to reduce carbon dioxide emissions. J Clean Prod 154(JUN.15):488–501

9. Jin P, Jiang Z, Bao C, Hao S, Zhang X (2015) The energy consumption and carbon emission
of the integrated steel mill with oxygen blast furnace. Resour Conserv Recycl 561–574

10. Zhang W, Xue Z, Zhang J, Wang W, Cheng C, Zou Z (2017) Medium oxygen enriched blast
furnace with top gas recycling strategy. J Iron Steel Res Int 24(8):778–786

11. Peng X, Wang J, Li C, Zuo H, Wang G, She X, Xue Q (2021) Influence of reducing gas
injection methods on pulverized coal combustion in a medium oxygen-enriched blast furnace.
JOM 73(10):2929–2937

12. Song X, Guo Z (2005) A new process for synthesis gas by co-gasifying coal and natural gas.
Fuel 84(5):525–531

13. Ouyang Z, Guo Z, Duan D, Song X, Yu X (2005) Experimental study of coal gasification
coupling with natural gas autothermal re-forming for synthesis gas production. Ind Eng Chem
Res 44(2):279–284

14. Song X, Guo Z (2006) Technologies for direct production of flexible h2/co synthesis gas. Energ
Convers Manage 47(5):560–569

15. WangM,WangZ,GuoZ (2010)Water electrolysis enhanced by super gravity field for hydrogen
production. Int J Hydrogen Energ 35(8):3198–3205

16. Dong X, Zhang S, Pinson D, Yu A, Zulli P (2004) Gas-powder flow and powder accumulation
in a packed bed ii: numerical study. Powder Technol 149(1):10–22

17. Babich A, Senk D, Born S (2014) Interaction between co-injected substances with pulverized
coal into the blast furnace. ISIJ Int 54(12):2704–2712

18. Kim J, Kim R, Kim G, Jeon C (2016) Effect of coal fragmentation on PCI combustion zone in
blast furnace. Exp Thermal Fluid Sci 79:266–274

19. GongX,GuoZ,WangZ (2009)Variation of char structure during anthracite pyrolysis catalyzed
by Fe2O3 and its influence on char combustion reactivity. Energ Fuels 23(9):4547–4552

20. Gong X, Guo Z, Wang Z (2010) Reactivity of pulverized coals during combustion catalyzed
by CeO2 and Fe2O3. Combust Flame 157(2):351–356

21. Shen Y, Guo B, Yu A, Zulli P (2009) A three-dimensional numerical study of the combustion
of coal blends in blast furnace. Fuel 88(2):255–263

22. Shen Y, Yu A, Austin P, Zulli P (2012) CFD study of in-furnace phenomena of pulverised coal
injection in blast furnace: effects of operating conditions. Powder Technol 223:27–38

23. Zhou Z, Xue Q, Tang H,Wang G,Wang J (2017) Coal combustion behavior in new ironmaking
process of top gas recycling oxygen blast furnace. JOM 69(10):1790–1794

24. Zhou Z, Yi Q, Wang R, Wang G, Ma C (2020) Numerical investigation on coal combustion in
ultralow CO2 blast furnace: effect of oxygen temperature. Processes 8(7):877



Removal of Arsenic from Molten Bearing
Steel by Adding Rare Earth Lanthanum

Peng Yu, Hongpo Wang, Xiaoqing Zhou, Yu Wang, and Xuewei Lv

Abstract Adding rare earth elements is a potential control method to remove
residual elements frommolten steel. Influence factors of adding lanthanum to remove
arsenic from the molten GCr15 bearing steel have been experimentally studied. The
results show that lanthanum addition, the melting temperature, and the initial sulfur
content significantly affected the removal of arsenic from molten steel. The reaction
of lanthanum with sulfur and arsenic occurred within 4 min after its addition. Reac-
tions between lanthanum and the crucible inhibited the arsenic removal. Increasing
the amount of lanthanum and lowering the temperature both are beneficial to arsenic
removal from molten steel. Fierce competitions existed among the lanthanum’s
arsenic removal reaction, the desulfurization reaction, and the lanthanum-crucible
reactions. For arsenic removal, the initial sulfur content in molten steel must be
controlled within an appropriate range.

Keywords Rare earth · Bearing steel · Residual element · Cleanliness

Introduction

The continuous recycling of scrap steel increases the content of copper, tin, arsenic,
and other residual elements in steel. These elements seriously endanger the quality
and performance of steel products, such as the hot workability and the temper brit-
tleness [1]. The control methods of residual elements in steel can be divided into two
categories: reducing their absolute content [2, 3] and change their existing forms to
minimize their segregation [4, 5]. Except for the enrichment caused by scrap steel
recycling, the utilization of low-grade iron ore is also an essential factor in increasing
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the content of residual elements in steel. China has plenty of arsenic-containing iron
ore, and the accumulation of arsenic is particularly prominent.

As the quality requirements for steel products increase, the content of residual
elements has become an indicator that must be seriously considered. For example,
high-carbon chromium-bearing steels require that the total content of arsenic, tin, and
antimony cannot be higher than 0.075%, and the arsenic content cannot be higher than
0.040%. Advanced international manufacturers generally control the arsenic content
in bearing steel below 0.0050%. The quality control of bearing steel has been focused
on reducing the oxygen content, modifying the size and uniformity of inclusions and
carbides, as well as their impact on the performances of products. Research on the
hazards of residual elements is rarely mentioned [6–8]. Improving cleanliness is
undoubtedly one of the effective means to improve the quality and performance of
bearing steel, but it is very hard during the current steelmaking process. The addition
of rare earth elements (REEs) to steel plays a vital role in purifying molten steel
[9, 10], modifying inclusions [8, 11], and microalloying [12, 13]. Our research team
proved that the addition of lanthanum could modify the existing state of residual
element arsenic in steel and has great potential for arsenic removal frommolten steel
[14, 15].

The purpose of this research is to take GCr15 bearing steel as the research object
to explore the influence of lanthanum addition, initial sulfur content, and melting
temperature on the removal of arsenic from the molten bearing steel.

Materials and Methods

This study used GCr15 bearing steel rods taken from a Chinese iron and steel
company as raw materials. Table 1 shows the chemical compositions of the rods.
The initial components of molten steel were controlled by adding arsenic particles,
FeS powders, and metal lanthanum. A 15 kW intermediate frequency induction
furnace was used for steelmaking under argon protection, and the mass of molten
steel for each furnace was about 600 g. The raw bearing steel rods were placed in
an alumina crucible. When the temperature was raised to the target temperature, the
arsenic particles and FeS were added after the rods were melted entirely. Then the
metal lanthanum was added after another 10 min. Then, quartz tubes with an inner
diameter of 4 mmwere used to extract samples frommolten steel, followed by water
quenching. About 0.75 g of each sample was cut and dissolved in a mixed solution of

Table 1 Chemical compositions of the raw material (mass%)

Elements C Si Mn P S Cr Al O As

Content 0.96 0.23 0.33 0.014 0.002 1.49 0.007 0.0009 0.002
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hydrochloric acid and nitric acid; then, the solution was diluted volume to 50 ml. An
inductively coupled plasma optical emission spectrometer (Optima 8000, Waltham,
MA, USA) was used to detect the content of lanthanum and arsenic in the sample
solution.

Results

Effect of Lanthanum Addition on Arsenic Removal

Figure 1 shows the change of arsenic content in molten steel with an initial sulfur
content of 0.01% and different lanthanum additions at 1550 °C. As shown in the
figure, with the addition of 0.10 and 0.15% La, the arsenic content in the molten
steel decreased first and then increased, while the addition of 0.05% La had a more
negligible effect on the arsenic content. Previous work showed that lanthanumwould
react with arsenic and sulfur to form La–S–As compounds after consuming most
oxygen in the molten steel, and most La–S–As would float up to the surface of the
molten steel or be captured by the crucible wall, thereby reducing the arsenic content
[3, 14]. In this work, samples were firstly taken 1 min after adding lanthanum to
molten steel. The arsenic content reached a minimum 3 to 4 min after lanthanum
was added. It can be predicted that if the lanthanum in the molten steel did not react
with the alumina crucible, the removal velocity of arsenic would be faster, and the
time for the arsenic content to reach the lowest value would be shortened.

Figure 2 shows the changes of lanthanum and aluminum in molten steel with
different lanthanum additions and initial sulfur content of 0.01% under 1550 °C. The
lanthanumcontent in themolten steel decreased gradually due to the reaction between
lanthanum and the crucible, which broke the reaction equilibrium of lanthanum,
sulfur, and arsenic to generate La–S–As, resulting in the increase of arsenic content.

Fig. 1 Arsenic content
changes in molten steel with
initial 0.01% S and different
La additions during smelting
at 1550 °C
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Fig. 2 Component concentrations in molten steel with initial 0.01% S and different La additions
at 1550 °C: a La content and b Al content

Further, the lanthanum was almost exhausted 30 min after its addition. At the same
time, the aluminum content first increased and then decreased, and its inflection point
was about 10 to 15min after the lanthanum addition, which is significantly behind the
inflection point where the arsenic content first reduced and then increased (3–4 min
after the lanthanum addition). It was noted that the initial acid-soluble content of Al
in the raw bearing steel rod was around 50 ppm, while it was less than 20 ppm in
the molten steel before the lanthanum addition. This is because part of the aluminum
was consumed by oxygen pollution caused by re-melting during the smelting period
before adding lanthanum. After lanthanum was added to molten steel, the significant
increase in Al content was attributed to the lanthanum-crucible reactions. A fierce
competition occurred between the reaction of La, S, and As to form La–S–As and
the lanthanum-crucible reactions.

Effect of Melting Temperature on Arsenic Removal

Figure 3 shows the change of arsenic content in molten steel with an initial sulfur
content of 0.01% and different lanthanum additions at different temperatures. As
shown in the figure, compared to smelting at 1550 °C, lowering the temperature to
1500 °C improved the effect of lanthanum on removing arsenic from molten steel.
Even adding 0.05%La can remove part of arsenic frommolten steel in the first 5 min.
The potential maximum of arsenic removal rate calculated according to the arsenic
content in the molten steel before adding lanthanum and the lowest arsenic content
after adding lanthanum is shown in Fig. 4. The results show that the arsenic removal
rate reached the maximum of 56.6% with 0.15% La addition. It can be predicted that
if lanthanum did not react with the crucible, the arsenic removal rate would increase
further.
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Fig. 3 Arsenic content
changes in molten steel with
initial 0.01% S and different
La additions during smelting
at different temperatures
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Fig. 4 Effect of lanthanum
addition on the potential
maximum of arsenic removal
rate at different melting
temperatures
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Effect of Initial Sulfur Content on Arsenic Removal

Figure 5 shows the change of arsenic content in molten steel with 0.15% La addition
and different initial sulfur content at 1500 °C. As shown in the figure, when the
initial sulfur content was 0.010 and 0.015%, the arsenic removal effect of lanthanum
was significantly higher than that of molten steel with an initial sulfur content of
0.005%. However, it does not show a significant monotonic increasing relationship
with the initial sulfur content. The literature indicated that La and As could not react
to generate LaAs compounds before solidification, which were generally generated
during solidification and could not remove arsenic frommolten steel [5]. In this work,
the potential maximum of arsenic removal rates at the initial sulfur content of 0.010
and 0.015% were close, indicating that the concentration of La and S in the molten
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Fig. 5 Arsenic content
changes in molten steel with
different initial S and 0.15%
La addition during smelting
at 1500 °C
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steel has a proper combination, and it needs to be further studied in combination with
accurate thermodynamic data.

Discussion

The mechanism of arsenic removal by adding La is that La reacts with S and As
to form La–S–As compounds that float up to the surface of the molten steel or are
captured by the wall of the smelting vessel, so as to reduce the As content in the
molten steel. The reaction formula can be expressed as Eq. (1). The removal of As
is affected by the amount of La-added and the initial S content. Since La and S can
react to generate LaS, as shown in Eq. (2), a competition exists between reaction
Eqs. (1) and (2), which significantly affects the effective La content for the arsenic
removal, indicating that increasing the initial S content does not necessarily increase
the arsenic removal effect of La. On the one hand, to remove arsenic, a certain amount
of S is necessary; on the other hand, to reduce the formation of LaS, the S content
must be controlled within a specific range.

x[La] + y[S] + z[As] = LaxSyAsz (1)

[La] + [S] = LaS (2)

It is worth noting that rare earth elements will react with refractory materials such
as alumina andmagnesia [16, 17]. The lanthanum-crucible reactions can be shown in
Eqs. (3)–(5). These reactions will consume La and reduce its arsenic removal effect.

[La] + (Al2O3)crucible = (LaAlO3)inclusion + [Al] (3)
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2[La] + (Al2O3)crucible = (La2O3)inclusion + 2[Al] (4)

2[La] + 3(MgO)crucible = (La2O3)inclusion + 3[Mg] (5)

The measurement that can avoid the reactions between rare earth elements in the
molten steel and the refractory material is to use the corresponding rare earth oxide
as the refractory material, which is unrealistic in industrial production. It is also
not easy to achieve even on a laboratory scale because it is challenging to prepare
crucibleswith nearly pure rare earth oxides as rawmaterials. The good news is that, in
industrial production, the contact area between per unit mass of molten steel and the
refractory material is significantly smaller than the value during the laboratory-scale
steelmaking. When the melting scale is tens or hundreds of tons, the REE-refractory
reactions are less fierce. It is expected to be prominent for arsenic removal from
molten steel by adding REEs. Related research results will be published in future
work.

Conclusions

The lanthanum addition, melting temperature, and initial sulfur content significantly
affected the removal of arsenic from molten steel. The reaction of La–S–As forma-
tion mainly occurred 3 to 4 min after La addition. Avoiding the reaction between
lanthanum and the crucible will increase the arsenic removal rate. Increasing La
addition and decreasing steelmaking temperature are beneficial to arsenic removal
frommolten steel. Fierce competitions exist among the lanthanum’s arsenic removal
reaction, the desulfurization reaction, and the lanthanum-crucible reactions. For
arsenic removal, the initial sulfur content in molten steel must be controlled within
an appropriate range.
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Observation on Clogging Behavior
of Submerged Entry Nozzle of Al–Killed
Steels

Fenggang Liu, Qiuyue Zhou, Lifeng Zhang, and Ying Ren

Abstract To better understand the clogging mechanism of the submerged entry
nozzle, clogging materials were analyzed using scanning electron microscopy and
energy dispersive spectrometer. The clogging material was divided into several
layers, including the alumina inclusion layer, solidified steel layer, and nozzle matrix
layer. Due to the difference in the morphology and composition of oxides, observed
clogging materials presented different morphologies. Steel droplets were observed
at the interface between the nozzle and the clogging materials, indicating that insuf-
ficient preheating may lead to the solidification of the molten steel. Alumina inclu-
sions were easy to adhere to the solidified steel layer, which was the starting of the
nozzle clogging behavior. The alumina inclusions continuously collided and sintered,
resulting in the formation of the alumina inclusion layer. Besides, the reoxidation
might also lead to the clogging of the submerged entry nozzle of Al-killed steels.

Keywords Clogging · Submerged entry nozzle · Al-killed steels

Introduction

The nozzle clogging is a very common phenomenon during the continuous casting
process ofAl–killed steels.During the submerged entry nozzle (SEN)bakingprocess,
the oxidation and decarbonization of the inner surface of nozzles generated gaps,
which were conducive to the nozzle/steel reaction and the liquid inclusion forma-
tion.Meanwhile, it promoted the adhesion ofAl2O3, inclusions. The lower preheating
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temperature of nozzles was conducive to the solidification of steel droplets. Inclu-
sions in the molten steel continuously adhered, sintered, and matured in the high-
temperature molten steel, leading to the nozzle clogging. The Al–Ti–O inclusion was
common inclusions in the Ti–Al-killed steel [1–9]. Due to the better wettability of
the Al–Ti–O inclusion with the liquid steel, it was more difficult to enter the slag
from the liquid steel. The better wettability of the Al–Ti–O inclusion with refractory
promoted the adhesion of inclusions on the inner wall of the nozzle during the steel
flowing through the nozzle [7, 9–11]. Solid clogging materials were mainly formed
from the oxide inclusions such as Al2O3 and Al–Ti–O in liquid steel [12]. When the
molten steel in the nozzle was oxidized, elements of Ti, Fe, and Al in the steel were
oxidized to form FetO–Al2O3–TiOx liquid oxides, which exhibited good wettability
to both steel and refractory materials. Liquid oxides of FetO–Al2O3–TiOx were easy
to adhere to the inner wall of the nozzle as well as steel droplets [9, 13]. The density
of Al–Ti–O clusters was much higher than that of loose Al2O3 clusters [14]. Lee
et al. [15] proposed that the reoxidation process of the molten steel leading to the
generation of oxide clogging materials on the surface of the nozzle wall. The FeO-
rich liquid layer first formed on the wall, and then FeO and SiO2 in the liquid layer
were reduced by [Al] in the liquid steel to form a solid inclusion layer rich in Al2O3.
As the temperature decreased, the steel droplet changed from liquid to solid state
and sintered with the surrounding clogging material. Lee et al. [13] reported CaO-
containing nozzle increased the clogging during the continuous casting process. The
formed Al2O3 was produced by the deoxidation in the molten steel and is the cause
of the nozzle clogging [16–18]. In the turbulent flow, smaller inclusions were easier
to adhered on the inner wall of the nozzle [19]. When the diameter of the inclusion
was less than 15µm, the probability of the clogging material formation on the nozzle
inner wall increased significantly [20]. Inclusions generated by the reoxidation of
the molten steel were one of the main sources of clogging materials.

Experimental

The Al-killed steel without calcium treatment was teemed from a ladle into a tundish
and then poured into two strands continuous mold. Slag powders were added to the
tundish to cover the surface of the molten steel at cast start. The composition of the
Al-killed steel is listed in Table 1. An used SEN as shown in Fig. 1 was analyzed to
investigate the clogging behavior. To investigate the clogging mechanism of the SEN
of Al–killed steels. The clogging material was taken from the inwall of the SEM.

Table 1 Main chemical composition of Al-killed steels

C Si Mn P S T.Al [Al] T.Ti T.N T.O

0.0016 0.004 0.14 0.01 0.005 0.047 0.045 0.066 0.0023 0.0021
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Fig. 1 Image and schematic of the clogging materials on the SEN

The SEM–EDX was applied to the identification of inclusions and phases in nozzle
clogging materials.

The Observation of Clogging Materials on the SEN

The local three-dimensional morphology o clogging materials is shown in Fig. 2.
Figure 2a and b shows clogging materials containing the molten steel and the nozzle
wall. There was an obvious bonding phenomenon between clogging materials in the
solidified steel layer. Black Al2O3 particles bonded each other, and white FeOx–
Al2O3 particles adhered black Al2O3. The structure of clogging materials was rela-
tively dense. A small piece of white angular FeOx–Al2O3 sticked on the inner surface
of clogging materials. There was a complex inclusion with black and white phases,
indicating that FeOx–Al2O3, acted as a binder, bonded Al2O3 particles or Al2O3

clusters together to form larger inclusion clusters. According to the difference of
two-dimensionalmorphology and composition of cloggingmaterials, cloggingmate-
rials from the nozzle side to the steel side were divided into the following sequence:
smaller steel droplets and the Al2O3 complex layer. The slender Al2O3 and large size
solidified steel complex network layer, the middle layer of single Al2O3 particles
distributed in large size solidified steel, and the layer containing large size solidified
steel and FeOx–Al2O3 in plate shape. There was a thin layer of FeOx–Al2O3 at the
edge of the solidified steel.
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Fig. 2 Original morphology and composition of clogging materials: a contacting the molten steel
and b contacting the nozzle wall

Figure 3 shows that there was a thin FeOx–Al2O3 layer at the edge of the steel,
containing several layers. Clogging materials closed to the solidified steel and away
from the solidified steel layer were in dark and lighter colors. In Fig. 3a and b, the
dark color phase was mainly Al2O3, while the light one was mainly FeOx-containing

Fig. 3 Elemental mapping results of clogging materials on SEN
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Fig. 4 Stability diagram of
inclusions in Fe–O–Al–Ti
melts

oxides. The FeOx–Al2O3 thin layer on the edge grew and sintered together with a
small distance between the condensed steels. There were Al2O3 inclusions adhered
on the outside of the FeOx–Al2O3 thin layer.

Thermodynamic Calculation

The stability diagramofAl–Ti–O inclusions at 1823Kwas calculated using FactSage
with FactPS, FToxid, and FTmisc databases, as shown in Fig. 4. The typical inclusion
in equilibrium was Al2O3 in the current molten steel, while Al–Ti–O inclusions
generated in steel during the reoxidation process. Effects of interfacial tension and
melt composition on the oxide nucleation in Fe–O–Al system at 1809 K are shown
in Fig. 5 [21]. The interfacial tension (σ ) between oxide and melt was 103 ergs cm−2.
When the dissolved aluminum in steel was 0.04%, formed inclusions were mainly
FeO·Al2O3 in the molten steel with 10–10,000 ppm oxygen, while there were FeOx

inclusions generated in steel with 1000–10,000 ppm oxygen.

Conclusions

(1) There was a complex inclusion with black and white phases, indicating that
FeOx–Al2O3, acted as a binder, bonded Al2O3 particles or Al2O3 clusters
together to form larger inclusion clusters.

(2) There was a thin FeOx–Al2O3 layer at the edge of the steel, containing several
layers. Clogging materials closed to the solidified steel and away from the
solidified steel layer were in dark and lighter colors.
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Fig. 5 Effects of interfacial
tension and melt composition
on the inclusion nucleation
in Fe–O–Al melts [21]

(3) The typical inclusion in equilibrium was Al2O3 in the current molten steel,
while Al–Ti–O inclusions generated in steel during the reoxidation process.
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Effect of Lanthanum on Inclusions
in a High Sulfur Steel

Sha Ji, Lifeng Zhang, Ying Ren, and Xindong Wang

Abstract Laboratory experiments were performed to study the evolution of inclu-
sions in a high sulfur steel with additions of 40, 200, and 800 ppm lanthanum. With
the increase of lanthanum content in the steel, evolution paths of inclusions were Al–
Ca–O → Al–Ca–(La)–O, Al–Ca–O → La–O–S and La–S → La–S, Al–Ca–O →
La–O–S and La–S. Thermodynamic calculation results show that the evolution path
of inclusions with lanthanum additions was Al2O3 → La2O3·Al2O3 → La2O2S →
La2O2S+LaS,whichwere in good agreementwith experimental results. Lanthanum
additions promoted the generation and collision of La-rich inclusions and inhibited
the precipitation of MnS inclusions in the solid steel with the number density and
area fraction of MnS inclusions decreased obviously. An appropriate amount of
lanthanum was beneficial to improve the distribution of sulfide and promoted the
formation of type I sulfide in the high sulfur steel.

Keywords Lanthanum · Inclusions · Thermodynamic calculation · High sulfur
steel

Introduction

The non-quenched and tempered steel is widely used in the automobile manufac-
turing, machine tool assembly, instrument production, and other fields due to its
high strength and good machinability [1, 2] with the development of the low energy
consumption and green development of ironmaking and steelmaking industry [3, 4].
Generally, a certain amount of free-cutting element like sulfur is added to promote the
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precipitation of manganese sulfide (MnS) and improve the machinability of steel [5].
Since the machinability and mechanical properties of steels are significantly affected
by the morphology and distribution of MnS inclusions [6–8], numerous studies have
focused on the formation mechanism and shape control of MnS inclusions [9–12].
Recently, rare earth elements were widely used in modifying inclusions, deep puri-
fying steel, and alloying due to their unique electronic layer structure. Torkamani
et al. [13] found that elongated inclusions of MnS were transformed to spherical or
near spherical ones of (RE, Al)(S, O) and RE(S) with the addition of 200 ppm La
and Ce in the micro-alloyed steel. Huang et al. [14] reported the evolution path of
MgAl2O4 → CeAlO3 → Ce–O and Ce–O–S with Ce content increased from 0 to
300 ppm in the H13 stainless steel. Comprehensive analysis was conducted by Ren
et al. [15–17] to study the inclusions evolution by cerium treatment both in indus-
trial trials and laboratory experiments of a Al-killed non-oriented electrical steel.
In the current work, laboratory experiment and thermodynamic calculations were
performed to study the effect of lanthanum treatment on inclusions in a high sulfur
steel (HSS). The composition, number, size, and distribution of inclusions in both
the molten and the solid HSS after additions of 40, 200, and 800 ppm lanthanum
were comprehensively analyzed.

Laboratory Experiment and Analysis

A commercial HSS bloom with the composition shown in Table 1 was used as the
base material in the experiment. Approximately, 650 g bloom samples after grinding
were melted in an alumina crucible with an inner diameter of 48 mm and a height of
115 mm, and the alumina crucible was placed in a graphite protection crucible using
MoSi2 heating bars under the argon atmosphere at a flow rate of 2.0 L/min. The steel
was heated to 1873 K at the rate of 10 K/min and kept for 5 min, and then the first
sample was taken by the quartz sampler and water-cooled immediately. One minute
after sampling, a certain amount of La-Fe alloy (20 wt% La) packed in an iron foil
was added to the molten steel. At 1, 3, 5, and 10 min after the lanthanum addition,
samples were taken with quartz samplers and water-cooled immediately. During
the sampling process, the insertion depth of samplers was fixed to ensure the same
sampling position. The schematic of the experimental procedure, quartz sampler,
and sample processing diagram was shown in Fig. 1. After holding for 10 min at
1873 K, samples with the alumina crucible were furnace-cooled to 1400 °C and then
quenched in water.

Table 1 Chemical composition of the bulk HSS (wt%)

C Si Mn P S Cr [Al] T.Al

0.242 0.245 2.004 0.018 0.04 0.463 0.010 0.013
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Fig. 1 Schematic of a the experimental procedure and b the sample processing diagram

The content of the total lanthanum (T.La) in the steel was analyzed using the
inductively coupled plasma emission spectrometry (ICP-ES). The total oxygen (T.O)
and total sulfur (T.S) were analyzed using the Leco analyzer. Other elements of
the bulk steel were analyzed using a spark direct reading spectrometer. The chem-
ical composition of steel samples is listed in Table 2. The morphology, size, and
chemical composition of inclusions were detected using an automated Scanning
Electron Microscope-Energy Dispersive Spectrometer (SEM–EDS) inclusion anal-
ysis system, operated at an acceleration voltage of 15 kV and 35% spot size. The
working distance of the BSED detector was 16.0–17.0 mm. The minimum diameter
of inclusions was set as 1.0µm, and themaximum diameter of inclusions was chosen
as the size of inclusions in the current work.

Evolution of Inclusions in the Molten Steel with Lanthanum
Addition

The element mapping and composition of typical incluisons in the molten steel
before the lanthanum addition are shown in Fig. 2. Inclusions were spherical or
nearly spherical homogeneous Al2O3–CaO–MgO type. The homogeneous distribu-
tion of elements indicated that inclusions were liquid in the molten steel before the
lanthanum addition.

The ternary phase diagram distribution of non-metallic inclusions in the molten
HSS before and after the addition of 40 ppm lanthanum is shown in Fig. 3, where
the mole fraction of each component in inclusions was analyzed. According to the
composition of non-metallic inclusions, inclusions were put into the Al–La–O and
La–O–S ternary phase diagrams, respectively. The Al–La–O ternary phase diagram
mainly focused on the transformation of oxide inclusions, and the other mainly
focused on the transformation of La-containing oxy-sulfide and sulfide inclusions.
The scanning area of each samplewasmore than 7.5mm2 to obtain enough inclusions
for the accuracy of experiment results, and inclusion types indicated by red arrows
were shown in the ternary phase diagram. The scanning area, number, maximum
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Fig. 2 Typical morphology and composition of inclusions in the molten HSS before the lanthanum
addition

diameter (Dmax), average diameter (Dave), number density (ND), and area fraciton
(AF) of inclusions detected in samples were also shown in the diagram. Inclusions in
the molten steel before the addition of lanthanum were mainly Al2O3 type. After the
addition of lanthanum of 40 ppm, part of initial inclusions of Al2O3 were modified
to Al–(La)–O type. Inclusions in the molten steel were mainly Al2O3 type and Al–
La–O type. With the increase of holding time, more inclusions of Al2O3 in the steel
were gradually modified to Al–(La)–O ones.

The ternary phase diagram distribution of non-metallic inclusions in the HSS
before and after additions of lanthanum of 200 ppm and 800 ppm is shown in Figs. 4
and 5. When 200 ppm lanthanum was added into the molten steel, the content of
aluminium in inclusions decreased rapidly. Transient inclusions of La–S were first
formed at 1 min after the addition of 200 ppm lanthanum and then dissoluted with
the holding time. Inclusions were mainly La–O–S type at 10 min after the addition
of lanthanum. After the addition of 800 ppm lanthanum, inclusions were modified
to La–O–S and La–S rapidly, which was stable with the holding time.

Typical morphology, composition and element mapping of inclusions in the
molten HSS with 40, 200, and 800 ppm lanthanum additions were shown in Figs. 6,
7, and 8. Inclusions were modified into spherical small-size Al–Ca–La–O type 1 min
after the addition of 40 ppm lanthanum with the content of lanthanum in inclusions
lower than 1.0 mol%, and there was no obvious transformation of inclusions compo-
sition with the holding time. After the addition of 200 ppm lanthanum, inclusions
were modified into spherical or near spherical ones of La–O–S and La–S rapidly.
The content of lanthanum of La–O–S inclusions was about 40.00 mol%, and that
of La–S was about 50.00 mol%. After 10 min the addition of lanthanum, transient
inclusions of La–S disappeared, and the main type of inclusions was La–O–S with
the average content of lanthanum about 45.0–48.0 mol%. Inclusions were modified
into spherical or near spherical La–O–S and La–Sinclusions at 1 min after the addi-
tion of 800 ppm lanthanum, and La–S type inclusions acted as stable products with
the holding time.

The transformation of the average composition of inclusions at different holding
times with the addition of 40 ppm lanthanum is shown in Fig. 9a. After the addi-
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Fig. 3 Distribution of non-metallic inclusions in the molten HSS before (a), 1 min (b), 5 min (c),
and 10 min (d) after the addition of 40 ppm lanthanum
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Fig. 4 Distribution of non-metallic inclusions in the molten HSS before (a), 1 min (b), 5 min (c),
and 10 min (d) after the addition of 200 ppm lanthanum
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Fig. 5 Distribution of non-metallic inclusions in the molten HSS before (a), 1 min (b), 5 min (c),
and 10 min (d) after the addition of 800 ppm lanthanum
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Fig. 6 Typical morphology, composition, and element mapping results of inclusions in the molten
HSS: a 1 min and b 10 min after the addition of 40 ppm lanthanum

tion of lanthanum, the content of lanthanum in inclusions increased rapidly and
then decreased gradually. The composition of inclusions fluctuated and the average
content of lanthanum in inclusionswere less than 5.0mol%3min after the lanthanum
addition. The evolution path of inclusions in the molten HSS with the 40 ppm
lanthanum addition was Al–Ca–O → Al–Ca–La–O. The composition of inclusions
at different holding times with additions of 200 and 800 ppm lanthanum was shown
in Fig. 9b and c. After the addition of 200 ppm lanthanum, contents of Al and Ca
in inclusions disappeared rapidly while that of La and S in inclusions increased to
35.57mol%and36.32mol%, respectively. The transient product ofLa–Sdisappeared
with the holding time, and inclusions of themolten steel weremainly La–O–S 10min
after the addition of lanthanum. The evolution path of inclusions with the 200 ppm
lanthanum addition was Al–Ca–O → La–O–S and La–S → La–O–S. Inclusions
transformed into stable phases of La–O–S and La–S rapidly after the addition of
800 ppm lanthanum. The content of La and S in inclusions increased to 36.74 mol%
and 49.25 mol%, respectively. The composition of inclusions in the molten steel
hardly changed 3 min after the lanthanum addition. The evolution path of inclusions
with the addition of 800 ppm lanthanum in themoltenHSSwasAl–Ca–O→La–O–S
and La–S.
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Fig. 7 Typical morphology, composition, and element mapping results of inclusions in the molten
HSS: a 1 min and b10 min after the addition of 200 ppm lanthanum
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Fig. 8 Typical morphology, composition, and element mapping results of inclusions in the molten
HSS: a 1 min and b 10 min after the addition of 800 ppm lanthanum
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Fig. 9 Average composition
of inclusions with additions
of a 40 ppm, b 200 ppm, and
c 800 ppm lanthanum
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Fig. 10 Comparison of a
the average diameter b the
number density and c the
area fraction of inclusions in
the HSS after lanthanum
additions
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Figure 10 shows comparisons of the average diameter, number density, and area
fraction of inclusions with different lanthanum additions. After the addition of
lanthanum, the average size of inclusions in the molten steel first decreased and
then rose up, which was due to the generation of small-size La-containing inclu-
sions and the collision of La-rich inclusions. With the increase of the addition of
lanthanum, the average diameter of inclusions first decreased then rose up with the
holding time, indicating that an appropriate addition of lanthanum could refine the
size of inclusions of the molten HSS. The higher lanthanum content in the molten
steel promoted the formation of inclusions, the number density and area fraction of
inclusions increased with the addition of lanthanum. However, the number density
and area fraction of inclusions showed an obvious increase with 800 ppm lanthanum
addition. With the addition of 200 ppm lanthanum, the aggregation and growth of
inclusions were relatively weak with the holding time. That is to say, an appropriate
amount of lanthanum addition can refine the size of inclusions in the HSS.

Fifty fields of views at a size scale of 100 microns were randomly measured to
evaluate the number and proportion of different types of sulfide inclusions; quanti-
tatively analysis was conducted to further study the distribution of different kinds of

Fig. 11 Distribution of
different types of sulfide
inclusions in the solid HSS
after lanthanum additions: a
type I b type II
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Fig. 12 Gibbs free energy
of inclusions formation
(a) and transformation (b) in
the HSS with lanthanum
additions
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sulfide inclusions in the HSS with lanthanum additions in Fig. 11. The proportion of
type I sulfide inclusions increased from47.19 to 58.36%with the lanthanumaddition,
and the distribution of sulfide inclusions was more concentrated. While the sulfide
inclusions of type II decreased from 41.58 to 30.39%, indicating that an appropriate
addition of lanthanum could promoted the generation of type I sulfide inclusions. An
appropriate amount of the lanthanum addition improved the distribution of sulfide
and promoted the formation of type I sulfide in the solid HSS.

Thermodynamic Calculation of Lanthanum Modification
of Inclusions

Possible reactions and standard Gibbs free energy [18–20] were considered, and
the Henry activity was taken as the standard state in the current work due to the
trace content of each element in the molten HSS. The Henry activity coefficient
and Henry activity of elements could calculated by the Wagner model and first-
order interaction coefficient of elements [18, 21]. The Gibbs free energy of inclusion
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formation with lanthanum additions was shown in Fig. 12. With the increase of the
lanthanum content in the HSS, La2O3, La2O2S, La2O3·Al2O3, and La2O3·11Al2O3

type inclusions formed in the HSS at 1873 K. La-containing oxide inclusions and
oxy-sulfide inclusions were more stable than Al2O3, which could be detected in
the molten steel. With the further increase of lanthanum content in the HSS, La-
containing sulfide inclusions were formed. Inclusions were predicated to be La-
containing oxide inclusions with 40 ppm lanthanum addition, and that with 200 and
800 ppm lanthanum should be La-containing sulfide and oxy-sulfide inclusions. The
higher content of lanthanum, the more stable La-containing sulfide inclusions were
formed. Figure 12b shows the effect of lanthanum on the transformation of inclusions
at 1873 K. Combined with Fig. 12a, the evolution path of inclusions with lanthanum
additions was Al2O3 → La2O3·Al2O3 → La2O2S → La2O2S + LaS, which was in
good agreement with experimental results. At the same time, thermodynamic calcu-
lation results show that under current calculation conditions, inclusions of La2O2S
acted as a stably phase in the steel which could not be transformed into inclusions
of La-containing sulfide.

Conclusions

(1) After additions of 40, 200 and 800 ppm lanthanum in the HSS, the evolution
path of inclusions was Al–Ca–O→Al–Ca–(La)–O, Al–Ca–O→La–O–S and
La–S → La–O–S, and Al–Ca–O → La–O–S and La–S, respectively, which
were in good agreement with thermodynamic calculation results.

(2) When 40 ppm lanthanum was added, the initial liquid Al–Ca–O inclusions
were modified to small-size liquid inclusions of Al–Ca–(La)–O. Inclusions of
La–O–S and transient La–S were detected in the molten steel with 200 ppm
lanthanum addition. After the addition of 800 ppm lanthanum into the steel, a
large number of stable La–O–S and La-S inclusions generated.

(3) When the lanthanumaddition in steel increased from40 to 800 ppm, the propor-
tion of type I sulfide in steel increased from 47.19 to 58.36%, and that of type
II sulfide decreased from 41.58 to 30.39%. An appropriate amount of 200 ppm
lanthanum in the HSS was beneficial to improve the distribution of sulfide
inclusions, promote the formation of type I sulfide, and improve the properties
of the HSS.

Acknowledgements The authors are grateful for support from the National Nature Science Foun-
dation of China (Grant No. U1860206, No. 51725402), the S&T Program of Hebei (Grant No.
20311005D), the High Steel Center (HSC) at Yanshan University, and Beijing International Center
of Advanced and Intelligent Manufacturing of High Quality Steel Materials (ICSM) and the High
Quality Steel Consortium (HQSC) at University of Science and TechnologyBeijing (USTB), China.



Effect of Lanthanum on Inclusions in a High Sulfur Steel 339

References

1. Sun H, Wu LP, Xie JB, Ai KN, Zeng ZQ, Shen P, Fu JX (2020) Inclusions modification
and improvement of machinability in a Non-quenched and tempered steel with Mg treatment.
Metall Res Technol 117(208):1–9

2. Li M, Wang F, Li C, Yang Z, Meng Q, Sufen T (2015) Effects of cooling rate and Al on MnS
formation in medium-carbon non-quenched and tempered steels. Int J Miner Metall Mater
22(6):589–597

3. Wang K, Yu T, Song Y, Li H, Liu M, Luo R, Zhang J, Fang F, Lin X (2019) Effects of MnS
inclusions on the banded microstructure in non-quenched and tempered steel. Metall Mater
Trans B 50(3):1213–1224

4. Zhang LF (2019) Non-metallic inclusions in steels: industrial practice (in Chinese). Metallur-
gical Industry Press, Beijing

5. Zeng J, Zhu C, Wang W, Li X (2020) In situ observation of the MnS precipitation behavior in
high-sulfur microalloyed steel under different cooling rates. Metall Mater Trans B 51(6):2522–
2531

6. Luyckx L, Bell JR, Mclean A, Korchynsky M (1970) Sulfide shape control in high strength
low alloy steels. Metall Trans B 1(12):3341–3350

7. Liu H, Chen W (2012) Effect of total oxygen content on the machinability of low carbon
resulfurized free cutting steel. Steel Res Int 83(12):1172–1179

8. Yang W, Yang X, Zhang LF, Liu X (2013) Review of control of MnS inclusions in steel.
Steelmaking 29(6):71–78

9. Sanbongi K (1978) Controlling sulfide shape with rare earth or calcium during the processing
of molten steel. Tetsu Hagane 64(1):145–154

10. Yoichi I, Noriyuki M, Kaichi M (1980) Formation of MnS-type inclusion in steel. Tetsu-to-
Hagane 66(6):647–656

11. Diederichs R, Bleck W (2006) Modelling of manganese sulphide formation during solidifica-
tion, Part I: description of MnS formation parameters. Steel Res Int 77(3):202–209

12. Zhang X, Yang C, Chai F, Luo X, Zhang LF, Dong Y (2019) Precipitation and control of MnS
inclusions by thermodynamic analysis. Iron and steel 54(12):27–34

13. Torkamani H, Raygan S, Mateo CG, Rassizadehghani J, San-Martin D (2018) Contributions
of rare earth element (La, Ce) addition to the impact toughness of low carbon cast niobium
microalloyed steels. Met Mater Int 24(3):1–16

14. Huang Y, Cheng G, Li S, Dai W (2018) Effect of cerium on the behavior of inclusions in H13
steel. Steel Res Int 89(12):1800371–1800377

15. Ren Q, Zhang LF, Hu Z, Cheng L (2021) Transient influence of cerium on inclusions in an
Al-killed non-oriented electrical steel. Ironmak Steelmak 48(2):191–199

16. Ren Q, Zhang LF (2020) Effect of cerium content on inclusions in an ultra-low-carbon
aluminum-killed steel. Metall Mater Trans B 51(2):589–600

17. RenQ, ZhangLF, LiuY,Cui L,YangW (2020) Transformation of cerium-containing inclusions
in ultra-low-carbon aluminum-killed steels during solidification and cooling. J Market Res
9(4):8197–8206

18. Mikhailov GG, Makrovets LA, Smirnov LA (2016) Thermodynamic modelling of rare-earth
elements—Oxygen interaction. Mater Sci Forum 843:39–45

19. Vahed A, Kay DAR (1976) Thermodynamics of rare earths in steelmaking. Metall Trans B
7B(3):375–383

20. He Y, Liu J, Qiu S, Deng Z, Yang Y, Mclean A (2018) Thermodynamic analysis of inclusion
characteristics in As-cast FeCrAl-(La) alloys. Iron Steelmak 47(1):13–21

21. Wei S (1980) Thermodynamics of the metallurgical process. Shanghai Scientific and Technical
Literature Publishing House, Shanghai



Part V
Process Optimization



Effect of Calcium Treatment
on Non-metallic Inclusions in Steel
During Refining Process

Weijian Wang, Lifeng Zhang, Ying Ren, Yan Luo, and Xiaohui Sun

Abstract Different amounts of calcium wire were added to the molten steel during
the refining process in industrial trials to study the effect of calcium contents on
the size distribution, content, and morphology of inclusions. Thermodynamic calcu-
lations were also conducted to study the effect of calcium contents on inclusions.
It was found that with the increase of calcium content in steel, Al2O3 content in
inclusions decreased while CaS content increased. However, when calcium content
was bigger than 30 ppm, the CaO content decreased slightly and the CaS content
increased more. As the calcium content in steel increased, the average size and area
fraction of inclusions decreased, which means that appropriate calcium treatment
technology will not reduce the cleanliness of molten steel as well as will not increase
the proportion of large-sized inclusions in the steel.

Keywords Calcium treatment · Inclusions · Calcium content · Refining process

Introduction

As a strong deoxidizer, aluminum is widely used in the steelmaking process.
However, after the addition of aluminum to the liquid steel, a large number of
Al2O3 inclusions were generated, causing nozzle clogging and product defects [1–4].
Calcium treatment was used to modify Al2O3 into liquid calcium aluminate inclu-
sions at steelmaking temperature. However, there was a reasonable calcium content
range during the calcium treatment process. If the calcium content in the molten steel
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is too low, inclusions were hardly fully modified to liquid state. But solid CaS–CaO
would be generated after the excessive calcium was added to the molten steel, which
also cause nozzle clogging [5–8]. On the one hand, the dissolved calcium reacts with
Al2O3 inclusions directly to generate calcium aluminates [6, 9–11]. On the other
hand, it was also reported that the added calcium transiently reacted with sulfur to
form CaS inclusions [5, 12–15]. Then Al2O3 inclusions can be modified by CaS
to calcium aluminates. Additionally, it was found that Al2O3–CaS inclusions were
observed with a higher T.S/T.O ratio in the steel [16]. The relationship between the
solid ratio of inclusions and the calcium content in the steel was also reported [17].

In the current study, industrial trials were performed to study the effect of calcium
treatment on inclusions. Different amounts of calcium wire were added into the
molten steel to study the effect of calcium contents on the size, composition, and
morphology of inclusions. The effect of calcium content on the composition, solidus,
and liquidus of inclusions was also calculated by Factsage.

Methodology

The production route of the Al–killed steel was BOF → LF → calcium treatment
→ continuous casting. During the calcium treatment process, CaFe alloy wire was
inserted into the molten steel to modify alumina-based inclusions in ladles. Steel
samples were taken 3 min before calcium treatment and 3 min after calcium treat-
ment. Contents of T.Al (total aluminum), T.Ca (total calcium), and T.S (total sulfur)
in steel samples were analyzed using the Optical Emission Spectrometer. The T.Al,
T.Ca, and T.S contents included the dissolved elements in the steel matrix and
the oxide or sulfide in inclusions. The total oxygen content was analyzed using
a LECO OHN836 analyzer. The size, composition, and morphology of inclusions
were analyzed using an automatic Scanning ElectronMicroscope-Energy Dispersive
Spectrometer analysis system.

Evolution of Inclusions in the Steel with Calcium Treatment

The variation of composition in different steel samples is shown in Table 1. The T.O
andT.S in sampleswith different T.Ca contents changed little, and the total aluminum
content of the sample with the 28 ppm T.Ca was higher. Figure 1 shows the composi-
tion distribution of inclusions in different samples. With less than 3 ppm T.Ca, inclu-
sions in the steel weremainlyAl2O3. As the calcium content in the steel increased, the
contents of CaO and CaS in the steel increased.When the calcium content in the steel
was 19 ppm, the inclusions weremainlyAl2O3–CaO–CaS compound inclusions, and
theAl2O3 contentwas higher than 50%. In steel sampleswithT.Ca contents of 28 ppm
and 35 ppm, inclusions were mainly Al2O3–CaS. The change of inclusions compo-
sition with different T.Ca contents is shown in Fig. 2. The Al2O3 content decreased
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Table 1 Compositions of steel samples

Number T.O. (ppm) T.Ca (ppm) T.S. (ppm) T.Al (ppm)

1 17 2 37 276

2 17 5 58 357

3 23 7 55 340

4 19 19 51 316

5 36 28 28 381

6 15 35 44 294
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Fig. 1 Composition distribution of inclusions with various T.Ca contents
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Fig. 2 Variation of
inclusions composition with
different T.Ca contents
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with the increase of T.Ca content while CaO and CaS contents increased. However,
the CaO inclusions decreased slightly and CaS inclusions increased obviously in
steel with higher than 19 ppm T.Ca.

A large amount of small CaS inclusions were generated after calcium addition,
as shown in Fig. 3. The number density was calculated to describe the number of
inclusions in the steel, as shown in Eq. (1).

ND = n

Atotal
(1)

Fig. 3 Number density of
inclusions with different
T.Ca contents
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where ND is the number density of inclusions, per mm2, n is the number of detected
inclusions on the scanning area of Atotal.

With the increase of T.Ca content in the steel, the number density of inclusions
increased. The average and maximum diameter of inclusions with different T.Ca
contents are shown in Fig. 4. With the increase of T.Ca content, the variation of the
average diameter and maximum diameter of inclusions decreased slightly due to the
generation of small CaS inclusions. The maximum diameter of inclusions reached
101 µm in the steel with 5 ppm T.Ca, which might be caused by slag entrainments.

Figure 5 shows the morphology of inclusions with various Ca additions. Before
calcium treatment, inclusions were mainly Al2O3 and Al2O3–MgO. After calcium
treatment, contents of CaS and CaO in inclusions increased. The shape of inclusions
was irregular, and inclusions were transformed into Al2O3–CaS–CaO compound
inclusions.
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Fig. 4 Diameter of inclusions with different T.Ca contents
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Fig. 5 Morphology of inclusions with different T.Ca contents
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Thermodynamic Calculation

Composition changes of inclusions with different T.Ca contents calculated using
Factsage 7.0 are shown in Fig. 6. With the increase of T.Ca content in steel, the
evolution path of inclusions was Al2O3 → CaO·6Al2O3 → CaO·2Al2O3 → Liquid
inclusions → CaS. The CaO content in the liquid phase increased while the Al2O3

content decreased with the increase of T.Ca content in the steel. The ‘liquid window’
of inclusions was 12–24 ppm. The CaS inclusions were formed when T.Ca content
is higher than 24 ppm.

The liquidus and solidus temperature of inclusions was calculated using Factsage
7.0. Figure 7 shows the effect of T.Ca contents on the liquidus and solidus temperature
of inclusions. The liquidus as well as the solidus temperature of inclusions firstly
decreased with the increase of T.Ca content in the steel and then rose after T.Ca

Fig. 6 Composition change
of inclusions with different
T.Ca content calculated by
Factsage
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content reaching 7 ppm. The solidus was lower than 1873 K in steel with T.Ca
contents of 19 and 28 ppm, which was beneficial to the continuous casting process.

Conclusions

With the increase of T.Ca content, the Al2O3 content of inclusions decreased while
CaS andCaO contents increased.A large amount of small CaS inclusionswere gener-
ated when excessive calcium was added to the molten steel. The average diameter
decreased slightly and the number density of inclusions increased with the increase
of T.Ca content. The evolution path of inclusions was Al2O3 → CaO·6Al2O3 →
CaO·2Al2O3 → Liquid inclusions → CaS with the increase of T.Ca content in the
steel. The ‘liquid window’ of inclusions was 12–24 ppm. The liquidus as well as the
solidus temperature of inclusions firstly decreased with the increase of T.Ca content
in the steel and then rose after T.Ca content reaching 7 ppm. The solidus was lower
than 1873 K in steel with T.Ca contents of 19 and 28 ppm, which was beneficial to
the continuous casting process.

Acknowledgements The authors are grateful for the support from S&T Program of Hebei (Grant
No. 20311004D, 20311005D, 20311006D, 20591001D), the High Steel Center (HSC) at Yanshan
University, Hebei Innovation Center of the Development and Application of High Quality Steel
Materials, Hebei International Research Center of Advanced and Intelligent Manufacturing of High
Quality Steel Materials (ICSM) and the High Quality Steel Consortium (HQSC) at University of
Science and Technology Beijing, China.

References

1. Choudhary SK, Ghosh A (2008) Thermodynamic evaluation of formation of oxide-sulfide
duplex inclusions in steel. ISIJ Int 48(11):1552–1559

2. Zhang L, Thomas BG (2006) State of the art in the control of inclusions during steel ingot
casting. Metall Trans B 37(5):733–761

3. Wang QY, Bathias C, Kawagoishi N, Chen Q (2002) Effect of inclusion on subsurface crack
initiation and gigacycle fatigue strength. Int J Fatigue 24(12):1269–1274

4. Larsson M, Melander A, Nordgren A (1993) Effect of inclusions on fatigue behaviour of
hardened spring steel. Mater Sci Technol 9(3):235–245

5. ZhangL, LiuY,ZhangY,YangW,ChenW(2018)Transient evolution of nonmetallic inclusions
during calcium treatment of molten steel. Metall Trans B 49(4):1841–1859

6. Yang W, Zhang L, Wang X, Ren Y, Liu X, Shan Q (2013) Characteristics of inclusions in low
carbon Al-killed steel during ladle furnace refining and calcium treatment. ISIJ Int 53(8):1401–
1410

7. Zhang L (2019) Non-metallic Inclusions in Steels: fundamentals (in Chinese). Metallurgical
Industry Press, Beijing

8. ZhangL (2020)Non-metallic inclusions in steels: industrial practice (inChinese).Metallurgical
Industry Press, Beijing

9. Ito YI, Suda M, Kato Y, Nakato H, Sorimachi KI (1996) Kinetics of shape control of alumina
inclusions with calcium treatment in line pipe steel for sour service. ISIJ Int 36(S1):S148–S150



350 W. Wang et al.

10. Cicutti CE, Madias J, Gonzalez JC (1997) Control of microinclusions in calcium treated
aluminium killed steels. Ironmak Steelmak 24(2):155–159

11. Ye G, Jönsson P, Lund T (1996) Thermodynamics and kinetics of the modification of Al2O3
inclusions. ISIJ Int 36(S1):S105–S108

12. VermaN, Pistorius PC, FruehanRJ, PotterM,LindM, Story S (2011) Transient inclusion evolu-
tion during modification of alumina inclusions by calcium in liquid steel: part I. Background,
experimental techniques and analysis methods. Metall Trans B 42(4):711–719

13. Verma N, Pistorius PC, Fruehan RJ, Potter M, Lind M, Story S (2011) Transient inclusion
evolution during modification of alumina inclusions by calcium in liquid steel: part II. Results
and discussion. Metall Trans B 42(4):720–729

14. Verma N, Pistorius PC, Fruehan RJ, Potter MS, Oltmann HG, Pretorius EB (2012) Calcium
modification of spinel inclusions in aluminum-killed steel: reaction steps. Metall Trans B
43(4):830–840

15. Higuchi Y, Numata M, Fujagawa S, Shinme K (1996) Inclusion modification by calcium
treatment. ISIJ Int 36(Suppl):S151–S154

16. Xu J, Huang F, Wang X (2016) Formation mechanism of CaS–Al2O3 inclusions in low sulfur
Al-killed steel after calcium treatment. Metall Trans B 47(2):1217–1227

17. Yuan F, Wang X, Yang X (2006) Influence of calcium content on solid ratio of inclusions in
ca-treated liquid steel. J Univ Sci Technol Beijing 13(6):486–489



Improvement of Iron Coke Strength
by Adding Coal Tar During Coking

Chen Yin, Mingxuan Song, and Shengfu Zhang

Abstract This paper aims to provide useful knowledge on the use of coal tar as
binder for the production of iron coke. The components of coal tar were investigated
by gas chromatography-mass spectrometer (GC–MS); consequently, the effects of
coal tar on strength and structure of iron cokewere analyzed. The results show that the
main components of coal tar are benzene and aliphatic compounds, and its pyrolysis
resultants are similar to the metaplast (fluid phase) components, which is helpful to
improve the strength of iron coke. The addition of coal tar increases the degree of
graphitization, aromaticity, and crystallite size of iron coke and reduces the specific
surface area and reactivity of iron coke, thereby increasing the mechanical strength
and the index of coke strength after reaction (CSR) of iron coke. 3% coal tar addition
amount was determined as the optimal binder for strength optimization, and the iron
coke with 40.21% CRI and 55.86% CSR was prepared.

Keywords Iron coke · Strength improvement · Coal tar · GC–MS ·Metaplast

Introduction

As the current main ironmaking process, blast furnace with high energy consumption
and carbon dioxide emissions is difficult to fulfil ever stricter environmental regula-
tions [1, 2]. According to the Rist line and many previous studies [3], iron coke, as
a new type of burden, is considered to have the effect of reducing the fuel ratio and
CO2 emissions of blast furnace ironmaking.
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Iron coke is produced by co-pyrolysis of iron-containing minerals and coal at
high temperature and has higher index of reactivity [4–6]. However, compared with
the ordinary coke used in blast furnace, the iron coke has lower index of CSR,
which is unfavorable to the blast furnace [7–9]. Therefore, the strength of iron coke
should be optimized to realize the industrial application of iron coke. As we known,
the coke strength is closely related to the thermoplasticity of coal during coking
process. Generally, the larger the fluidity and the thermoplastic range, the higher the
coke strength after reaction. At present, according to the thermoplasticity change of
coal in coking process, the method of coal blending or adding binder to improve
coke strength has been studied. Chang et al. [10] studied the effect of the addition
of phenolic oil extract of weakly-bonded coal during coking and found that the
thermoplasticity of coal was improved during coking, and the strength of obtained
coke increases, indicating that coal extract is an effective binder in coal coking.
Tsubouchi et al. [11] have co-coked the pyridine extract of HPC (hyper-coal) with
low-quality coal in thermoplastic stage and found that coal samples containing HPC
pyridine extract component are more capable of producing high-strength coke than
raw coal or coal samples containing extract component. Coal extracts are converted
into gaseous and liquid products during coal pyrolysis, thereby stabilizing free radical
fragments and forming coke in the pore structure of the coal matrix. Collin et al.
[12] have added tar and pitch as a binder to coal for coking and found that the
cohesiveness of coal and the index of CSR have been greatly improved. Polycyclic
aromatic hydrocarbons (PAHs) is the main component of pitch. Hayashizaki et al.
[13] added PAHs to coal and found that when PAHs with molecular weight between
178.23 and 378.47 Da are added to the coal, the maximum expansion of coal and
the strength of the resulting coke increases significantly. Although many researchers
have done some research on the enhancement of iron coke strength, and some results
have been achieved, none of the above studies gives the mechanism of the binder in
the coking process. Therefore, there are certain limitations on the choice and use of
the binder, which leads to defects in the optimization of the iron coke strength.

Our previous research [14, 15] has confirmed that the main reason for the strength
decrease of iron coke is that the addition of Fe2O3 reduces the formation of liquid
phase in the coking process, resulting in the reduction of the aromaticity and the
average accumulation height of iron coke.As a by-product of coal coking, the compo-
sition of coal tar is very similar to that of the fluid phase produced during coking. In
this study, it was selected as a binder to optimize the strength of iron coke, and the
influence of coal tar on the properties and structure of iron coke were obtained by
analyzing the thermoplastic changes before and after the addition of coal tar.
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Table 1 Proximate and ultimate analyses of the coals (wt%)

Samples Proximate analyses (wt%) Ultimate analyses (wt%) R0 (%) H/C

Mad Vdaf FCd Ad Cdaf Hdaf Odaf Nd Sd

Coal-A 2.30 22.25 71.90 7.52 87.97 4.95 5.11 1.45 0.37 1.228 0.056

Coal-B 1.74 31.72 61.72 9.61 85.49 5.10 6.28 1.36 1.47 1.008 0.060

Coal-C 2.34 34.40 60.94 7.12 84.30 5.66 8.87 0.94 0.15 0.85 0.067

Coal-D 1.70 18.34 70.30 13.92 88.80 4.51 5.23 1.25 1.06 1.713 0.051

M moisture, V volatile matter, FC fixed carbon, A ash, ad air dry, d dry, daf dry and ash-free, R0
the maximum reflectance of vitrinite, H/C the ratio of element H to C

Experiment

Sample Preparation

Four coals, Coal-A, Coal-B, Coal-C, and Coal-D from a steel corporation located in
Northeast of China, with 1–3 mm particle size distribution were used in this work
and the basic properties of the coals were described in Table 1. A standard mixed
coal is composed of Coal-A (30 wt%), Coal-B (20 wt%), Coal-C (40 wt%), and
Coal-D (10 wt%), and Fe2O3 (Purity > 99.9%, particle size < 50 nm) was used as the
iron-containing mineral. The coals and Fe2O3 were dried under vacuum at 100 °C
for 12 h before used.

Coal Tar Collection and Analyses

A sample of 2 kg of standard mixed coal was loaded into a laboratory coke oven that
was fitted with a condenser at gas outlet. Thermal extraction was performed under
nitrogen atmosphere and extracting at temperatures of 1050 °C for 2 h. The coal tar
obtained is used as binder [16].

The chemical composition of the tar was identified by GC–MS system (QP 2010
Ultra, Shimadzu). 1 mL tar (with butyl acetate as solvent) was injected into the
inlet in split injection mode at a split ratio of 30: 1 under a voltage of 70 eV. The
temperature in the oven was maintained at 80 °C for 3 min, then raised to 300 °C at
a heating rate of 10 °C/min, and held at this temperature for 5 min. Helium (purity >
99.999%) was used as a carrier gas at a current speed of 1 mL/min in the experiment.
The chemical composition of the tar was identified using NIST 11 library data, and
their quantitative analyses were conducted using the area normalization method in
GC–MS solution 4.11 (software developed by Shimadzu). Further, the peak of butyl
acetate was removed after treatment.
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Iron Coke Preparation

Coking experiments were carried in a 2 kg laboratory coke oven. Approximately,
2 kg of standard mixed coal, 200 g distilled water, 600 g Fe2O3, and a certain amount
of coal tar (1 wt%, 3 wt%, 5 wt%, 7 wt% of coal mass respectively) were mixed
homogeneously. Then they were loaded into a coking tank with an inner diameter of
100 mm and a height of 500 mm with the bulk density of 0.85 t/m3. The coking tank
was quickly placed into the coke oven with preheating temperature of 800 °C. After
the temperature of the coal cake center was raised to 800 °C, rising the temperature
of the coal cake center to 1050 °C at a heating rate of 10 °C/min, and then keeping the
coke temperature constant for 6 h. Finally, stopped heating, so that the coal sample
was cooled to room temperature with the furnace under a nitrogen atmosphere to
obtain the iron coke sample we excepted.

Coke Characterization

The cold mechanical strength of the resultant cokes was assessed by the Chinese
Industrial Standard method (GB/T 2006–2008), while the reactivity towards carbon
dioxide at 1100 °C (CRI) and the index of coke strength after reaction (CSR) were
recorded using the SAC method (GB/T 4000–2017).

The carbon structure of iron coke was analyzed by an X-ray diffractometer
(MAX2500PC X, Nippon koji co. LTD). All samples were pulverized in the labora-
tory and screened to below 0.074 mm. The X-ray source was generated by a copper
Kα radiation (40 kV, 150 mA). The scanning angular started from 15° to 90° at a
rate of 4°/min, 0.02°/step. The broad peak of 2θ ranging from 15° to 32° was fitted
by two Gaussian peaks around 21° and 26°, representing the γ-band, π-band (002),
respectively. In this work, f a was obtained from the following equation [17].

fa = ACar /
(
ACal + ACar

) = Aπ/
(
Aπ + Aγ

)
(1)

where A is the diffraction peak area, Cal is aliphatic carbon, and Car is aromatic
carbon.

Furthermore, d002, Lc, and La were calculated using the classical Scherrer
equations [18, 19].

The specific surface area (Sg) of iron coke is obtained through an automatic
multi-station ratio surface and aperture analyzer (Max-II, McGee bayer, Japan).
Samples with particle size of 3–5 mm were selected for isothermal nitrogen adsorp-
tion/ desorption at 77 K, and calculate the specific surface area of the sample by
the BET adsorption isotherm equation and specific surface area calculation formula
[20].
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Sg = Am × NA × Vm

22414
× 10−18 (2)

where Am is the average cross-sectional area of the nitrogen molecule (nm2), NA is
6.02 × 1023, and Vm is the single-layer saturated nitrogen adsorption.

Results and Discussion

Compositional Analyses of Coal Tar

Figure 1 is the GC–MS chromatogram of the tar of the standard mixed coal. It can be
seen that coal tar contains a variety of substances, and the molecular weight of the
compounds detected in coal tar increases gradually with the extension of residence
time. As shown in Table 2, there are 38 kinds of compounds with a relative content of
more than 1% in coal tar, mainly complex polycyclic compounds, such as naphthene,
and some aliphatic compounds and phenolic substances. In fact, after treatment by
GCMS solution 4.11, it was found that coal tar contained about 200 kinds of organic
compounds, indicating the complexity of coal tar composition. At the same time, it
should be noted that the relative content of sulfur and nitrogen compounds in coal
tar is generally low, so it is not shown in Table 2.

The 38 compounds in coal tar are divided into three categories: (1) benzene
compounds, including monocyclic benzene compounds and complex polycyclic
compounds, such as o-xylene, naphthalene, anthracene, and phenanthrene; (2)
aliphatic compounds such as n-butyl ester, Butyl butyrate, tridecane, tetradecane,
undecane, and docosane. It is worth noting that the presence of alcohols and acids

Fig. 1 GC–MS
chromatogram of standard
mixed coal tar
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Fig. 2 Classification and
amount of coal tar

can greatly promote the fluidity of metaplast in the thermoplastic stage [14]. There-
fore, in this section, esters are classified as aliphatic substances; (3) oxygenated
compounds, mainly phenolic substances.

It is well known that the strength of coke is closely related to the metaplast (fluid
phase) in coal coking [21, 22]. Qiu et al. [14] found that the composition of metaplast
is mainly monocyclic benzene compounds, such as methylbenzene, ethylbenzene
and o-xylene, and long-chain unbranched alkanes with 19 to 26 carbon atoms. The
addition of Fe2O3 inhibits the formation of ethylbenzene, o-xylene, and long-chain
unbranched alkanes with 24–26 carbon atoms in the thermoplastic stage of coal,
which reduces the amount of metaplast produced, which in turn leads to a decrease
in iron coke strength.

It can be seen from Fig. 2 that the proportion of benzene compounds in the
tar of mixed coal is as high as 28.53%, and the content of aliphatic compounds
mainly composed of alkanes is as high as 19.25%. These substances all contribute
to the formation of metaplast in the thermoplastic stage of the coal coking process.
Therefore, coal tar can be used as a binder to optimize the strength of iron coke.

Effects of Coal Tar on the Properties of Iron Coke

Figure 3 shows the mechanical properties of iron coke obtained by adding coal tar
with different amounts. With the increase of coal tar content (0 wt%, 1 wt%, 3 wt%,
5 wt%, and 7 wt%), the crushing strength of iron coke increases by 0.78%, 1.19%,
1.14%, and 1.09%, respectively, while the wear resistance index decreases by 0.42%,
1.70%, 1.64%, and 1.66%, respectively. From the perspective of the overall trend,
the cold performance of iron coke is enhanced with the increase of the amount of
coal tar. When the amount of coal tar is increased from 1 to 3%, the strength indexes
of iron coke increase more obviously. When the added amount is increased to 5%
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Fig. 3 Mechanical strength of iron coke with different blending ratio of coal tar

and 7%, the intensity change is not obvious, but there is a slight downward trend. It
shows that reasonable addition of coal tar is beneficial to improve the cold strength
of iron coke.

Figure 4 shows the thermal property and the particle size distribution of iron coke
obtained by adding coal tar with different contents. When coal tar is not added, the
iron coke has a CRI of 41.57% due to the addition of 3% Fe2O3 during the previous
preparation. As the amount of coal tar added increases, the CRI of iron coke gradually
decreases, but when the amount of coal tar reaches 3%, the CRI of iron coke is still
above 40%. When the amount of coal tar is within 3%, the index of CSR of iron
coke gradually increases as the amount of tar added increases, and when the addition
of coal tar is 3%, the index of CSR reaches a maximum of 55.86% which meets

Fig. 4 Thermal property and particle size distribution after of iron coke with different blending
ratio of coal tar: a thermal property and b particle size distribution
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the national secondary coke strength standard. However, there was a slight decrease
when tar was added at 5% and 7%. With the increase of the addition of coal tar, the
content of iron coke with particle sizes in the range of 15 ~ 20 mm and 20 ~ 25 mm
first increased and then decreased, and the pulverization rate decreased first and then
increased slightly.

Effect of Coal Tar on the Structure of Iron Coke

Figure 5 shows the XRD spectrum of iron coke after adding coal tar with different
contents (10–50°). It can be seen that XRD patterns of samples have strong diffrac-
tion peaks around the diffraction angle 26. This diffraction peak is a mixture of γ

and π peaks, indicating that iron coke is between graphite and amorphous carbon
after adding coal tar [23]. However, after adding coal tar, the peak intensity of the
diffraction peak increases, indicating that adding coal tar can increase the degree
of graphitization of iron coke. Further, the diffraction pattern is subjected to Gaus-
sian peak processing to obtain the carbon structure characteristics of iron coke after
adding coal tar with different contents.

When the amount of coal tar is addedwithin 3%, the aromaticity of iron coke grad-
ually increases, and the interlayer spacing of the carbon microcrystalline structure
gradually decreases, indicating that the degree of graphitization of coke at this time
gradually increases with the increase of the amount of coal tar added. The average
stacking height and lateral size also gradually increase with the increase of the addi-
tion of coal tar, indicating that the crystallite size of the coke gradually increases
at this time. However, when the addition of coal tar is 5 and 7%, the aromaticity,
average stacking height, and lateral size of coke are reduced to a certain extent,
and the interlayer distance is slightly increased. Combining the influence of coal tar
addition on the mechanical strength and thermal properties of iron coke, (Figs. 3
and 4), it can be found that coal tar can gradually increase the graphitization degree

Fig. 5 XRD spectra of iron
coke with different blending
ratio of coal tar
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Fig. 6 Carbon structural
parameters of iron coke with
different addition of coal tar

and grain size of iron coke within 3%, thereby gradually increasing the mechanical
strength and CSR index of iron coke. However, when the addition amount is 5 and
7%, due to the limited effect of coal tar on the structure and properties of iron coke,
the microcrystalline structure parameters of iron coke slightly decrease, which in
turn leads to a slight decrease in coke strength (Fig. 6).

Effects of Coal Tar on Specific Surface Area of Iron Coke

The specific surface area of iron coke after adding different amounts of coal tar
is displayed in Fig. 7. It can be seen that the specific surface area of the raw iron

Fig. 7 Surface area of iron
coke with different addition
content of coal tar
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coke is 5.392 m2/g. With the addition of coal tar, the specific surface area of iron
coke decreases and reaches a minimum value of 2.314 m2/g when the amount of
coal tar is 3%. It shows that the addition of coal tar can reduce the specific surface
area of iron coke and then reduce the amount of contact between the surface of the
iron coke and CO2, which is conducive to improving the strength of the iron coke.
Considering the influence characteristics of coal tar on the reactivity, strength, and
structure (microcrystalline structure and specific surface area) of iron coke, the coal
tar content of 3% was selected to optimize the strength of iron coke, and the iron
coke with a reactivity of 40.21% and a strength of 55.86% after the reaction was
prepared.

Conclusion

In this study, the composition of coal tar was analyzed using GC–MS, and compared
with the composition of metaplast, coal tar was determined as an additive to optimize
the strength of iron coke. Then the influence of coal tar on the properties and structure
of iron coke was analyzed by XRD and BET. The components of coal tar are mainly
complex polycyclic compounds, aliphatic compounds, and phenolic substances. The
pyrolysis products of complex polycyclic compounds and aliphatic compounds are
similar to the components of metaplast, so coal tar can be selected as the strength
optimization additive of iron coke. The addition of coal tar can increase the cold
performance and post-reaction strength of iron coke and reach the optimal value
when the addition amount is 3%, but the reactivity of iron coke decreases slightly
after the addition of coal tar. It is due to the fact that the added coal tar can increase
graphitization degree, aromatic degree, and microcrystalline size of coke and reduce
specific surface area of coke. After comprehensively considering the influence char-
acteristics of coal tar on themechanical strength, CRI, CSR, the carbon structure, and
the specific surface area of iron coke, the 3% (based on coal mass) coal tar addition
amount was selected as the optimal binder addition amount to prepare iron coke with
40.21% CRI and 55.86% CSR.
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Pelletizing of Iron Ore with High Iron
Grade and Low Silicon Content

Yan Zhang, Gele Qing, Yunqing Tian, Zhixing Zhao, Guoyou Liu, Kai Wang,
Wenwang Liu, Ming Li, Dawei Sun, Luyao Zhao, Li Ma, and Tao Yang

Abstract In this paper, an iron ore with high iron grade and low silicon content
was used in pelletizing experiments. Specific surface areas were tested, and it would
increase slowly and then have a rapid increase with the increasing of particle sizes.
Thirty percentage of the high iron grade ore could be usedwhen−200meshes content
of the ore reached to 89%or the orewas grinded by high pressure roller. Compression
strength of firing pellet would decrease, higher than 2500 N/P yet, when the ore was
added. SiO2 content of firing pellets would decrease from 4.22 to 3.36%, a 20.38%
decline, while 30% of the high iron grade ore was added.

Keywords Pelletizing · Specific surface area · High pressure roller · SiO2 content

Introduction

Sinters and pellets are the main rawmaterials for blast furnace smelting. Pellets have
the advantages of higher grade, lower energy consumption, and pollutant emission
compared with sinters [1, 2]. The smelting process of blast furnace is to reduce iron
oxide to iron, and the acidic impurities in iron ores will form slag with alkaline flux
meanwhile [3]. Too much slag will take away a large amount of heat and increase
the fuel consumption of blast furnace, which is not conductive to the realization of
low-carbon ironmaking. Therefore, the higher the grade of iron ore was into the blast
furnace, the better on the premise of ensuring the quality.
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In this paper, study on an iron ore with high iron grade and low silicon content
(HILS) used in pelletizing was carried out. Specific surface areas (SSA) of the iron
ores with different particle sizes were measured. Experiments of pelletizing were
conducted, and ballabilities of the iron ores with different ratios and particle sizes
were tested. Proportions of the iron ores could be used in pellets were determined.

Materials and Experimental Methods

Chemical Compositions of Materials

Chemical compositions of twomajor iron ores used in one Shougang pelletizing plant
were listed in Table 1. Iron grades of Iron ores A and B were 68.20% and 69.32%,
respectively. SiO2 content of Iron ore B was less than 2.0%. The particle sizes of Iron
ores A and B were small with percentages of −200 meshes less than 80%. Iron ore
A had a better pelletizing performance than Iron ore B from the production practice.
Iron ore A could be used up to 100%, while maximum using proportion of Iron ore
B was 30%.

Chemical compositions and physical properties of the bentonite used in the exper-
iments were shown in Tables 2 and 3. This bentonite was a kind of sodium bentonite
with the 2-h water absorption 364%.

Chemical compositions of the iron orewith high iron grade and low silicon content
used in the experiments were listed in Table 4. Iron grade of HILS was higher than
70% with the silicon content less than 1.0%.

Table 1 Chemical compositions of two iron ores used in Shougang

Content (%) TFe FeO SiO2 Al2O3 CaO MgO −200 meshes

Iron ore A 68.70 28.59 3.58 0.49 0.38 0.49 83.47

Iron ore B 69.32 28.92 1.95 0.34 0.45 0.66 88.48

Table 2 Chemical compositions of the bentonite

Content (%) SiO2 Al2O3 CaO MgO K2O Na2O LOI

Bentonite 63.30 14.20 3.10 2.98 1.31 2.63 9.37

Table 3 Physical properties
of the bentonite

Physical
properties

2-h water
absorption
%

Methylene blue
adsorbed
g/100 g

Swelling
index
ml/2 g

Bentonite 364 29.3 17
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Table 4 Chemical compositions of HILS

Content (%) TFe FeO SiO2 Al2O3 CaO MgO

HILS 70.57 27.91 0.61 0.30 0.11 0.58

Table 5 SSAs of Iron ores A
and B

Name −200 meshes
%

SSA
cm2/g

Iron ore A 83.47 1206

Iron ore B 88.48 1062

Table 6 SSAs of HILS with
different particle sizes

Name −200 meshes
%

SSA
cm2/g

HILS-1 72.95 687

HILS-2 75.66 698

HILS-3 83.07 726

HILS-4 84.15 757

HILS-5 85.89 815

HILS-6 89.05 1034

Specific Surface Areas of Iron Ores

Specific surface area is referred to the total area of materials per unit mass [4]. In
this paper, SSAs of different iron ores were measured by Blaine method [5].

SSAs of Iron ores A and B were shown in Table 5. Although Iron ore A had a
coarser particle distribution than Iron ore B, SSA of Iron ore A was much higher
than Iron ore B that meant SSAwas not proportional to particle size for different iron
ores. SSAs of HILS with different particle sizes were tested, and the results were
shown in Table 6 and Fig. 1.

As shown in Fig. 1, SSA of HILS would increase slowly when the −200 meshes
increased from 72.95 to 83.07% and then it would have a rapid increase, from 726
to 1034 cm2/g, as the −200 meshes increased from 83.07 to 89.05%. The results
signified that there was a positive correlation between SSA and particle size for the
same iron ore.

Particle Morphology of HILS with Different Particle Sizes

Particle morphology had an important influence on the ballability of green pellet.
Therefore, particle morphologies of HILSwith different particle sizes were observed
by scanning electron microscope. As presented in Fig. 2, distribution of the powder
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Fig. 1 SSA of HILS with different particle sizes

Fig. 2 Particle morphology of HILS with different particle sizes (×200)

particle was uniform and surface of the powder was smooth especially when the
content of −200 meshes was little.

Results and Discussion

Influence of Single Iron Ores on Green Pellets Quality

Six kinds of HILS with different particle sizes and SSAs together with Iron ores A
and B were prepared in a pelletizing disc with diameter of 800mm. Falling strength
greater than 4 times and compression strength bigger than 8 N/P were considered to



Pelletizing of Iron Ore with High Iron Grade … 367

meet the requirements of green pellets. The pelletizing schemes of single iron ore
were listed in Table 7.

Figures 3 and 4 showed the falling strength and compression strength of green
pellets by using single iron ore. As results showed, falling strength would be more
than 5 times and less than 4 times, respectively, when Iron ores A and B were used
alone. Iron ore A had the better pelletizing performance than other ores. Falling
strength and compression strength of the green pellets would increase when HILS
with higher content of −200 meshes was added.

Table 7 Pelletizing schemes of single iron ore

Proportion
(%)

Iron
ore
A

Iron
ore
B

HILS-1 HILS-2 HILS-3 HILS-4 HILS-5 HILS-6 Bentonite

1 100 1.8

2 100 1.8

3 100 1.8

4 100 1.8

5 100 1.8

6 100 1.8

7 100 1.8

8 100 1.8

Fig. 3 Falling strength of
green pellets
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Fig. 4 Compression
strength of green pellets

Influence of Mixed Iron Ores on Green Pellets Quality

Proportions of Iron ore A and Iron ore B used in one Shougang pelletizing plant
were 80 and 20%. In order to reduce the silicon content of pellet, HILS with different
particle sizes was used to replace up to 30% of Iron ore A which the silicon content
was 3.98%. Pelletizing schemes using mixed iron ores were listed in Table 8.

As shown in Table 8, falling strength, less than 4 times, of green pellets could not
satisfy the quality demand when HILS-1, HILS-2, HILS-3, and HILS-4 were used.
Falling strength would reach to 4.0 times, and compression strength would be 8.51
N/P when 10% of Iron ore A was replaced by HILS-5. HILS-6 could be added up to
30%, and quality of green pellets could meet the requirements.

Influence of HILS After High Pressure Roller Grinding

Due to the poor balling performance of HILS, high pressure roller was used.
Table 9 illustrated the content of −200 meshes and SSAs after high pressure roller
grinding (AHPRG). There were little change of content of−200 meshes and a great
improvement of SSA when HILS-5 was grinded by high pressure roller.

Pelletizing experiments were also carried out by using HILS-5 and HILS-5
(AHPRG), and the results were shown in Table 10. HILS-5 could be used 30%
to replace Iron ore A after high pressure roller grinding.



Pelletizing of Iron Ore with High Iron Grade … 369

Ta
bl
e
8

Pe
lle

tiz
in
g
sc
he
m
es

of
m
ix
ed

ir
on

or
es

Pr
op
or
tio

n
(%

)
Ir
on

or
e
A

Ir
on

or
e
B

H
IL
S-
1

H
IL
S-
2

H
IL
S-
3

H
IL
S-
4

H
IL
S-
5

H
IL
S-
6

B
en
to
ni
te

G
re
en

pe
lle

ts
fa
lli
ng

st
re
ng

th
(0
.5

m
)

G
re
en

pe
lle

ts
co
m
pr
es
si
on

st
re
ng

th
(N

/P
)

1
80

20
1.
8

4.
8

9.
02

2
50

20
30

1.
8

2.
5

6.
72

3
60

20
20

1.
8

2.
7

7.
05

4
70

20
10

1.
8

3.
0

6.
95

5
50

20
30

1.
8

2.
4

6.
82

6
60

20
20

1.
8

2.
7

6.
85

7
70

20
10

1.
8

3.
1

7.
56

8
50

20
30

1.
8

2.
9

7.
25

9
60

20
20

1.
8

3.
2

7.
28

10
70

20
10

1.
8

3.
3

7.
59

11
50

20
30

1.
8

3.
1

7.
46

12
60

20
20

1.
8

3.
3

8.
15

13
70

20
10

1.
8

3.
5

8.
08

14
50

20
30

1.
8

3.
5

8.
15

15
60

20
20

1.
8

3.
7

8.
37

16
70

20
10

1.
8

4.
0

8.
51

17
50

20
30

1.
8

4.
5

8.
55

18
60

20
20

1.
8

4.
4

8.
86

19
70

20
10

1.
8

4.
5

8.
83



370 Y. Zhang et al.

Table 9 Content of −200
meshes and SSAs after high
pressure roller grinding

name −200 meshes
%

SSA
cm2/g

HILS-5 85.89 815

HILS-5 (AHPRG) 86.30 1038

Firing Experiments with HILS

Tubular electric furnace was used to fire the green pellets with a maximum tempera-
ture of 1260°C. Compression strength should be higher than 2500 N/P for large blast
furnace.

As presented in Table 11, compression strength would be higher than 3000 N/P
when the firing pellets with the proportion of 80% of Iron ore A and 20% of Iron ore
B. Compression strength decreased when HILS-5 was added. Compression strength
would be higher than 2800 N/P when HILS-5 (AHPRG) and HILS-6 were added to
replace Iron ore A.

Table 12 illustrated the decline ratio of SiO2 content while using HILS. SiO2

content of firing pellets would decrease from 4.22 to 3.36%, a 20.38% decline, while
30% of the HILS was added.

Conclusions

Specific surface areas of HILS with different particle sizes were tested; SSA would
increase slowly and then has a rapid increase with the increasing of particle sizes.
Falling strength and compression strength of the green pellets would increase when
HILS with higher content of −200 meshes was added. HILS could be used up to
30% if the content of−200 meshes reached to 89.05%. Proportion of HILS could be
increased after high pressure roller grinding. Compression pressure of firing pellets
could meet the requirements of large blast furnace when 30% of HILS was added.
SiO2 content of firing pellets would decrease from 4.22 to 3.36%, a 20.38% decline,
while 30% of the HILS was added.
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Table 11 Schemes of firing experiments

Proportion
(%)

Iron
ore A

Iron
ore B

HILS-5 HILS-5
(AHPRG)

HILS-6 Bentonite Compression
strength of firing
pellets
(N/P)

1 80 20 1.8 3038

2 50 20 30 1.8 2527

3 60 20 20 1.8 2652

4 70 20 10 1.8 2665

5 50 20 30 1.8 2838

6 60 20 20 1.8 3018

7 70 20 10 1.8 2987

8 50 20 30 1.8 2859

9 60 20 20 1.8 2957

10 70 20 10 1.8 3056

Table 12 Decline ratio of SiO2 content while using HILS

Proportion
(%)

Iron
ore A

Iron
ore B

HILS Bentonite SiO2 content of firing
pellets (%)

Proportion of decline of
SiO2 content (%)

1 80 20 1.8 4.22

2 70 20 10 1.8 3.93 6.87%

3 60 20 20 1.8 3.65 13.51%

4 50 20 30 1.8 3.36 20.38%
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Influence of Aluminum on the Hot
Ductility of a High-Strength Steel

Pei Zhu, Lifeng Zhang, and Ying Ren

Abstract The influence of Al contents (0.035, 0.5, and 0.8%) on hot ductility of
high-strength steel was studied by experimental hot tensile tests in the temperature
range of 600–1300 °C and under the strain rate of 0.001 s−1 by a Gleeble-1500
thermal simulation machine. According to the tensile results, the true stress–strain
curve was obtained and the reduction of area was calculated. The results showed that
when the Al content was 0.035%, the reduction of area of steel was less than 40% at
600, 700, 750, and 850 °C, and when the Al content was 0.5%, the reduction of area
was less than 40% at 600–1000 °C andmore than 40% at 1000–1300 °C; when the Al
content was 0.8%, the reduction of area was less than 40% at 650–1050 °C. Overall,
the hot ductility was theworst when theAl content was 0.5%. In addition, the fracture
morphology of the samples was observed by the scanning electron microscope.

Keywords Hot deformation ·Microstructural evolution · High-strength steel

Introduction

Fe–Mn–Al–C series low-density high-strength steel is a kind of advanced automobile
steel (3G- AHSS), which is a new type of structural material that has lower density
and higher strong plastic. A research pointed out that for every 1% of Al added
to steel, the density decreases by 0.101 g/cm3, and that the weight can be reduced
by about 1.3% [1]. At present, the research on reducing the cracks of the cast slab
has attracted more and more attention. The causes of billet cracks are complex and
affected by the type of equipment, solidification conditions, and process operations.
However, the mechanical behavior of steel at high temperatures is still the most
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intrinsic factor. Under laboratory conditions, it is particularly important to simu-
late the continuous casting process with experimental methods to determine the
high-temperature mechanical properties of steel [2, 3]. Hamada and Karijalainen [4]
studied the thermal plasticity of four high-manganese TWIP steels in the range of
700–1300 °C. When the contents of Al and Si both reached 3%, the first generation
of Fe–Mn-Si-Al TWIP steel, the ferrite was precipitated along the grain boundary
during high-temperature deformation, which seriously affected its hot ductility. Kang
et al. [5] conducted an experimental study on the thermal plasticity of high-Al TWIP
steel containing Nb/V at 650–1150 °C. It was found that the addition of Nb and V
wouldmake the thermal plasticity of TWIP steel worse, whichwas due to the fact that
a large amount of Nb (C, N) and VN were precipitated nearby the grain boundary.
However, if the temperature increased further, the carbonitride precipitated near
the grain boundary gradually decomposed and the plasticity increased. Kang and
Mintz [6] experimentally analyzed the high-temperature hot ductility of three high-
Al TWIP steels with different S contents, and the relationship between the reduction
of area and the S contents was also studied. Liu [7] studied the effect of Mn (14.94,
18.21, and 23.6 wt%) and Al (0.002, 0.75, and 1.47 wt%) contents on hot ductility of
five high-alloy Fe-xMn-C-yAl austenitic twinning-induced plasticity (TWIP) steels
which were investigated by the Gleeble-3500 thermo-mechanical simulator in the
temperature range of 700–1200 °C under a constant strain rate of 3 × 10−3 s−1.
Zambrano [8] studied the mechanical properties of Fe–Mn–Al–C steel which were
significantly enhanced after κ-carbide precipitation via aging; however, most aging
treatments are energy demanding because they require relatively high temperatures
and extendedholding times.Xu [9] studied the hot deformation behavior of Fe-26Mn-
6.2Al-0.05C steel by experimental hot compression tests in the temperature range of
800–1050 °C and strain rate range of 0.01–30 s−1 on a Gleeble-3500 thermal simula-
tion machine. Zhang [9] studied the influences of steel composition and cooling rate
on the steel hot ductility comprehensively. It was pointed out that the sampling posi-
tion had much influence on the hot ductility behavior and the specimens extracted
from the columnar zone performing the best hot ductility. Therefore, in the current
study, the influence of Al contents (0.035, 0.5, and 0.8%) on hot ductility of high-
strength steel was studied by experimental hot tensile tests in the temperature range
of 600–1300 °C and under the strain rate of 0.001 s−1 by a Gleeble-1500 thermal
simulation machine.

Hot Tensile Test of High-Strength Steel

The continuous casting billet of high-strength steel (0.035%Al, 0.5%Al, and 0.8%Al)
was processed into a sample of φ10 mm × 110 mm, and the sample was tested in a
Gleeble-1500 thermal simulation machine at the temperature range of 600–1300 °C
and strain rate of 0.001 s−1 as shown as Fig. 1. The sample was heated to 1350 °C
at 10 °C/s and held for 5 min. The continuous casting slab at the exit of the mold is
simulated at this stage. After that, the sample was lowered to the tensile temperature
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Fig. 1 Temperature control
of hot tensile strength test
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Table 1 Tensile temperature

600 °C 650 °C 700 °C 750 °C 800 °C 850 °C 900 °C 950 °C

1000 °C 1050 °C 1100 °C 1150 °C 1200 °C 1250 °C 1300 °C

listed in Table 1 at a cooling rate of 3 °C/s. This stage simulates the temperature
drop of the continuous casting slab after it is far from the mold outlet. When the
sample reached the tensile temperature, it was held for 2 min, and then the sample
was tensile loaded at a strain rate of 1 × 10–3 until it was broken, and the fractured
sample was water quenched to room temperature. This stage simulates the high-
temperature mechanical conditions of continuous casting billet in the bending and
straightening section.

The stress–strain curve of hot tensile can effectively obtain the hot tensile strength
and hot ductility of the sample at high temperature. Figure 2 shows the stress–strain
curve of the samples after the hot tensile using the Gleeble-1500. Figure 2a shows
the stress–strain curve of the sample with 0.035%Al, and it can be concluded that the
tensile strength of sample decreased with the tensile temperature increased. And, it
could be figured out that when the temperature is 600, 700, 750 °C, the hot ductility
of the sample was bad. Figure 2b shows the stress–strain curve of the sample with
0.5Al. It shows that the ductility of the sample was worse than that with 0.035%Al.

Figure 3c shows the stress–strain curve of the sample with 0.8Al. It can be
concluded that the tensile strength of the sample gradually decreased with the
increase of the tensile temperature. When the tensile temperature increased from
600 to 950 °C, the tensile strength of the sample decreased greatly. After the sample
was tensed until it was broken, the degree of deformation of the sample can reflect
the ductility of the material at high temperature. It is concluded that with tensile
temperature increasing from 600 to 950 °C, the degree of deformation of the sample
gradually decreases, indicating that the high-temperature ductility of the sample is
continuously decreasing. In the process of increasing the tensile temperature from
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Fig. 2 Stress–strain curve of the steel with a 0.035Al, b 0.5Al, c 0.8Al

950 to 1300 °C, the degree of deformation of the sample before fracture continued to
increase, indicating that the high-temperature hot ductility of the sample was contin-
uously increasing. The good hot ductility of the continuous casting billet during
the continuous casting process will reduce the occurrence of crack defects, thereby
improving the quality of the steel.

Hot Ductility of High-Strength Steel

The reduction of area is an index to measure the deformation ability of a material.
Test uses standard tensile specimens. The reduction of area can be calculated by
Eq. (1),

RA = A0 − A1

A0
× 100% (1)

where A0 is the cross-sectional area of sample before hot tensile test, A1 is the
cross-section area of sample after hot tensile test, RA is the reduction of area.
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Fig. 3 Reduction of area of the steel with a 0.035%Al, b 0.5%Al, c 0.8%Al

Figure 3 shows the reduction of area of the sample after hot tensile. Figure 3a
shows the RA of sample with 0.035Al, and it can be seen that the sample’s hot
ductility is best among these three samples. Figure 3b shows the RA value with
0.5%Al, when temperature during 600–1000 °C, the RA is less than 40%. Figure 3c
shows the RA value with 0.8%Al. With the tensile temperature increasing from 600
to 750 °C, the reduction of area of the sample continued to decrease. During the
process of increasing the tensile temperature from 750 to 1100 °C, the reduction of
area continued to increase. The lowest RA is 9.37%.

When RA is more than 40%, the hot ductility of steel performs well. Overall, the
hot ductility with 0.5%Al was the worst, and this result corresponds to the result of
stress–strain curve as well as actual production situation.

Fracture of the Steel Sample After Tensile Test

When the material undergoes brittle fracture, the fracture is perpendicular to the
tensile direction, the fracturemorphology is stepped, and the fracture form is epitaxial
fracture, and the extension of the crack extension to the grain boundary can be clearly
observed.
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Figure 4 shows the fracture morphology of steel sample with 0.035%Al.
According to fracture morphology, it can be figured out that it was a kind of
plastic fracture when the temperature was 650, 800, 850, 900 °C, the dimples are
small. It shows that the sample at these temperatures has high ductility. In the next
stage, finding the precipitates in dimples is much important, which can explain the
mechanism of the appearance of voids.

Figure 5 shows the microscopic analysis of the fracture morphology of sample
with 0.8%Al. Figure 5a–d are the typical brittle fracture morphology of the sample
after the brittle fracture. The fracture morphology of the specimens tensed at 650,
750, and 950 °C can be clearly distinguished as rock sugar-like, with obvious char-
acteristics of epitaxial fracture. Under the tensile condition of 1000 °C, smaller
cleavage-like fractures appeared in the fracture morphology. The SEM microscopic
analysis of the fracture morphology is consistent with the plastic change trend of the
reduction of area.

(a) (b)

(c) (d)

Fig. 4 Fracture of samples containing 0.035%Al, a 650 °C, b 800 °C, c 850 °C, and d 900 °C
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(e) (f)

(g) (h)

Fig. 5 Fracture of samples containing 0.8Al, a 650 °C, b 750 °C, c 950 °C, and d 1000 °C

Conclusions

(1) According to the results of stress–strain curve and reduction in area, the hot
ductility of sample with 0.5%Al was the worst, and the hot ductility of sample
with 0.035%Al was the best, which corresponds well to the actual production
situation.

(2) The fracture of morphology obtained by SEM showed that when Al content
is 0.035%, the third brittle zone is 600–900 °C; when Al content is 0.5%, the
third brittle zone is 600–1000 °C; when Al content is 0.8%, the third brittle
zone is 650–1050 °C.
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Separation and Recovery of Iron
from Low-Grade Refractory Iron Ore
by Magnetizing Roasting

Luxing Feng, Jiandong Chen, Xiao Zhang, Hongchuan Zuo, and Hanjie Guo

Abstract In this study, a process of magnetizing roasting followed by low-intensity
magnetic separation, which is used to separate and recover iron from low-grade
refractory iron ore, was investigated. In addition, the ore is crushed and divided into
different sizes and put into the electric rotary kiln at different times to participate
in reduction reaction. The optimum magnetizing roasting conditions were obtained
as the following: roasting at 800 °C for 30 min, mass ratio of lignite to iron ore of
5/1000, and grinding 12 min of roasted samples. Under the optimum roasting condi-
tions, the two main parameters of the recovery process of magnetically separated
concentration were obtained as the following: the grade of magnetic concentrate
of 61.6 mass% Fe and iron minerals recovery rate of 87.5%. The results could be
useful for comprehensive utilization of low-grade refractory iron ore by magnetizing
roasting process.

Keywords Magnetizing roasting ·Magnetic separation · Low-grade iron ore · Iron
recovery

Introduction

China is rich in iron ore resources, with proven reserves of more than 80 billion
tons. However, China’s iron ore endowment is poor, which is mainly reflected in the
fine crystal size and complex composition of minerals, especially the low iron grade.
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More than 97% of iron ores need to be processed before they can be sent to blast
furnace for smelting [1, 2]. Magnetization roasting followed by the low-intensity
magnetic separation technology is one of the effective ways to deal with complex
refractory iron ores. Magnetization roasting can transform the weakly magnetic iron
oxides (hematite, siderite, limonite, etc.) to ferromagneticminerals such asmagnetite
(Fe3O4) or maghemite (γ-Fe2O3) which are suitable for magnetic separation, so as
to increase the separability of iron ores [3–7].

Structural deterioration of iron ore particles during thermal processing has been
investigated [8, 9]. Previous research results show that the dehydroxylation of
limonite occurs at 250–350 °C, the decomposition of siderite occurs at 490–630
°C, and the conversion of hematite to magnetite occurs at about 850 °C.

Based on the previous works, the present study mainly described experiments on
the separation and recoveryof iron froma low-grade ironore bymeansofmagnetizing
roasting andmagnetic separation processes. The influence of ore powder particle size
on ore reduction process is mainly considered. Especially in the range of 0.3–0.9
mass% of reductant, the behavior of magnetization roasting and magnetic separation
was studied.

Experimental

Experimental Mechanism

According to the difference of ore property, magnetizing roasting process for the
recovery of iron minerals includes reducing roasting, oxidizing roasting, and neutral
roasting. In this study, the main purpose of magnetizing roasting is reducing hematite
and limonite to magnetite. According to the reduction roasting theory, high volatile
lignite particles were added into the roasting section as reducing agent. The volatile
matter of lignite is violently pyrolyzed at about 600 °C, resulting in a large amount
of reduced gas and solid carbon. The content of H2 in the reduced gas is the highest,
followed by the content of CO. The rapid reduction of iron oxide by H2 was realized
by controlling the material temperature in the roasting section at about 700–850
°C. Due to its small molecular radius, H2 has stronger diffusion capacity than CO
and has faster internal and external diffusion speed of iron oxide, which can realize
rapid reduction and greatly improve the roasting efficiency of rotary kiln system. The
reaction theory can be expressed with the following equations:

3Fe2O3 + H2 → 2Fe3O4 + H2O �rG
θ = −15, 547 − 74.40T J · mol−1 (1)

3Fe2O3 + CO → 2Fe3O4 + CO2 �rG
θ = −52, 130 − 41.0T J · mol−1 (2)

H2O + C → H2 + CO �rG
θ = 13, 104 − 146.31T J · mol−1 (3)
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CO2 + C → 2CO �rG
θ = 170, 460 − 174.43T J · mol−1 (4)

Fe3O4 + H2 → 3FeO + H2O �rG
θ = 71, 940 − 73.62T J · mol−1 (5)

Fe3O4 + CO → 3FeO + CO2 �rG
θ = 35, 380 − 40.16T J · mol−1 (6)

During the roasting process, the H2O generated in the reduction reaction of Fe2O3

subsequently reacts with the solid carbon to produce more H2 and CO. What’s
more, the CO2 produced during reduction reaction further reacts with solid carbon to
produce more CO. Then, H2 and CO continually react Fe2O3 to magnetite. However,
the formed magnetite may be over-reduced to be wustite by Eqs. (5) and (6) if the
reduction gas concentration is too high.

In this study, iron ore is classified into coarse, medium, and fine grains to avoid
over-reduction of coarse-grained iron ore on surface and under-reduction of core,
while over-reduction of fine-grained iron ore on the whole. According to the charac-
teristics of slow temperature rise and long reduction time of coarse-grained iron ore,
on the contrary, fine-grained iron ore has the fast temperature rise and short reduction
time. The heating time of coarse-grained iron ore is longer, that of medium-grained
iron ore is next, and that of fine-grained iron ore is the shortest. That is to say, the
reduction roasting process of coarse-grained iron ore requires the highest temper-
ature and the longest time, followed by medium-grained iron ore and fine-grained
iron ore.

Materials

The iron ore sample used for this investigation was obtained from Xiaohebian Iron
Mine in Yunnan Province of China. The chemical multi-element analysis for the
compositions and the phase analysis of iron are given in Tables 1 and 2, respectively.
The results of multi-element analysis demonstrated that the main valuable metal in
the sample was Fe, with a content of 22.35 mass%. The amounts of impurities like
P and S were very low by 0.026 mass% and 0.299 mass%, respectively.

From Table 2, the iron elements were mainly found to exist in the form of
magnetite, hematite, and limonite in the low-grade iron ore sample, and hematite
and limonite occupied about 22.37 mass% of the total iron, which should be reduced
to magnetite first.

Table 1 Multi-element analysis of the iron ore sample

Compositions Fe FeO Al2O3 SiO2 CaO MgO P S

Mass fraction (mass%) 22.35 12.38 3.04 31.82 16.19 1.89 0.026 0.299
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Table 2 Phase analysis of iron for sample

Phase name Fe in
magnetite

Fe in siderite Fe in
hematite and
limonite

Fe in pyrite Fe in silicate Total

Content
(mass%)

12.08 1.21 5.00 0.426 3.64 22.35

Percentage
(%)

54.04 5.41 22.37 1.90 16.28 100

The lignite, obtained from Xinjiang Province of China, was used as a reducing
agent. It had a controlled particle size distribution from 5 to 10 mm and was assayed
to have 41.05 mass% volatile matters, 43.60 mass% fixed carbon, and 10.74 mass%
ash.

Magnetizing Roasting and Magnetic Separation

The low-grade iron ore fines contain weakly magnetic iron minerals such as hematite
and siderite, which could not be separated effectively by low-intensity magnetic
separation. Therefore, the ore fines were magnetized by magnetization roasting,
then low-intensity magnetic separation was used to enrich magnetic iron minerals.
In this work, the experimental process is schematically represented in Fig. 1. First,
the amount of low-grade ore used in each experiment was 1000 g, then broken and
screened into three particle sizes of 5–10 mm, 1–5 mm, and 0–1 mm, of which the
weights were 220, 480, and 300 g. What’s more, the particle size with 0–1 mm ore
was mixed well-distributed with a given amount of lignite, which particle size was
5–10 mm. Secondly, the particle size with 5–10 mm ore was put into a laboratory-
scale electric rotary kiln after the temperature was raised to a given value. After that,
the rotary kiln started to rotate at a speed of 60 s/r. Then, 5 min later, put 1–5 mm
raw ore into the electric rotary kiln. Then, divide the mixture of 0–1 mm ore and
lignite into ten parts on average and put them into the rotary kiln, respectively. After
a given time, roasted samples were taken out when cooling down to 100 °C in the
airtight kiln. Next, the cooled roasted sample was ground with a ball grinding mill
to a given particle size. Finally, the ground material was separated with the Davis
magnetic tube at an optimized intensity of 0.15 T. The non-magnetic product was
the tailing, while the magnetic product was iron concentrate. The grades of magnetic
concentrate were analyzed by chemistry method. Then, the recovery rates of iron
(the ratio of the amount of iron minerals in magnetic concentrate to those of in iron
ore raw material) were deduced according to mass balance in magnetic separation
process.
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Fig. 1 Schematic diagram
of magnetization roasting
and magnetic separation
process
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Results and Discussion

The effects of main process parameters, which included roasting temperature, mass
ratio of lignite to iron ore, roasting time, and grinding fineness, on the separation and
recovery of iron were examined.

Effects of Roasting Temperature on Iron Recovery

Roasting temperature is the main factor that impacts the reaction. In this experiment,
roasting temperature was selected as 700, 750, 800, and 850 °C, mass ratio of lignite
to iron ore of 5/1000, roasted 30 min, with the milling time of 15 min. Results were
shown in Fig. 2.

From Fig. 2, with the roasting temperature increasing, the iron recovery of iron
concentrate increased until it reached the maximum at 800 °C, and then decreased
slightly with the further increase of temperature. The maximum recovery of iron
is about 87.5%, and the iron grade is 61.6 mass% Fe. At the same time, the grade
of iron concentrate decreases with the increase of roasting temperature. This result
might be due to the fact that when the temperature was low, and the reaction was
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Fig. 2 Effects of roasting
temperature on iron recovery
(mass ratio of lignite to iron
ore: 5/1000, roasting time:
30 min, grinding time:
12 min)
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incomplete due to the limited reaction rate. At high temperatures, the pyrolyzation
of lignite and the gasification of solid carbon are accelerated, which speed up the
conversion of hematite or limonite to magnetite. But if the temperature was too high
(850 °C), the product (Fe3O4) may be over-reduced to generate wustite [10], which
is weakly magnetic and difficult to recycle in magnetic separation process.

Effects of Mass Ratio of Lignite to Iron Ore on Iron Recovery

In order to investigate the optimum content of lignite, different mass ratios of lignite
to iron ore were studied, respectively. Under the conditions of roasting temperature
800 °C, roasting time 30 min, and grinding time 12 min, the effect of lignite ratio
on the separation and recovery of iron was studied, and the mass ratio of lignite to
iron ore was selected as 3/1000, 5/1000, 7/1000, and 9/1000. Results were shown in
Fig. 3.

Fig. 3 Effects of the mass
ratio of lignite to iron ore on
iron recovery (roasting
temperature: 800 °C,
roasting time: 30 min,
grinding time: 12 min)
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As shown in Fig. 3, the grades of magnetic concentrate were all over 60 mass%
Fe. With the lignite ratio increasing, the grade of iron concentrate increased slowly
until it reached the maximum value and then decreased gradually, and the maximum
was 62.4 mass%. When the mass ratio of lignite to iron ore was 5/1000, the recovery
rate of iron was achieving a peak, where the maximum value was 87.5%. The results
might indicate that adding too much lignite would produce excessive reducing gas,
which made the formed magnetite to be over-reduced, and converted into wustite by
Eqs. (5) and (6).Wustite is weaklymagnetic, leading to the decrease of iron recovery.
As a result, the mass ratio of lignite to iron ore of 5/1000 was recommended for the
optimal condition.

Effects of Roasting Time on Iron Recovery

Samples were roasted at the temperature of 800 °C for different roasting time, with
the mass ratio of lignite to iron ore of 5/1000 and milling time 12 min. The effect of
roasting time on the recovery of iron is shown in Fig. 4.

As shown in Fig. 4, both of the iron recovery rate and grade of magnetic concen-
trate increased continuously with the prolonging of roasting time until reaching the
maximum values and then declined quickly. When roasting time was about 30 min,
the recovery rate of iron was achieving a peak, with the grade of magnetic concen-
trate 61.6 mass% Fe. It was inferred that when the roasting temperature was 800 °C,
the optimum roasting time was about 30 min, during which magnetic roasting was
mostly completed.

Fig. 4 Effects of roasting
time on iron recovery
(roasting temperature: 800
°C, mass ratio of lignite to
iron ore: 5/1000, grinding
time: 12 min)
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Fig. 5 Effects of grinding
time on iron recovery
(roasting temperature: 800
°C, roasting time: 30 min,
mass ratio of lignite to iron
ore: 5/1000)

Table 3 Particle sizes after different milling time

Grinding time (min) 4 8 12 16

Minus 74 μm (mass%) 64.6 83.7 100 100

Effects of Grinding Time on Iron Recovery

Due to the complex dispersion characteristics of roasted samples, magnetic separa-
tion was difficult, and grinding was needed before magnetic separation. In this work,
the effect of grinding time of the roasted samples on the recovery of iron was tested.
The conditions of magnetic roasting were as the following: the roasting temperature
of 800 °C for 30 min, with the mass ratio of lignite to iron ore of 5/1000. The results
were shown in Fig. 5, and the particle sizes of roasted samples with different grinding
times were shown in Table 3 and screened through a 74 micron sieve.

From Fig. 5, as the increase of the grinding time, both of the recovery and grade
of iron concentrate increased continuously until peaking and then declined slowly.
Whengrinding12min, the percentage ofminus 74μmwas100mass%, themaximum
value of the recovery and grade of iron concentrate was 87.5% and 61.6 mass%.
However, if the roasted samples were ground too fine (16 min), the particles were
agglomerate easily and difficult to be separated in magnetic separator, so the grade
was only 60.5 mass% Fe. At the same time, the decrease of recovery rate was due
to that it was difficult to capture fine magnetite particles by magnetic separation
[11, 12].

Conclusion

Major chemical compositions of the low-grade iron ore were SiO2, Fe3O4, Fe2O3,
CaO, and Al2O3. Quartz, magnetite, hematite, limonite, calcite, mica, and kaolinite
existed in the iron ore samples as main phases, and most of iron and quartz were
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fine-disseminated complexly together, which was hard to be separated. Effective
utilization of low-grade iron ore by lignite pyrolysis was proposed to reduction
roasting and iron recovery. The roasting temperature, ratio of lignite to iron ore,
roasting time, and grinding time of roasted samples were four main factors which
had effects on the recovery and grade of iron concentrate. Through corresponding
four groups of experiments, optimummagnetic roasting conditions were obtained as
the following: roasting at 800 °C for 30min,mass ratio of lignite to iron ore of 5/1000,
and grinding 12 min of roasted samples. Under the optimum roasting conditions, of
the total iron present in this low-grade ore, 87.5 mass% were recovered in the form
of iron concentrate (grade: 61.6 mass%), after the roasted product was treated by a
magnetic separation process. The results demonstrated that it is feasible to separate
and recover iron from low-grade iron ore by magnetization roasting and magnetic
separation process.
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Evaluation of Processing Parameters
for the Production of Tungsten Carbide
in a Fluidized Bed Reactor

Maureen P. Chorney, Jerome P. Downey, and K. V. Sudhakar

Abstract Synthesis of submicron tungsten carbide (WC)particles has been achieved
utilizing fluidized reactor technology at temperatures lower than those used in
current commercial production. Fluidized bed technology provides improved gas–
solid contact in a controlled reaction atmosphere to increase conversion efficiency. A
tungsten-bearing activated carbon precursor was prepared and utilized in all experi-
ments to evaluate the effect of time, temperature, and reaction atmosphere on tungsten
carbide synthesis. The experimental products were analyzed with a variety of char-
acterization tools including X-ray diffraction (XRD), scanning electron microscopy
(SEM), and energy dispersive X-ray spectroscopy (EDS). The analytical results indi-
cate uniform submicron tungsten carbide particles were successfully produced at
greater than 90% total carbide conversion.

Keywords Tungsten carbide · Synthesis · Fluidization

Introduction

Tungsten carbide (WC) has many desirable properties. Its strength, high hardness,
high melting point, good electrical and thermal conductivity, and high corrosion
resistance make it a versatile, sought-after material. Tungsten carbide is widely used
for cutting and machining tools, drill bits, structural materials, and military appli-
cations. Commercial production processes require extremely high temperatures and
highly reactive gas atmospheres to produce tungsten carbide powders that range from
submicron up to 50 µ [1].

In conventional tungsten carbide production, tungsten powder is blended with
carbon in preparation for carburization, which is effected in a hydrogen atmosphere

M. P. Chorney (B) · J. P. Downey · K. V. Sudhakar
Montana Technological University, Butte, MT 59701, USA
e-mail: mchorney@mtech.edu

J. P. Downey
e-mail: jdowney@mtech.edu

© The Minerals, Metals & Materials Society 2022
Z. Peng et al. (eds.), 12th International Symposium on High-Temperature
Metallurgical Processing, The Minerals, Metals & Materials Series,
https://doi.org/10.1007/978-3-030-92388-4_35

393

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-92388-4_35&domain=pdf
mailto:mchorney@mtech.edu
mailto:jdowney@mtech.edu
https://doi.org/10.1007/978-3-030-92388-4_35


394 M. P. Chorney et al.

at temperatures ranging from 1300 to 1700 °C [1]. High-temperature carburization
may be utilized with the same initial mixture of tungsten powder and carbon, with
reaction temperatures as high as 1800–2000 °C in a hydrogen atmosphere, held
under vacuum [1]. With both methods, particle size is determined by input tungsten
particle size, and it should be noted that agglomeration and sintering of tungsten
carbide occur [1].

Tungsten carbide formation is defined by many different reaction mechanisms,
depending on the selection of the starting material. In many commercial processes,
the reaction (Eq. 1) is relatively simple because tungsten metal powder serves as the
tungsten source. The hydrogen in the furnace atmosphere may react with the carbon
to produce methane, which then reacts with tungsten metal to form tungsten carbide
(Eq. 2).

W + C → WC (1)

W + CH4 → WC + H2 (2)

A commercial process developed in Japan consistently produces submicron tung-
sten carbide from tungsten oxide. Pellets composed of tungstic oxide (WO3) and
carbon are fed to a dual rotary furnace configuration that operates with a nitrogen
atmosphere (1350–1600 °C) during the reduction stage and with a hydrogen atmo-
sphere (1650–2000 °C) during the carburization stage [1]. The reaction sequence
(Eq. 3) comprises several steps to accomplish the reduction and carburization [1].

WO3 → WO2.9 → WO2.72 → WO2 → W → W2C → WC (3)

Previous research on the tungsten carbide synthesis was primarily performed in
static tube furnaces, where uniform isothermal conditions are difficult to achieve and
where the reactive gases do not evenly contact all particles [2–10]. Recent research
employed rotary tube furnaces akin to those used for commercial production in an
effort to improve gas–solid contact and realize higher reaction yields [11–13].

Fluidization technology provides the superior gas–solid contact needed for effi-
cient synthesis. Fluidized bed technology is recognized for its superior heat andmass
transfer characteristics that improve solid–gas reactions. Fluidized bed reactors also
provide a more uniform reaction temperature and atmosphere, and they are easily
scaled to the desired throughput requirements [14, 15]. In this study, utilization of a
fluidized bed reactor has proved to be an important step towards consistent production
of tungsten carbide.
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Materials and Methods

The tungsten oxide precursormaterial consists of tungstate anions (WO4
2−) adsorbed

on an activated carbon substrate. Precursor was prepared using an aqueous solution
containing 18,000 ppm tungsten and 5,844 ppm sodium chloride (Sigma Aldrich,
anhydrous, ReagentPlus®, ≥99%). Tungsten was sourced from sodium tungstate
dihydrate (Na2WO4·2H2O, SigmaAldrich, Emplura®). The solution pHwas adjusted
to 2.0 using concentrated hydrochloric acid. Activated carbon, 50.0 g, (Sigma
Aldrich, untreated, 100–400mesh)was added to the solution,whichwas then agitated
for two hours. Vacuum filtration of the solution was immediately followed, and the
solid precursor material was left in a drying oven for several days. The finished
precursor contains approximately 0.35 g W/g C; this precursor loading technique
was optimized in previous research [11].

A vertical MTI 1200X fluidized bed furnace was used for all high-temperature
fluidization experiments. The experiments were performed in a quartz tube with a
22-mm inner diameter bed region and a 44-mm freeboard. A maximum of approx-
imately two grams of tungsten precursor material is processed for each fluidization
experiment, so that fluidization could be achieved.

Cold flow fluidization experiments were performed to evaluate the precursor
fluidization characteristics. At ambient laboratory temperature, a flow rate of 0.5–0.6
LPM was determined to provide good fluidization with minimal entrained particle
loss through the freeboard. The flow rates were scaled for higher temperature exper-
imentation. A series of scoping experiments was completed to narrow the range of
parameters for further investigation through a design of experiments matrix.

Experiments were performed predominantly in a methane (CH4) atmosphere at
temperatures within the range of 700–975 °C. The furnace was programmed with
a 5.3 °C/min ramp rate to attain the desired bed temperature, which was held for
the desired time. The cool down commenced at a −3 °C/min ramp to 400 °C, after
which the furnace cooled naturally to room temperature. Argon gas flowed through
the furnace during the heat-up and cool-down periods to provide an inert atmosphere
to prevent particle agglomeration or sintering in the reactor bed. Reaction times
were varied from 1.0 to 7.0 h, during which either methane or argon was the sole
gas present. An afterburner was installed to safely oxidize the combustible species
in the fluidized bed discharge gases.

The experimental products were characterized using a Rigaku Ultima IV X-ray
diffractometer (XRD) and JADE analysis software to determineWPPF values. Addi-
tional characterization was performed using a MIRA3 TESCAN scanning electron
microscope (SEM), with energy dispersive X-ray spectroscopy (EDS) attachments.
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Results and Discussion

In preparation for the scoping experiments, thermodynamicmodelingwas performed
with HSCChemistry 7 software to evaluate the potential products produced given the
known input chemistry (Fig. 1). The input parameters included tungsten, as tungsten
oxide (WO3), and an excess of carbon. Gas atmosphere was also included in the
input parameters and was selected as either argon or methane.

The free energy minimization diagrams illustrate the reaction product (kilomoles,
in logarithmic space) as a function of temperature (°C). In the calculations performed
to examine the influence of an argon atmosphere, tungsten carbide is predicted to
be the predominant tungsten-bearing product; other products are ditungsten carbide
(W2C) carbon (C), carbon monoxide (CO), and carbon dioxide (CO2). A similar
suite of potential reaction products is predicted in the methane atmosphere diagram
as well as hydrogen (H2), methane (CH4), and water vapor (H2O(g)). The forma-
tion of tungsten carbide and ditungsten carbide behaves similarly in thermodynamic
terms for both reaction atmospheres, with the relative amount of ditungsten carbide
increasing with increasing reaction temperatures. In both cases, tungsten carbide is
the predominant tungsten-bearing species across the temperature range.

Seven scoping experiments were performed at reaction temperatures between
700 and 975 °C. Reaction times of one, five, and seven hours were examined. The
experimental products were analyzed by XRD, and the results are illustrated in
Fig. 2 and consolidated in Table 1. As predicted by the thermodynamic analysis,
tungsten carbide was the predominant reaction product in most of the experiments;
the exceptions are the two experiments performed at 700 °C, the lowest temperature
evaluated.

Total carbide production (WC + W2C) exceeded 95.0% in four of the seven
scoping experiments. The highest total carbide conversion (97.2%WC + W2C) was
realized in the experiment performed for 7 h at 900 °C in a methane atmosphere. This

Fig. 1 Gibbs free energyminimization diagrams, produced inHSCChemistry 7, to evaluate forma-
tion of tungsten carbide in an argon atmosphere (left: input of 10,000 kmol Ar, 1000 kmol C, and
100 kmolWO3) and methane atmosphere (right: input of 10,000 kmol Ar, 1000 kmol C, 1000 kmol
CH4, and 100 kmol WO3) given initial quantities of tungsten oxide and an excess of carbon
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Fig. 2 XRD diffractogram of tungsten carbide produced in methane atmosphere at 875 °C, with a
reaction time of 7 h

Table 1 Fluidized bed tungsten carbide synthesis scoping experiment XRD results

Run parameters WPPF analysis (%) average

Temp. (°C) Time (h) CH4 (%) WC W2C W WO2 WO2.83 WO2.92

850 1 100 72.7 19.1 8.2 – – –

850 5 100 77.8 18.4 3.8 – – –

975 7 100 68.4 27.5 4.0 – – –

700 5 Argon – – – 12.3 34.8 52.9

700 5 100 0.6 0.6 2.2 10.7 40.6 45.3

900 5 100 83.9 13.3 3.0 – – –

875 7 100 76.8 18.6 4.5 – – –

experiment also resulted in the highest monotungsten carbide conversion (83.9%
WC). Experiments conducted at the lower temperatures showed poor conversion
efficiencies. Experiments performed under methane at temperatures above 850 °C
consistently produced high conversion to carbide (WC + W2C).

The scoping series confirmed temperature is an important reaction parameter.
Contrary to the thermodynamicmodel predictions, tungsten carbide was not success-
fully synthesized in experiments performed at the lower reaction temperatures.
Instead, the experiments performed at 700 °C in methane or in argon atmospheres
produced similar quantities of reduced tungsten oxides (WO2.92, WO2.83, and WO2).
The highest reaction temperature analyzed, 975 °C, resulted in deleterious effects
on WC synthesis due to carbon–carbon interactions that formed carbon sheets in the
fluidized bed.

Bed residence time at temperature did not appear to be a significant variable
within the range evaluated in the scoping experiments. High percentages of tungsten
carbide were synthesized, even at the shortest (1.0 h) reaction time. Increasing the
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reaction time may promote further reaction of carbon with the reduced tungsten (W),
as shown by lesser amounts of W found in the products from experiments performed
for longer reaction times.

The diffractogram in Fig. 2 illustrates that the predominant peaks are those of
qusongite (WC). The diffractograms generally have a fairly pronounced amorphous
component, likely due to carbonaceous matter produced by methane cracking in the
reactor bed. For the purpose of this analysis, the amorphous regions were relegated
as part of the background in order to semi-quantitatively determine WPPF values.
SEM and EDS were employed to further characterize the WC samples. The SEM
images in Fig. 3 depict morphological changes that occurred as a function of reaction
atmosphere and temperature.

In Fig. 3, the SEM images of the low temperature experiments corroborate the
XRD results by indicating little to no formation of tungsten carbide and primarily
show small tungsten oxide particles at the sites of anion loading on the activated
carbon. Thin sheets of tungsten oxide, as well as needle-like structures of reduced

Fig. 3 SEM image of reaction product after a 5 h, 700 °C, methane atmosphere fluidization experi-
ment (top left), and the reaction product after a 5 h, 700 °C, argon atmosphere fluidization experiment
(top right). The methane atmosphere experiments—5 h, 850 °C (bottom left); 7 h, 875 °C (bottom
right)—showcase marked differences in morphology and structure of the tungsten constituents
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tungsten oxide, are apparent in the SEM image of the reaction product from the argon
atmosphere experiment. The synthesis of tungsten carbide at high temperatures is
further substantiated by the morphological changes in the tungsten particles in the
bottom row of SEM images. Several particles exhibit a distinct hexagonal structure,
the crystal structure of tungsten carbide, and the particles are a relatively uniform
submicron size. EDS was used to evaluate the elements, and their quantities, at
selected locations. The resultant data are presented in Figs. 4 and 5.

The EDS spectra collected fromSpot 3, in Fig. 4, were found to contain significant
percentage of oxygen, indicating that this particular location is potentially an oxide
or another oxygen-bearing compound. Conversely, the defined particles analyzed, in
Fig. 5, were found to contain 79 wt% tungsten and 19 wt% carbon. Higher carbon
percentages than what would be calculated are to be expected with such small,
submicron particle sizes and the nature of the collection of the characteristics X-rays,
which come frombeneath the sample surface.Dependingon the height of the particles
extending above the carbon surface, some additional carbon could potentially be
detected. The large weight percent of tungsten that was detected signifies that this
particle is most likely tungsten carbide.

Fig. 4 SEM image (left) of the reaction product from the 700 °C, 5 h, argon atmosphere fluidized
bed experiment, indicating locations of EDS spot analyses, and EDS spectra of Spot 3 (right)

Fig. 5 SEM image (left) of the reaction product from the 850 °C, 5 h,methane atmosphere fluidized
bed experiment, indicating locations of EDS spot analyses, and EDS spectra of Spot 1 (right)
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Conclusions

Tungsten carbide (WC + W2C) was synthesized at greater than 95% conversion
efficiency at operating temperatures that are less than half of those used in commercial
WC production. The near uniform temperature and superior gas–solid contact within
the fluidized bed reactor resulted in the production of discrete, uniformly sized,
submicron particles. The reaction atmosphere could be enhanced to further promote
the reduction of tungsten oxides to tungsten and the carburization of tungsten to
tungsten carbide. Temperatures in the 800–875 °C range consistently produced high
percentages of WC. Temperature is a key variable, which will be further evaluated
in future work to potentially optimize the synthesis of tungsten carbide in a fluidized
bed reactor.

Acknowledgements Researchwas sponsored by the Combat Capabilities Development Command
Army Research Laboratory and was accomplished under Cooperative Agreement Number
W911NF-20-2-0163. The views and conclusions contained in this document are those of the authors
and should not be interpreted as representing the official policies, either expressed or implied, of the
Combat Capabilities Development Command Army Research Laboratory or the U.S. Government.
The U.S. Government is authorized to reproduce and distribute reprints for government purposes
notwithstanding any copyright notation herein.

References

1. Lassner E, Schubert W-D (1999) Tungsten in hardmetals. In: Tungsten: properties, chem-
istry, technology of the element, alloys, and chemcial compounds. Kluwer Academic/Plenum
Publishers, New York, pp 321–363

2. Koc R, Kodambaka SK (2000) Tungsten carbide synthesis from novel precursors. J Eur Ceram
Soc 20:1859–1869

3. Wang KF, Sun GD, Wu YD, Zhang GH, Chou KC (2019) Size-controlled synthesis of high-
purity tungsten carbide powder via a carbothermic reduciton-carburization process. Int JRefract
Metal Hard Mater 84:1–9

4. Polini R, Palmieri E, Marcheselli G (2015) Nanostructure tungsten carbide synthesis by
carbothermic reduction of scheelite: a comprehensive study. Int J Refract Metal Hard Mater
51:289–300

5. Mitran RA, RadulescuMC, Buhalteanu L, Tanase LC, Dumitrescu DG,Matei C (2016) Forma-
tion of pure-phaseW2C nanoparticles through carbothermal reduciton in the presence of Pd(0)
nanoparticles. J Alloy Compd 682:679–685

6. Cetinkaya S, Eroglu S (2011) Comparative kinetic and structural analyses of nanocrystalline
WC powder synthesis from pre-reduced W under pure and diluted CH4 atmosphere. Int J
Refract Metal Hard Mater 29:214–220

7. Islam M, Martinez-Duarte R (2017) A sustainable approach for tungsten carbide synthesis
using renewable biopolymers. Ceram Int 43:10546–10553

8. Lukovic J, Babic B, Bucevac D, Prekajski M, Pantic J, Bascarevic Z, Matovic B (2015)
Synthesis and characterization of tungsten carbide fine powders. Ceram Int 41:1271–1277

9. Jin Y, Liu D, Li X, Yang R (2011) Synthesis of WC nanopowders from novel precursors. Int J
Refract Metal Hard Mater 29:372–375

10. Lin H, Tao B, Xiong J, Li Q, Li Y (2013) Tungsten carbide (WC) nanopowders synthesized
via novel core-shell structured precursors. Ceram Int 39:2877–2881



Evaluation of Processing Parameters for the Production … 401

11. Wallace GC, Downey JP, Chorney J, Mallard A, Hutchins D (2017) Synthesis of carbide
ceramics via reduction of adsorbed anions on an activated carbon matrix. In: 8th International
symposium on high-temperature metallurgical processing. Springer, Cham, pp 49–57

12. Wallace GC, Downey JP, Chorney J, Schumacher K, Mallard A (2018) Synthesis of nanocrys-
talline carbide ceramics via reduction of anion-loaded activated carbon percursors. In: 9th
International symposium on high-temperature metallurgical processing. Springer, Cham, pp
125–134

13. WallaceGC,Downey JP,Chorney J, SchumacherK,BaylessT (2019)Statistical optimizationof
tungsten carbide synthesis parameters. In: 10th International symposium on high-temperature
metallurgical processing. Springer, Cham, pp 371–378

14. Kunii D, Levenspiel O (1991) Fluidization engineering, 2nd edn. Butterworth-Heinemann,
Oxford

15. Cheremisinoff NP, Cheremisinoff PN (1984) Hydrodynamics in fluidization. In: Hydrody-
namics of gas-solids fluidization. Gulf Publishing Company, Houston, pp 137–206



Effect of Austenitizing and Cooling
Process on Microstructure
Transformation of Low-Carbon Bainite
Steel

Xiaoqing Zhou, Hongpo Wang, Mingjian Chen, Li Shi, and Yu Wang

Abstract Microstructure and grain size are important factors affecting the mechan-
ical properties of low-carbon bainite steels. The influence of austenitization and
cooling rate on the phase transformation of low-carbon bainite steel was investi-
gated. The results show that the continuous cooling microstructure of low-carbon
bainite steel was determined by pre-deformation, austenitization temperature, and
cooling rate. The austenitizing process significantly affected the phase transformation
of low-carbon bainite steel. When samples were heated in the range of 830–930 °C,
their austenite grain sizes were relatively small with a maximum of 12.3 µm; when
they were cooled at the cooling rate range of 1–30 °C/s, themicrostructures consisted
of mainly a large amount of ferrite and a small amount of retained austenite. When
the austenitizing temperature increased to 1220 °C, the austenite grain size increased
to 71.2 µm. The structure was mainly proeutectoid ferrite and granular bainite at
the cooling rate of 1 °C/s. As the cooling rate increased, the amount of proeutectoid
ferrite reduced, and the amount of bainite increased, resulting in a higher hardness.
When the cooling rate was 10 °C/s, the proeutectoid ferrite disappeared completely,
and the bainite was further refined.
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Introduction

Low-carbon bainite steels have been widely used and developed recently owing to
their high strength and good welding performance [1–3]. This kind of steel can be
directly produced by the rolling and cooling controlled process that is more produc-
tive than the quenching and tempering process. Therefore, these steels are an essen-
tial direction of high strength and toughness and low-price structural steel. However,
many problems have not been resolved, such as accurate microstructure control and
bainite refinement. Segregation of slabs and poor deformability at the center of steel
plates usually result in coarsemicrostructure, especiallywhen their thickness is large,
significantly reducing the low-temperature impact toughness of low-carbon bainite
steel.

The impact toughness is mainly determined by the composition and microstruc-
ture of the steel plate and is significantly affected by factors such as the austenitiza-
tion process [4–7], the rolling process, and the cooling process [8–11]. Non-metallic
inclusions and precipitates are also important factors affecting the toughness of steel
plates [12]. The higher the cleanliness of the steel, the fewer non-metallic inclusions,
and the smaller their size, the higher the impact toughness. Due to chemical segrega-
tion, there is usually a part of niobium carbide with a larger size in the core of the cast
slab, which will further grow during the heat treatment process of the slabs. Niobium
carbide is hard and brittle, that is not easily deformed during the rolling process,
resulting in stress concentration that significantly reduces the impact toughness of
the steel plate. In addition, the heredity of the microstructure is also one of the crit-
ical factors affecting the impact toughness. The impact toughness of the steel plates
produced by steel sheets with severe porosity and central segregation is usually not
high. Therefore, it is necessary to carry out comprehensive control from refining,
continuous casting, rolling, heat treatment, and other processes to obtain suitable
bainite microstructure; and to control inclusions and precipitates fine to improve the
impact properties of low-carbon bainite steel [13, 14].

This work intended to study the influence of the austenitizing and cooling process
on the continuous cooling structure of austenitic steel from the perspective of
austenitizing and cooling processes.

Experimental Materials and Methods

The experimental raw material is the rolled 07MnNiMoDR low-carbon bainite steel
sheet manufactured in an iron and steel company in China. A pie-shaped sample with
a diameter of 5 mm and a thickness of 3 mmwas cut at one-fourth of the thickness of
the steel plate. Amuffle furnacewas used to austenitize the sample. The sampleswere
kept at 830, 850, 870, 890, 910, 930 °C for 360 s, followed by water quenching. After
polishing, they were corroded by a picric acid solution. The metallographic structure
and statistical austenite crystals size were observed with a metallurgical microscope.
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Fig. 1 Austenitization and cooling process: a Low-temperature austenization; bHigh-temperature
austenization

A confocal laser scanning microscope was used to austenitize another sample at
1220 °C, and the video was recorded at 15 frames per minute. Screenshots of the
sample surface under different constant temperature times were taken to count the
austenite grain size. The statistical method of grain size is the straight-line intercept
method specified by the national standard GB/T 6394-2017.

A confocal laser scanning microscope was also used to carry out the continuous
cooling process after the samples were austenitized at 890 °C and 1220 °C, respec-
tively, and the cooling rate was set to 1–30 °C/s, as shown in Fig. 1. After grinding
and polishing, the samples were corroded with a nitric acid alcohol solution with
a volume fraction of 4%, and the metallographic microstructure was observed. A
Vickers hardness tester was used to test the hardness of the sample.

Results

Austenitized Microstructure

Figure 2 shows the quenched microstructure of the samples after being austeni-
tized for 360 s at different temperatures. It can be seen that when the sample
was austenitized at 830 °C, the recovery process mainly occurred, and only part
of the austenite began to grow; when the temperature increased to 850 °C, rela-
tively complete austenite grains began to appear. As the temperature increased, the
degree of austenitization gradually increased, and the grain size increased slowly. It
is worth noting that the grain size did not grow significantly during the austenitization
in the entire range of 830–930 °C. When the temperature increased to 930 °C, the
austenite grain size was only 12.3µm.When the austenitizing temperature increased
to 1220 °C, some grains grew significantly by merging small grains nearby (Fig. 3),
and the austenite grains reached 71.2µm. The statistical results of austenitizing grain
size at different temperatures are shown in Fig. 4.
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Fig. 2 Austenitized microstructure of samples after holding at different temperatures for 360 s: a
830 °C; b 850 °C; c 870 °C; d 890 °C; e 910 °C; f 930 °C

Fig. 3 Austenitized
microstructure of a sample
after holding at 1220 °C for
360 s

Microstructure After Continuous Cooling

Figure 5 shows the microstructure of samples after being austenitized at 890 °C
and cooled at different cooling rates. It can be seen that when the cooling rate was
1 °C/s, the sample structure was almost all proeutectoid ferrite (PF), and it had
grown significantly; when the cooling rate was 5 °C/s, except for the proeutectoid
ferrite, some retained austenite (RA) was also discovered. After that, as the cooling
rate increased, the sample microstructure was composed of proeutectoid ferrite and
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Fig. 4 Austenite grain size of samples after holding at different temperatures

Fig. 5 Microstructure of samples after being austenitized at 890 °C and cooling at different cooling
rates: a 1 °C/s; b 5 °C/s; c 10 °C/s; d 15 °C/s; e 20 °C/s; f 30 °C/s

retained austenite. The grain size of proeutectoid ferrite gradually decreased, and the
proportion of retained austenite increased.

Figure 6 shows the microstructures of the austenitized samples at 1220 °C after
cooling at different cooling rates. It can be seen that when the cooling rate was 1 °C/s,
the samplemicrostructurewasmainly proeutectoid ferrite (PF) and a small amount of
granular bainite (GB). When the cooling rate was 2 °C/s, bainite became the primary
microstructure, and proeutectoid ferrite was significantly reduced. When the cooling
rate was 5 °C/s, the proportion of bainite continued to increase, while proeutectoid
ferrite decreased. After the cooling rate was greater than 10 °C/s, no proeutectoid
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Fig. 6 Microstructure of samples after holding at 1220 °C and cooling at different cooling rates: a
1 °C/s; b 2 °C/s; c 5 °C/s; d 10 °C/s; e 20 °C/s; (f) 30 °C/s

ferrite was found in the sample. In general, as the cooling rate increased, the amount
of proeutectoid ferrite gradually decreased, the amount of bainite increased corre-
spondingly, and the sizes of bainite ferrite andmartensite-austenite islands decreased
progressively.

In Situ Observation of Austenitization

Figure 7 shows the evolution of samples’ microstructure during austenitization at
1220 °C. As shown in the figure, when the temperature increased to 1220 °C, the
sample was still in the recovery stage and did not recrystallize. The austenite grains
began to appear after holding for 30 s, and the austenite recrystallization process
was completed after 60 s. As the holding time increased, part of the crystal grains
grew up by merging nearby tiny crystals. Compared with the sample austenitized in
the range of 830–930 °C (Fig. 2), the sample had a more thorough austenitization
process at 1220 °C, and the average grain size dramatically increased.

Hardness of the Microstructure

Figure 8 shows the hardness of the microstructure of samples after austenitizing at
890 and 1220 °C and cooled at different cooling rates. As shown in the figure, the
hardness of the samples increased with the increasing cooling rate. Two points are
worth noting: first, the hardness of the samples after austenitization at 1220 °C at
all cooling rates was higher than the hardness of the samples after austenitization at
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Fig. 7 Microstructure evolution of a sample holding at 1220 °C for different times: a 0 s; b 30 s;
c 60 s; d 120 s; e 180 s; f 300 s

Fig. 8 Hardness of samples
under different cooling rates
after holding at 890 °C and
1220 °C, respectively

890 °C; second, when the cooling rate was greater than 10 °C/s, the hardness of the
two austenitized samples after cooling did not increase with the increasing cooling
rate.

The following two factors may account for this. On the one hand, there is a limit
to the phase change driving force contributed by increasing the cooling rate. When
the cooling rate exceeded the critical value, it had little effect on the phase change
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driving force. On the other hand, the cooling capacity of the confocal laser scanning
microscope is weak in the low-temperature section, failing to achieve the set cooling
rate. Based on the fact that martensite is generally formed when the cooling rate is
large, it can be inferred that the latter may be the reason why the hardness did not
change significantly when the cooling rate was larger than 10 °C/s.

Discussion

Bainite transformation is a process of nucleation and growth. Its essence is the decom-
position and transformation of supercooled austenite into ferrite, cementite, and other
carbides. At the same time, part of the austenite will remain at room temperature
together with a small amount of martensite. This phase transition process is jointly
determined by nucleation and growth. The significant difference in the heat treatment
process of the two types of samples in this work is the austenitizing temperature;
some were austenitized in the range of 830–930 °C (low temperature), and the others
were austenitized at 1220 °C (high temperature).

After low-temperature austenitization, the austenite grains were fine, and many
interfaces existed that were conducive to nucleation, but the driving force for phase
transformationwas small.After high-temperature austenitization, the austenite grains
were coarse, and a few interfaces existed that were not conducive to nucleation, but
the driving force for phase transformation was large. The experimental results show
that the driving force of the phase transformation plays a decisive role in the bainite
transformation in this work. The continuous cooling method is generally used to cool
the steel plate after rolling in industrial production. The temperature before cooling
is generally around 900 °C. The microstructure of the steel plate cooled to room
temperature is mainly bainite. The slower the cooling rate, the more proeutectoid
ferrite and the larger the size of bainite ferrite. The faster the cooling rate, the less
proeutectoid ferrite and the smaller the bainitic ferrite size. When the cooling rate
exceeds a specific value, martensite will appear.

In this work, the austenitization temperature before continuous cooling was
890 °C, similar to the temperature used in industrial production, but no bainite
was discovered in the samples after being cooled at all cooling rates. The reason
is that the sample did not undergo thermal deformation before continuous cooling,
and its deformation storage energy was significantly lower than that of steel plates
in industrial production. Therefore, there was not enough driving force to promote
the bainite transformation during the cooling process, and only proeutectoid ferrite
was formed, and part of austenite remained. For the samples that undergo continuous
cooling after austenitization at 1220 °C, although the grain size was coarse and the
nucleation points were relatively few, the driving force for phase transformation was
significantly increased, promoting the bainite transformation of these samples.
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Conclusions

The influence of the austenitization and cooling process of low-carbon bainite steel
on microstructure transformation was investigated. The following conclusions were
obtained.

(1) The continuous cooling microstructure of low-carbon bainite steel was jointly
determined by pre-deformation, austenitizing temperature, and cooling rate.

(2) The heating temperature had a significant effect on the austenitization process
of low-carbon bainite steel. When the sample was heated in the range of 830–
930 °C, the austenite grain size was relatively small, with a maximum value
of 12.3 µm. When the subsequent cooling rate was in the range of 1–30 °C/s,
the structure was mainly composed of a large amount of ferrite and a small
amount of retained austenite.

(3) As the heating temperature increased to 1220 °C, the austenite grain size
increased to 71.2 µm. When the cooling rate was 1 °C/s, the structure was
mainly proeutectoid ferrite and bainite. As the cooling rate increased, the
amount of proeutectoid ferrite reduced and bainite increased, resulting in the
increase of its hardness. When the cooling rate was 10 °C/s, the proeutectoid
ferrite completely disappeared, and the granular bainite structure was further
refined.
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Evaluation of AluminumWhite Dross

İlayda Elif Öner, Buse Tuğçe Polat, Selçuk Kan, Kağan Benzeşik,
and Onuralp Yücel

Abstract Aluminum secondary production demand is significantly risen due to high
energy consumption and waste production of primary aluminum production. On the
other hand, it is inevitable to have several harmful by-products during secondary
aluminum production such as dross. In this study, the aim is to obtain high-purity
alumina by pyrometallurgical methods in order to use it in ceramic and refractory
industry. Within the scope, non-metallic residue of aluminum white dross (NMR of
AWD) has been subjected three sets of experiments. In the first set, calcination exper-
iments were done for elimination of nitrogen and fine metallic aluminum content of
NMR. The effects of temperature and duration on the elimination were investigated
at 1000, 1100, and 1150 °C for from 15 min to 2 h in a rotary furnace. It was deter-
mined that at 1150 °C and 2 h of duration, 5.21 wt% N was eliminated, and metallic
aluminum content was decreased; thus, alumina purity has reached 94.67 wt%.

Keywords Waste minimization · Dross recycling · Recovery · Calcination

Introduction

Aluminum is the third most common element in the earth’s crust after oxygen and
silicon. Aluminum is the most commonly produced and used non-ferrous metal due
to its superior properties such as lightweight, high corrosion resistance, and high
strength values. For this reason, the application areas of aluminum are expanding
day by day. The main uses of aluminum can be listed as construction, electronics,
automotive, aviation, railways, and packaging industry.

Although aluminum is a common material in terms of availability, energy
consumption is high in production processes. Increasing demand and high energy
consumption make secondary aluminum production and recycling a necessity [1].
Since 2000, global aluminum production has increased by 260%, reaching 63.7
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Department of Metallurgical and Materials Engineering, Istanbul Technical University, Sarıyer,
34469 Istanbul, Turkey
e-mail: yucel@itu.edu.tr

© The Minerals, Metals & Materials Society 2022
Z. Peng et al. (eds.), 12th International Symposium on High-Temperature
Metallurgical Processing, The Minerals, Metals & Materials Series,
https://doi.org/10.1007/978-3-030-92388-4_37

413

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-92388-4_37&domain=pdf
mailto:yucel@itu.edu.tr
https://doi.org/10.1007/978-3-030-92388-4_37


414 İ. E. Öner et al.

million tons in 2019, largely due to growth in China. By 2040, global aluminum
demand is expected to grow steadily. The size of this forecast is such that 90 million
tons of primary production will meet demand with 70 million tons of secondary
aluminum from recycling [2, 3].

Aluminum production is divided into two sub-categories: primary aluminum
production and secondary aluminum production. In primary production, aluminum
is extracted from its ores (mostly bauxite) by pyrometallurgical or hydrometallur-
gical methods. Primary aluminum production is an energy intensive industry that
uses about 174–186 GJ per ton aluminum produced. On the other hand, aluminum
process scraps (dross, salt cake, etc.) and used aluminum products (cans, etc.) are
used as raw materials in secondary production. Therefore, energy consumption of
secondary production is considerably less than primary production with 10–20 MJ
per ton Al. In addition to the much higher energy consumption, water consump-
tion is 57 kg/ton in primary production, while it is only 1.6 kg/ton in secondary
production. Also, primary Al production releases significant atmospheric emissions
(21.81 tons CO2/ton Al) and solid wastes compared to secondary Al production
[2–5]. Aluminum can be recycled many times without losing its mechanical prop-
erties. In addition to this feature, secondary aluminum production not only reduces
energy consumption, but alsominimizes environmental concerns. Overall, secondary
aluminum production requires 5% less energy and emits 5% less greenhouse gases
than primary production [2].

Themost commonly usedmethod for secondary production is themelting process
with salt slag containing low amounts of fluoride, sodium, and potassium in reverber
or rotary furnaces. These slags have twomain functions: tominimize oxidation losses
during the process and to facilitate the separation of aluminum from non-metallic
impurities.

Recycling methods may differ depending on the metallic aluminum or alumina
concentration of the waste product. Wastes from primary aluminum production are
calledwhite dross (AWD). It consists of a high proportion of aluminumoxide and can
contain 15–70% recyclable metallic aluminum. Wastes from secondary aluminum
production are called black dross and typically contain aluminum oxide and oxides
of aluminum alloys and often contain between 12 and 18% recyclable aluminum [6].
The worldwide secondary aluminum industry produces nearly five million tonnes of
furnace waste each year.

Most common treatment practice for such non-metallic products is landfilling.
This old-fashioned disposal method of black and white dross costs the industry an
estimated £50million [7]. In addition, tighter environmental regulations and spiraling
costs are forcing the industry to consider alternatives.

Recycling these non-metallic residues (NMR) instead of landfilling not only helps
preserve raw material reserves but also provides many economic and environmental
benefits.

Smelting andmechanical sorting processes take place duringAl recycling. During
smelting process, N and Al reactions occur. Products of these reactions during
smelting and mechanical sorting processes which contain N, stay in non-metallic
residue. Therefore, this material is used in landfilling. AlN, in aluminum dross, turns
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into alumina and ammoniumgas in contactwith humidity as shown inReaction 1, and
it is harmful to the environment when landfilled. This situation prevents the forma-
tion of ammonium gas in the atmosphere whenmoisture is removed by reaching high
temperatures in an oxidizing environment as seen in Reaction 2 [8].

2AlN + 3 H2O → NH3 + Al (OH)3 (1)

2AlN + 3/2 O2 → Al2O3 + N2 (2)

In this study, the FactSage program was used to determine the temperatures at
which the experiments will be performed for the removal of salts from the NMR
of Al white slag in the rotary kiln and the impurity removal of other impurities.
Evaporation temperatures of NaCl and KCl salts under atmospheric pressure have
been calculated as approximately 1400 °C.

The acquisition of aluminum from white and black dross and salt cakes has
recently begun to attract the attention of researchers. These current researches are
concentrated on obtaining high-purity aluminum oxide by hydro- and pyrometallur-
gical methods from NMRs. In this study, it is aimed to recover high-purity alumina
from white dross by pyrometallurgical method.

Experimental

As it can be seen fromFig. 1, firstly, Alwhite dross (AWD) is crushed andmilled prior
to sieving process as current method of dross handling in the secondary aluminum
production facilities. The pieces coarse enough to remain on the sieve are rich in
metallic aluminum and are melted again with the addition of flux and sold as ingots.
The fine-grained part under the screen is rich in oxide, and this is the part (NMR)
used in this study as a raw material.

Raw Materials

After metallic aluminum content is separated, white dross (AWD) is used as raw
material of thiswork. Separation is done by crushing andmilling, and lastly collecting
the NMR part from vacuumed bag filters. Prior to calcination experiments, raw
materials are characterized by using sieving analysis, X-ray diffraction, and chemical
analysis. The results are given as Tables 1 and 2 and Fig. 2.

Sieve analysis details are summarized in Table 2, and related graphic is given for
non-metallic residue (NMR) in Fig. 2.
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Fig. 1 Flow diagram of dross processing [9]

Table 1 Raw material
chemical analysis results

Al dross (wt%)

Al2O3 68.83

Al(Me) 9.27

N 5.47

K2O 2.49

SiO2 1.11

Na2O 0.66

Fe2O3 0.54

MgO 0.15

Table 2 Particle size of
NMR

Mesh size (µm) Weight (g)

−45 6.38

45 52.02

106 32.2

250 9.4

Total 100
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Fig. 2 Cumulative sieving analysis of NMR

Fig. 3 XRD pattern of NMR

According to characterization results of NMR, it can be clearly seen in Table 1 that
metallic aluminum and N which has harmful effects contents are high. Additionally,
these phases can be seen from XRD results as shown in Fig. 3.

Procedure

After raw material analysis, calcination experiments were designed in a rotary
furnace. It is a both open-end laboratory scale rotary furnace. Reaction zone is in a
tubewhich is designed to hold the temperature stable during experiment. The tube can
easily be changed with using hand-operated pump which is connected to hydraulic
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mechanism. The maximum temperature that can be heated up to is 1400 °C utilizing
via SiC resistances. The rotation is applied by the gears on side, and rotation speed
can be adjusted between 0 and 10 rot/min. In this study, speed is set to 1 rot/min.
The furnace schematic and a picture from an experiment are given in Fig. 4.

Three calcination experiments aimed to find out optimum temperature and dura-
tion for calcining non-metallic residue of aluminum white dross (NMR) were
conducted. The furnace was heated up to 1000 °C which was named as Rotary
Furnace I (RFI), second experiment at 1100 °C named as Rotary Furnace II (RFII),
and lastly third experiment at 1150 °C named as Rotary Furnace III (RFIII) and
charged with 1000 g of non-metallic residue. In the first hour, 4 samples were taken
out every 15 min, and in the second hour, 4 samples were taken out every 30 min by
using the scoop. Therefore, 8 samples were taken out in total and weight. Pictures
of NMR before and after calcination are given in Fig. 5.

Fig. 4 a Rotary kiln (1—gas and powder collector, 2—gear, 3—stainless steel reaction tube, 4—
mixing wing, 5—charge materials, 6—thermocouples, 7—SiC resistances, 8—flowmeter). b View
of inside of the rotary kiln during the experiment

Fig. 5 a Raw and calcined (NMR). b At 1000 °C for two hours
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Results and Discussion

After experiments are done, related results were obtained through chemical analysis
and X-ray diffraction (XRD) analysis. The aim is to obtain desired chemical compo-
sition which was eliminated from impurities as well as unwanted different phases.
According to results from RF I experiment which are shown in Tables 3 and 4 and
Fig. 6, N elimination is achieved with decreasing metallic aluminum content, but it
is not sufficient enough after at 1000°C for 2 hours of calcination. Additionally, the
phases such as NaAl7O11 and NaAl11O17 still exist.

Results of RF II experiment with similar conditions at 1100 °C are given in Fig. 7
and Table 5. Similarly to RF I results, the NaAl7O11 and NaAl11O17 still exist as seen
on XRD results.

The calcination experiments continued at 1150 °C as the obtained results showed
that the increasing temperature was very effective in removal of N and increasing
alumina content. The obtained results are given at Tables 6 and 7 and Fig. 8.

From the result of the experiments, it is seen that with increasing temperatures and
holding time, decreasing amount of N content from 5.47 to 0.25% and decreasing
amount of metallic aluminum (AlMe) from 9.27 to 0.73% are possible. Addition-
ally, analyses results show that optimum temperature and duration parameters for
removing impurities like K, Na, Cl are at 1150 °C and 2 h.

Table 3 Chemical analysis
results of NMR (Al dross
residue) and calcined white
dross at 1000 °C, 2 h

Al dross RFI 120

Al2O3 68.83 88.17

Al(Me) 9.27 2.2

N 5.47 0.84

K2O 2.49 1.29

SiO2 1.11 1.17

Na2O 0.66 0.27

Fe2O3 0.54 1.37

MgO 0.15 0.10

Table 4 Existing phases of
calcined NMR at 1000° for
30, 60, and 180 min

Sample Al2O3 NaAl7O11 NaAl11O17

RF I 30 + + +
RF I 60 + + +
RF I 180 + + +
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Fig. 6 XRD patterns of 30, 60, and 180 min of calcined NMR at 1000 °C

Fig. 7 XRD analyses patterns of calcined NMR at 1100 °C for 120 min

Table 5 Existing phases of
calcined NMR residue at
1100 °C for 120 min

Sample Al2O3 NaAl7O11 NaAl11O17

RF II 120 + + +
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Table 6 Chemical analysis
of calcined NMR at 1150 °C
for 2 h

Al dross RFIII 120

Al2O3 68.83 94.67

Al(Me) 9.27 0.73

N 5.47 0.25

K2O 2.49 0.83

SiO2 1.11 0.96

Na2O 0.66 0.22

Fe2O3 0.54 0.59

MgO 0.15 0.23

Table 7 Existing phases of
calcined NMR at 1150 °C

Sample Al2O3 NaAl11O17

RF III 30’ + +
RF III 90’ + +
RF III 180’ + +

Fig. 8 XRD analyses patterns of calcined NMR at 1150 °C for 30, 90, and 180 min

Conclusion

In this study, effects of calcination temperature and duration on decreasing of harmful
aspects, that occur during recycling process and landfilling, of NMR were investi-
gated. Optimum calcination parameters were determined as at 1150 °C for 2 h on
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eliminating N from non-metallic residue. High-purity Al2O3 (approximately 95%)
was obtained. Thus, the risks that may arise due to the chemical content of the mate-
rial are eliminated when it is stored for disposal or reuse. Products are resistant to
high temperature, and they can be used as fire or building bricks and pavers.
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Investigation of Microstructure
and Mechanical Properties of Ferritic
Stainless Steels Joined by Laser Welding

Günseli Güç and Onuralp Yücel

Abstract Laser welding is widely used in the joining of materials due to the
advantages it provides. This study aims to investigate the suitability of different
ferritic stainless steels to laser welding method. Within the scope, ferritic stainless
steel sheets with a thickness of 0.5 mm of different grades (430, 430Ti and 441)
were welded by solid-state disk laser, and welding parameters were determined as
1300 W power, 6 m/min welding speed in continuous wave mode. As a shielding
gas, argon was used. Metallographic examinations, SEM–EDS analysis, microhard-
ness measurement were performed, and tensile, cupping tests, and bending tests
were carried out with welded and unwelded samples. Thus, the structure and prop-
erty relationships of ferritic stainless steels joined by laser welding were examined
and compared. As a result, adequate welding quality could not be achieved in 430
samples, and it was observed that the welding ability was insufficient compared to
430Ti and 441 samples.

Keywords Stainless steels · Laser welding · Joining steels

Introduction

Especially in the white goods sector, automation-appropriate joining methods are
required in terms of production efficiency and high-strength joints. Due to this neces-
sity, mechanical joining methods leave their place to automation-friendly joining
methods such as laser welding. Stainless steel sheets are generally used in parts
where corrosion resistance is required in addition to strength in the white goods
sector and can be conveniently joined by all welding methods, with some limitations.
Different stainless steel grades (different chemical compositions and characteristics)
affect the welding process depending on its grade and classification. Some important
characteristics of welding different stainless steels can be listed as grain growth,
carbide formation, low heat conduction coefficient, high electrical conductivity and
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coefficient of thermal expansion, sensitivity to cold forming, intergranular and stress
corrosion cracking corrosion, and structural changes such as sigma phase and delta
ferrite [1]. In terms of low heat conduction and high expansion properties, the heat
input should be low during the welding process to prevent distortion [2]. Ferritic
stainless steels are preferred due to their strength, corrosion resistance, toughness,
and intermediatewelding ability,which are alsowidely used in household appliances,
automobile, and machinery industries. Moreover, the use of ferritic stainless steel
offers a more economical alternative compared to austenitic stainless steel [3, 4].

The weldability of ferritic stainless steel is quite better than that of martensitic
stainless steel. However, certain problemsmay be encountered in thewelding process
of ferritic stainless steel. One of the major problems is their excessive tendency to
grain growth in a heat-affected zone (HAZ) at temperatures above 1150 °C. Since
austenite-ferrite transformation does not occur in ferritic stainless steels, the grains
cannot be reduced by a heat treatment. Ferritic stainless steels, which generally have a
fine-grained and ductile structure, become brittle when they become coarse-grained,
and as a result, their strength of impact decreases. As a solution, nitrogen can be
added to their composition to prevent grain growth [2, 5].

Another problem is the sensitivity to intergranular corrosion occurring during the
high-speed cooling at temperatures above 900 °C in a HAZ. In regions adjacent to the
weld seam, they are more susceptible to intergranular corrosion due to higher rates
of chromium carbide precipitation in the ferritic structure compared to the austenitic
structure. They are, for this reason, susceptible to intergranular corrosion in areas
adjacent to the weld seam. If they are annealed at 750 °C immediately after welding,
welded joints made with stabilized 17% chromium ferritic stainless steels can be
made resistant to intergranular corrosion. Moreover, welded joints are resistant to
intergranular corrosion without heat treatment if they are stabilized with titanium or
niobium alloy elements. In addition, martensite formation is not expected in the heat-
affected zone since there is no austenite-ferrite transformation. However, martensite
formation can be seen at grain boundaries in some ferritic stainless steels according
to chemical composition, and it causes brittleness [2, 5, 6].

Compared to other welding methods, laser welding has many advantages. These
are little or no distortion owing to low heat input in weld seam, high-speed manu-
facturing reaching high welding speeds above 10 m/min, unaffected base metal,
narrowweld seam, andHAZ region via high-speed cooling, easy andflexible process,
compliance with automation, possibility to weld different materials, and in places
where it cannot be welded with conventional methods and high depth/width ratio [7].
According to the active material used to create laser beam, lasers can be classified as
gas, solid-state, liquid, and semiconductor diode lasers. Industrial uses of solid-state
lasers have increased significantly with the developed neodymium (Nd): yttrium
aluminum garnet [YAG (Y3Al5O12)] lasers. Generally, the cylindrical rod-shaped
crystal is fixed in a metal container after being polished at both ends and coated with
anti-reflective material in solid-state laser systems. Considering the method to be
used as a stimulator, special flash lamps and reflective mirrors are placed inside this
container. The most important problem of this type of laser is formation of thermal
stresses by the heat differences between the excited crystal’s inner and outer surfaces.
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The quantity and quality of the laser beam that the crystalline structure can emit are
affected by these thermal stresses. As a solution to this problem, in recent studies, it
has been evaluated that the crystalline form used in the production of laser beams is a
thin disk or a long and thin fiber instead of a cylindrical form, and as a consequence,
fiber and disk lasers with much higher beam quality and efficiency have been devel-
oped. In such crystals, unlike the rod form, no significant thermal stress occurs in
the crystal since the distance between the excited surface and the inner parts of the
crystal is less than a few hundred microns. This enables the crystal to be used more
efficiently [8].

Although conventional welding methods and different laser techniques such as
laser spot welding are frequently seen in the literature, studies on continuous wave
solid-state disc laser welding are less common. Despite its advantages, the material
and process parameters to be used should be investigated because of the use of laser
welding in mass production to be applicable in practice [9]. Therefore, it was aimed
to investigate the suitability of different ferritic stainless steels to be joined by a solid-
state disk laser with certain welding parameters. To determine if 430, 430Ti, and 441
ferritic stainless steel were weldable, the sheets were joined by solid-state disk laser
welding in continuous wave mode, and chemical analysis, metallographic examina-
tions, microhardness measurement, SEM–EDS analysis, tensile tests, bending tests,
and cupping tests were carried out.

Experimental Procedure

To determine the influence of different grades of ferritic stainless steel sheets joined
by laser welding, metallographic examinations, SEM–EDS analysis, microhardness
measurement, tensile, cupping tests, and bending tests were carried out. In order
to evaluate and compare the mechanical properties after laser welding, unwelded
ferritic stainless steel sheets were also subjected to tensile and cupping tests. In
this study, unstabilized 430 grade and stabilized 430Ti and 441 ferritic stainless
steel grades with a thickness of 0.5 mm were joined using a solid-state disc laser,
and the welded properties of the samples were investigated by keeping the welding
parameters constant.

The stainless steel sheets used in the studies were obtained from stainless steel
manufacturers, and the laser welding of the sheets was carried out in Weil Tech-
nology, a German origin automation company. Chemical analysis, determination of
mechanical properties, and microstructure characterization of stainless steel sheets
joined by laser welding process are carried out in Arcelik and Istanbul Technical
University laboratories.

Firstly, the supplied sheet samples were cut to a width of approximately 200 mm
and a length of 150 mm for the butt-welding process. Ferritic stainless sheets with
the same grade were placed and fixed on the manual clamping device shown in Fig. 1
and welded together with Trudisk solid-state laser. Parameters of laser welding with
Trudisk solid-state laser of AISI 430, 430Ti, and 441 stainless steel with a thickness
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Fig. 1 a Sample fixing device. b Image of the fixed samples used in the welding process

of 0.5 mm are welding speed of 6 m/min, an output power of 1300 W, and heat input
of 13 J/mm. Other parameters include that welding was performed with a focus
diameter of 400 µm in focus, beam incidence angle was vertical from above on the
top surface of samples, and argon gas was used as a shielding gas.

To compare the mechanical properties of the welded plates, different test samples
were prepared from the same welded plates. In the same way, samples were prepared
from unwelded sheet plates for comparison purposes.

Chemical analysis of the stainless steel sheet samples was carried out at the optical
emission spectrometer. For microstructural investigations of the fusion zone, heat-
affected zone, and base metal, the samples extracted in suitable dimensions are cold
molded along their large surfaces. Sanding and polishing processes were performed,
respectively, by standard metallographic methods. After polishing, the electrolytic
etching process was carried out at 12 VDC using 10%H2C2O4 (oxalic acid) solution
in 30 s.

In the tensile tests, the test specimenswere prepared so that theweld seam remains
in the middle and perpendicular to the tensile direction. The change in strength and
elongation values of stainless steel sheets before and after welding and the location
of rupture of welded samples were investigated.

The bending test of the samples was performed with a 3-point bending apparatus.
In the bending tests, test specimens were prepared with a length of 50 mm and a
width of 20 mm, and the distance between supports was measured as 25 mm where
the support and mandrel diameters are 5 mm.

Samples polished by standard metallographic methods were used in the micro-
hardness measurement. In the experiments using a standard Vickers tip and 500 g
load, microhardness measurements were carried out at regular intervals in the fusion
zone and in the region up to approximately 2mmon both sides of the fusion zone. The
results regarding the formability of unwelded and welded samples were compared
by performing cupping tests. The samples were prepared with a width of 95 mmwith
the weld seam in the center.

Zeiss Supra 55VP scanning electron microscope was used for the SEM–EDS
analysis. SEM images were taken from theweld zones of 430, 430Ti, and 441welded
samples, and elemental Cr, Ti, Nb, C,N ratioswere investigated byEDS analysis. The
samples were first made into tangible by bakelite mounting, and then the surfaces
were prepared with 320, 500, 800, 1200, and 2500 sandpapers, respectively, and
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polished with 3- and 1-micron polishing felts. The microstructures were revealed by
etching in the reagent composed of 15 ml of HCl, 6 ml of HNO3, and 100 ml of H2O
solution. After that, since the bakelite is an insulator, the surfaces were coated with
gold and for imaging, and the mounted sample was placed in the electron device
chamber for imaging.

Results and Discussion

In Table 1, the results of the chemical analysis of the different grades of stainless
steel samples used in the study are given. For the 430Ti stabilized grade, the titanium
ratio (wt% Ti) should be at least 0.15, more than four times the carbon content.
According to the amount of carbon in the sample used, the Ti ratio should be higher
than 0.198%. This rate was measured as 0.38% and found appropriate. For the 441
stabilized grade, the Ti ratio should be at least 0.1%, and the niobium (Nb) ratio
should be at least 0.30, more than three times the carbon content. The ratio of Ti in
the used sample was measured as 0.164% and found appropriate. According to the
carbon content, the ratio of Nb should be higher than 0.328%. This rate was also
measured as 0.37% and found appropriate.

Observations of themicrographs in the region up to approximately 200µmonboth
sides of the fusion zone reveal that the width of the heat-affected zone is negligible,
and the interface between fusion zone and base metal is flat for 430Ti and 441
samples. On the contrary, approximately 100 µm in width heat-affected zone on
both sides of the fusion zone consisting of elongated grains was observed in sample
430 as can be seen in Fig. 2.

Tensile testing of the samples prepared from welded and unwelded plates was
carried out to determine the location of rupture and measure the tensile properties
of weldments. As can be seen in Table 2, all the welded samples were ruptured in
the base metal, away from the weld zone, except welded samples of 430 grade. In
the welded samples of 430 grade ferritic stainless steel, rupture was observed in
the weld zone. This reveals that welded samples of 430 grade have poor welding
quality compared to other samples. In the samples of 430Ti and 441, the rupture
was observed in the base metal region. In the study of Kökey et al. with pulsed laser
welded 430 stainless steel, the situation in which the rupture occurred in the weld
zone in sample 430 was also associated with poor weld quality [10].

Table 1 Chemical analysis of 430, 430Ti, and 441 (wt%)

Grade Chemical composition (wt%)

C Mn P S Si Cr Mo Cu Ti Nb W

430 0.039 0.54 0.001 <0.0005 0.31 17 <0.005 0.004 0.001 0.004 0.12

430Ti 0.012 0.33 0.001 <0.0005 0.34 16.8 0.021 0.103 0.38 0.01 0.16

441 0.009 0.31 <0.001 <0.0005 0.51 18.3 0.021 0.09 0.164 0.373 0.15
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Fig. 2 Microstructures of the butt joints on 430, 430Ti, and 441 ferritic stainless steels with a
thickness of 0.5 mm produced at the heat input 13 J/mm

Table 2 Tensile test results of 430, 430Ti, and 441

Sample Yield strength
(N/mm2)

Tensile strength
(N/mm2)

Elongation % Rupture location

430 Welded 479.92 333.16 18.40 Weld zone

Unwelded 476.28 314.99 26.28

430Ti Welded 433.09 315.97 27.73 Base metal

Unwelded 446.61 312.87 30.57

441 Welded 471.98 301.36 30.85 Base metal

Unwelded 480.70 313.72 29.79

The mechanical properties of all samples except samples of 430 grade are accept-
able according to the AISI standard (tensile strength in the range of 450–650 N/mm2,
420–600 N/mm2, and 430–630 N/mm2; minimum yield strength of 260 N/mm2,
230 N/mm2, and 230 N/mm2; and a minimum elongation of 23%, 23%, and 18% for
430, 430Ti, and 441, respectively). The decrease in elongation at break in the 430
ferritic stainless steel sample was associated with the fracture being from the weld
zone. As can be seen, the yield strengths of welded and unwelded 430, 430Ti, and
441 samples were examined, and 6% of increase, 1% of increase, and 4% of decrease
were determined in the welded samples compared to unwelded ones, respectively.
Moreover, the tensile strength of the 430 welded samples increased by 1% compared
to the original unwelded sample. The tensile strengths of 430Ti and 441 sheets,
on the other hand, decreased by 3% and 2%, respectively, compared to their orig-
inal unwelded condition. However, the strength values are within acceptable ranges
according to the standard. In the study of Niklas Somer et al., according to the tensile
test results of welded samples, an increase (5.09%) was also observed in the tensile
strength of 430 sheets, while a decrease (2.62%) was observed in 430Ti samples
[11].

In the bending tests, no damage in the form of cracking was observed in the weld
zone of the 430, 430Ti, and 441 ferritic stainless steel samples. Average bending
strengths were determined as 9.8, 10.8, and 9.6 MPa for 430, 430Ti, and 441,
respectively. The highest bending strength was measured as 11 MPa in the 430Ti
samples.
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Fig. 3 Cupping test results

In microhardness measurements throughout the weld zone, hardness values of
430, 430Ti, and 441 samples were determined in the range of 157–187 HV, 160–211
HV, and 169–223 HV, respectively. In the study of Niklas Sommer et al. with laser
welded 430 and 430Ti sheets, high hardness values in the range of 290–325 HVwere
determined in the weld zone of 430 sample as a result of the formation of martensite
observed in the grain boundaries. Like the results we obtained in the weld seam
of the 430Ti sample, the hardness values of 430Ti samples were measured in the
range of 200–210 HV, and it was determined that it decreased towards the base metal
[11]. On the other hand, in this study, martensite formation was not observed in the
microstructure of the 430 welded samples, as well as in the 430Ti and 441 welded
sheet samples. As a result of this, high hardness changes were not observed.

Cupping testing of the samples prepared from welded and unwelded plates was
carried out in Erichsen cupping device to determine the location of tearing and
compare the amount of deformation of weldments. In the comparison of welded and
unwelded samples, the least change was observed in 430Ti samples with a decrease
rate of 4% as shown in Fig. 3. In the 430 and 441welded samples, deformation values
decreased by 19% and 10%, respectively. At the end of the test, it was determined
that the tearing zones of all the samples were not along the weld seam.

Various EDS scans, including point, line, and mapping, were performed on the
samples prepared for SEM examination in the weld zone. Thin and long structures
were observed in SEM image and EDS line analysis of the weld zone of 430 ferritic
stainless steel samples. In theEDS line scan, itwas seen that the carbon ratio increased
in these structures and was interpreted as carbide. Moreover, chromium carbide
precipitates are observed in the EDS spectrum that is given by multipoint analysis in
the weld zone, as shown in Fig. 4. In the study of Sarkari et al., EDS analyzes were
performed in theHAZof 430 ferritic stainless steels, and similar intragranular carbide
precipitates were observed [12]. SEM image and EDS line analysis of the weld
zone of 430Ti samples were also carried out. As shown in Fig. 5, precipitation was
observed in the grains in the weld zone. According to the line scan and point analyzes
performed on the precipitate, the main composition of the precipitate consists of Ti,
N, and C elements that was interpreted as Ti(C,N) precipitate. It was observed that
the investigated precipitate morphology was similar to the particle morphologies
in the study of Michelic et al. on the characterization of TiN, TiC, and Ti(C,N)
in Ti-alloyed ferritic chromium steels [13]. No chromium carbide precipitate was
observed in the examinations made in the weld area. Transgranular precipitation was
also observed in the weld zone of 441 samples, as shown in Fig. 6. According to
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Fig. 5 SEM–EDS analysis of precipitates in 430Ti sample

Fig. 6 SEM–EDS analysis of precipitate in 441 sample



Investigation of Microstructure and Mechanical Properties … 431

its main composition, the precipitate was interpreted as (Ti, Nb) (N, C) composite
precipitate. In addition, Al, Mg, and O elements were also detected in the core of the
precipitate. It reveals that there may be aluminum and magnesium oxide inclusions.
A similar precipitate structure was also observed in Junwei Fu et al.’s study, where
they examined the effect of Nb element on themicrostructure of ferritic stainless steel
[14]. No chromium carbide precipitate was observed in the weld zone. Since 441
grade ferritic stainless steels contain titanium and niobium and 430Ti grade ferritic
stainless steels contain titanium as a stabilized element, excess carbon and nitrogen
in the composition tended to precipitate with these elements instead of chromium.

Conclusion

This study investigated the structure and property relationships of ferritic stainless
steels joined by the laser weldingmethod. In this scope, 430Ti, 441 grades containing
stabilizer elements (Ti, Nb, etc.) in order to improveweldability and 430 grade ferritic
stainless steel sheet samples were used in the experiments. The laser welding process
was carried out under argon gas using Trudisk device in continuous wave mode with
a heat input of 13 J/mm (output power of 1300 W power and welding speed of
6 m/min) by keeping welding parameters constant.

In microstructural examinations, except for the 430 grade sample, interface
between fusion zone and base metal was flat in samples 430Ti and 441, and no
significant heat-affected zonewas observed. In the 430 stainless steel sample, approx-
imately 100 µm in width heat-affected zone on both sides of the fusion zone was
observed. In the tensile tests, it was determined that all of the welded samples were
ruptured in the base metal, away from the weld zone except for welded samples of
430 grade which the rupture observed in the weld zone that reveals the weld quality
of 430 grade samples was not sufficient. In the bending test, the highest bending
strength was measured as 11 MPa in the 430Ti sample. In the cupping tests, the least
change was detected in the 430Ti welded samples with a 4% of decrease rate when
compared to the original samples without welds. The highest deformation value after
welding was observed in the 430Ti samples with an average value of 9.4 mm. On
the other hand, the deformation values of 430 and 441 samples decreased by 19%
and 10%, respectively. SEM and EDS analyzes were also performed, and thin and
long precipitate structures were observed in the weld zone of 430 sample. EDS line
and mapping analyzes show that the C ratio increased in these structures and the
precipitates were interpreted as carbides. Multipoint analysis was performed in the
weld area, and precipitates predicted to be chromium carbide were observed in the
structure. In the weld zone of the 430Ti sample, the precipitate was also observed
in the grain. As a result of EDS line and point analyzes, the precipitate was inter-
preted as titanium carbonitride precipitate. In the weld zone of 441 sample, a similar
precipitate was observed in the grain. As a result of the line and mapping analyzes,
the precipitate whose main composition consists of Ti, N, C, and Nb elements was
interpreted as (Ti, Nb) (N, C) composite precipitate. Al, Mg, and O elements were
also detected in the core of the precipitate.

Considering all the examinations, it has been concluded that the welding quality
of 430 ferritic stainless steel, which does not contain stabilized elements, is not
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suitable, and 430Ti ferritic stainless steel is a more suitable option for laser welding
in consideration of its formability.
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Structural and Magnetic Properties
of Rare Earth Lanthanum-Doped Cobalt
Ferrites

Xijun Zhang, Guoqian Wang, Xin Peng, Sujun Lu, Dalin Chen, Yutian Ma,
and Ailiang Chen

Abstract Cobalt ferrite(CoFe2O4) nanoparticles exhibit high magnetocrystalline
anisotropy, high coercivity, and medium saturation magnetization. It shows great
potential in various fields. So it is an active research topic to synthesize CoFe2O4

with controllable size, different shapes, and magnetic properties. In this study,
CoFe2-2xLa2xO4 was synthesized by cobalt ferrite and rare earth La3+ with the route
of sol–gel auto combustion. The results show that rare earth La3+ doping can refine
the crystalline grain and change the magnetic properties of CoFe2O4. When the
content of La3+ doping is less than 10%, it can refine the grain and make the grain
size tends to homogeneous. Otherwise, it will appear heterogeneous phase La(FeO3).
The excessive doping even makes most of the crystal shapes are destroyed and tends
to disappear. When the content of La3+ doping is not less than 15%, the coercivity of
CoFe2-2xLa2xO4 increased and saturation magnetization decreased. This is expected
to control the magnetism of cobalt ferrite by doping rare earth ions.

Keywords Rare earth · CoFe2O4 · Sol–gel auto combustion · CoFe2-2xLa2xO4 ·
Magnetic properties

Introduction

Currently, magnetic nanomaterials have a wide range of applications as a functional
material in the fields of magneto-optical storage materials, magnetic fluid materials,
shadow body materials, and biological materials [1]. And spinel oxide (AB2O4) is
one of the important functional materials in recent years. There are many kinds
of transition metal ferrite (M = Co, Zn, Cd, Ni, Mn). Among them, researchers
have great interest in the study of CoFe2O4 nanomaterials because of their special
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characters, like large magnetocrystalline anisotropy, high Curie temperature (793
°C), high coercivity (Hc), moderate saturation magnetization strength (Ms), low cost
and chemical stability, and so on [2]. Based on these excellent properties, CoFe2O4

is used in high-frequency magnets, microwave absorbers, magnetic catalysis, and
drug delivery [3–5]. Therefore, it is necessary to study the magnetic properties of
cobalt ferrite from different perspectives.

Doping with rare earth ions is one of the common means to regulate the magnetic
properties of cobalt ferrite materials. Rare earth elements are mostly magnetic at
low temperatures due to unfilled 4f electron layers generating uncanceled magnetic
moments. But the Curie temperature is generally lower than room temperature. They
cannot be magnetic materials for practical applications. CoFe2O4 is magnetic at
room temperature and has a higher Curie temperature. Therefore, the structure and
magnetic properties of cobalt ferrite can be controlled by doping appropriate amount
of rare earth in cobalt ferrite materials. [6–8]. The common preparation methods are
solid phase, co-precipitation, hydrothermal, self-combustion and sol–gel method,
etc. [9]. It is known that the sol–gel method has the advantages of simple operation,
low reaction temperature, small particle size, and high purity. But this has a long
reaction time and easy agglomeration during sintering. The self-combustion method
reaches a certain temperature that can be burned at a certain temperature. It greatly
shortens the preparation time and reduces energy consumption. This also improves
the agglomeration phenomenon of sintering to a certain extent [10–12]. Therefore, in
this paper, in order to prepare cobalt ferrite with high purity, regular shape and small
particle size, the sol–gel method was combined with the self-combustion method to
synthesize CoFe2-2xLa2xO4 (x = 0, 0.05, 0.10, 0.15, 0.20, 0.25). The influence of
different La3+ doping amounts on the structure and magnetic properties of cobalt
ferrite was studied by the analysis of XRD, SEM, and VSM. The experimental and
analytical results can also provide basic data and theoretical basis for further research
on cobalt ferrite with rare earth doping.

Experiment

Experimental Materials

Cobalt nitrate (Co(NO3)2 · 6H2O), iron nitrate (Fe(NO3)3 · 9H2O, Guanghua Chem-
ical Plant Co.-Ltd.), citric acid (C6H8O7–H2O, Tianjin Chemical Reagent Factory),
and sodium hydroxide (NaOH, Guangzhou Chemical Reagent Factory) were used as
raw materials. All reagents were analytically pure. and water was deionized water.
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Experimental Methods

La-doped CoFe2O4 of composition CoFe2-2xLa2xO4 (x = 0, 0.05, 0.10, 0.15, 0.20,
0.25) was prepared using sol–gel self-combustion technique.

The 1.46 g Co(NO3)2 · 6H2O, 4.04 g Fe(NO3)3 · 9H2O and lanthanum nitrate
(the amount is determined by replacing 5, 10, 15, 20, and 25% of the substance of
Fe3+ with La3+) were weighed and dissolved in minimum amount of deionized water.
Then, the solutions were placed in a stirring pot at 60 °C for 1 h. Citric acid as a
complexing agent was added, and sodium hydroxide was added to adjust the pH to
7. The obtained suspension was further stirred at 70 °C for 2 h. Next, the suspension
was dried at 120 °C until it turned into a gel. Finally, the dry gel was calcined at 650
°C for 2.5 h to obtain a black powder.

Sample Characterization

The crystal and phase composition of the synthesized powder sampleswere tested and
analyzed using an Empyrean 2 X-ray diffractometer from PANalytical, Netherlands
using CuKA radiation (λ = 1.5414Å) in 2θ range from 20° to 90°. Scanning Electron
Microscope (SEM) analyses for all the samples were carried out using a high and
low vacuum electron microscope JSM-6360LV of JEO LTD, Japan, which observe
the morphological distribution of the sample; magnetic properties were measured at
room temperature using a Lake Shore (Model 7404) vibrating sample magnetometer
(VSM). The maximum field used was 1.5 T.

Results and Discussion

Structural Analysis

Figure 1 shows the XRD results of the synthesized CoFe2-2xLa2xO4 (x = 0, 0.05,
0.10, 0.15, 0.20, 0.25). It can be seen that the diffraction peaks correspond to planes
(220), (311), (400), (440), and (511) when the lanthanum doping x(La3+) is less than
10%. The peaks are in line with the main crystalline peaks corresponding to the
cobalt ferrite standard card. No other heterogeneous peaks appear. It illustrates that
it has a space group of Fd-3 m structure (with cubic spinel structure). This indicates
that the x(La3+) < 10%, the doping of La3+, does not bias the heterogeneous phase
of the CoFe2O4 sample and changes the face-squared riser structure of the cobalt
ferrite. When the x(La3+) ≥ 10%, the heterogeneous phase La(FeO3) appears until
the doping reaches 20%. Its half-height width reaches its maximum. At this point, the
sample has a poor peak shape and poor crystallinitywith a large number of amorphous
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Fig. 1 X-ray diffraction patterns of CoFe2-2xLa2xO4 (x = 0, 0.05, 0.10, 0.15, 0.20, 0.25)

regions. And, the diffraction peaks of the main spinel structure becoming weak (not
prominent).

Table 1 shows the XRD parameters of synthesized samples. It can be seen that
the average grain size of the doped samples is significantly smaller than undoped
samples. This indicates that La3+ has a certain effect of refining the grains. At the
same time, with the increase of the doping amount, the diffraction peaks are shifted
to the right, and the peak shape is broadened.

It fully illustrates that the doping of La3+ changes the lattice constants, half-peak
widths, and grain sizes of nanoparticles. Figure 2 shows the trends of lattice constants
and half-height widths with different amounts of La3+. They show a nonlinear varia-
tion with the amount of lanthanum doping. The main reasons for the analysis are as
follows:

(1) It can be seen that the lattice constant increases gradually with the increase
of La3+ doping. This is because the radius of La3+ ion (0.106 nm) is larger

Table 1 XRD parameters of La3+-doped cobalt ferrite samples

La3+doping amount(x) (%) a 2θ (°) FWHM (B) D (nm) d Density (c)

0 8.360 35.428 0.265 34 2.5315 5.300

5 8.360 35.507 0.419 20 2.5271 5.300

10 8.396 35.467 0.242 30 2.5289 5.239

15 8.392 35.546 0.379 22 2.5235 5.304

20 8.390 35.558 0.681 12 2.5226 5.3

25 8.377 35.547 0.596 14 2.5234 5.3
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Fig. 2 Variation of lattice parameter(a) and FWHM(B) with CoFe2-2xLa2xO4 (x = 0, 0.05, 0.10,
0.15, 0.20, 0.25)

than Fe3+ ion (0.067 nm). The gap space of tetrahedron is smaller than that of
octahedron. According to the volume effect, the possibility of La3+ entering
the tetrahedral position is very small, and it will definitely enter the octahedral
position to occupy theB-site [13].When theLa3+ replaces the Fe3+ at theB-site,
this causes the lattice was expanded, and the lattice constant was increased.
While the cell occurred distortion, internal stress was generated, and the grain
size was reduced.

(2) When the x(La3+) > 10%, the synthesized nanoparticles start to show the second
phase La(FeO3). It has the structure of chalcogenide orthorhombic crystal
system. This suggests that La3+ cannot be fully doped into the lattice of octa-
hedra when the doping amount reaches a certain amount. A part of La3+ may
aggregate on the grain boundaries to form heterogeneous phases [14]. In addi-
tion, the bonding energy of La3+-O2− is greater than Fe3+-O2−. The ions need
more energy to enter the lattice (more energy is needed for crystallization and
grain growth). So, the internal grain size can exert a certain pressure, which
inhibits grain growth and causes shrinkage distortion of the lattice. Thus, the
lattice constant makes smaller [13].

(3) When the x(La3+) > 20%, the samples show only one characteristic peak of a
broadened peak shape and poor crystallinity. The lattice constant is reduced. It
is likely that the La3+ makes the intensification of lattice distortion, the orderly
arrangement of Fe3+ is affected, and the complete growth of grains is inhibited.
The spinel structure is unstable or damaged and amorphous regions may be
formed and so on.



438 X. Zhang et al.

Morphological Analysis

Figure 3 exhibits the SEMcomparison of the cobalt ferrite powders calcined at 650 °C
with different La3+ doping amounts. It can be seen that most of the undoped sample
particles gather together to form irregular aggregates. Figure 3a, b–f shows that the
samples’ agglomeration phenomenon is improved to some extent. The particle size
decreases compared with undoped ones. When the content of La3+ reaches 10%,
most of particles are spherical and tend to be homogeneous. After that, the sample
particles aggregate again in large numbers with the increase of La3+ content. On the
one hand, the particles are attracted to each other due to the ferromagnetism. On the
other hand, the sample particles are easily agglomerated due to the small size of the
grains (its surface energy becomes increased) [11]. This indicates that the appropriate
amount of La3+ can slow down the agglomeration and inhibit the growth of grains.
It is beneficial to the uniformity and integrity of the grains.

Magnetic Property Analysis

Figure 4 shows the magnetic hysteresis loop of CoFe2-2xLa2xO4 (x = 0, 0.05, 0.10,
0.15, 0.20, 0.25) sintered at 650 °C and naturally cooled to room temperature. Table 2
shows themagnetic parameters of saturationmagnetization strength (Ms), remanence
(Mr), and coercivity (Hc).

As shown in Fig. 5 and Table 2, the saturation magnetization intensity of the
doped samples shows a nonlinear variation. It has a minimal value of 4.30 emu/g.
This indicates that the x(La3+) < 15%, the doping of La3+, makes the saturation
magnetization intensity decrease. Because the radius of La3+ is larger than that of Fe3+

ion, and it will preferentially enter the octahedral position to occupy the B-position
[13].

While the magnetic superexchange effect strongly depends on the distribution
of cations in tetrahedral and octahedral sites, the magnetization intensity mainly
comes from Fe3+ ions in octahedral sites. Total magnetic moment: M = MA −
MB = [

5μB × (1 − x) + 3μB + mµB × x
] − 5μB = [3 + (m − 5)x] × μB . With

the increases of La3+ content, the Fe3+ content of the B-site is decreased accordingly.
The magnetic moment of La3+ is zero due to the absence of electrons in the 4f
electronic layer of La3+. Thus, the total magnetic moment is decreased. Its saturation
magnetic strengthening intensity is also decreased with the increase of La3+ content,
decreasing to 4.30 emu/g. However, when the x(La3+) > 15%, La3+ ions do not
completely replace the iron on the lattice point, a part of one resides in the grain
boundary to form a heterogeneous phase [14]. It will produce a certain pressure on
the grain boundary, and this pressure will increase the A-O-B superexchange effect.
So, the saturation magnetization intensity is increased.

Meanwhile, Fig. 6 shows that the coercivity of the doped sample is increased
firstly and then decreased. It has a great value of 2371.21Oe. When the x(La3+) >
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(a) (b) 

(c) (d) 

(e) (f) 

Fig. 3 SEM images of CoFe2-2xLa2xO4 where a x = 0.0, b x = 0.05, c x = 0.10, d x = 0.15 and
e x = 0.2, f x = 0.25
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Fig. 4 Magnetic hysteresis loop of CoFe2-2xLa2xO4

Table 2 Magnetic properties
parameters for different La3+

doping amounts

La3+doping amount(x) Ms(emu/g) Mr(emu/g) Hc(Oe)

0 42.73 16.83 942.36

5% 35.50 14.09 1262.19

10% 6.99 2.67 2371.21

15% 4.30 1.43 1999.47

20% 50.79 14.20 764.80

25% 81.94 37.08 691.447

10%, the coercivity starts to decrease significantly, even it is less than the undoped
sample. On the one hand, the rare earth has strong s-l coupling and weak crystal
field effects. The crystal symmetry of the sample makes reduced. And the crystal
with low symmetry has strong magnetocrystalline anisotropy. Thus, the coercivity
increases with La3+ doping [15]. On the other hand, the ferromagnetic behavior of
the subferromagnetic oxides is mainly controlled by Fe3+-Fe3+ interactions (spin
coupling of 3d electrons). The RE3+-Fe3+ interactions (3d-4f coupling) and weak
RE3+-RE3+ interactions are appeared by introducing rare earth into the spinel lattice.
This affects the magnetocrystalline anisotropy and coercivity of the system.

In addition, the coercivity is also related to the particle size. Usually, the magnetic
single domain size of cobalt ferrite is about 42 nm. The larger the particle size of
nanoparticles, the higher the coercivity [16]. Figure 6 depicts that the coercivity of
the doped sample is positively correlated with its grain size. It increases as the grain
size of the doped sample increases. The coercivity then reaches a very high value
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Fig. 5 Variation of saturation magnetization (Ms) with La3+ concentration(x)

Fig. 6 Variation of lattice diameter (DXRD) and coercivity (Hc) with La3+ concentration(x)

of 2371.21Oe when the particle size is 30 nm. However, when the x(La3+) > 10%,
the B sub-lattice magnetic moment MB is decreased. This makes the dominant A-B
exchange weaker, and its grain size decreased. So coercivity is a decreasing trend.
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Conclusions

In summary, cobalt ferrite samples of different La3+ concentration are prepared easily
and successfully by sol–gel self-combustion method. The results show that: When
the x(La3+) < 10%, the synthesized samples show cubic spinel structure with Fd-
3 m space group. There are not other heterogeneous peaks. The lattice constant is
increased. The samples tend to be uniform spherical nanoparticles, and the agglomer-
ation is reduced to some extent.When the x(La3+) > 10%, the second phase La(FeO3)
starts to appear. Thepeakpattern and its crystallinity becomeworse.Most of the peaks
gradually disappear after the doping reaches 20%. The saturation magnetization and
coercivity of the doped sample demonstrate a nonlinear trend with increasing La3+

content. CoFe1.7La0.3O4 has the minimum saturation magnetization of 4.30 emu/g.
CoFe1.8La0.2O4 has the maximum coercivity of 2371.21Oe.

References

1. Narang SB, Pubby K (2021) Nickel spinel ferrites: a review. J Magn Magn Mater 519:167163
2. Sundararajan M, Kennedy LJ, Aruldoss U, Pasha SK, Vijaya JJ, Dunn S (2015) Microwave

combustion synthesis of zinc substituted nanocrystalline spinel cobalt ferrite: structural and
magnetic studies. Mater Sci Semicond Process 40:1–10

3. Amiri S, Shokrollahi H (2013) The role of cobalt ferrite magnetic nanoparticles in medical
science. Mater Sci Eng C 33:1–8

4. Psimadas D, Baldi G, Ravagli C, Comes Franchini M, Locatelli E, Innocenti C, Sangregorio C,
Loudos G (2014) Comparison of the magnetic, radiolabeling, hyperthermic and biodistribution
properties of hybrid nanoparticles bearing CoFe2O4 and Fe3O4 metal cores. Nanotechnology
25:025101

5. Demirci E, Manna PK, Wroczynskyj Y, Aktürk S, van Lierop J (2018) Lanthanum ion substi-
tuted cobalt ferrite nanoparticles and their hyperthermia efficiency. J Magn Magn Mater
458:253–260

6. AkhtarMN,KhanMA (2018) Effect of rare earth doping on the structural andmagnetic features
of nanocrystalline spinel ferrites prepared via sol gel route. J Magn Magn Mater 460:268–277

7. Hashim M, Raghasudha M, Meena SS, Shah J, Shirsath SE, Kumar S, Ravinder D, Bhatt P,
Alimuddin R, Kumar RKK (2018) Influence of rare earth ion doping (Ce and Dy) on electrical
and magnetic properties of cobalt ferrites. J Magn Magn Mater 449:319–327

8. Yadav RS, Kuˇritka I, Vilcakova J, Havlica J, Kalina L, Urbanek P, Machovsky M, Skoda
D, Masaˇr M, Holek M (2018) Sonochemical synthesis of Gd3+doped CoFe2O4 spinel ferrite
nanoparticles and its physical properties. Ultrason Sonochem 40:773–783

9. Kefeni KK,Msagati TAM, BhekieBM (2017) Ferrite nanoparticles: synthesis, characterisation
and applications in electronic device. Mater Sci Eng B 215:37–55

10. Al Yaqoob K, Bououdina M, Akhter MS, Al Najar B, Judith Vijaya J (2019) Selectivity and
efficient Pb and Cd ions removal by magnetic MFe2O4 (M=Co, Ni, Cu and Zn) nanoparticles.
Mater Chem Phys 232:254–264

11. Ateia EE, Ahmed MA, Salah LM, El-Gamal AA (2014) Effect of rare earth oxides and La3+

ion concentration on some properties of Ni–Zn ferrites. Physica B 445:60–67
12. BodaN,Gopal BodaK,NaiduCB, SrinivasM, BatooKM,Ravinder D, Panasa ReddyA (2019)

Effect of rare earth elements on low temperature magnetic properties of Ni and Co-ferrite
nanoparticles. J Magn Magn Mater 473:228–323



Structural and Magnetic Properties of Rare Earth … 443

13. Kahn ML, Zhang ZJ (2001) Synthesis and magnetic properties of CoFe2O4 spinel ferrite
nanoparticles doped with lanthanide ions. Appl Phys Lett 78:3651–3653

14. Gubbala S, Nathani H, Koizol K, Misra RDK (2004) Magnetic properties of nanocrystalline
Ni–Zn, Zn–Mn, and Ni–Mn ferrites synthesized by reverse micelle technique. J Phys Rev B
Condens Matter 348:317–328

15. Roy PK, Bera J (2008) Characterization of nanocrystalline NiCuZn ferrite powders synthesized
by sol-gel auto-combustion method. J Mater Process Technol 197(1):279–283

16. Tijerina-RosaA,Greneche JM, FuentesAF,Rodriguez-Hernandez J,Menéndez JL, Rodríguez-
González FJ,Montemayor SM (2019) Partial substitution of cobalt by rare-earths (Gd or Sm) in
cobalt ferrite: effect on its microstructure and magnetic properties. Ceram Int 45:22920–22929



Optimization of VD Refining Slag
and Control of Non-metallic Inclusions
for 55SiCrA Spring Steel

Chen Wang, Qing Liu, Jiangshan Zhang, Jun Chen, Dan Lin, Xuji Wang,
and Jiancheng Zhu

Abstract Non-metallic inclusions with high melting points can easily be crack
sources and reduce the service life of spring wire. Refining slag can adjust the
composition and melting point of inclusion through the reaction with molten steel.
Therefore, studying the optimization of refining slag systems and controlling the
low melting point of inclusions have great significance. Before the optimization,
the basicity (1.1–1.3) and Al2O3 content (>8%) of refining slag in VD (vacuum
degassing) are high. By optimizing the composition of the slag, the basicity is
controlled at 0.8–1.0, and the content of Al2O3 is less than 6%. After optimiza-
tion, the results of the plant trials show that the content of dissolved Al in steel is less
than 0.0020%, the inclusion ratio with a melting point less than 1400 °C increased
from 8.33 to 25.58%, and the ratio with the melting point less than 1550 °C increased
from 61.11 to 84.88%.

Keywords Refining slag · Basicity · Spring steel · Non-metallic inclusions

Introduction

Spring steel is an important manufacturing material widely used in many fields [1–
4], and its working environment is diverse, some of which are even very bad [5, 6].
It is inevitable to have inclusions in the steel. However, with the development of
society and economy, stricter requirements have gradually been put forward for the
permissible stress of spring steel [7], so that it can bear the periodic load without
fracture. At this time, inclusions in steel have become an important factor restricting
the quality of spring [8, 9]. Relevant studies [10–13] show that the melting point
of the inclusion affects its deformation ability, and the oxide inclusion with a low
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Fig. 1 Production process flow chart

melting point has better deformation ability. Slag refining [14, 15] is a method to
control the melting point of inclusions.

The thermodynamic calculation and industrial trials were carried out for the prob-
lems of poor plasticity and the high melting point of spring steel inclusions in a
domestic plant. By optimizing the composition of refining slag in the VD refining
process, the content of [Al]s inmolten steel is reduced, themelting point of inclusions
is reduced, and the plasticity of inclusion is improved.

Production Process

As spring steel has requirements for oxide inclusions and sulfide inclusions in steel,
the process flow of producing spring steel 55SiCrA in a domestic steel plant is
shown in Fig. 1. During converter tapping, Fe-Si, metallic Mn, and Fe–Cr were
added to the ladle to deoxidize and alloy the molten steel. Composition adjustment
by sealed argon bubbling (CAS) station only does argon blowing. When the ladle
arrived at ladle furnace (LF) station, the slag materials were added to the ladle to
make desulfurization slag for desulfurization operation. When the ladle left the LF
station, slag materials were added again to reduce the basicity of refining slag and
modify the inclusions (Refining slag adjustment).

Industrial Trials Before Optimization

Refining Slag Before Optimization

The main components of refining slag used for 55SiCrA spring steel are shown in
Table 1. The basicity of the LF refining slag is generally higher than 1.4. The refining
slag with high basicity is conducive to the desulfurization of molten steel, but it is
unfavorable to the control of inclusion plasticity. Therefore, the basicity of refining
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Table 1 Main components of refining slag before optimization

Number Station CaO SiO2 Al2O3 MgO R

Heat A LF 44.13 29.61 8.79 17.47 1.49

VD 39.24 34.12 8.42 18.22 1.15

Heat B LF 43.88 27.95 9.23 18.95 1.57

VD 39.27 32.45 8.90 19.39 1.21

Heat C LF 29.72 42.20 9.59 18.49 1.42

VD 31.50 39.70 9.08 19.72 1.26

slag is reduced in the VD refining process. The basicity of refining slag is between
1.1–1.3, and the content of Al2O3 in refining slag is greater than 8%.

Changes of T.O and [Al]s in Steel Before Optimization

The changes of T.O and [Al]s contents in the whole process of 55SiCrA spring steel
before optimization are shown in Figs. 2 and 3. It can be seen from Fig. 2 that during
the LF and the VD refining, the T.O content in steel decreases significantly, and
the deoxidation effect is just. At the end of VD, the T.O content in steel is between
0.0007 and 0.0009%. In the process of continuous casting, the T.O content in steel
increases slightly, and it is between 0.0010 and 0.0012% in the billet, which indicates
that there is an absorb gas phenomenon in molten steel during continuous casting.

Fig. 2 Change of T.O in
steel of the process
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Fig. 3 Change of [Al]s in
steel of the process

Inclusion in Steel Before Optimization

The main components of micro inclusions in the billet are projected onto the ternary
phase diagram of CaO–Al2O3–SiO2, as shown in Fig. 4. The annular line in the figure
is the isotherm of the inclusionsmelting point, and different colors represent different
melting temperatures. It can be seen from Fig. 4 that most of the inclusions in the
steel deviate from the low melting point region. Statistics show that the proportion
of inclusions with a melting point less than 1400 °C in the billet is 8.33%, and
the proportion of inclusions with a melting point less than 1550 °C is 25.58%. The

Fig. 4 Distribution of inclusions in billet before optimization
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Fig. 5 Morphology of typical inclusions in billet

plasticity of inclusions is poor. Figure 5 shows the morphology of typical inclusions
in the billet. It can be seen that the inclusions in the billet are spherical, which proves
that the inclusions exist in liquid form in molten steel.

Thermodynamic Calculation of Refining Slag Optimization

The main components of refining slag are MgO, Al2O3, SiO2, and CaO. Therefore,
the Factage 7.2 software is used to calculate the iso-activity lines of SiO2, Al2O3,
and, CaO in the 10% MgO-Al2O3-SiO2-CaO refining slag system. The iso-activity
lines of SiO2 are shown in Fig. 6. It is shown that the increase of SiO2 content in
refining slag will lead to the increase of SiO2 activity. The change of SiO2 activity
in refining slag will affect the change of dissolved oxygen content in the steel, as
shown in Eq. (1).

[Si]+ 2[O] = SiO2(s)

�G0 = −581900+ 221.8T J/mol
(1)

The iso-activity lines of Al2O3 in the 10% MgO-Al2O3-SiO2-CaO refining slag
system are shown in Fig. 7. It can be seen that the activity of Al2O3 in refining slag
decreases with the reduction of Al2O3 content. According to Eq. (2), the increase of
Al2O3 activity will lead to the growth of [Al] element content in steel, which is not
conducive to control of inclusions plasticity.

2/3 Al2O3(s) + [Si] = SiO2(s) + 4/3 [Al]

�G0 = 219,400− 35.7T J/mol
(2)
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Fig. 6 Iso-activity lines of SiO2 in the 10% MgO-Al2O3-SiO2-CaO refining slag

Fig. 7 Iso-activity lines of Al2O3 in the 10% MgO–Al2O3–SiO2–CaO refining slag

The iso-activity lines of CaO in the 10% MgO–Al2O3–SiO2–CaO refining slag
system are shown in Fig. 8. It can be seen that the activity of CaO in refining slag
decreases with the reduction of CaO content in refining slag.

The iso-[Al] lines of molten steel with the 10%MgO–Al2O3–SiO2–CaO refining
slag system are shown in Fig. 9. It can be seen that with the increase of basicity
and Al2O3 content, the content of [Al] element in molten steel increases, which will
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Fig. 8 Iso-activity lines of CaO in the 10% MgO–Al2O3–SiO2–CaO refining slag

Fig. 9 Iso-[Al] lines of molten steel with the 10% MgO–Al2O3–SiO2–CaO refining slag system

increase the Al2O3 content in inclusions, and which is unfavorable to controlling the
inclusion plasticity. The influence of basicity and Al2O3 content on [Al] in molten
steel is shown in Fig. 10.

It can be seen from Fig. 10 that the basicity and the Al2O3 content of refining
slag have obvious effects on the activity of Al2O3. In the range of basicity 0.8–
1.25 and Al2O3 content 3–20%, the [Al] content in molten steel increases with the
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Fig. 10 Influence of [Al]
element content in molten
steel on the basicity of
refining slag and Al2O3
content in the slag

growth of basicity and Al2O3 content. When the basicity increases from 0.8 to 1.25,
the equilibrium [Al] content in liquid steel maximum increases 10 times. When the
Al2O3 content increases from 3 to 20%, the equilibrium [Al] content in liquid steel
maximum increases 70 times.

Industrial Trials After Optimization

Refining Slag After Optimization

According to the above industrial trials and thermodynamic calculations, in order
to reduce the melting point of inclusions, it is necessary to reduce the basicity of
refining slag and the content of Al2O3. Therefore, by adjusting the additional amount
of slag material, the basicity of VD refining slag is controlled between 0.8–1.0, and
the content of Al2O3 is less than 6%. The main components of refining slag after
optimization are shown in Table 2.

Table 2 Main components of refining slag after optimization

Number Station CaO SiO2 Al2O3 MgO R

Heat D LF 55.89 30.83 4.99 8.29 1.81

VD 37.91 42.76 5.02 14.30 0.89

Heat E LF 61.28 27.79 5.48 5.46 2.21

VD 40.46 40.69 5.33 13.52 0.81

Heat F LF 52.04 33.78 5.73 8.45 1.54

VD 40.28 41.64 4.24 13.83 0.91
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Changes of T.O and [Al]s in Steel After Optimization

The changes of T.O and [Al]s contents in the whole process of 55SiCrA spring steel
produced after optimization are shown in Figs. 11 and 12. After optimization, the T.O
content in steel decreased during LF and VD refining and increased slightly during
continuous casting, about 0.0002–0.0003% in the billet. This proves that there is still
have an absorb gas phenomenon during continuous casting. The content of [Al]s in
molten steel increases during LF refining, which may be related to the composition
of ladle refractory. It decreases during VD refining, and the content of [Al]s inmolten
steel changes little during continuous casting.

Fig. 11 Change of T.O in
steel of the process

Fig. 12 Change of [Al]s in
steel of the process
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Fig. 13 Distribution of inclusions in billet after optimization

Inclusion in Steel After Optimization

The main components of micro inclusions in the billet are projected onto the ternary
phase diagram of CaO–Al2O3–SiO2, as shown in Fig. 13. Compared with before
optimization, the inclusions are close to the low melting point area. The proportion
of inclusions with a melting point less than 1400 °C is 25.58%, and the proportion
of inclusions with it less than 1550 °C is 84.88%.

Conclusions

Before the process optimization, the [Al]s content in the steel is greater than 0.0020%,
and the inclusions in the steel are far away from the low melting point region. The
inclusions with a melting point lower than 1400 °C account for 8.33%, and with
it lower than 1550 °C account for 61.11%. Thermodynamic calculation shows that
increasing the slag basicity and Al2O3 content in slag will significantly improve the
equilibrium [Al] content in the steel. Therefore, the optimized VD refining slag is
basicity 0.8–1.0, and Al2O3 content is less than 6%. After process optimization, the
content of [Al]s in the steel is less than 0.0020%, and the inclusions are close to the
lowmelting point zone. The proportion of inclusions with a melting point lower than
1400 °C is 25.58%, and the with it lower than 1550 °C is 84.88%.
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Changes of SO2, NOx Emission,
and Production of Iron Ore Sintering
with Steam Injection at the Surface
of Sintering Bed

Yapeng Zhang, Wen Pan, Shaoguo Chen, Huaiying Ma, Jingjun Zhao,
Zhixing Zhao, and Huayang Liu

Abstract The effect of steam injection on emission reduction and the quality index
of sintering were studied. The sintering cup test showed that steam injection on
the sintering bed surface has the effect of reducing NOx. It was also beneficial to
reduce fuel consumption and the emission of SO2. After steam injection, the sinter
drum index is slightly increased, the solid fuel consumption in sintering reduced by
1.64 kg/t, and the ratio of 5–10 mm sintered is reduced by 0.8%. The steam injection
improved the sinter quality and reduced the solid fuel consumption. Furthermore,
the effect of steam injection in the middle part of sintering process was the most
significant.

Keywords Steam injection · SO2 · NOx · Solid fuel consumption

Introduction

At present, the national environmental protection policy is becoming more and more
strict in China, and the iron and steel industry is facing more and more stringent
pollutant discharge requirements [1]. The ultra-low emission standard for air pollu-
tants in iron and steel industry (DB 13/2169-2018) issued by Hebei province has
been implemented. As one of the main sources of sulfur dioxide and nitrogen oxide
emissions, the sintering process still faces severe challenges in energy conservation
and emission reduction. In recent years, iron and steel enterprises have made great
progress in sintering process control [2, 3] and flue gas terminal treatment [2–5],
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and desulfurization and denitration facilities have been gradually improved [6–9].
Shougang group has also made significant progress in energy saving and emission
reduction in sintering process [10]. In particular, the effect of steam spraying on
sintering surface to improve fuel combustion efficiency has been confirmed in 550m2

sintering machine. Through sintering waste gas composition test, it has been verified
that proper amount of steam injection on sintering surface can improve the proportion
of fuel complete combustion. CO2/(CO + CO2) increases from 80 to 85%, which is
conducive to energy saving and pollutant emission reduction in sintering [11, 12].
This paper focuses on the emission reduction effect of sulfur dioxide, nitrogen oxide,
and other pollutants and the impact on sintering production and quality indexes after
steam injection.

Materials and Methods

In order to study the effect of steam injection on emission reduction of sulfur dioxide,
nitrogen oxide, and other pollutants and the influence on sintering production and
quality indexes, sinter cup tests and industrial tests were carried out, respectively.
The sinter cup tests with steam injection were carried out in accordance with the test
method and scheme given in reference [11]. During the sinter cup tests, a flue gas
analyzer was used to test the composition of sintering flue gas.

The industrial test of steam injection on sinter surface was carried out on the
Jingtang sintering machine, as shown in Fig. 1. In order to analyze the effect of steam
injection, one week was selected in which the iron ore matching mode and technical
parameters remained stable to carry out industrial steam injection experiments. The
early four days were as a benchmark with no steam injection, and the other three
days were as a trial period in which the steam injection volumes were 2.0–3.0 t/h.
After industrial tests, sintering process parameters before and after steam injection
and the sinter quality index were analyzed and compared.

Results and Discussion

Effect of Surface Steam Injection on NOx Emission

Wetting technology during combustion has been reported to reduce NOx emissions
in other industries. As there are many factors affecting NOx emission in the sintering
process, the NOx content in the exhaust gas was analyzed in the sinter cup tests, as
shown in Figs. 2 and 3. The effect of steam injection on NOx reduction was observed:
there were more cases for the peak value of NOx in flue gas to be diminished after
steam injection; The NOx content was in the range of 100–140 ppm without steam
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Fig. 1 Schematic diagram of steam injection on sinter surface in Jingtang

Fig. 2 Change of NOx content in exhaust gas without steam injection
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Fig. 3 Change of NOx content in exhaust gas with steam injection

injection and 40–160 ppm after injection. Furthermore, it is noted that the earlier the
steam injection was in the sintering process, the more peak value of NOx decreased.

Figure 4 shows the change of NOx in the sintering exhaust gas after the sintering
fuel ratio is reduced by 5%. It can be seen that the peak content of NOx in the exhaust
gas is reduced by about 20 ppm after steam injection. Compared with the NOx in the
exhaust gas before reducing the fuel ratio, the NOx peak content could be reduced
by about 10 ppm. In general, reducing the fuel ratio is beneficial to reducing NOx

content in sintering exhaust gas, and steam injection can further strengthen the effect.

Fig. 4 Change of NOx content in exhaust gas by interval steam injection
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In terms of the mechanism of reducing NOx in the process of steam sintering,
the decrease of solid fuel consumptionC after steam injection directly contributes to
the reduction of fuel type NOx. The endothermic reaction of water vapor in the high
temperate zone reduces the maximum temperature of the sintering bed, which is also
conducive to reducing the generation of high temperature NOx.

There were many factors affecting NOx emission in sintering process. For
example, steam injection is beneficial to the generation of sillico-ferrite of calcium
and aluminum(SFCA) in sinter; SFCA is beneficial to catalytic reductionofNOx.The
reduction of solid fuel consumption after steam injection is also helpful to reduce the
generation of fuel type NOx. However, steam injection improves sintering machine
output and is not conducive toNOx concentration. Therefore, the effect ofNOx reduc-
tion by steam injection should be comprehensively analyzed based on the changes
of sintering process parameters.

Figure 5 shows the influence of steam injection onNOx content in sintered exhaust
gas during the second industrial test. It can be seen from Fig. 5a that, compared with

Fig. 5 Change of NOx content in sintering exhaust gas of two machines
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no steam injection, the NOx content of No. 1 machine did not change much after
steam injection, but the increase of NOx in exhaust gas of No. 2 machine (No. 2
machine applied with steam injection, and the charging structure is the same with
No. 1 machine) in the same period indicated that steam injection of No. 1 machine
inhibited NOx generation. Compared with No. 1 machine, after steam injection by
2 t/h, it helped to reduce NOx content by 12 mg/Nm3, decreasing by 4.4%; Similarly,
the comparison in Fig. 5b shows that after steam injection by 3 t/h, No. 1 machine
reduced NOx content by 29 mg/Nm3, a reduction of 10.4%.

On the basis of the industrial tests, it is concluded that the effect of steam injection
on NOx reduction is by 12–29 mg/Nm3, with an average reduction of 7.4%.

Effects of Surface Steam Injection on SO2 Emission

According to the previous research results, it is beneficial to reduce fuel consump-
tion after spraying steam on sintering surface. As the solid fuel is the main source
contributing to SO2 emission from sintering, reducing solid fuel consumption will
be beneficial to the reduction of SO2C emission.

According to the analysis of the 5% reduction and improvement of combustion
efficiency of steam injection, the solid fuel consumption is reduced by 2–2.5 kg/t
(average 2.25 kg/t). The sulfur content of solid fuel is 0.8%, and then it is reduced
by 2.25 kg/t. 90% of sulfur enters into the exhaust gas, and the single consumption
of exhaust gas is 2000 Nm3/t. Then, the content of SO2 in flue gas would decrease
by 16.2 mg/Nm3 (2.7%) after the decrease of solid fuel consumption.

Figure 6 shows the influence of steam injection on SO2 content in sintered exhaust
gas during the second industrial test. It can be seen from Fig. 6a that, compared with
no steam injection sintering, the SO2 content in No. 1 machine has little change after
steam injection, but the comparison of the increase in the same period from No. 2
machine (No. 2 machine applied with steam injection, and the charging structure
is the same with No. 1 machine) shows that the effect of steam injection in No. 1
machine on reducing fuel consumption can be shown. After steam injection by 2 t/h,
it is helpful to reduce the content of SO2 by 88 mg/Nm3. Similarly, No. 1 machine
reduces SO2 content by 101 mg/Nm3 after spraying steam by 3 t/h. It is believed that
the effect of steam spraying on SO2 reduction in sintering is 2.7%.

Effect of Steam Injection on Sintering Yield and Quality Index

As shown in Table 1, during the steam injection test, the negative pressure of sintering
is reduced by about 0.5 kPa, the temperature of main exhaust gas is increased by
5–7 °C, and the BRP and BTP positions are advanced by 1 m and 0.4 m, respectively.
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Fig. 6 Effect of steam injection on SO2 content in exhaust gas

Table 1 Sintering negative pressure and temperature change

Item Index Unit Base period Test period Comparison

1# exhaust fan Rate of flow m3/min 21,271 22,120 848

Negative pressure kPa −15.15 −14.68 0.5

Temperature °C 158 165 7

2# exhaust fan Rate of flow m3/min 17,546 17,268 −278

Negative pressure Kpa −13.56 −13.15 0.4

Temperature °C 158 163 5

BRP m 64.7 63.7 −1

BTP m 91.3 90.8 −0.4
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Table 2 Index of sinter quality

Item Base period Test period Comparison

TI/% 82.59 82.74 0.15

Sinter return ratio/% 25.82 25.44 −0.38

solid fuel consumption (kg/t) 50.21 48.57 −1.64

Size distribution of sinter >40 mm 7.87 7.54 −0.3

40–25 mm 17.9 17.81 −0.1

25–16 mm 35.6 36.43 0.8

16–10 mm 20.47 20.86 0.4

10–5 mm 15.85 15.1 −0.8

The analysis shows that the heat transfer rate of air and sintering bed is accelerated
after the steam is sprayed on the sintering bed surface. And the sintering rate is
improved, which is manifested in the improvement of air permeability, increase of
exhaust gas temperature, decrease of negative pressure, and advance of terminal
position. The rate of output with steam injection is higher than that of no steam
injection, which indicates that steam injection is beneficial to improve sintering and
increase production.

As shown in Table 2, after steam injection, the sinter drum index is slightly
improved, the ore return rate is slightly decreased by 0.38%, and solid fuel consump-
tion decreased by 1.64 kg/t. The particle size of sinter also showed an improvement
trend, and the ratio of 5–10 mm decreased by 0.8%. It can be seen that steam injec-
tion is conducive to the improvement of sinter quality and the reduction of solid fuel
consumption. Steam injection can not only improve the permeability of sintering and
sintering machine speed but also improve the quality of sinter and reduce the solid
fuel consumption by 1.64 kg/t.

Conclusions

(1) Sinter cup tests showed that steam injection on sinter surface has the effect of
reducing NOx. The peak content of NOx in exhaust gas was reduced by 10–
20 ppm, so as to achieve the effect of energy saving and emission reduction. On
the basis of the industrial tests, it is concluded that the effect of steam injection
on NOx reduction is by 12–29 mg/Nm3, with an average reduction of 7.4%.
Considering the 6.6% reduction of the total exhaust emission, the total NOx

emission reduction is 7.9%.
(2) After spraying steam on the sintering surface, it is beneficial to reduce fuel

consumption. Therefore, reducing solid fuel consumption will be beneficial to
reduce SO2 emission. Reduction of 2.7% of SO2 in exhaust gas was achieved
by steam injection and reducing solid fuel consumption.
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(3) After steam injection, the sinter drum index slightly increases, and the ore
return rate slightly decreases by 0.38%. The sintering solid fuel consumption
decreased by 1.64 kg/t, and the ratio of 5–10mmdecreased by 0.8%. The steam
injection contributed to the improvement of sinter quality and the reduction of
solid fuel consumption.
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Comprehensive Recovery of Multisource
Metallurgical Solid Wastes: Coupling
Modification and Carbothermal
Reduction of Converter Slag and Copper
Slag

Bowen Cao, Nan Wang, and Min Chen

Abstract The recovery of valuable metals in multisource metallurgical slag is
conducive to achieve resource recycling and slag utilization. The method of coupling
modification and carbothermal reduction of converter slag and copper slag as well as
the migration of elements and changes in mineral phases in the process were studied.
Based on the element mapping of modified slag, under the interaction of converter
and copper slags, Fe2O3 and ‘FeO’ could be separated from the relevant structures of
the two slags. The reduced metal phase of the modified slag was Fe-Cu-Mn-P crude
alloy, and XRD detection of the reduced slags indicated a complex characterization.
The factors of the reduction temperature, the modified basicity, and the C/O ratio on
the recovery degree of Fe, Cu, Mn, and P were studied, and the optimal technical
parameter was determined as 1773 K, 1.0, and 1.0, respectively.

Keywords Converter slag · Copper slag · Coupling modification · Recycling

Introduction

Metallurgical slag refers to the solid waste discharged after metal extraction by
primary ore or artificial rich ore, such as converter slag and copper slag. Converter
slag is a by-product of steelmaking; according to statistics, China’s annual production
of converter slag exceeds 100 million tons, but its utilization rate is less than 30% [1,
2]. Copper slag is a solidwaste from the copper smelting industry, every production of
1 ton of copperwill produce 2.2–3 tons of copper slag, and theworld has accumulated
more than one hundredmillion tons of copper slag every year thus far [3, 4]. However,
only a small part of slag is returned to the smelting process for recycling,while the rest
is directly discharged into the heaps, resulting in resource waste and environmental
problems. Therefore, it is significant to investigate the effective methods of large-
scale and low-cost disposal of metallurgical slag.
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The valuable resources are usually recovered by reducing or oxidizing magnetic
separation after addingmodifiers tometallurgical slag.Ma et al. [5] found that adding
SiO2 asmodifier to converter slag can improve the stability of slag,which is conducive
to the reduction of iron oxide and slag iron separation. The metallization and metal
recovery rates after reduction can reach 87.30% and 96.45%, respectively. Liu et al.
[6] studied the influence of adding SiO2 on reduction of converter slag and found that
adding SiO2 can effectively eliminate the influence of free CaO, which is conducive
to improving recovery rate.Wang et al. [7] added 15%CaO to copper slag asmodifier
and obtained alloywith copper content of about 3% after reduction. Li et al. [8] added
Na2CO3 and CaO as modifiers to copper slag; when the basicity of the pellets was
0.5 and the addition amount of Na2CO3 was 8%, the recovery of iron and copper
after reduction magnetic separation could reach 94.3% and 86.5%, respectively.

So far, most of the researchwork has focused on the reuse of solid waste by adding
modifiers to metallurgical slag. Based on the above research, this paper proposes to
realize the coupling modification between converter slag and copper slag without
adding modifier by utilizing the characteristics of high calcium and high silicon,
meanwhile to recover valuable resources in the modified slag through carbothermal
reduction. The element migration and mineral phase transformation in the coupling
modification and reduction process were studied. Moreover, the effects of basicity
reduction temperature and C/O ratio on metal recovery were discussed to determine
the optimal technological parameters.

Experimental

Raw Materials

Converter slag and copper slag were collected from a domestic steel enterprise and a
copper smelting company, respectively. The chemical composition of the two kinds
of metallurgical slag is shown in Tables 1 and 2. TFe content in converter and copper
slags is 22.02% and 44.73%, respectively. Figure 1 shows the characterization of
two slags. In Fig. 1a, the main phase composition of converter slag was dicalcium

Table 1 Chemical compositions of the converter slag (wt%)

TFe CaO SiO2 MgO Al2O3 MnO P2O5

22.02 41.74 11.96 8.73 1.04 2.09 1.98

Table 2 Chemical compositions of the copper slag (wt%)

TFe FeO MFe CaO SiO2 MgO Al2O3 Cu Zn Pb S

44.73 37.31 1.13 1.63 23.98 1.21 2.56 4.48 2.54 0.29 1.38
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Fig. 1 XRD patterns of converter and copper slags

silicate, tricalcium silicate, dicalcium ferrite, calcium phosphate, free CaO, and RO
phase. As shown in Fig. 1b, it could be observed that minerals in copper slag were
fayalite and magnetite.

Thermodynamic Analysis

Figure 2 shows the relationship between standard Gibbs free energy and temperature
for calculating related reactions in the modification process by the thermodynamic
software Factsage 7.0. As shown in Fig. 2a, it can be seen that free CaO, calcium
silicate, dicalcium ferrite, and other calcium-containing phases in converter slag can
interact with fayalite in copper slag without additional modifier, releasing Fe2O3

and ‘FeO’, realizing the coupling modification between converter and copper slags,
which is conducive to the recovery of iron resources.

Fig. 2 Relationship between the standard Gibbs free energy and temperature
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Fig. 3 Flowsheet of the modified and reduction process

As shown in Fig. 2b, the calcium phosphate phase can interact with the fayalite
only under the condition of carbothermal reduction, and the fayalite can promote the
dissociation of the calcium phosphate phase.

Experimental Procedure

Figure 3 shows the flowsheet of the experiment.Modification experiment was carried
out firstly. The converter slag and copper slag were mixed in mortar with different
modified basicity (R= 0.75–2.0) and pressed into tablet, then put them into corundum
crucibles (diameter: 30 mm, height: 40 mm), respectively. The crucible was placed
in a high temperature furnace and heated to the required temperature (T = 1773 K).
The modified slag was held for 60 min, and high-purity argon gas was injected
throughout the experiment. After the experiment, the crucible was taken out quickly
and placed in liquid nitrogen for quenching; samples are used for X-ray diffraction
and elemental mapping. For the reduction experiment, technological procedure was
similar. Firstly, the converter slag is added to the required temperature (T = 1773–
1873 K), and then the tablet made of copper slag and graphite powder is put into the
crucible with quartz tubes under different modification basicity (R = 0.75–2.0) and
C/O ratio (1.0, 1.2, and 1.4). After quenching, the samples are examined by chemical
analysis measuring.

Results and Discussion

Element Mapping and Phase Composition of Coupled
Modified Slag

In order to study the element migration of converter slag and copper slag during
the coupling modification process, element mapping analysis is carried out on the
initial slag and modified slag. The results are shown in Fig. 4. Figure 4a [9] shows
the distribution of main elements in converter slag, in which elements of Ca and Si
have the same distribution and the overlapping distribution of P and Ca elements.
As shown in Fig. 4b, the distribution of elemental Fe, Si, and O exists in the form
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Fig. 4 Element mapping of original slag and modified slag
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Fig. 5 XRD patterns of different basicity modified slags at 1773 K

of polymer in the copper slag. Combined with the XRD pattern of the copper slag,
phases are fayalite and magnetite.

As shown in Fig. 4c, compared with the original slag, the distribution of elements
in the modified slag changed significantly. The elemental of Ca and Fe is separated
in converter slag, and the elemental of Fe and Si is separated in copper slag.

Figure 5 shows the phase composition of themodified slag under different basicity.
It can be seen that Fe2O3 and FeO are dissociated from calcium ferrite and fayalite,
respectively, during the coupling modification process of converter slag and copper
slag, realizing the coupling modification between the two slags and improving the
activity of iron oxide.Due to the strong binding ability ofCaOandSiO2,Ca2SiO4 will
appear in the modified slag. Meanwhile, the converter slag contains a small amount
of MgO (8.73 wt%); as the basicity of the modification increases, Ca3MgSi2O8

and CaMgSi2O6 will also appear in the slag. After modification, the basicity of the
converter slag decreases, which causes the RO phase in the slag to dissociate, and
the released MgO exists in the form of free MgO or combined with Fe2O3 to form
MgFe2O4. In the process of basicity increasing from 0.75 to 2.0, more phases with
high melting point are generated in the modified slag, which increases the liquidus
temperature of the slag and is not conducive to subsequent reduction experiments.
Therefore, the appropriate modified basicity is 1.0.

Element Mapping of Modified Slag After Carbothermic
Reduction

Figure 6 shows the element mapping after the reduction of modified slag. It can be
seen that elements of Fe and Cu dissolve each other, and the contents of elemental
P and Mn are inevitably reduced during the process. The reduced metal phase is
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Fig. 6 Element mapping of modified slag after carbothermic reduction

Fe-Cu-Mn-P alloy, and the secondary slag contains elements of Ca, Si, Mg, and O
with complicated phases.

Influence on Basicity of Modified Slag

Figure 7 shows the reduced picture of the modified slag with different basicity at
the reduction temperature of 1773 K and C/O ratio of 1.0. It can be seen that with
the increase of basicity, the size of the metallic phase gradually decreases, and the

Fig. 7 Photographs of modified slag after reduction at different basicities
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Fig. 8 Effect of modified basicity on recovery of Fe, Cu, P, and Mn

aggregation is incomplete. As shown in Fig. 8, the effects of different modified
basicity on reduction rate are studied. The recovery rate of Cu, P, and Mn gradually
decreases with the increase of basicity, and the reduction rate of Fe reached the
maximum at basicity of 1.0, indicating that calcium ferrite and fayalite had the best
dissociation effect and the maximum activity of iron oxide at 1.0 basicity. With the
increase of basicity, phases with high melting point will appear in the modified slag,
which increases the liquidus temperature of the slag and affects the recovery of Cu.

Influence of Reduction Temperature

Figure 9 shows the photos of the reduced slag at different reduction temperatureswith
basicity of 1.0 and C/O ratio of 1.0. It can be seen that the metal phase precipitated
at the bottom of the crucible and was well separated from the slag phase within
the temperature range of 1773–1873 K, indicating that the kinetic conditions of the

Fig. 9 Photographs of modified slag after reduction at different reduction temperatures



Comprehensive Recovery of Multisource Metallurgical … 477

Fig. 10 Effect of reduction
temperature on recovery of
Fe, Cu, P, and Mn

reaction were good. Figure 10 shows the dependence of the recovery degree on
the reduction temperature; with the increase of reduction temperature, the reaction
rate and mass-transfer rate were accelerated; meanwhile, the recovery rate of Fe,
Cu, P, and Mn monotonically increased. The change of recovery rate was related to
the viscosity of slag. However, when the temperature rises further, the influence of
viscosity change on recovery rate is negligible, and the recovery rate has no obvious
change, so the appropriate reduction temperature is 1773 K.

Influence of C/O Ratio

Figure 11 shows the reduced photos of the modified slag with different C/O ratios
at reduction temperature of 1773 K and modified basicity of 1.0. It can be observed
that the metal phase is completely consolidated and settled, and the metal phase can
be well separated from slag phase. The relationship between C/O ratio and recovery

Fig. 11 Photographs of modified slag after reduction at different C/O ratios
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Fig. 12 Effect of C/O ratio
on recovery of Fe, Cu, P, and
Mn

rate was studied, and the results are shown in Fig. 12. With the increase of C/O ratio,
the recovery rates of Fe, Cu, P, and Mn gradually increase. When the C/O ratio is
greater than 1.0, the recoveries of Fe and Cu lead to a slight ascension, while the
recoveries of P and Mn increase significantly, indicating that the reduction order of
Fe and Cu is higher than that of P and Mn. Considering that the excessively high
C/O ratio will affect the reduction kinetic conditions, the appropriate C/O ratio is
determined to be 1.0.

Conclusions

In this paper, element migration and mineral phase transformation of converter and
copper slags in the process of coupled transformation and carbothermic reduction
have been studied. Moreover, the effects of basicity, reduction temperature, and C/O
ratio on recovery are discussed to determine the optimal technical parameter. The
following conclusions can be drawn: (1) Thermodynamic analysis shows that the
calcium-containingphase in converter slag can interactwith the fayalite in copper slag
to dissociate Fe2O3 and ‘FeO’, while the calcium phosphate phase in converter slag
can interact with quartz or fayalite only under the condition of reduction. (2) Element
mapping and X-ray diffraction indicate that the distribution of elemental Ca, Fe, and
Si is separated; Fe2O3 and ‘FeO’ are dissociated from calcium ferrite and fayalite,
respectively, realizing the coupling modification between the two slags. Moreover,
the RO phase in the converter slag is dissociated, and the released MgO exists in the
form of freeMgOorMgFe2O4.With the increase of basicity, Ca2SiO4, Ca3MgSi2O8,
andCaMgSi2O6 also appear in themodified slag. (3) The reduced product is Fe-Cu-P-
Mn alloy, and the optimum technical parameter is modified basicity of 1.0, reduction
temperature of 1773 K, and C/O ratio of 1.0, respectively.
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Disintegration Behavior
of Vanadium–Titanium Magnetite Pellets
in CO–H2–CO2–N2 Gas Mixtures

Yue Wang, Jianbo Zhao, Qingqing Hu, Donglai Ma, Yongjie Liu,
and Zhixiong You

Abstract As a polymetallic symbiotic mineral, vanadium–titanium magnetite
(VTM) primarily contains iron, vanadium, titanium, and other valuable elements
such as chromium, cobalt, nickel, etc. On the other hand, VTM is generally sintered
or pelletized for iron making process. Under the worldwide trend of low-carbon
metallurgy, hydrogen (H2) is a potential option for the further reduction of CO2

emission in both blast furnace (BF) and non-blast furnace ironmaking process. Also,
H2 promotes the reduction of iron-bearing burden, while its influences on reduction
disintegration behavior deserves research in details, especially for VTM burden. In
this study, the disintegration behavior of VTM pellets in gas mixtures of CO–H2–
CO2–N2 was investigated. The effects of gas composition, reduction temperature as
well as reduction time on disintegration index were explored. The reduction samples
were observed by an optical-microscope for the evaluation of reaction mode.

Keywords Reduction disintegration · Hydrogen · Ironmaking ·
Vanadium-titanium magnetite

Introduction

Vanadium (V) and titanium (Ti) are widely used in military and civilian manufac-
turing industry, and they are the strategic resources that countries all over the world
compete for. More than 90% of V and Ti resources in the world were found in
composite minerals of vanadium–titanium magnetite (VTM) [1, 2]. Therefore, effi-
cient and green utilization of VTM resources has become an inevitable requirement
for extracting V and Ti. In China, VTM is mainly smelted in blast furnace [3], with
large production scale and mature technology, while the recovery ratio of V and Ti is
low. Carbonaceous is used as reduction agent in blast furnace, which leads to a large
amount of CO2 emission [4]. In order to reduce CO2 emission, it has been proved
that the method of partly replacing carbon with H2 is efficient [5–7].
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VTM can also be used by direct reduction process [8, 9]. H2 and CO are always
used as reduction agents in gas-based direct reduction method, and VTM is reduced
into sponge iron in shaft furnace. It can be seen that H2 plays a vital role in the
reduction of VTM by blast furnace method or non-blast furnace method. The reduc-
tion ability of H2 at high temperature is stronger than that of CO [10], so H2 can
promote the reduction of iron-bearing burden. However, the effects of H2 on the
disintegration behavior at low temperatures deserve to be extensively investigated,
especially for the VTM burden. At present, there are few literatures [11, 12] that
systematically study the disintegration behavior of VTM pellets in H2 and CO gas
mixture. Therefore, it is of great significance to explore the disintegration behavior
characteristics of VTM pellets in gas mixtures of CO–H2–CO2–N2. In this study,
the effects of gas composition, reduction temperature as well as reduction time on
disintegration index, phase transformation, and microstructure were systematically
investigated.

Experimental

Materials

The samples of VTM pellets used in this study were obtained from a domestic steel
company, and the chemical composition of the samples was displayed in Table 1.
The pellets were sieved to grain size range between 12.0 and 18.0 mm. Samples with
the total weight of 500 ± 1 g were randomly picked up and prepared for reduction
degradation experiments.

Methods

The reduction degradation index (RDI) of VTM pellets was examined based on the
national standard of China (GB/T 13242–2017). All samples were heated in a N2

gas stream with a flow rate of 5NL/min. When the temperature reached the reduction
temperature, the N2 gas flow rate was increased to 15NL/min and kept for 30 min.
Then, N2 was replaced by gas mixture listed in Table 2 with the same flow rate and
continuously reduced for 15, 30, 45, and 60min, respectively. After the reduction, the
gas was changed to N2, and the samples were cooled to below 100 °C. The reduction
index (RI) was calculated from weight change during the reduction process.

Table 1 Main chemical composition of VTM pellets (mass %)

TFe FeO SiO2 CaO Al2O3 MgO TiO2 V2O5 S R2

54.40 2.30 5.69 1.35 3.66 1.62 8.78 0.54 0.004 0.23
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Table 2 Reducing gas composition applied in this study (vol. %)

Case H2/(H2 + CO) H2 CO CO2 N2

1 0 0 57.0 5.0 8.0

2 0.2 11.4 45.6 35.0 8.0

3 0.26 15.0 42.0 35.0 8.0

4 0.5 28.5 28.5 35.0 8.0

5 0.8 45.6 11.4 35.0 8.0

6 1 57.0 0 35.0 8.0

Disintegration tests were conducted using a tumbling drum at a rotation speed of
30 rpm for 10min. Subsequently, the samples were sieved with 6.3, 3.15, and 0.5mm
to determine the weight of samples with different grain sizes. RDI was expressed by
weight fraction and calculated on the basis of the following equation:

RDI+6.3 mm = m1

m0
× 100% (1)

RDI+3.15 mm = m1 + m2

m0
× 100% (2)

RDI−0.5 mm = m0 − (m1 + m2 + m3)

m0
× 100% (3)

where m0 is a weight of the sample after the reduction experiment, m1 refers to a
weight of sample left on the 6.3 mm mesh, m2 means a weight of sample left on
the 3.15 mm mesh, and m3 represents a weight of sample left on the 0.5 mm mesh.
RDI+3.15 mm is taken as the evaluation index for the disintegration degree.

Results and Discussion

Effects of Reducing Temperature

The composition of the reducing gas is shown as Case 3 in Table 2, and the reduction
time is 30 min. Figure 1 displays the relationships between reduction temperature
and reduction degradation index. As the temperature increases from 400 to 550 °C,
RDI+3.15 mm decreases from 98.5 to 55.4%. With the further increase of tempera-
ture from 550 to 700 °C, RDI+3.15 mm increases from 55.4 to 82.9%. RDI+3.15 mm

is the lowest at 550 °C, which indicates that the sample disintegrates seriously at
this temperature. Similarly, most of the iron-bearing burden disintegrates obviously
at 500–600 °C [13, 14]. RDI+3.15 mm and RDI+6.3 mm are close to each other, and
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Fig. 1 Influences of
reduction temperature on
RDI
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RDI-0.5 mm reaches in the range of 30.8–38.6% at 500–600 °C, which suggests that
pellets mainly disintegrate in the form of producing fine powder.

The XRD patterns of samples reduced at different temperatures are shown in
Fig. 2. The main phases in the reduction samples are hematite and magnetite. With
the increase of reduction temperature, the content of hematite decreases, while the
content of magnetite increases. The experimental results reveal that the increase of
the temperature is beneficial to the reduction of VTM pellets. It should be noted

Fig. 2 XRD patterns of samples reduced at different temperatures
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that hematite in this study is actually titanium hematite, while magnetite is titanium
magnetite.

Figure 3 illustrates the microstructure of samples that reduce at different temper-
atures. After reducing at 400 and 500 °C, the morphology of samples is relatively
integrated, and there are few cracks.Many cracks are formed at 550 °C, and the struc-
ture of samples is seriously damaged. When the temperature is higher than 550 °C,

Fig. 3 Microstructure of samples reduced at different temperatures
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the main phase of the sample is magnetite, which implies that the disintegration of
the sample mainly occurs in the stage of hematite reduction to magnetite. As the
temperature increases to above 600 °C, magnetite grains gradually grow and connect
into pieces, and the number of pores in the sample also tends to decrease.

According to the results in Figs. 2 and 3, it can be concluded that increasing
the reduction temperature could promote the reduction of hematite to magnetite
and lead to the expansion of VTM pellets, which further aggravates the disintegra-
tion of pellets. However, when hematite is completely reduced to magnetite, the
disintegration of VTM pellets is inhibited.

Effects of Reduction Time

The composition of the reducing gas is also shown as Case 3 in Table 2, and the reduc-
tion temperature is 550 °C. Figure 4 exhibits the relationship between reduction time
and reduction degradation index. With the increase of reduction time, RDI+3.15 mm

tends to decrease. The RDI+3.15 mm decreases fastest from 15 to 30 min, whose value
decreases from 91.6 to 55.4%. The RDI+3.15 mm is stable from 30 to 45 min, but it
decreases slightly from 45 to 60 min.

Figure 5 displays the XRD patterns of samples obtained at different reduction
time. With the increase of reduction time, the content of hematite decreases, while
the content of magnetite increases. At the initial stage of the reduction reaction, the
reduction gas has a good contact with the surface of the sample, which results in the
rapid reduction of hematite to magnetite, so the VTM pellets are easy to disintegrate.
With the progress of reduction reaction, it is difficult for reduction gas to pass through

Fig. 4 Influence of reducing
time on RDI
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Fig. 5 XRD patterns of samples obtained at different reducing time

magnetite in the outer layer of the sample. The speed of reduction reaction slows
down, and the disintegration index also decreases slowly, as illustrated in Fig. 4.

Figure 6 demonstrates the microstructure of samples obtained at different reduc-
tion time. At the initial stage of reduction, hematite is still observed and magnetite is
formed around hematite. With the increase of reduction time, the structure of pellets
is gradually destroyed. When the reduction time is 60 min, almost only magnetite is
contained in the sample, and there are coarse cracks.

Effects of Gas Composition

The reduction time is 30 min, and the reduction temperature is 550 °C. Figure 7
shows the relationship between H2/(H2 + CO) and reduction degradation index.
RDI+3.15 mm in gas mixture of H2−CO is always lower than that obtained by CO or
H2. When H2/(H2 + CO) is 0.20%, the disintegration of pellets is the most serious.
The disintegration of VTM pellets is improved by further increasing the H2 content.

Figure 8 displays the XRD patterns of samples reduced at different H2 content.
Under different gas composition, the phases obtained by reduction of pellets are
almost the same, including hematite and magnetite.

The microstructure of samples reduced at different gas mixtures is plotted in
Fig. 9. It is obvious that magnetite is obviously observed, but its content is different
from each other. Large area of magnetite and cracks can be seen at H2/(H2 + CO)
of 0.26. The RDI+3.15 mm is also the lowest in the range of 0.20–0.26. The content of
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a b
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Fig. 6 Microstructure of samples reduced at different time
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Fig. 8 XRD patterns of samples reduced at different H2 content

magnetite is observed to decrease as the ratio of H2/(H2 + CO) increases to above
0.50, which is consistent with the results of RDI, because the reduction ability of
H2 is lower than that of CO at low temperature (<810 °C). The reduction of VTM
pellets is inhibited when the hydrogen content increases.

Reduction Degradation Index and Reduction Index

Figure 10 illustrates the relationship between RDI+3.15 mm and RI obtained under
different reduction conditions.With the increase ofRI,RDI+3.15 mm first decreases and
then increases. When RI is about 13%, RDI+3.15 mm has the lowest value. According
to the composition of unreduced VTM pellets, if hematite is completely reduced to
magnetite, the theoretical RI is 12.11%, which indicates that the disintegration of
VTM pellets mainly occurs in the process of hematite reduction to magnetite.

Conclusions

With the temperature increased from 400 to 700 °C, RDI+3.15 mm of VTM pellets first
decreased and then increased, while disintegration behavior was the most serious at
550 °C. Increasing the reduction time reduced the RDI+3.15 mm. With the increase of
H2 content in the gas mixture, the RDI+3.15 mm of VTM pellets first decreased and
then increased. The microstructure analysis of the reduced VTM pellets indicated
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Fig. 9 Microstructure of samples reduced at different H2 content

that the structure of VTM pellets was most seriously damaged at 550 °C. Increasing
the reduction time would aggravate the damage to the structure of VTM pellets,
while increasing the H2 content has fewer damage to the structure. RDI+3.15 mm first
decreased and then increasedwith the increase ofRI. The value ofRDI+3.15 mm was the
lowest when RI was about 13%. The disintegration of VTM pellets mainly occurred
in the process of hematite reduction to magnetite.
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Fig. 10 Relationship
between RDI and RI
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Distribution of Inclusions in a IF Steel
Continuous Casting Slab Casted During
SEN-Clogged State

Qiuyue Zhou, Rikang Huang, and Lifeng Zhang

Abstract Inclusions in an interstitial-free (IF) steel slab from the loose side to
the fixed side of the width center were detected to investigate the distribution of
inclusions in the slab under the nozzle clogging state. The total oxygen (T.O) content
of the slab was 11.07 ppm, and the total nitrogen (T.N) content of the slab was
24.96 ppm. Endogenous inclusions in IF steel were Al2O3 inclusions; TiN inclusions
were precipitated with Al2O3 as the core during the cooling process of slab. In the
thickness direction from the surface to the center of the slab, the area fraction of
inclusions increased from 25.32 ppm to 267.78 ppm, and the maximum value of the
inclusion area fraction was 405.62 ppm below the center of the slab. Due to the small
cooling rate at the center of the slab, the number density of TiN larger than 10 µm
reached 1.64 #/mm2.Under the condition of nozzle clogging, the level fluctuationwas
large in the mold; contrary to the normal condition, the number density of inclusions
at the fixed side of the slab was larger than that at the loose side.

Keywords IF steel · Cleanliness · Nozzle clogging · Distribution of inclusions

Introduction

Interstitial-free (IF) steel is a non-interstitial atomic steel with good deep-drawing
performance. By adding strong carbonitride forming elements such as titanium to
the steel, the content of carbon and nitrogen dissolved in the steel is reduced. IF
steel was Al-killed, and the stable inclusion in the steel was Al2O3 [1]. TiN will
precipitate during solidification and then grew into large particles in the case of low
cooling rate [2]. TiN inclusions of large size formed in the slab will affect the fatigue
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Table 1 Chemical composition of IF steel (wt.%)

C Mn Ti Als P Cr Ni V Nb Si S

0.001 0.109 0.072 0.045 0.009 0.008 0.006 0.003 0.001 0.002 0.002

performance and toughness of the finished product [3]. TiN–MnS complex inclusions
were primarily concentrated at the 1/4 position along the thickness direction [4]. The
number and size of Al2O3 inclusions in the steel corresponded to the total oxygen
content in the steel [5, 6]. In order to ensure the cleanliness of the IF steel, the content
of total oxygen (T.O) and total nitrogen (T.N) in the IF steel should be controlled
[7]. In the case of steady casting, the number of Al2O3 inclusions at the loose side
of the slab was more than that at the fixed side of the slab because of the Al2O3

inclusions floating during the solidification process [8]. Strict requirements on the
surface quality of the product were proposed for IF steels, and large-size inclusions
in the cast slab were the main reason for the surface defect of the hot-rolled sheet.
During the continuous casting process, Al2O3 inclusions in IF steels deposited to the
submerged entry nozzle wall and caused a nozzle clogging [9, 10]. Nozzle clogging
will lead to a large meniscus velocity and a large level fluctuation, which probably
resulted in slag entrainment [11]. The distribution and composition of inclusions in
the IF steel slab under the nozzle clogging condition should be clarified.

Methodology

The composition of the IF steel is shown in Table 1, which was produced by a basic
oxygen furnace (BOF) → RH refining → continuous casting (CC) route. During
the casting process, high melting point alumina inclusions were deposited on the
nozzle wall, causing the nozzle clogging. The continuous casting slab under the
serious nozzle clogging condition was sampled, the section size of the cast slab was
1700 mm × 240 mm, and the casting speed was 1.1 m/min. As shown in Fig. 1,
inclusions in the width center of slab were detected by an automatic SEM-EDS
scanning system. The slab was equally divided into 16 pieces from the loose side to
the fixed side along the thickness direction, and the size of each piece was 12 mm *
15 mm. Inclusions larger than 3 µm were scanned. Contents of T.O and T.N in the
steel were detected by Leco oxygen and nitrogen analyzer.

Distribution of Inclusions in the Slab

The content of T.O and T.N in the slab from the loose side to the fixed side is shown
in Fig. 2. The content of T.O in the slab was about 11 ppm, and the content of T.N
was about 25 ppm. Due to the floating of oxide inclusions during the solidification of
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Fig. 1 Schematic diagram of sample processing
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Fig. 2 Variations of T.O and T.N contents of the slab from the loose side to the fixed side

steel, the T.O content at the loose side was higher than that at the fixed side. During
the casting process, the T.N content increased by 5 ppm due to the nitrogen pick-up
of the molten steel, and the T.O content at the center of the ingot was higher than
that at edges.

Themorphology of inclusions in the IF slab is shown in Fig. 3. The stable inclusion
in the IF steel was Al2O3 inclusion, and TiN inclusions were precipitated during the
cooling process. In Fig. 3, the black phase was Al2O3, and the light gray phase
was TiN. There were a few pure Al2O3 inclusions at the edge of the slab. During
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Fig. 3 Typical morphology of inclusions in the slab

the cooling process of the cast slab, TiN inclusions nucleated heterogeneously on
Al2O3 inclusions. Homogeneous nucleated TiN inclusions with a diameter greater
than 10 µm were formed at the center of the slab, due to the slow cooling rate.

Distribution of non-metallic inclusions in the IF steel continuous casting slab
from the loose side to the fixed side is shown in Fig. 4. Non-metallic inclusions
were divided into oxide inclusions and TiN precipitated during the cooling process.
Oxide inclusions weremainly Al2O3 inclusions, of which the distribution is shown in
Fig. 4a and the number density distribution is shown in Fig. 4b. Under the condition
of nozzle clogging, the level fluctuation was large in the mold; contrary to the normal
condition, the number density of Al2O3 inclusions at the fixed side of the slab was
greater than that at the loose side. A large number of TiN inclusions were generated
during the solidification of the continuous casting slab. The distribution of the size
of the TiN inclusion precipitated in the slab is shown in Fig. 4c. The number density
of the TiN inclusion is shown in Fig. 4d. The number and size of TiN inclusions at
the edge of the slab were small due to the large cooling rate. The cooling rate at the
center of the slab was small, and the growth time of TiN inclusions increased, so the
size of TiN inclusions increased significantly. Because the cooling rate at the fixed
side and the loose side were different, the precipitation of TiN inclusions on the fixed
side was more serious.

The composition and the area fraction of inclusions are shown in Fig. 5. The
inclusion at the edge of the slab was mainly Al2O3 inclusion, and there were a few
TiN inclusions. The main composition of inclusions in the cast slab was about 80%
TiN and 20% Al2O3. As the cooling rate decreased from the edge to the center of the
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a b

c d

Fig. 4 Distribution of inclusions in the IF steel continuous casting slab. a Distribution of Al2O3
inclusions, b Number density of Al2O3 inclusions, c Distribution of TiN inclusions, d Number
density of TiN inclusions
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Fig. 5 Composition and area fraction of inclusions. a Composition of inclusions, b Area fraction
of inclusions

slab, the precipitation of TiN inclusions increased, and the area fraction of inclusions
increased. Along the thickness direction from the surface to the center of the slab, the
area fraction of inclusions increased from 25.32 to 267.78 ppm, and the maximum
area fraction of inclusions was 405.62 ppm below the center of the slab. Due to the
small cooling rate at the center of the slab, the number density of TiN larger than
10 µm was 1.64 #/mm2.

Precipitation of TiN Inclusions

The diagram of the TiN inclusion precipitation was calculated using FactSage 7.1
with FactPS, FToxid, and FTmisc databases and is shown in Fig. 6. With the increase
of the T.N content, the precipitation temperature of TiN increased slightly, from
1514.8 to 1522.6 °C. The precipitation of TiN increased significantly with the
increase of the T.N content in the steel.When the content of T.N in the steel increased
from 15 to 35 ppm, the precipitation of TiN inclusions increased by 2.4 times. Under
the current condition, MnS inclusions did not precipitate. By controlling the nitrogen
pick-up of the molten steel, the formation of large TiN inclusions can be effectively
controlled.
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Fig. 6 Effect of T.N content in the steel on the precipitation of TiN inclusions

Conclusions

(1) Under the condition of nozzle clogging, the level fluctuation was large in the
mold; contrary to the normal condition, the number density of oxide inclusions
at the fixed side of the slab was larger than that at the loose side.

(2) The main composition of inclusions in the cast slab was about 80% TiN and
20% Al2O3. Under the current condition, MnS inclusions did not precipitate.
As the cooling rate decreased from the edge to the center of the slab, the
precipitation of TiN inclusions increased, and the area fraction of inclusions
increased from 25.32 to 267.78 ppm.

(3) The precipitation of TiN increased significantly with the increase of the T.N
content in the steel, and the precipitation temperature of TiN increased slightly.
The nitrogen pick-up of the molten steel should be limited to reduce the
formation of large TiN inclusions.
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Effect of Channel Heights on the Flow
Field, Temperature Field, and Inclusion
Removal in a Channel-type Induction
Heating Tundish

Xi-qing Chen, Hong Xiao, Pu Wang, Peng Lan, Hai-yan Tang,
and Jia-quan Zhang

Abstract The setting of a channel in a multi-strand induction heating (IH) tundish
plays an important role in the metallurgical effect of the tundish. In the present work,
the influence of channel heights with 300, 400, and 500 mm, respectively, on the
flow, heat transfer, and non-metallic inclusions removal behavior in a dual-channel
six-strand IH tundish was studied by establishing a three-dimensional coupled
electromagnetic-flow-thermal numerical model and the Lagrangian Discrete Phase
Model (DPM). The results show that as the channel height increases from 300 to
500 mm, the distribution of the effective magnetic field in the discharging chamber
near the coil side gradually moves upwards, and the direction of the electromag-
netic force at the exit of channel changes from downwards to upwards. When the
IH turns on, the molten steel at the exit of channel flows from obviously downward
to upward with the increase in the channel height, but the liquid level fluctuation
becomes sharp under 500 mm of channel height. When the IH is turned off, the
increase of channel height can reduce the degree of short-circuit flow at strand 2
and increase the inclusion removal ratio. In addition, turning on the IH can promote
the removal of inclusions. Compared with IH turned off, the inclusion removal ratio
under IH is increased by 10.13%, 14.27%, and 12.38%, respectively, for 300, 400,
and 500 mm of channel height. According to the findings of the study, the height of
400 mm is suggested, which can not only avoid the short-circuit flow of strand No.
2 and improve the inclusion removal but also reduce the risk of slag entrapment by
excessive liquid level fluctuations.
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Keywords Induction heating tundish · Channel height · Electromagnetic force ·
Flow · Inclusion removal · Heat transfer

Introduction

The tundish is the last refractory container of liquid steel in the continuous casting
process and consequently plays an important role to steel quality in the entire process.
Heat loss is inevitable in the tundish during the casting process, and the fluctuations
of casting temperature will not only affect the stability of the solidification structure
but also have a direct impact on the quality of the continuous casting product [1].
Therefore, as a heat loss compensation, plasma heating [2, 3] and induction heating
(IH) [4, 5] technologies emerged in the 1990s. The channel-type IH tundish has
attracted more and more attention for its effectiveness in improving the flow field
and temperature distribution and promoting the removal of non-metallic inclusions
[6].

The patent for IH tundish was proposed by Ueda et al. [7] in 1984, and since then,
IH tundish has been continuously investigated by scholars. Wang et al. [8, 9] stated
that IH could compensate for the heat loss of the tundish but also pointed that the
pressure gradient due to electromagnetic force facilitates the removal of inclusions.
Yang and Lei et al. conducted a detailed study on the magnetic field [10], fluid flow,
temperature fields [11], and inclusions removal [12] in IH tundish, which suggested
that electromagnetic forces are more effective in changing the flow pattern of the
molten steel and removing inclusions than Joule heat. All the above studies are of
simple structured tundish without considering the effect of IH channels on the flow
consistency of each strand.However, T-typemulti-strand tundishes aremostly used in
the long product bloom casting process. Yue et al. [13] investigated the seven-strand
tundish and proposed that the location and shape of the channel must be considered
in further studies to improve the consistency of each strand. Recent years, Tang et al.
[14, 15] and Wang et al. [16, 17] optimized the structure of the multi-strand IH
tundish in the discharging chamber and proposed a double-port channel structure.

Previous researches on the IH tundish mainly focused on the influence of the elec-
tromagnetic force and Joule heat on the flow field, temperature field, and inclusions
removal behavior. However, that of the channel setting has rarely been considered.
The channel in the channel-type IH tundish is not only the place where the heating
takes place, but the channel itself is also a flow control device. Therefore, the loca-
tion of the channel is very important. In this present work, the magnetic field, flow,
temperature distribution, and inclusion removal behavior in a six-strand dual-channel
IH tundish under different channel heights are comparatively investigated by estab-
lishing a three-dimensional coupled electromagnetic-flow-thermal numerical model
and the Lagrangian Discrete Phase Model (DPM). It is expected to provide guidance
for the setting of the channel of the IH tundish to be used in industry.
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Mathematical Model

Figure 1 is a schematic diagram of the three-dimensional structure of the IH tundish.
As shown in Fig. 1a, the electromagnetic calculation model includes an induction
heater andmolten steel. The induction heater consists of an iron core and a coil wound
on it. Due to the structural symmetry of the six-strand tundish, half of the tundish
is used for simulation calculation. Figure 1b is a schematic of the three-dimensional
structure of the half of the tundish and the characteristic cross-section used in the
analysis, and Fig. 1c is a side view of the tundish. It can be seen from the figure that
the fluid domain in the simulation calculation is divided into the receiving chamber,
the discharging chamber, and the channel connecting the two chambers. The distance
between the centerline of the channel and the bottom of the discharging chamber is
defined as the channel height (H), and 300, 400, and 500 mm are set in this work.
The various geometrical parameters of the tundish are shown in Table 1.

Thedetails of the electromagnetic-flow-thermal couplingmodel and the inclusions
removal model in the induction heating tundish are well described by some scholars
[8, 10], and our team has also published related papers in recent years [14, 16,
17]. Therefore, the model assumptions, governing equations, boundary conditions,

Fig. 1 Schematic diagram of tundish structure: a Electromagnetic model, b three-dimensional
structure and characteristic surface, and c side view

Table 1 Geometry parameters of tundish with channel-type IH

Parameters Values Parameters Values

Capacity of molten steel (tons) 34 Receiving chamber depth (mm) 790

Number of strand 6 Discharging chamber depth (mm) 640

Distance between the strand (mm) 1650 Channel diameter (mm) 140
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relevant computational parameters, andmodel validation can be referred to the above-
mentioned literature and will not be repeated here.

The electromagnetic field is solved by the Maxwell equation system, the flow
field and temperature field are solved by the mass conservation equation, momentum
equations, and energy equations. In addition, the inclusions removal model is solved
by force balance analysis on particles. The electromagnetic-flow-thermal coupling
calculation process and numerical simulation process of the inclusions removal in
the six-strand IH tundish are as follows:

1. Use fluent to calculate the steady-state flow field and temperature field under
without IH conditions. the convergence residual for the energy equation is 10–6,
and the others are 10–4.

2. Use Ansys Maxwell to calculate the three-dimensional magnetic field, induced
current field, and electromagnetic force field. Loading Lorentz force and Joule
heat as source terms into the momentum and energy equations, respectively, and
applying Fluent for 1800s transients to obtain the quasi-steady-state flow and
temperature fields.

3. The DPM model is applied to calculate the inclusions removal behavior with
IH turning off and turning on conditions, respectively, referring to the reference
[14].

Results and Discussion

Effect of Channel Height on Electromagnetic Field

When an alternating current passes through a conductor, the current will concentrate
on the surface of the conductor, which is called skin effect [18]. For the channel-type
IH tundish, the induction current in the channel will tend to flow along the channel
surface. There will also be a proximity effect in the channel, so the induced current
is concentrated on the side close to the coil [19]. Figure 2 shows the magnetic
flux intensity distribution in the longitudinal section of the channel for different
channel heights. As can be seen from the figure, the magnetic flux intensity is mainly
distributed in the channel and the side of the discharging chamber near the coil under
the combined action of the skin effect and the proximity effect. The magnetic flux
intensity on the surface of the channel is the largest, with a maximum of over 2400
Gs. The electromagnetic flux intensity in the center of the channel and most areas of
the discharging chamber is below 480 Gs. As the height of the channel increases, the
magnetic flux intensity on the upper side of the channel in the discharging chamber
gradually increases, while that on the lower side gradually decreases, i.e., the active
region of the magnetic field gradually moves upward.

The direction of the electromagnetic force at the channel exit can affect the flow
trend of themolten steel at the exit of the channel [16]. Figure 3 shows the distribution
of the electromagnetic force vector on the centerline of the channel. As can be seen
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Fig. 2 Distribution of magnetic flux intensity in the longitudinal section of the channel: a H =
300 mm; b H = 400 mm; c H = 500 mm

from the figure, when the channel height is 300 and 400 mm, the electromagnetic
force at the channel exit is in the same direction as gravity, while when the channel
height is increased to 500 mm, the direction of electromagnetic force at the channel
exit changes from downwards to upwards, which will drive the molten steel at the
exit flow in different directions.

Effect of Channel Height on Flow Field of Tundish

Figure 4 shows the velocity vector of the longitudinal section of the channel at
different channel heights for heating 0 and 1800 s. As seen from the figure, before
heating (t = 0 s), regardless of whether the channel height is increased or not, the
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Fig. 3 Electromagnetic force vector diagram of the centerline of the longitudinal section of the
channel: a H = 300 mm; b H = 400 mm; c H = 500 mm

flow velocity of the molten steel in the channel does not exceed 0.3 m·s−1, and the
molten steel flows out horizontally from the exit of the channel to the front wall
and then forms two large circulations. When heating for 1800 s, the electromagnetic
force drives the molten steel in the channel to accelerate, and the flow velocity of the
molten steel can reach 1 m·s−1 under all three channel heights. When the channel
height is 300 and 400 mm, the steel at the channel exit is pulled by the downward
electromagnetic force and has a downward flowing trend, especially for 300 mm.
While the channel height is increased to 500 mm, the upward electromagnetic force
is likely to drive the molten steel flowing upwards.

Figure 5 is a three-dimensional streamline diagram of molten steel in tundish
when heated for 1800 s at different heights. As seen from the figure, when the height
of the channel is 300mm, themolten steel flowing out of the channel has a significant
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Fig. 4 Velocity vector diagram in the longitudinal section of the channel: a H = 300 mm; b H =
400 mm; c H = 500 mm

downward flow, and the speed is relatively fast. After the molten steel hits the wall of
the tundish, it flows along the bottom of the tundish to strand No. 1. Under this case,
the high-speed continuous flow is likely to erode the refractory lining at the bottom of
the tundish and produce exogenous inclusions [20]. When the height of the channel
is 400 mm, the molten steel flowing out of the channel will form a circular flow in
upper and lower parts after a slightly downward jet to the wall of the tundish. When
the height of the channel is 500 mm, the molten steel at the exit of the channel has
an obvious upward flow after reaching the free surface and forms a circulating flow
from top to bottom. It will take a longer time for the molten steel to reach nozzles
No. 1 and No. 3 than No. 2.

Figure 6 shows the velocity distribution at the free surface of molten steel in the
discharging chamber of the tundish with different channel heights when heating for
0 and 1800 s. Studies have shown that excessively high free surface velocity will
destroy the stability of the steel-slag interface and cause slag entrapment [21, 22].
Kubota et al. [23] reported that the threshold of the free surface velocity should not
exceed 0.40 m·s−1. As seen from the figure, with the increase in channel height from
300 to 500 mm at heating 0 s, the region where the free surface flow velocity exceeds
0.11 m s−1 increases, but the maximum velocity does not exceed 0.15 m s−1, that is,
the increase in channel height is beneficial to activate the free surface but will not
cause slag entrapment easily. When heating for the 1800 s, the electromagnetic force
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Fig. 5 Three-dimensional streamline diagram in the tundish after heating for 1800s: aH= 300mm;
b H = 400 mm; c H = 500 mm

Fig. 6 Free surface velocity distribution in the discharging chamber of the tundish, left for 0 s and
right for 1800 s: a H = 300 mm; b H = 400 mm; c H = 500 mm
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drives the molten steel to accelerate out of the channel and thus produces turbulence,
which makes the free surface velocity all higher than that without heated. When the
channel height is 300 mm, although the velocity in more than half of the free surface
is lower than 0.20 m·s−1, the velocity in some regions exceeds 0.40 m·s−1. When
the channel height is 400 mm, the region which the velocity of the free surface in
the discharging chamber over 0.20 m·s−1 is significantly larger than that in the case
of 300 mm channel height, but there is almost no region where the flow velocity
exceeds 0.40 m·s−1. With the channel height increasing to 500 mm, although the
upward flow at the channel exit can bring the non-metallic inclusions in molten steel
to the steel-slag interface and increases their contact chance with slag, it also makes
the velocity of the free surface for a larger region exceeds 0.40 m·s−1. It is extremely
easy to destroy the stability of the tundish cover, induce slag entrapment behavior,
and even cause the exposed molten steel to be subjected to secondary pollution.

Effect of Channel Height on Temperature Field

Figure 7 shows the temperature distribution in the longitudinal section of the channel
at different channel heights for heating 0, 900, and 1800 s. It is seen from the figure
that the temperature of the top area of the tundish increases slightly from 1799 to
1800 °C with the increase of the channel height when heating for 0 s. The IH first
rapidly heats themolten steel in the channel and then increases the overall temperature
of the discharging chamber with the help of the flow of the molten steel. When the
channel height is 300 mm and 400 mm and heating for 900 s, the high-temperature

Fig. 7 Temperature field of the longitudinal section of the channel changes with time: a H =
300 mm; b H = 400 mm; c H = 500 mm
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molten steel is diffused downward due to the fluid state in the above description, and
the temperature at the bottom of the tundish is moderately higher than on the top
area.When the channel height is 500mm and heating for 900 s, the high-temperature
molten steel flowing out of the channel exit is brought to the top area of the tundish by
the up-rising flow, so that the upper area keeps the high temperature. As the heating
continues to 1800 s, the temperature of the discharging chamber at different channel
heights is gradually uniform and maintains a constant temperature state, and there is
no significant difference in heating efficiency under different channel heights.

Effect of Channel Height on Inclusion Removal Ratio

Figure 8 compares the removal ratio of inclusions in various sizes when heating for
0 and 1800 s at different channel heights. Before heating (t = 0 s), the removal ratio
of inclusions in various sizes all increases with the increasing particle size for every
channel height. Because large inclusion size makes its buoyancy increase, which
is more easily absorbed by the steel-slag interface. This shows that the size of the
inclusions is a key factor affecting its removal. Moreover, the increase in channel
height allows the outflow of inclusions to be closer to the free surface, thus improving
the inclusion removal ratio.

It is also seen that the removal ratio of inclusions in all sizes after IH for 1800 s
is significantly improved compared with that before heating (t = 0 s). Due to the
presence of electromagnetic force and thermal buoyancy, the flow pattern of the
molten steel changes significantly, and the inclusions in different sizes no longer
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show a single pattern of increasing removal ratio with the size or the channel height
increasing. It also indicates that the influence of flowpattern on the inclusions removal
cannot be ignored.And it can be seen that IH ismore beneficial to increase the removal
ratio of small size inclusions, which is consistent with the conclusion obtained by
Xing et al. [5]. This is because that the IH increases the collision chance of inclusions
each other.

When the channel heights are 300, 400, and 500 mm, the corresponding inclusion
removal ratios before heating (t = 0 s) are 63.16, 66.59, and 68.45%, respectively,
while they are 73.29, 80.85, and 80.83%, respectively, at IH for 1800 s. The removal
ratio is increased by 10.13%, 14.26%, and 12.38% after heating for different channel
heights, in which the channel height of 400 mm has the most superior effect on the
IH to improve the inclusion removal ratio. Regardless of whether IH is turned on or
not, the increase in the removal ratio is both the greatest when the channel height is
increased from 300 to 400 mm. In summary, the channel height of 400 mm is the
most favorable for the removal of inclusions and the most effective for IH to remove
inclusions.

Conclusions

To improve the metallurgical effect of channel-type IH tundish, the effect of channel
height on the magnetic field, flow, temperature distribution, and the inclusions
removal in tundish are investigated using the coupled magnetic-flow-thermal model
and the Lagrangian Discrete Phase Model. According to the findings of this study,
the main conclusions can be listed as follows:

(1) As the height of the channel increases, the effective area of magnetic field
distribution in the discharging chamber near the coil side gradually moves
upward, and the direction of electromagnetic force at the exit of the channel
changes from downwards to upwards.

(2) The effect of the electromagnetic force causes the molten steel at the channel
exit to have a downward or upward flow trend. Compared with the channel
heights of 300 and 500 mm, the slightly downward flow at 400 mm will
neither wash the bottom of the tundish strongly nor cause excessive free surface
velocity.

(3) When the IH is turned off, the increase in the channel height will make the
molten steel flowing out of the channel closer to the free surface, which leads
to an increase in the inclusion removal ratio for almost all sizes. When the
IH is turned on, the maximum removal ratio of inclusions is 80.85% with the
channel height 400 mm.
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Effect of Slag Basicity on Non-metallic
Inclusions in a Heavy Rail Steel

Nan Liu, Lifeng Zhang, Yanping Chu, and Ying Ren

Abstract Experiments and thermodynamic calculations were performed to investi-
gate the effect of slag basicity (CaO/SiO2) on non-metallic inclusions in heavy rail
steels. With the increased of the slag basicity from the 1.7 to 2.3, the composition of
inclusions changed from the SiO2-CaO toAl2O3-MgO-SiO2-CaO.During the rolling
process, the full liquid inclusions were rolled to the linear shape inclusions, which
was harmful to heavy rail steels. It was proposed that the target of inclusions was the
partial liquid inclusions instead of the full liquid inclusions to avoid the formation
of the linear shape inclusions. Moreover, the relationship between the composition
of the Al2O3-MgO-SiO2-CaO slag and the composition of inclusions was calculated
using FactSage thermodynamic software. The content of Al2O3 in inclusions gradu-
ally increased from less than 10% to above 30%with a higher slag basicity. The lower
Al2O3 content in slag was beneficial to decrease the Al2O3 content in inclusions in
heavy rail steels.

Keywords Heavy rail steel · Slag basicity · Inclusion

Introduction

The demand for higher performance steels has been increasing year by year, it is
necessary to improve the cleanliness of heavy rail steels. Non-metallic inclusions
have a detrimental effect on the property of heavy rail steels, such as their strength,
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toughness, and fatigue resistance. The Al2O3-rich inclusions after the Al deoxida-
tion have a poor deformability during the rolling process, which is detrimental to
the surface quality of heavy rail steels [1, 2]. Thus, Si-Mn deoxidation was adopted
to suppress the formation of Al2O3-rich inclusions in heavy rail steels. However,
a certain amount of Al added ferroalloys during the refining process obviously
increased Al2O3 content in inclusions [3–5].

Control of inclusions is one of the main tasks of steelmakers. There are many
ways developed to achieve the precise control of inclusions, including deoxidation
[6, 7], calcium treatment [8–11], slag refining [12–14], argon blowing [15–17], etc.
Therefore, the slag modification played an important role to control the composition,
size, number, and distribution of inclusions in heavy rail steels. Inclusion composition
was greatly influenced by the composition of the top slag [18]. The precise control
of the composition of inclusions in steel could be achieved by choosing the proper
top slag composition. For Al-killed steels, it was previously thought that alumina
inclusions were modified to calcium aluminates by the Al reduction of CaO in the
refining slag [19]. Recently, Kitamura et al. [20] proposed that the CaO in the CaO-
Al2O3-SiO2-MgO slag was hardly reduced by the Al in the molten steel with less
than 0.25% Al. It was further proposed that the Al2O3 inclusions can hardly be
modified to CaO-Al2O3 inclusions by the slag refining. The relationship between
the slag composition and the cleanliness of Si-Mn-killed steel was widely studied
throughexperimental studies. ForSi-Mn-killed steels, theAl2O3 content in inclusions
was obviously influenced by the slag basicity and Al2O3 content in slag [21–23].
Chen et al. [24] found that the slag basicity should be controlled around 1.0 to
achieve plasticization of inclusions. Meanwhile, 10% content of Al2O3 in top slag
gave aid to improve the cleanness of tire cord steel, which would not increase the
Al2O3 content in inclusions. Park et al. [23] investigated the equilibrium of Si-Mn-
killed steels, inclusions, andCaO-Al2O3-SiO2-CaF2-MgO(-MnO) slagwith 30–50%
content of Al2O3. It was reported that the mole ratio of MnO/SiO2 in inclusions was
approximately 0.8 and Al2O3 in inclusions increased from about 10 to 40 mol %
with the increase of the slag basicity from 0.7 to 2.1.

The aim of the current work was to find a proper slag basicity to lower the content
of Al2O3 in inclusions in heavy rail steels. Therefore, laboratory experiments with
various slag basicity were performed, and non-metallic inclusions in steel after slag
refining were analyzed and calculated.

Experimental

In the current laboratory experiments, approximately, 150 gramsheavy rail steel and
15g refining top slagweremelted in aMgOcrucible. The initial steel compositionwas
listed in Table 1. The experiments were performed using vertical electric resistance
furnace under Ar atmosphere. After the temperature reaching 1873 K, the refining
slag sealed by the pure iron foil was added on the top of the molten steel.



Effect of Slag Basicity on Non-metallic Inclusions … 515

Table 1 Initial composition of heavy rail steels (wt %)

C Si Mn V S T.O Mg Al Ca Fe

0.8 0.65 0.95 0.06 0.0040 0.0010 0.0004 0.0030 0.0010 Balance

Table 2 Final composition of refining slag

No. R (CaO/SiO2) CaO SiO2 MgO Al2O3 CaF2

1 1.37 42.57 31.03 5.24 0.13 20.73

2 1.60 46.77 29.26 3.80 0.14 19.88

3 1.74 48.21 27.77 4.61 0.11 19.16

4 1.89 48.00 25.36 5.77 0.19 20.53

5 1.81 47.03 25.96 4.78 3.13 18.82

6 1.85 45.05 24.33 4.85 5.94 19.57

After the molten steel was hold in the furnace at 1873 K for 30 min, the crucible
was cooled with a cooling rate of 5 K/min in the furnace. Slags were the mixture
of analytically pure grade powders of CaO, SiO2, MgO, Al2O3, and CaF2. In the
initial slag, the CaO/SiO2 ratio was adjusted from 1.4 to 2.0, and the Al2O3 content
was increased from 0 to 5%. In the current study, six experiments followed the same
procedure except for adjusting CaO/SiO2 and Al2O3. The synthetic slag was pre-
melted at 1873 K for 2 h in a graphite crucible and then decarburized at 1273 K for
8 h to achieve a good homogeneity of the slag. After each experiment, steel and slag
in the crucible were divided. The steel sample was sectioned two parts, one for the
chemical analysis, and another was mounted and polished for automated SEM/EDS
inclusion analysis system (ASPEX). The composition of slag was analyzed by an
X-ray fluorescence spectrometer. The final composition of slag is listed in Table 2.
The slag composition was determined based on a steelmaking plant. The refining
slag contained roughly 15% CaF2. To simulate the slag composition used in the steel
plant and make sure the melting of the slag, the CaF2 content in the current study
was 20%.

Evolution of Inclusions After Slag Refining

Figure 1 shows the typical morphology of inclusions with various slag basicities.
The morphology of CaO-SiO2-MgO-Al2O3 inclusions with a slag basicity of 1.4
was in spherical shape, indicating that inclusions were liquid at the steelmaking
temperature. With the increase of slag basicity from 1.4 to 2.0, the morphology of
inclusions changed little. The morphology of inclusions was also in spherical shape.

The effect of the slag basicity on the number density and composition of inclusions
in heavy rail steels was shown in Fig. 2. The CaO content of inclusions increased
with a higher slag basicity from 1.4 to 2.0. Meanwhile, SiO2 and MgO contents in
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(a) R=1.4 

(b) R=2.0 

Fig. 1 Typical morphology of inclusions with various slag basicity. a R = 1.4. b R = 2.0
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Fig. 3 Effect of Al2O3 in slag on of inclusions. a Inclusion composition. b Inclusion number
density

inclusions decreased with a higher slag basicty. It was noted that the Al2O3 content in
inclusions was always lower than 5% with the change of slag basicity. The number
density of inclusions decreased with the increase of slag basicity, indicating that
the high basicity slag was beneficial to the removal of inclusions and lowering the
oxygen in steel. For the refining process of heavy rail steels, it was suggested to lower
the Al2O3 content in slag and increased the slag basicity to decrease the Al2O3 in
inclusions and remove inclusions.

Figure 3 shows the effect of the Al2O3 in slag on the composition of inclusions in
the steel. When the Al2O3 in slag increased from 0.1 to 5.9, contents of Al2O3 and
MgO in inclusions gradually rose up, while contents of SiO2 and CaO in inclusions
apparently decreased. The aluminum transferred from the Al2O3 in slag to [Al] in
steel, increasing the Al2O3 in inclusions. Meanwhile, the MgO in slag was reduced
by the dissolved aluminum in the steel, leading to the increase of MgO in inclusions.
The number density of inclusions was less than 3 per mm2 with the increase of
Al2O3 in slag. It was concluded that the lower Al2O3 content in slag was beneficial
to decrease the Al2O3 content in inclusions in heavy rail steels.

Thermodynamic Calculation

The effect of the slag composition on steel and inclusion compositionswas calculated
using FactSage 7.1 with FactPS, FToxide, and FTmisc databases. Figure 4 shows the
calculated effect slag basicity on steel compositions. The initial steel composition
was listed in Table. In the initial slag, the CaO/SiO2 ratio was adjusted from 1.2
to 2.0. The [Al] in steel increased from 5 ppm to more than 35 ppm with a higher
slag basicity from 12 to 2.0, indicating that the higher slag basicity promoted the
transfer of aluminum from theAl2O3 in slag to [Al] in steel. The [Mg] content slightly
increased from 3 to 11 ppmwith the higher slag basicity due to the reduction ofMgO



518 N. Liu et al.

0

5

10

15

20

25

30

35

40

45

1.81.61.4 2.0

C
om

po
ne

nt
s 

of
 s

te
el

 (p
pm

)

R(CaO/SiO2)

 [Ca]
 [Al]
 [Mg]
 [O]

1.2 0 5 15 2010
0

10

20

30

40

50

60

C
om

po
ne

nt
s 

of
 s

te
el

 (p
pm

)

Content of Al2O3 in slag (%)

 [Ca]
 [Al]
 [Mg]
 [O]

3

(a) Effect of slag basicity (b) Effect of Al2O3

Fig. 4 Calculated effect of slag composition on steel composition. a Effect of slag basicity b Effect
of Al2O3

in slag by the [Al] in steel. With the increase of Al2O3 in slag from 0 to 6%, the [Al]
in steel obviously increased from less than 10 ppm to over 50 ppm. Thus, the lower
Al2O3 in slag was beneficial to decrease the [Al] in heavy rail steels.

Figure 5 shows the calculated effect slag basicity on inclusion compositions. In
the initial slag, the Al2O3 content was increased from 0 to 5%. With the slag basicity
in slag increasing from 1.2 to 2.0, the CaO content in inclusions increased from less
than 40% to 55%, while contents of Al2O3, MgO, and SiO2 in inclusions slightly
decreased, which was corresponded with experimental results. There was little MnO
in the inclusions after reactions due to the reduction of Al, Mg, and Ca in steel.
With the increase of Al2O3 in slag from 0 to 6%, the Al2O3 content in inclusions
obviously increased from less than 10% to more than 30%, and contents of CaO,
MgO, and SiO2 in inclusions slightly decreased, which was similar with the tendency
of observed results. Thus, the high basicity slag was beneficial to lower the oxygen
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in steel and the removal of inclusions in steel, while the formed inclusions contained
a higher content of Al2O3. The low basicity slag refining was suggested to lower the
Al2O3 in inclusions and improve the deformability of inclusions.

Conclusions

1. With a higher slag basicity in slag, the CaO content in inclusions increased,
while contents of Al2O3, MgO, and SiO2 in inclusions slightly decreased. The
increase of slag basicity lowered the number density of inclusions.

2. The low slag basicity of less than 1.6 was suggested to lower the [Al] in steel
to less than 10 ppm and Al2O3 in inclusions to lower than 10%, to improve the
deformability of inclusions in heavy rail steel.

3. When the Al2O3 in slag increased, the content of Al2O3 and MgO in inclusions
gradually rose up, while contents of SiO2 and CaO in inclusions apparently
decreased. The aluminum transferred from the Al2O3 in slag to [Al] in steel,
increasing the Al2O3 in inclusions. The Al2O3 in slag should be lowered as low
as possible to decrease the [Al] and Al2O3 in inclusions for heavy rail steels.
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Enrichment of Amorphous B
into Mg2B2O5 Crystals Through Phase
Transformation of B-bearing Blast
Furnace Slag

Yu Li, Jintao Gao, and Zhancheng Guo

Abstract B-bearing blast furnace slag is a typical secondary resource of boron
(B), which is produced from the ludwigite ore in ironmaking process. However, B
is dispersed in the amorphous phase resulted to inefficiently recover from the B-
bearing blast furnace slag. In this manuscript, the phase transformation behaviors of
B-bearing blast furnace slag were investigated through varying of MgO contents and
B2O3/SiO2 (B/S) ratios based on the equilibrium phase diagram, and consequently,
the amorphous B was adequately enriched into Mg2B2O5 crystals. Firstly, Mg2B2O5

crystals as the second precipitated phase were crystallized through adjusting MgO
content to 50.00 wt.% and B/S ratio to 1.00 in the primary crystallization region
of Mg2SiO4. In addition, the transformation of primary crystallization region from
Mg2SiO4 to Mg2B2O5 was achieved through varying B/S ratio to 1.80 and MgO
content to 38.00 wt.%, and Mg2B2O5 crystals as the first precipitated phase were
fully crystallized.

Keywords B-bearing blast furnace slag · Amorphous boron · Boron enrichment ·
Phase transformation ·Mg2B2O5 crystals

Instruction

The ludwigite ore in Liaoning province, China, is one of the largest boron resources
in the world [1]. However, this B-Mg-Fe symbiotic ore has been primarily adopted to
refine iron by the mineral processing in combination with blast furnace ironmaking
process [2].As a result, almost all of the boron (B) andmagnesium (Mg) are converted
into the B-bearing blast furnace slag along with other gangue minerals [3, 4]. The
B-bearing blast furnace slag contains up to 12–22 wt.% of B2O3 and 35–45 wt.%
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of MgO [5–8], and its boron oxide content is higher than that of the raw ludwigite
resource. However, the boron fails to be extracted from slag through the conventional
beneficiation methods arising from the distribution of boron in amorphous phase [9].
Currently, plenty of B-bearing blast furnace slag is stacked in landfills, which causes
a huge waste of high-value boron resources.

In order to recover boron resources, the B-bearing blast furnace slag is
mainly adopted by hydrometallurgy methods through converting the B-containing
compounds into boric acid or sodium borate, including acid leaching method
[10], alkaline leaching method [11], and carbonate-alkaline leaching method [12].
However, boron is mainly existed in the amorphous phase resulting in the low extrac-
tion rate of boron [10–12], the large amounts of leachate used, slow leaching rate,
and environmental pollution limited the hydrometallurgy methods for recovering
boron from the B-bearing blast furnace slag. Actually, the boron element could
be precipitated into some specific compounds (e.g. suanite (Mg2B2O5) or kotoite
(Mg3B2O6)) from the molten slag, helping the subsequent separation of the B-
containing compounds from others through the hydrometallurgy or beneficiation
methods. Sui et al. [6] proposed that the extraction rate of boron fromB-bearing blast
furnace slag through hydrometallurgy methods was directly related to the precipita-
tion characteristics of boron compounds. Moreover, the boron component existed in
a form of Mg2B2O5 or Mg3B2O6 compound is conductive to improve the extraction
rate of boron from the slag through leaching methods, as proposed by Zhang and Sui
[5].

In addition, Gao et al. [13] studied the crystallization behaviors of B-bearing
blast furnace slag and suggested that nothing was precipitated from the molten slag
except the olivine phase, whereas the boron remained in slag phase overall at high
temperatures. Liu et al. [14] reported that lower temperatures were beneficial for
the formations of Mg2B2O5 and Mg3B2O6 crystals, which were precipitated from
the molten slag together with olivine phase. Based on the phase equilibrium phase
diagram of MgO-SiO2-B2O3-CaO-Al2O3 and the various experiment results above,
olivine is the first and main crystallization phase of B-bearing blast furnace slag.
However, only a few boron is precipitated into the Mg2B2O5 and Mg3B2O6 crystals,
whereas most of which exists in the slag phase of amorphous state. Furthermore,
the content of B2O3 in Mg2B2O5 (46.67 wt.%) is higher than that of Mg3B2O6

(36.84 wt.%) in theory, so as to upper the extraction rate of boron. Hence, this work
ascertains the selective precipitation conditions of B-bearing blast furnace slag melt
to adequately enrich boron into theMg2B2O5 crystals, helping the extraction of boron
from the slag.

In this study, the phase transformation behaviors of B-bearing blast furnace
slag were investigated through varying of MgO contents and B2O3/SiO2 (B/S)
ratios based on the equilibrium phase diagram of MgO-SiO2-B2O3-CaO-Al2O3, and
consequently, the amorphous B was adequately enriched into Mg2B2O5 crystals in
B-bearing blast furnace slag.



Enrichment of Amorphous B into Mg2B2O5 Crystals … 523

Experimental

Materials

In thiswork, theB-bearing blast furnace slagwas produced from ludwigite in the iron-
making process of Fengcheng Iron and Steel Group Co. Ltd., in Liaoning province,
China, and its chemical composition is shown in Table 1. The slag has a relatively
high concentration of boron, and the mass fraction of B2O3 is up to 19.13 wt.%.
However, only the significant diffraction peaks of Mg2SiO4 appear in the X-ray
diffraction (XRD) pattern of the slag, as shown in Fig. 1a. Furthermore, the scanning
electron microscopy with energy-dispersive X-ray spectroscopy (SEM-EDX) results
of the B-bearing blast furnace slag is shown in Fig. 1b and Table 2, and numbers of
equiaxed crystals of Mg2SiO4 is presented in the slag, while all boron is presented
in the slag phase in an amorphous state.

Table 1 Chemical compositions (wt.%) of B-bearing blast furnace slag

Composition MgO SiO2 B2O3 CaO Al2O3 Others B2O3/SiO2(B/S)

B-bearing blast furnace
slag

42.40 31.12 19.13 3.16 1.98 2.21 0.61

Fig. 1 XRD pattern and SEM image of B-bearing blast furnace slag

Table 2 EDX data of different phases in boron-bearing slag (wt.%)

Positions No. Mg Si O Ca Al B Fe Phases

Figure 1b Pt. 1 33.32 20.27 46.41 – – – – Mg2SiO4

Figure 1b Pt. 2 21.23 11.94 49.02 3.47 2.48 10.25 1.61 slag phase
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Fig. 2 Equilibrium phase diagram of MgO-SiO2-B2O3-3wt.%CaO-2wt.%Al2O3

Enrichment of Amorphous B into Mg2B2O5 Crystals
as the Second Precipitated Phase

From the equilibrium phase diagram of MgO-SiO2-B2O3-3wt.%CaO-2wt.%Al2O3

as calculated using FactSage 7.3 and shown in Fig. 2, the original composition of the
B-bearing blast furnace slag was located within the primary crystallization region of
Mg2SiO4. However, boron exists in the amorphous state in this region, which brings
great difficulty to efficiently recover boron from the slag.

According to the phase equilibria of MgO-SiO2-B2O3-3wt.%CaO-2wt.%Al2O3,
MgOcontent andB/S ratio are the twomain factors for the formation of the crystalline
phase in B-bearing blast furnace slag. Therefore, the transformation behaviour of
the crystalline phase with various MgO contents and B/S ratios was investigated.
The crystallization behavior of B-bearing blast furnace slag was experimented by
changing the MgO content from 42.00 to 52.00 wt.% and the B2O3/SiO2 (B/S) ratio
from 0.60 to 1.20, as shown in Fig. 2b. 10 g of each slag was thoroughly mixed and
filled into a graphite crucible and heated to 1773 K for 30 min in a muffle furnace to
ensure a complete melting and homogenization. Subsequently, the slags were cooled
slowly to 1373 K with a cooling rate of 2 K/min and then water-quenched rapidly.
Subsequently, XRD and SEM-EDX were utilized to analyze the crystalline phase
and element migration behavior in the B-bearing blast furnace slag.

Enrichment of Amorphous B into Mg2B2O5 Crystals
as the First Precipitated Phase

The crystallization of Mg2B2O5 crystals is greatly limited by the first precipitated
olivine, and two primary crystalline regions consisting of Mg2B2O5 and Mg2SiO4
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are existed in the equilibrium phase diagram of MgO-SiO2-B2O3-3wt.%CaO-
2wt.%Al2O3. Therefore, the transformation of the primary crystalline phase in B-
bearing blast furnace slag for directly enriching boron from the amorphous state into
Mg2B2O5 crystals is studied further.

The crystallization behavior of B-bearing blast furnace slag was experimented by
changing the B/S ratio from 0.60 to 2.20 and the MgO content from 42.00 to 38.00
wt.%, as shown in Fig. 2c. A mass of 10 g of each slag was heated at 1773 K for
30 min. After that, the slags were cooled down slowly to 1373 K with a cooling rate
of 2 K/min and then quenched in water rapidly. Subsequently, XRD and SEM-EDX
were utilized to analyze the crystalline phase and element migration behavior in the
B-bearing blast furnace slag.

Results and Discussion

Enrichment of Amorphous B into Mg2B2O5 Crystals
as the Second Precipitated Phase

The XRD patterns and SEM images for the crystalline phases in B-bearing blast
furnace slag with various MgO contents (B/S = 0.60) are shown in Figs. 3 and 4.
Obviously, only the Mg2SiO4 appears in the slag, and the diffraction peak intensity

Fig. 3 XRD patterns of B-bearing blast furnace slag with various MgO contents (B/S = 0.60)
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Fig. 4 SEM images of B-bearing blast furnace slag with various MgO contents (B/S = 0.60): a
wt.% (MgO) = 42.00, b wt.% (MgO) = 44.00, c wt.% (MgO) = 46.00, d wt.% (MgO) = 48.00, e
wt.% (MgO) = 50.00, f wt.% (MgO) = 52.00

and crystal size of Mg2SiO4 gradually increase with the MgO content increasing
from 42.00 to 46.00. However, boron element is all dispersed in the slag phase,
which shows that Mg2+ principally combined with SiO4−

4 and crystallized into
Mg2SiO4. When the MgO content increased to 48.00, the diffraction peaks of
Mg2B2O5 appeared and its diffraction peak intensity gradually increase with the
MgO content increasing from 48.00 to 50.00. In addition, fine crystals of Mg2B2O5

with sizes of 200–300 µm were evenly distributed among the Mg2SiO4 crystals
in the slag. As accordingly verified, more Mg2+ would react with B2O

4−
5 to form

Mg2B2O5 crystals in the molten slag with the increase of MgO content. However,
although the peak intensity of Mg2B2O5 increased, the crystal size of Mg2B2O5 and
Mg2SiO4 became smaller and diffusely distributed in the slag phase when the MgO
content was further increased to 52.00. It is verified that the appropriate increase of
MgO content is beneficial to the nucleation of Mg2B2O5 crystals and promotes the
combination of Mg2+ and B2O

4−
5 , but the excessive MgO content will increase the

slag viscosity and inhibit the growth of Mg2B2O5 crystals in the primary crystal-
lization region of Mg2SiO4. Therefore, it is favorable to enrich amorphous boron to
Mg2B2O5 crystals as the MgO content is 50.00 wt.% in the primary crystallization
region of Mg2SiO4.

Figures 5 and 6 show further the XRD patterns and SEM images for the crystalline
phases in the B-bearing blast furnace slag with various the B/S ratios (wt.% (MgO)
= 50.00). Obviously, the diffraction peak intensity of Mg2B2O5 gradually increases
with the increase of B/S from 0.60 to 1.20, as shown in Fig. 5. On the contrary,
the crystal size of Mg2B2O5 crystals decreases gradually, and the crystal size of
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Fig. 5 XRDpatterns of B-bearing blast furnace slag with various B/S ratios (wt.% (MgO)= 50.00)

Mg2B2O5 crystals only 50–100 µm when the B/S exceeds 1.00, as shown in Fig. 6.
In fact, the increase of B/S ratio is beneficial to the nucleation of Mg2B2O5 crystals
owing to more B2O

4−
5 but will lead to the increase of slag viscosity so that the

crystal growth of Mg2B2O5 as the second precipitated phase is inhibited. Therefore,
Mg2B2O5 crystals as the second precipitated phase are crystallized through adjusting
MgO content to 50.00wt.% and B/S ratio to 1.00 in the primary crystallization region
of Mg2SiO4.

Enrichment of Amorphous B into Mg2B2O5 Crystals
as the First Precipitated Phase

The crystallization of Mg2B2O5 crystals is greatly limited by the first precipitated
olivine in the primary crystallization region of Mg2SiO4, and it is not conducive to
the subsequent extraction of boron from the B-bearing blast furnace slag. Therefore,
the primary crystalline phase of slag is transformed for fully enriching boron from
the amorphous state into Mg2B2O5 crystals.

Figures 7 and 8 show the XRD patterns and SEM images for the crystalline
phases in the B-bearing blast furnace slag with various the B/S ratios (wt.% (MgO)
= 42.00).As theB/S ratio increases from0.60 to 0.80, the diffraction peak intensity of
Mg2SiO4 increases and the Mg2SiO4 crystals become larger, as presented in Fig. 8a,
b. When the B/S ratio increases to 1.00, the diffraction peaks of Mg2B2O5 appear
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Fig. 6 SEM images of B-bearing blast furnace slag with various B/S ratios (wt.% (MgO)= 50.00):
a B/S = 0.60, b B/S = 0.80, c B/S = 1.00, d B/S = 1.20

and the diffraction peak intensity of Mg2SiO4 decreases. In addition, Mg2B2O5 fine
crystals with sizes of 50–100 µm are uniformly distributed in the Mg2SiO4 crystals
of the slag. In fact, based on the equilibria phase diagram of MgO-SiO2-B2O3-
3wt.%CaO-2wt.%Al2O3, the combination of B/S = 1.00 and wt.% (MgO) = 36.00
is in the primary crystallization region of Mg2SiO4. With the formation of Mg2SiO4

in the molten slag, the composition of the remaining melt is gradually transfer to the
crystallization region of Mg2B2O5, and B2O

4−
5 start to crystallize with the Mg2+

to form Mg2B2O5 in the melt. With the further increase in B/S ratio to 1.20, the
primary crystallization region is transfer from Mg2SiO4 into Mg2B2O5. Thus, more
Mg2+ primarily react with B2O

4−
5 in the molten slag, which causes the significant

increase of the diffraction peak intensity of Mg2B2O5 for B/S = 1.20. The crystal
size of Mg2B2O5 displays an obvious increase to 150–200 µm with the decrease of
Mg2SiO4 as shown in Fig. 8d. Subsequently, Mg2B2O5 is still the main crystalline
phase in slag, and its diffraction peak intensity gradually decreases with the further
increase of B/S. Accordingly, the crystal size of Mg2B2O5 also increases when the
B/S ratio increases from 1.20 to 1.80. However, the crystal size ofMg2B2O5 begins to
decrease after reaching the maximum crystal size with 200–400 µm at B/S = 1.80.
As accordingly verified, the increase of B/S ratio will increase the concentration
of B2O

4−
5 in slag, which will promote the nucleation of Mg2B2O5, but the further



Enrichment of Amorphous B into Mg2B2O5 Crystals … 529

Fig. 7 XRDpatterns of B-bearing blast furnace slag with various B/S ratios (wt.% (MgO)= 42.00)

increase ofB/S ratiowill lead to the inhibition ofMg2B2O5 crystal growth. Therefore,
it is conducive to enrich amorphous boron to Mg2B2O5 crystals as the B/S ratio is
1.80 in the primary crystallization region of Mg2B2O5.

In addition, the XRD patterns and SEM images for the crystalline phases in
B-bearing blast furnace slag with various MgO contents (B/S = 1.80) are shown
in Figs. 9 and 10. Obviously, the diffraction peak intensity of Mg2B2O5 gradually
increases, and the diffraction peak intensity of MgSiO3 gradually decreases as MgO
content decreases from 42.00 wt.% to 40.00 wt.%, as presented in Fig. 9. Moreover,
the single diffraction peak of Mg2B2O5 appears in the slag when the MgO content
is 38.00 wt.%. Accordingly, Mg2B2O5 crystal exhibits columnar crystal, and its
crystal size increases gradually with decrease of MgO content, and the crystal size
of Mg2B2O5 is 300–600 µmwhen the MgO content is 38.00 wt.%. It is verified that
the decrease of MgO content is beneficial to the growth of Mg2B2O5 crystals and
inhibits the combination of Mg2+ and SiO2−

3 in the primary crystallization region
of Mg2B2O5. Therefore, the transformation of primary crystallization region from
Mg2SiO4 to Mg2B2O5 was achieved through varying B/S ratio to 1.80 and MgO
content to 38.00 wt.% for fully enriching boron into Mg2B2O5.
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Fig. 8 SEM images of B-bearing blast furnace slag with various B/S ratios (wt.% (MgO)= 42.00):
a B/S = 0.60, b B/S = 0.80, c B/S = 1.00, d B/S = 1.20, e B/S = 1.40, f B/S = 1.60, g B/S =
1.80, h B/S = 2.00, i B/S = 2.20

Conclusion

In this study, the phase transformation behaviors of B-bearing blast furnace slag were
investigated throughvarying ofMgOcontents andB/S ratios based on the equilibrium
phase diagram, and consequently, the amorphous B was adequately enriched into
Mg2B2O5 crystals. The following conclusions could be drawn:

(1) The increase ofMgOcontent andB/S ratiowas conductive to enrich amorphous
boron into Mg2B2O5 crystals in B-bearing blast furnace slag.
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Fig. 9 XRD patterns of B-bearing blast furnace slag with various MgO contents (B/S = 1.80)

Fig. 10 SEM images of B-bearing blast furnace slag with MgO contents (B/S = 1.80): a wt.%
(MgO) = 42.00, b wt.% (MgO) = 40.00, c wt.% (MgO) = 38.00

(2) Mg2B2O5 crystals as the second precipitated phase were crystallized through
adjusting MgO content to 50.00 wt.% and B/S ratio to 1.00 in the primary
crystallization region of Mg2SiO4.

(3) The transformation of primary crystallization region from Mg2SiO4 to
Mg2B2O5 was achieved through varying B/S ratio to 1.80 and MgO content
to 38.00 wt.%, and Mg2B2O5 crystals as the first precipitated phase was fully
crystallized.
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Experimental Study on Thermal Shock
Resistance of Magnesia Carbon Brick

Lv Changhai, Li Jing, Lv Renxiang, and Tian Shouxin

Abstract In this paper, five kinds of magnesia carbon refractories commonly used
in the metallurgical industry were selected to explore their thermal shock resistance.
The experiment results showed that themaximum residual flexural strength of sample
2# was 8.07 MPa after three thermal shock cycles under the stress of not more than
0.3 MPa, representing the best thermal shock resistance according to the standard.
The accuracy of this result was verified through the tests for the linear expansion
performance, ratio of high-temperature flexural strength (Re) to Elastic modulus (E).
Sample 2# showed a basically identical linear expansion rate with that of the high-
carbon sample at the test temperature of 1200–1500 °C. The Re/E index of sample
2# was relatively high at high temperatures. The comprehensive analysis identified
that sample 2# performed the best thermal shock stability. Therefore, sample 2# can
serve as qualified refractories of a converter bath.

Keywords Magnesia carbon brick · Thermal shock resistance · Linear expansion
rate · Re/E index

Introduction

With the increasing furnace age of the converter, erosion to different degrees can be
found in the steel furnace lining, especially in furnaces producing the steel of low
carbon and phosphorus comparedwith those producing ordinary carbon steel. A laser
thickness gauge was used to measure the residual thickness of the furnace lining,
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with the result showing that the residual thickness of the molten pool of furnace
lining was relatively small. After analyzing the causes of the lining erosion, it was
found that due to the drastic changes in the surface temperature, premature damage
and uncontrolled abrasion were unavoidable in the furnace lining.

Although no fixed standards are made for refractories used in the molten pool
of the furnace lining and the steelmaking technology varies with different product
structures, the thermal shock cycle exerts the same effect on the refractories in the
molten pool, leading to severe abrasion of refractories and higher production costs.
Therefore, it is necessary to choose a refractory product with sound thermal shock
resistance; the key of the selection lies in the comparison and evaluation of the
thermal shock resistance of different refractories. Thus, in this study, experiments
were carried out to explore the thermal shock resistance of magnesia carbon bricks
to provide a basis for selecting magnesia carbon bricks used in the molten pool.

Due to various refractory products and different thermal shock conditions,
methods to test the thermal shock resistance are not fixed, which, instead, are flexible
according to the actual situations [1]. Many of them have been conducted and widely
accepted [2], following the test standards of thermal shock resistance of refractories,
including DIN 51068, EN 993-11, ASTM-C-1171, and GB/T30873-2014. In this
paper, tests were carried out with reference to EN 993-11 and GB/T30873-2014.

Experimental

Materials

Five kinds of magnesia carbon bricks widely used in the industry were selected
to conduct thermal shock resistance tests. The raw materials of samples mainly
included fused magnesia aggregate, flaky graphite, metallic Al, and Si powder.
Phenol-formaldehyde resin liquid of the same amount as the rawmaterial was chosen
as the binder, as shown in Table 1. Then the rawmaterials in each sample were mixed
in the high-speed mixer at 100 r/min, shaped using a 1500 t press, and dried at 200 °C
for 24 h.

Table 1 Composition of magnesia carbon refractory sample /wt%

Raw materials composition Samples number

1# 2# 3# 4# 5#

Fused magnesia aggregate 67.5 66 66.8 68 63.4

Magnesia powder 12 13 13 6.5 11

Flaky graphite 12 14 16 18 20

Si powder 2.5 1 0.2 2 0

Metallic Al 3 3 1 2.5 2.3
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Experimental Method

Test samples were made from the same parts, with sample size: 120 mm × 50 mm
× 50 mm and the test temperature of thermal shock resistance being 950 °C. The
following test steps were repeated: A heat preservation, B heating, C rapid cooling,
and D pressure. The test process is shown in Fig. 1, specifically: (a) First, the samples
were held at 300 °C for heat preservation, until the weight was stable, waiting for the
heating furnace to meet the test requirements. (b) The heating furnace preheated to
950 ± 10 °C and insulated for 15 min. Then, the samples were put into the heating
furnace insulated at 950 °C for 30 min. (c) Emergency cooling was conducted using
compressed air under a pressure of 0.1 MPa for 5 min. (d) After emergency cooling,
the injection surfacewas taken as the tension surface to conduct a three-point bending
stress test under the pressure of no more than 0.3 MPa.

If the samples break under the bending stress of 0.3 MPa, they will be considered
to fail to pass the thermal shock test and vice versa. The residual strength was
measured after three thermal shock cycles, while the flexural strength of the sample
was measured before tests. According to the results, the residual strength ratio of
each sample was calculated, as shown in Table 2.

Fig. 1 Thermal shock resistance test

Table 2 Results of thermal
shock resistance

Samples number Mark Bending
stress/MPa

Residual flexural
strength/Mpa)

1# 12 0.27–0.29 5.33

2# 14 0.27–0.29 8.07

3# 16 0.27–0.29 7.34

4# 18 0.27–0.29 4.08

5# 20 0.27–0.29 6.90
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Results and Discussion

Residual Strength of the Sample

According to the EU standard EN 993-11, samples with higher residual strength
represented better thermal shock resistance. The highest residual strength of sample
2# is 8.07 MPa, as shown in Table 2 and Fig. 2.

Figure 2 shows that sample 4# had the lowest residual strength 4.08Mpa, followed
by the residual strength of 1# samplewas 5.33Mpa, but 3# sample and 5# samplewas
relatively high. The carbon content of sample 5# was 20%. At 950 °C, the formation
of carbides, and other substances densified the magnesia carbon brick, increased
residual strength. The content of the metal additive Si in the 1# sample and the 4#
sample was the highest. It will be oxidized inside the magnesia carbon brick at high
temperature, and it was easy reaction for carbon, which lower the residual strength,
while the residual strength of the 2#, 3# and 5# samples relatively high. The content
of the metal additive Al in the 2# sample and the 5# sample was relatively high. The
strength of magnesia carbon refractories containing properly proportioned Al and Si
metal additives has been improved [3]. The low proportion of the magnesia powder
in sample 4# (6.5%) impeded the wrapping of graphite and metal additives and the

Fig. 2 Changes in flexural strength of samples before and after the test
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reduction of the material’s thermal expansion coefficient, thus affecting the thermal
shock resistance of the sample.

Linear Expansion Rate of the Sample

To further verify the accuracy of the above test conclusions, a thermal dilatometer
was used to test the linear expansion rate of the samples. Samples with lower linear
thermal expansion rates at high temperatures represented smaller internal thermal
stress affected by temperature changes, thus performing greater thermal shock resis-
tance. The sample was collected along the direction parallel to that of shaping, and
the size of the columnar sample was �10 mm × 50 mm. In order to prevent the
oxidization, the sample was collected under the protection of N2, with a heating rate
of 5 °C/min. The test results are shown in Fig. 3.

Figure 3 shows that when the test temperature was 1500 °C, the maximum linear
expansion rate of sample 1# was 1.950%, and the minimum linear expansion rate
of sample 5# was 1.622%. Sample 3# showed the highest linear expansion rate at
the temperature of 100–450 °C. Sample 1# showed the largest linear expansion rate
at the temperature of 450–1200 °C. At the temperature of 1200–1500 °C, sample
1# represented the largest linear expansion rate, while the linear expansion rates of
samples 2#–5# were basically the same. In the medium temperature range, the linear
expansion rates of the samples were inversely proportional to their carbon content:
the higher carbon content indicated the lower linear expansion rate. That revealed

Fig. 3 Magnesia carbon brick linear expansion curve
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one of the functions of carbon added in refractories: improving magnesia carbon
bricks’ thermal shock resistance by repressing its thermal expansion [4].

In practical steelmaking, the furnace lining temperature ranges between 1500 and
1400 °C from the end of steel production to iron mixing. When producing steels
with low carbon and phosphorus, the slag splashing layer of the furnace lining is
seriously melted due to their process characteristics, increasing the exposure of the
furnace lining brick. Under this circumstance, refractory products with poor thermal
shock resistance are most prone to damage. Figures 2 and 3 show that sample 1#
has the largest linear expansion rate with relatively low residual strength, indicating
poor thermal shock resistance.

Re/E Index of the Sample

In the previous study [5], the Re/E index was used to evaluate the thermal shock
resistance of magnesia carbon bricks, identifying that the refractories with the higher
strength represented stronger thermal stress resistance, thus were less likely to be
destroyed and showed better thermal shock resistance. The material with a higher
elasticmodulus performed smaller elastic deformation, failing tomitigate and release
the thermal stress and impeding its thermal shock resistance. In other words, the
larger the Re/E index of the sample, the better its thermal shock resistance. In order
to accurately evaluate the thermal shock resistance of magnesia carbon bricks, the
stress and strain of the sample at 1400 °C were tested. As shown in Table 3 and
Fig. 4.

Figure 4 shows that the relatively low Re/E value of sample 4# is mainly caused
by its high elastic modulus and poor flexural strength. The relatively high Re/E value
of sample 1# is mainly due to its high flexural strength at high temperatures. The
thermal shock resistance of samples 2# and 3# was relatively good. The low Re/E
value of sample 5# is mainly sparked by its overall low flexural strength before and
after the test, high elastic modulus, and poor flexural strength.

Table 3 Elastic modulus and
high-temperature flexural
strength

Samples number Re/E

1# 1.93

2# 1.88

3# 1.98

4# 1.04

5# 0.98
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Fig. 4 Thermal shock resistance index of the magnesia carbon brick

Conclusion

In this paper, the thermal shock resistance of magnesia carbon brick samples at
950 °C was tested, and it was found that the residual flexural strength of sample 2#
was the highest. According to the standard, the thermal shock stability of this sample
should be the best. To verify the accuracy of this conclusion, linear expansion rate
and high-temperature Re/E index were tested. The results show the accurate thermal
shock resistance test at 950 °C. The carbon content of sample 2# is 14%. The analysis
shows that this type of magnesium-carbon brick can meet the use requirements of
refractories of the converter melting pool. The thermal shock stability of magnesium-
carbon brick has a great relationship with graphite content, metal additives, magnesia
fine powder content, etc. These factors influence the thermal shock stability of the
materials by affecting the linear expansion rate and mechanical strength.
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Highly Efficient Iron Recovery
from Low-Grade Refractory Iron Ores
by Coal-Based Direct Reduction

Luxing Feng, Jiandong Chen, Xiao Zhang, Hongchuan Zuo, and Hanjie Guo

Abstract The coal-based direct reduction characteristics of low-grade iron ore
during lignite pyrolysis were investigated. Especially, the coal used as reducing agent
contains a high percentage of volatile matter and a low percentage of fixed carbon,
which could produce a large amount of H2 and CO during pyrolysis at high temper-
ature and improve the speed of reduction reaction. The results show that appropri-
ately increasing the reduction temperature, increasing the amount of reducing agent,
and prolonging the reduction time can all improve the index of DRI. At reduction
temperature of 1150 °C, lignite ratio of 20 wt.%, and reduction time of 40 min, the
metallization degree of 92.71%, the index of DRI with iron grade of 90.94%, and
iron recovery rate of 85.07% were obtained. The results could be useful for compre-
hensive utilization of low-grade refractory iron ore by the coal-based direct reduction
process.

Keywords Direct reduction · Magnetic separation · Low-grade iron ore · Iron
recovery

Introduction

Effective utilization of low-grade iron ore is essential in order to reduce production
cost and solve the problem of gradual depletion of high-grade iron ore. There are
abundant resources of low-grade iron ore in China; nevertheless, it commonly has
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the characteristics of low iron content, fine iron minerals, complicated composition,
and high content of harmful elements [1, 2]. More than 97% of iron ores need to
be processed before entering the blast furnace for smelting. It also contains iron
silicate gangue minerals with similar physical and chemical properties. As a result
of these characteristics, it is difficult to concentrate the ore by conventional processing
methods [3–5]. Efficient and economical use of these mineral resources remains a
challenge [6–8].

Coal-based direct reduction followed by magnetic separation is an effective way
to deal with this type of iron ore [9–12]. Iron oxides can be reduced to pure metallic
iron and then separated from the ores by magnetic separation. Products with a degree
of metallization exceeding 85% can be obtained from raw ores, which were reduced
at high temperature (1100–1250 °C) for 60–100 min [9, 10, 13], from which 80% of
the iron content could be recovered (TFe ≥ 90%) by magnetic separation. However,
these laboratory studies recommend a high reduction temperature range, which is
impractical for commercial production such as the high energy consumption and the
formation of massive fayalite phases [14–17]. The fayalite is formed by the solid-
phase reaction between SiO2 and FeO during the reduction process, which is difficult
to reduce, and its lowmagnetism can result in loss of iron duringmagnetic separation
process. In addition, fayalite will melt at 1177 °C and form liquid phase [18], which
will hinder the further reduction of iron oxides. So, accelerating reduction presence
of iron oxide to iron and avoiding forming large numbers of fayalite are important.

It is well known that the amount of volatile matter produced by low-rank coals,
such as lignite coal and subbituminous coal, is higher (25–65 wt.%) than that
produced by high-rank coal. Based on the previous works, the low-rank coal showed
high reactivity as a reducing agent, because volatile matter could produce large
amounts of reducing gas and deposited carbon during pyrolysis process, which
can ameliorate reducing atmosphere, improve reduction rate of the iron oxide, and
decrease the generation of fayalite. In this study, a method of reduction roasting and
magnetic separation of iron ore with high volatile coal as reducing agent was used to
deal with a low-grade refractory iron ore. The reduction characteristics of low-grade
iron ore during lignite pyrolysis were investigated to seek a feasible route for efficient
utilization of low-grade iron resources.

Experimental

Materials

The iron ore sample used for this investigation was obtained from Xiaohebian Iron
Mine in Yunnan Province of China. The chemical multi-element analysis for the
compositions and the phase analysis of iron are given in Table 1 and Table 2, respec-
tively. The results of multi-element analysis demonstrated that the main valuable
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Table 1 Multi-element analysis of the iron ore sample

Compositions Fe FeO Al2O3 SiO2 CaO MgO P S

Mass fraction (wt.%) 22.35 12.38 3.04 31.82 16.19 1.89 0.026 0.299

Table 2 Phase analysis of iron for sample

Phase name Fe in
magnetite

Fe in siderite Fe in
hematite and
limonite

Fe in pyrite Fe in silicate Total

Content
(wt.%)

12.08 1.21 5.00 0.426 3.64 22.35

Percentage
(%)

54.04 5.41 22.37 1.90 16.28 100

Table 3 Proximate analysis results of lignite

Compositions Fixed carbon Volatile matter moisture Ash

Mass fraction (wt.%) 43.60 41.05 4.61 10.74

metal in the sample was Fe, with a content of 22.35 wt.%. The amounts of impurities
like P and S were very low by 0.026 wt.% and 0.299 wt.%, respectively.

From Table 2, the iron elements were mainly found to exist in the form of
magnetite, hematite, and limonite in the low-grade iron ore sample, and nearly half
of the iron is difficult to recover by conventional methods.

The lignite, a low-rank coal, used in this study was obtained from Xinjiang
Province of China. The proximate analyses were based on GB/T212-2008 in China
as shown in Table 3, respectively. Table 3 shows that the lignite has a low fixed carbon
content of 43.60 wt.%, high volatile content of 41.05 wt.%, and low ash content of
10.74 wt.%, which is suitable for coal-based reduction of iron ores. The low-rank
coal is able to produce deposited carbon at temperatures of 400–600 °C and a large
amounts of reducing gas (H2 and CO) above 700 °C, which significantly promotes
the reduction reaction [19]. The gasification rate of fixed carbon in coal has reached
to 87.98% at temperatures of 950 °C, respectively, guaranteeing the process will
achieve rapid reduction. The coal was crushed to 5–20 mm size.

Methods

Four group experiments were designed to investigate the effects of different param-
eters on iron recovery from iron ore, such as reduction temperature, the ratio of coal
to iron ore, reduction time, and gringing time. The experimental flowsheet included
preheating, electric heating rotary kiln reduction, cooling, grinding, and magnetic
separation procedures, as shown in Fig. 1. Firstly, 1000 g of low-grade ore had a
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Preheating

Reducing

Cooling

Milling

Magnetic separation

Lignite

Crude iron powders Tailings

Iron ore

Fig. 1 Schematic diagram of reduction and magnetic separation process of low-grade iron

controlled particle size distribution from 0 to 15 mm. Secondly, the iron ore was
charged into a laboratory scale electric heating rotary kiln with a diameter of 80 mm
and a length of 1000mm, rotating at 1 rpmwhen the temperaturewas raised to a given
value. Ten min later, divide the lignite into ten parts on average and put them into
the rotary kiln, respectively. After a given time, the reduced samples were taken out
when cooling down to 100 °C in the airtight kiln. Next, the cooled reduced sample
was ground with a ball grinding mill to a given particle size. Finally, the ground
material was separated to produce crude iron powders with the Davis magnetic tube
at an optimized intensity of 0.1 T. Eventually, the wet iron powders and the tailing
were filtered and dried in a vacuum oven. The grades of magnetic concentrate were
analyzed by chemistry method.
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Results and Discussion

The effects of main process parameters, which included reduction temperature,
lignite ratio (the mass ratio of lignite to raw ore), reduction time, and milling time,
on the separation and recovery of iron were examined.

Effects of Reduction Temperature on Iron Recovery

Reduction temperature is the main factor that impacts the reaction. In this experi-
ment, reduction temperatures were selected as 950, 1050, 1150, and 1250 °C. Other
parameters were kept constant as following: lignite ratio of 20 wt.% (200 g lignite:
1000 g raw ore), reduction time of 40 min, milling time of 10 min. Results were
shown in Fig. 2.

FromFig. 2,with the increasing of reduction temperature, themetallization degree
of roasted samples and iron grade of crude iron powders (magnetic concentrate) and
iron recovery rate increased gradually. The recovery rate of iron increased rapidly

Fig. 2 Effects of reduction
temperature on iron recovery
(lignite ratio: 200:1000,
reduction time: 40 min,
milling time: 10 min)
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as the reduction temperature increased from 950 to 1250 °C, and then decreased
slightly. The maximum recovery rate of iron is about 85.07%, the metallization
degree is 92.71%, and iron grade is 90.94 wt.%.

It is well known that coal pyrolysis generates gas products such as H2, CO, CO2,
and CH4, which were strongly effected by the pyrolysis conditions such as tempera-
ture, gas flow rate, and type of catalyst [20–22]. At high temperatures, coal pyrolysis
resulted in a larger amount of gas products; hence, the indirect reaction of iron ore
with gas components such as CO and H2 was accelerated. As a result, the metal-
lization degree of iron ore increased at higher temperatures, which was beneficial to
improve iron recovery and iron grade.

Effects of Lignite Ratio on Iron Recovery

In order to investigate the optimum content of lignite, different ratios of lignite to
iron ore were studied, respectively. Under the conditions of reduction temperature
1150 °C, reduction time 40 min, and milling time 10 min, the effect of lignite ratio
on the separation and recovery of iron was studied, and the ratio of lignite to iron ore
was selected as 100:1000, 150:1000, 200:1000, and 250:1000. Results were shown
in Fig. 3.

As shown in Fig. 3,with the increasing of lignite ratio, iron grade and iron recovery
rate of magnetic concentrate slowly increased. The metallization degree of roasted
product rapidly increased as the lignite ratio increased from 10 to 20 wt.%, and
then leveled off after lignite ratio at above 20 wt.%. Theoretically, the higher the
quality of coal, the longer the duration of strong reduction atmosphere, which is
more conducive to the reaction. However, the high quality of coal will also bring a
series of problems. First, the increase of cost. Secondly, the sulfur content in coal
is generally high, which not only pollutes the environment, but also may lead to the
problem of too high sulfur in the final iron concentrate. Hence, the optimal lignite
ratio was determined to be 20 wt.%.

Effects of Reduction Time on Iron Recovery

By keeping lignite ratio of 20%, the samples were roasted at 1150 °C for different
time. The effect of reduction time on the recovery of iron is shown in Fig. 4.

As shown in Fig. 4, the metallization degree of roasted samples and iron grade of
crude iron powders (magnetic concentrate) and iron recovery rate increased rapidly
as the reduced time increased from 20 to 40 min, but leveled off after reduced time
passing 40 min. It was inferred that when the reduction temperature was 1150 °C,
the optimum reduction time was about 40 min, during which iron oxides reducing
was mostly completed except for some difficult reduction phases such as Ca2Fe2O5

and CaFe2O4 [23].
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Fig. 3 Effects of the lignite
ratio on iron recovery
(reduction temperature: 1150
°C, reduction time: 40 min,
milling time: 10 min)

Effects of Milling Time on Iron Recovery

Because of the complex dissemination characteristics of roasted products, they
needed to be milled before magnetic separation. The effect of milling time of the
roasted samples on the recovery of iron was tested here. The conditions of magnetic
reducing were as the following: the reduction temperature of 1150 °C for 40 min,
with the proportion of lignite and iron ore at 200:1000. The results were shown in
Fig. 5.

With the increasing of milling time, the percentage of minus 74 µm and iron
grade in the concentrate increased rapidly, while recovery rate of iron decreased
slightly. The decrease of particle size was beneficial to monomer dissociation of
metallic iron particles in reduced product feeding to magnetic separation. The
monomer dissociation is extremely important to metallic iron particles to be effec-
tively recovered by magnetic separation. At 97.32% of particles less than 74 µm,
sufficient monomer dissociation of metallic iron particles was obtained. The crude
iron powders, produced under this particle size, contained 90.94% iron grade with
iron recovery rate of 86.13%.
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Fig. 4 Effects of reduction
time on iron recovery
(reduction temperature: 1150
°C, lignite ratio: 200:1000,
milling time: 10 min)

Conclusion

This iron ore is characterized by its low iron grade, high silicate content. Quartz,
magnetite, hematite, limonite, calcite, mica, and kaolinite existed in the iron ore
as main phases, and nearly half of the iron is difficult to recover by conventional
methods. Effective utilization of low-grade iron ore by lignite pyrolysis was proposed
to increase the degree of reduction and iron recovery. The behavior of the reduction
reaction during lignite pyrolysis over low-grade iron orewas evaluated. The reduction
temperature, lignite ratio, reduction time, and milling time of roasted samples are
four main factors which affect the iron recovery. Optimized process conditions are
obtained by one factor at a time tests for recovery iron from low-grade iron as
the following: roasting at 1150 °C for 40 min, lignite ratio of 20 wt.%, milling
10 min, and particle size of 97.32% less than 74 µm in the roasted product. Under
the optimum reducing conditions, the metallization degree of roasted samples was
92.71%, and the iron grade of magnetic concentrate was 90.94% with iron recovery
rate of 85.07%.The results demonstrate that coal-based direct reduction followed by
magnetic separation for recovery iron from low-grade iron is the feasibility using
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Fig. 5 Effects of milling
time on iron recovery
(reduction temperature: 1150
°C, reduction time: 40 min,
lignite ratio: 200:1000)

lignite as reductant. Lignite pyrolysis at high reduction temperatures is beneficial to
accelerate the conversion of iron oxides to iron.
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Numerical Simulation of Dispersion
Behavior of Modifier Particle in Hot Slag
with Mechanical Stirring

Chunming Zhang, Nan Wang, and Min Chen

Abstract To improve themodification efficiency and effect of hot slagwithmechan-
ical stirring, the dispersion behavior of modifier particles with stirring time is investi-
gatedbynumerical simulation.Thehot slag is divided into six regions, and the particle
number concentration in different regions of hot slag is evaluated and discussed
further. In addition, the effects of particle size and adding position on the distribu-
tion of modifier particle are also elucidated. The results show that four circulation
streams on each side of a cross-shape impeller which are beneficial to complete
mixing between modifier particles and hot slag. A dynamic steady state of particle
motion in each region can be obtainedwithin 10 s bymechanical stirring. The particle
diameter of 5 mm and adding modifier particle directly to the vortex core of hot slag
are more conducive to hot slag modification.

Keywords Hot slag · Mechanical stirring · Modification · Particle number
concentration

Introduction

Large amounts of steel slag is generated during the process of steel production, which
accounts for about 10% to 15% of steel output [1]. Steel slag has a high-potential
industrial value and contains many valuable elements such as Fe, Cu, Zn, Mn, Ca,
Mg, Si. However, steel slag also contains a little of CaO and MgO, which may cause
volume expansion due to reaction with water, and this seriously affects the effective
recovery and utilization of steel slag [2–4]. Therefore, effective modification of steel
slag is an effective way to improve the recycling rate of steel slag. The modified
slag could be used as the raw material for road construction, engineering backfilling,
and glass–ceramics preparation. Therefore, the effective utilization of steel slag is
an urgent issue to achieve emission reduction in the metallurgical industries [5–8].

C. Zhang · N. Wang (B) · M. Chen
School of Metallurgy, Northeastern University, Shenyang 110819, Liaoning, China
e-mail: wangn@smm.neu.edu.cn

© The Minerals, Metals & Materials Society 2022
Z. Peng et al. (eds.), 12th International Symposium on High-Temperature
Metallurgical Processing, The Minerals, Metals & Materials Series,
https://doi.org/10.1007/978-3-030-92388-4_50

551

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-92388-4_50&domain=pdf
mailto:wangn@smm.neu.edu.cn
https://doi.org/10.1007/978-3-030-92388-4_50


552 C. Zhang et al.

To improve the modification efficiency, using an impeller to stir the hot slag can
effectively promote the mixing effect of steel slag and modifier. Mechanical stirring
is a conventional method in the metallurgical industries, and the most representative
one is the KR stirring process for hot steel desulfurization. The desulfurizer particles
added to the hot steel surface could be efficiently entrained into the lower part of hot
steel by mechanical stirring to achieve a good desulfurization effect [9–11]. Ji et al.
[12] studied the influence of variable speed stirring on the dispersion of desulfurizer
in KR process. The results showed that the stirring mode of 50–90 rpm can achieve
the best mixing of desulfurizer.

Sukawa et al. [13] studied the influence of impeller shape and size on dispersion
characteristics of desulfurizer through water model experiments, and the lightness
change of particle image is used to reflect themixing degree of particles.Wu et al. [14]
studied a new desulphurization technology using pulsed and rotary stirring-injection,
and the results showed that the mixing time of the melting bath was apparently
shortened. Additionally, the practical hot metal experiments were also carried out to
investigate the desulfurizer behavior [9, 15–17].

For modification of hot slag, it is very necessary to improve the utilization ratio
of modifiers and even dispersion in hot slag, which are the key factors to develop a
feasible hot slagmodification process. In the present work, the dispersion behavior of
modifier particles with stirring time was investigated by numerical simulation. The
hot slag is divided into six regions, and the number concentration of modifier particle
in different regions of hot slag was evaluated and discussed further. In addition, the
effects of particle size and adding position on the distribution of modifier particle
were also elucidated. The research results are of great significance for improving the
modification effect of hot slag, and further promoting the comprehensive utilization
of metallurgical slag.

Model Description

Geometrical Model and Numerical Methods

The weight of hot slag is 25 t which is stirred with a cross-shaped impeller, and
the stirring speed is constant of 60 rpm. Three thousand modifier particles of the
same size are added to the surface of hot slag after the slag surface forming a stable
vortex, and analyze the influence of particle size and adding position on dispersion
characteristics of modifier. The commercial software ANSYS FLUENT 16.0 was
used in this study. The numerical simulations were carried out based on around four
hundred thousand cells. The three-dimensional mesh of hot slag and impeller is
shown in Fig. 1. The height of hot slag surface is 1.76 m, and the distance from upper
surface of impeller to slag surface (immersion depth) is 500 mm. The dimensions
and physical properties used in the numerical simulation are listed in Table 1. The
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Fig. 1 Structure and
computational mesh of the
hot slag and impeller

Table 1 Main parameters
used in numerical simulation

Parameter Value

Height of hot slag, (mm) 1760

Blade height, (mm) 360

Blade width, (mm) 570

Impeller immersion depth, (mm) 500

Impeller rotation speed, (rpm) 60

Density of hot slag, (kg·m−3), (1773–1823 K) 3000

Viscosity of hot slag, (Pa·s), (1773–1823 K) 0.13

Diameter of modifier particle, (mm) 1–10

Density of modifier particle, (kg·m−3) 2500

number of computational grids in mathematical model is about 400,000, and the
sliding-mesh (SM) method [18, 19] is used to couple the inner and outer domains.
All solid surfaces are set as non-slipping walls, and the mouth of slag pot is set to
pressure-outlet boundary condition. The boundary condition type ofmodifier particle
is “reflected”, and the particle retains all the normal or tangential momentum after
rebound.
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Mathematical Model

Basic Assumptions

The mathematical model was formulated based on the following assumptions:

(1) The hot slag is considered to be an incompressible fluid;
(2) Heat transfer in hot slag is not considered;
(3) The modifier particles are assumed to be rigid spheres, and the density and size

of particles do not change with stirring time;
(4) Chemical reactions and solidification in hot slag are not considered.

Fluid Flow Model

In the present work, the volume of fluid model (VOF) is used to simulate the vortex
caused by mechanical stirring on the surface of hot slag. For hot slag, the continuity
equation and transient Navier–Stokes equation can be expressed in Eqs. (1)–(2).

1

ρ1

[
∂

∂t
(αρ1) + ∇ · (αρ1ν1)

]
= 0 (1)

∂

∂t
(ρv) + ∇ · (ρνν) = −∇ p + ∇ · (μ · ∇ν) + ρg + Fσ + Fother (2)

where ρ1 is the slag density; v1 is the flow velocity of hot slag; α is the volume
fraction of hot slag; p is static pressure; g is gravity; ρ and μ are the density and
viscosity of the air-slag mixture, respectively. Fσ is the surface tension between air
and slag, and Fother is the interaction momentum per unit mass transferred from the
discrete phases.

Standard k–ε model can be expressed in Eqs. (3)–(5).

∂

∂t
(ρ1k) + ∇ · (ρ1kv1) = ∇ ·

[(
μ1 + μt

σk

)
∇k

]
+ Gk + Gb − ρ1ε (3)

∂

∂t
(ρ1ε) + ∇ · (ρ1εv1) = ∇

[(
μ1 + μt

σε

)
∇ε

]
+ C1ε

ε

k
(Gk + C3εGb) − C2ερ1

ε2

k
(4)

μt = ρ1Cμk2

ε
(5)

whereGk andGb represent the generationof turbulencekinetic energydue to themean
velocity gradients and buoyancy, respectively. C1ε, C2ε, C3ε, and Cμ are constants,
and σ k and σ ε are turbulent Prandtl numbers.
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The discrete particle model (DPM) is used to describe the motion behavior of
particles. The drag force, gravity, and other forces that cannot be ignored of particles
are considered in this paper. The force balance equation of particle is as follows

md
dvd
dt

= Fd + Fg + Fb + Fp + Fvm (6)

where md is the mass of modifier particle and vd is the velocity of modifier particle.
The forces of particle (Fd , Fg, Fb, Fp, and Fvm) are expressed in Eqs. (7)–(11).

Drag force

Fd = Cd
ρ|v − vd |(v − vd)

2
· πd2

d

4
(7)

where dd is the particles diameter and Cd is the drag coefficient.
Gravity force

Fg = 1

6
πd3

dρd · g (8)

Buoyancy force

Fb = 1

6
πd3

dρ · g (9)

Pressure gradient force

Fp = 1

6
πd3

dρvd	v (10)

Virtual mass force

Fvm = π

6
ρd3

dCvm

(
vd	v − dvd

dt

)
(11)

where Cvm is the virtual mass coefficient of 0.5.

Results and Discussion

Flow Field of Hot Slag

Figure 2 shows the streamlines of hot slag when the flow has been achieved to a
stable state, and the particle diameter is 1 mm. Fig. 2a shows the streamlines of slag
upper surface. It can be seen that the hot slag has a strong swirling flow around the
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Fig. 2 Streamline and velocity distribution of hot slag with mechanical stirring: a Upper surface
of hot slag; b velocity distribution and streamlines along longitudinal section

stirring axis, and the flow velocity is about 1.8 m/s. An obvious vortex appeared
at the center of slag upper surface. Figure 2b shows the velocity distribution and
streamlines of hot slag along longitudinal section. It can be observed that the flow
velocity of hot slag between the blades is the largest, about 3 m/s. The flow velocity
of hot slag is the smallest under the impeller, which is difficult to mix the modifier
particles evenly. There are four circulation streams on each side of the impeller.
The circulation streams near the upper part of impeller would entrain the modifier
particles near the wall into the vortex core, which are beneficial to the even mixing
of modifier particles in the hot slag.

Dispersion of Modifier Particle

Figure 3 shows the dispersion ofmodifier particleswith stirring timewhich is directly
added into the vortex core. The hot slag is demarcated into six regions, and the particle
number concentration (defined as the number ofmodifier particles in a unit volume of
hot slag) is used to quantitatively evaluate the dispersion degree of modifier particles.
The hot slag is divided into Regions (I) and (O) along the radial direction and divided
intoRegionsO1,O2, andO3 along the axial direction. It can be noted that the particles
are mainly distributed on the vortex core (Region I1) of hot slag after 1 s stirring, as
shown in Fig. 3a. Then, the modifier particles move quickly to the outer (Regions
O1, O2, and O3) and bottom regions (Regions I2 and I3) with the circulation stream,
as shown in Figs. 3b and c, respectively. The modifier particles completely diffused
before 10 s, and the dispersion is more even, as shown in Fig. 3d. Figure 4 shows the
variation of particle number concentration with stirring time in each region. After 2 s,
the particle number concentrations in Regions O1, O3, and I3 increases gradually,
while those in Regions I1, I2, and O2 decrease until attaining a constant in each
region before 10 s. Therefore, it takes about 10 s for the particles in each region to
reach a steady-state motion.
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Fig. 3 Dispersion characteristic of modifier particle after different stirring time: a 1 s; b 2 s; c 3 s;
d 10 s

Effect of Particle Size

Figure 5 shows the dispersion of modifier particles with different sizes for 2 s. It can
be seen that the particles with the diameter of 1 mm mainly distribute in Region O3,
as shown in Fig. 5a, which could be considered that the smaller particles easily be
entrained into the lower part by the circulation streams and difficultly float to the slag
surface.When the diameters of particles are 5mmand 10mm, the particles aremainly
concentrated in Regions I1, O1, as shown in Figs. 5b and c, respectively. Figure 6
shows the particle number concentration in each region after 10 s stirring time for
different particle diameters. The particle concentration between each region is very
unevenwhen the particle diameter is 10mm, and themaximumparticle concentration
difference betweenRegions 1 and 3 is 311 perm3 hot slag. This is because the particle
density is less than that of hot slag, and the larger diameter particles are easier to
float. When the particle diameter is 5 mm, the particle concentration between each
region is more even, and the maximum concentration difference is 246 per m3 that
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Fig. 4 Variations of particle number concentration in different six regions with stirring time

Fig. 5 Dispersion characteristic of the modifier particles with different sizes: a 1 mm; b 5 mm; c
10 mm

occurs between the Regions O1 and I2. Therefore, the modifier particles of 5 mm
diameter are more conducive to the hot slag modification.

Effect of Particle Adding Position

Figure 7 shows the dispersion characteristic for different particle adding positions
after 2 s stirring, in which the diameter of particle is 1 mm. When the modifier
particles are added to the vortex core, they evenly diffuse toward the wall of slag
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Fig. 6 Particle number concentration in different regions for different particle diameters

Fig. 7 Particle distribution for different adding positions: a Vortex core; b side surface

pot, as shown in Fig. 7a. However, when the particles are added to the side surface,
a few particles are entrained into the vortex core from the side surface, but the other
particles are entrained into the side circulation streams. The particle dispersion is
very uneven within a short time when the particles are added to the side surface,
as shown in Fig. 7b. Figure 8 shows the typical motion trajectories of particles for
different adding positions after 15 s stirring. When the particles are added to the
vortex core, some particles rotate in the whole slag due to the forced rotational flow
near the impeller, as shown in Fig. 8a. For the particles added to the side surface, a
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Fig. 8 Trajectories of
modifier particles for
different adding positions: a
Vortex core; b side surface

portion of the particles rotates in Region O1 during the whole stirring process due
to the smaller density than molten slag, as shown in Fig. 8b.

Figure 9 shows the particle number concentration in each region for different
addingmodes after 10 s stirring.Comparedwith the side-surface addition, the concen-
tration of particles in each region is more even when the particles are added to the
vertex core, and the average particle number concentration in Region O3 (514 per
m3) is about 2.2 times that in Region I2 (234 per m3).When the particles are added to
the side surface, the particle number concentration reaches the maximum in Region
O1 (587 per m3), while in Region I2, the concentration reaches the minimum (160
per m3), and the particle number concentration ratio is 3.67. Therefore, adding parti-
cles directly to the vortex core is better than that of side-surface addition, and the
particles can be evenly distributed in hot slag in a short time.

Fig. 9 Particle number concentration in each region for different adding positions
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Conclusions

The dispersion characteristics of modifier particles in hot slag with mechanical stir-
ring were investigated by numerical simulation in this work, and the particle number
concentration in different regions of hot slag was discussed. In addition, the effects
of particle size and adding position on the distribution of modifier particles were also
elucidated. The main conclusions are as follows:

(1) Four circulation streams existing on each side of cross-shape impeller are
beneficial to the thorough mixing between modifier particles and hot slag. The
motion ofmodifier particles in each region of hot slag reaches a dynamic steady
state within 10 s by mechanical stirring.

(2) The particle number concentration in each region of hot slag is more even
when the particle diameter is 5 mm, which is more conducive to the hot slag
modification.

(3) Adding modifier particle directly to the vortex core is recommended, and
modifier particles can be evenly distributed in hot slag within a short time.
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Numerical Simulation of Inclusion
Coagulation During Soft Blowing Process
of Ladle Furnace

Haotian Wang, Nan Wang, Xiaoao Li, and Min Chen

Abstract Ladle soft blowing plays an important role in the removal of non-metallic
inclusions in liquid steel. In the present work, a CFD-PBM coupling model was
established to simulate the soft blowing process in a 180t ladle. The turbulence
behavior of gas and liquid phases in the ladle was accurately described, and the
turbulent collision and coagulation of medium and small size inclusions in liquid
steel were investigated. The results show that the inclusion size is generally smaller
than the Kolmogorov microscale with the argon blowing rate of 100–200 NL/min,
and the inclusion motion mainly depends on the molecular viscous action. After
soft blowing for 5 min, the collision and coagulation behaviors are obvious, and the
number density of small inclusions is significantly reduced. For the gas flow rate
of 200 NL/min, the average diameter of inclusion increases from 3.94 to 4.25 μm,
and the number density of 2-10 μm inclusions decreases from 1.0383 × 1013 to
4.4847 × 1012 per m3, which decreases by 56.81%.

Keywords Inclusion · Coagulation and growth · Soft blowing · Turbulence ·
Numerical simulation

Introduction

With the continuous progress of modern science and technology and the develop-
ment of industry, the demand for high quality steel and clean steel is increasing.
Non-metallic inclusions in steel will damage the continuity of steel matrix, resulting
in the inhomogeneity of steel structure and seriously affecting the properties of
steel [1]. Zhou et al. [2] studied the effect of argon flow rate on the removal of
non-metallic inclusions and its removal mechanism through a physical modeling of
argon-stirred refining ladle. Liu et al. [3] used Euler–Lagrange method to simulate
the argon blowing process of 100t ladle and carried out mathematical calculation of
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inclusion removal under different argon blowingflow rates.Duan [4] used the compo-
nent transport equation to simulate the movement and removal process of inclusion
particles. Zheng et al. [5] studied the mechanism of inclusion removal from molten
steel by bubbles during the refining process with argon blowing through a physical
model. Based on the hydraulic model experiment of the 60t refining furnace, Ju
et al. [6] studied the effects of air blowing, time, and particle size on the removal
of inclusions and spatial distribution of inclusions by using high-speed camera and
professional image processing software (Image Pro Plus). However, collision and
aggregation of inclusions are not considered. In this paper, the inclusion collision
polymerization model based on turbulent collision mechanism was established by
coupling the gas–liquid-solid three-phase CFD model with the PBM model, and the
aggregation, growth, and removal behaviors of small size inclusions during the weak
argon blowing process of ladle were simulated.

Governing Equations for CFD-PBM Coupled Model

Assumptions

The mathematical model for fluid flow and inclusion behavior in gas-stirred systems
is based on the following assumptions:

(1) The molten steel in the ladle is an incompressible viscous fluid, and its flow is
unsteady.

(2) The argon bubbles are spherical with a diameter of 15 mm, and the diameter
of the bubble remains unchanged during bubbles rising in ladle.

(3) The inclusions are spherical particles and uniformly distributed in liquid steel
without affecting the movement of molten steel.

(4) The interaction between the inclusion and the argon bubble is ignored.
(5) A flat, free surface was assumed at the top surface of ladle, and inclusions

reaching the top surface are considered ideal absorption by the slag layer and
not to revert back into the ladle at a later time.

CFD Model

In the present study, based on Euler-Euler method, the mass and momentum
conservation equations are used for gas–liquid-inclusion three phases, respectively.

Mass conservation equation for each phase:

∂(αkρk)

∂t
+ ∇ · (αkρk

−→uk
) = Sk (1)
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where ρk , αk , �uk , and Sk are the density, volume fraction, averaged velocity vector,
andmass source term of liquid phase (k = l), gas phase (k = g), and inclusion particle
phase (k = p), respectively. In the current model, both Sl and Sg are zero, and the
inclusion mass source term Sp needs to be solved by the PBM model. Because the
computational domain is shared by gas–liquid-inclusion three phases, the constraint
condition αl + αg + αp = 1 must be satisfied.

Momentum conservation equation for each phase:

∂
(
αkρk

−→uk
)

∂t
+ ∇ · (

αkρk
−→uk−→uk

) = −αk∇ p + ∇ · (αkμe f f (∇−→uk + (
−→uk )T ))

+ αkρk
−→g + −→

Mk (2)

μeff = μl + μt = μl + Cuρl
k2

ε
(3)

where −→g is the gravity acceleration; μl, μt , and μeff are the molecular viscosity,
turbulent viscosity, and effective viscosity of liquid phase, respectively; p is the
pressure, which is shared by all the phases; and Mk is interaction force among the
three phases.

In the process of ladle soft argon blowing, the existence of bubbles generates
additional turbulence, which is called bubble-induced turbulence by some scholars
[7]. The gas–liquid two-phase turbulence behavior has an important influence on
the collision polymerization of inclusions. In this paper, the turbulence k-ε model
is modified by user-defined functions (UDFs), and the bubble-induced turbulence is
loaded into the source term of the k-ε model. The modified k-ε turbulence model is
shown as follows.

∂

∂t
(αlρl k) + ∇ · (αlρl

−→ul k) = ∇ · (αl
μt,l

σk
∇k)

+ αlGk,l + αlGb − αlρlε + αlρl

∏

k,l
(4)

∂

∂t
(αlρl k) + ∇ · (αlρl

−→ul ε) = ∇ · (αl
μt,l

σk
∇ε)

+ αl
ε

k
(C1ε(Gk,l+Gb) − C2ερlε) + αlρl

∏

ε,l
(5)

where k and ε are the turbulent kinetic energy and the dissipation rate of the liquid
phase, respectively; Gk,l is the turbulent kinetic energy generated by the average
velocity gradient in the liquid phase; and Gb denotes the additional bubble-induced
turbulent kinetic energy generated, which is expressed as follows.

Gk,l = μt (∇−→ul + (∇−→ul )T ) : ∇−→ul (6)
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Gb = Cb
μt

μeff
(ρl − ρg)gαg

−→urel (7)

where Cb denotes the fraction of bubble-induced energy converted into the liquid
phase turbulence, and the value is 0.85 [7].

Inclusion Population Balance Model

In the current work, PBM model is used to describe the transport, coagulation, and
size distribution of inclusions in liquid steel. Only the collision and coalescence
behaviors of inclusions are considered, and the population balance equation is given
by

∂n(Vi )

∂t
+ ∇ · (

−→u pn(Vi )) = 1

2

Vi∫

0

β(Vi − Vj , Vj )n(Vi − Vj )n(Vj )dVj

−
Vmax∫

0

β(Vi , VJ )n(Vi )n(Vj )dVj + Si (8)

where β(Vi, Vj) represents the inclusion coalescence rate, and n(Vi) and Vi are the
number density and volume of the inclusions in group i, respectively. Si denotes the
inclusion removal rate.

The turbulent flow of molten steel produces eddies, and the large eddies grad-
ually split into small eddies. The size of the smallest eddies is called Kolmogorov
microscale η, which is expressed as follows:

η =
(

ν3

ε

) 1
4

(9)

where ν is the kinematic viscosity of liquid steel; ε is the turbulent dissipation rate
of molten steel.

The coagulation of inclusions in molten steel can be divided into two steps. First,
the inclusions move close to and collide under the action of various aggregation
driving forces, and then the inclusion overcomes the external forces to complete
the aggregation behavior. These two steps are described by the collision frequency
and effective aggregation coefficient in the aggregation. Due to the small size of
inclusions and the good fluidity following the liquid steel, the collision growth is
mainly due to the turbulent collision generated by the turbulent flow of liquid steel.
Therefore, the turbulent model is used in this study.
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When the inclusion size is smaller than Kolmogorov microscale, the inertia force
on inclusion is very weak, and the inclusion mainly flows with the liquid steel under
the action of viscous force, and the inclusion collisions are influenced by the local
shear within the eddy. According to the work by Saffman and Turner [8], the collision
rate of inclusions is expressed as:

β(Vi , Vj ) = α

√
8π

15

(di + d j )
3

8

√
ε

ν
(10)

When the inclusions are bigger than the smallest eddy, the aggregation behavior
of inclusions is mainly influenced by the inertia force. In this case, the aggregation
rate is expressed using Abrahamson’s model [9].

β(Vi , Vj ) = 2
3
2 α

√
π

(di + d j )
3

4

√
U 2

i +U 2
j (11)

where α is the empirical capture efficiency coefficient of turbulent collision, which
describes the hydrodynamic and attractive interaction between colliding particles.
Higashitani et al. [10] proposed the following relationship:

α = 0.732

(
5

NT

)0.242

(12)

where NT is the ratio between the viscous force and the van der Waals force.

Boundary Conditions and Important Parameters

In the current work, the CFD-PBM coupled model was solved using the commercial
computational fluid dynamics software Fluent 2021 R1 combined with user-defined
function (UDF). The argon gas inlet is set as the velocity inlet. There are two argon
blowing inlets at the bottom of the ladle, located at 0.5r from the center of the ladle
bottom, and the angle between the two inlets is 90°. Non-slip wall conditions were
adopted for the bottom and side walls of the ladle, and the standard wall function was
used to calculate the turbulence characteristics near the wall surface. The top surface
of the ladle is set as free shear wall boundary condition, and the argon bubble will
escape when it reaches the top surface. At the initial time, the liquid steel was at rest,
and inclusions were evenly distributed in the liquid steel, with a volume fraction of
0.0015.

The inner diameter of the bottom of the 180-ton ladle is 3011 mm, the inner
diameter of the upper end of the ladle is 3438 mm, the inner height of the ladle is
4230 mm, and the depth of the liquid steel is 3150 mm. Soft blowing argon flow
rate is 100–200 NL/min. Since the flow inside the ladle is symmetric, half geometry
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Table 1 Physical property of different materials

Physical property Parameters

Density of molten steel 7100 kg/m3

Density of inclusions 3900 kg/m3

Density of gas 1.6228 kg/m3

Molecular viscosity of molten steel 0.0055 Pa s

Surface tension between molten steel and argon gas 1.4 N/m

Table 2 Characteristic diameter, initial quantity density, and volume fraction of inclusion in each
group

Groups Characteristic diameter (μm) Initial quantity density(1 × m−3) Volume fraction

1 2.00 3.58E+12 0.01

2 2.64 3.12E+12 0.02

3 3.48 2.04E+12 0.03

4 4.59 2.95E+11 0.01

5 6.06 9.00E+11 0.07

6 8.00 4.48E+11 0.08

7 10.60 4.87E+11 0.20

8 13.90 2.44E+11 0.23

9 18.40 1.62E+11 0.35

is selected for modeling. The physical properties of gas–liquid-solid three-phase
materials in the simulation calculation are shown in Table 1.

The sample analysis shows that the size of inclusions is mainly 2–20 μm. The
inclusions are divided into nine groups according to the grouping method vi+l/vi =
21/q proposed byLister et al. [11]. The characteristic diameter, initial quantity density,
and integration rate of each group of inclusions are shown in Table 2.

Results and Discussion

Fluid Flow Analysis

Figure 1 shows the simulation results of gas–liquid two-phase flow in a 180-ton gas-
stirred ladle, where Fig. 1a is the gas volume fraction distribution. As the bubble rises,
the gas volume fraction gradually decreases, and the size of the bubbly plume grad-
ually widens. Figure 1b shows turbulent kinetic energy of molten steel. In the region
with large turbulent kinetic energy, the probability of inclusion collision growth is
greater. As can be seen fromFig. 1c, driven by bubble buoyancy, liquid flows upward,
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Fig. 1 Bubbly plume flow of gas-stirred ladle: a gas volume fraction, b turbulent kinetic energy,
c flow field

while the two plume regions attract each other, meet at the symmetric plane, and bend
toward the near-wall side. When liquid steel flows to the top surface, it continues to
flow horizontally and radially, and then down the ladle wall. At the side far away
from the argon blowing position, a large circulating flow is formed, which drives
most of the molten steel flow in the ladle. At the same time, two small circulations
are formed at the upper part of the argon blowing position and adjacent to the ladle
wall.

Figure 2 shows the contour map of local Kolmogorov microscale η predicted by
the current model under a different gas flow rate. It is clear that the η gradually
decreases with the gas flow rate increases. The inclusion size is generally smaller
than η under the three gas conditions, and is larger than η only near the gas inlet. This
phenomenon shows that the inclusions flow with the molten steel mainly under the
action of viscous force. The inertial force only plays a leading role in a small area
near the argon gas inlet, and the inclusions show turbulent random motion.
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Fig. 2 Kolmogorov microscale η in liquid steel under different gas flow rates: a 100 NL/min;
b 150 NL/min; c 200 NL/min

Fig. 3 Sauter mean diameter d32 of the inclusions at different gas flow rates: a 100 NL/min; b 150
NL/min; c 200 NL/min

Average Diameter and Quantity Density of Inclusions

Figure 3 shows the average diameter distribution of inclusions at the symmetrical
surface of ladle under different gas flow rates after 5 min. The average diameter of
inclusions is represented by Sauter average diameter (d32). It can be seen that the
distribution of inclusions is consistentwith the large circulatingflow, and the behavior
of inclusions following the flow of liquid steel is obvious, which is consistent with the
conclusion obtained above. In addition, the average diameter of inclusions increases
with the increase of argon flow rate. On the outside of the large circulating flow,
the flow rate of molten steel is stronger than that at the center of the circulating
flow, resulting in the average diameter of the inclusion on the outside is larger than
that at the center. However, with the increase of gas volume, the average diameter
difference between the inside and outside inclusions decreases. This indicates that
the circulating flow of liquid steel is stronger with the larger gas blowing at the same
time, and the inclusion in the ladle is more fully grown by collision polymerization.

Figure 4 shows the variation of the average diameter of inclusions in ladle with
soft argon blowing time. It can be seen that for the inclusions with an initial average
diameter of 3.94 μm, the average diameter of the inclusions increases significantly
after 5 min of soft argon blowing at 100, 150, and 200 NL/min. The average diameter
of inclusions increases from3.94μmto4.17μm,4.21μm,and4.25μm, respectively,
with the increased rates of 5.84%, 6.85%, and 7.87%, respectively.
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Fig. 4 Evolution of inclusion average diameter with blowing time

Figure 5 shows the variation of inclusions quantity density in each group at the
initial time and after soft blowing for 5 min when the argon blowing flow rate is 200
NL/min. One of the effects of gas stirring is to promote the collision of inclusions
in molten steel and to coalesce and grow up. With the development of soft blowing

Fig. 5 Inclusion number density in every group
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process, the collision and growth process of inclusions in the whole ladle also goes
on. It can be seen from the simulation results that the number density of inclusions
decreases in each group. The smaller the size of inclusions, the more obvious the
number of inclusions decreased, and the number density of 2–10 μm inclusions
decreased from 1.0383× 1013 to 4.4847× 1012/m3, with a reduction rate of 56.81%.
The reason for this result is that the smaller the number of inclusions is, the more
likely they are to aggregate and grow up under the action of gas stirring.

Conclusions

(1) Through the establishment of CFD-PBM coupling model, the gas–liquid two-
phase turbulence phenomenon and the movement behavior of inclusions in a
180-ton gas-stirred ladle were simulated. The results show that the inclusions
with a diameter of 2–20μmare generally smaller thanKolmogorovmicroscale,
and the inclusions mainly follow the flow of molten steel under the action of
molecular viscous force.

(2) The results show that the growth behavior of inclusion collision polymeriza-
tion becomes more obvious with the increase of soft blowing argon flow rate.
The average diameter of the inclusions increased from 3.94 μm to 4.17 μm,
4.21μm, and 4.25μm, respectively, with the increased rates of 5.84%, 6.85%,
and 7.87%, respectively, after 5 min of soft argon blowing at 100–200 NL/min.

(3) Under the condition of soft blowing argon stirring, the simulation results of the
change of the number density of the inclusions in the liquid steel show that the
smaller the size of the inclusions, the more the number of inclusions and the
easier to aggregate and grow up under the action of gas stirring. The number
density of 2–10 μm inclusions decreased from 1.0383 × 1013/m3 to 4.4847 ×
1012/m3, with a reduction rate of 56.81%.
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Prediction Model of Calcium Addition
in SPHC Steel Refining Process

Zhiqiang Du, Nan Wang, Min Chen, and Xiaoao Li

Abstract The high melting point Al2O3 inclusions in steel can be modified to low
melting point calcium aluminate by the calcium treatment process, which makes
the inclusions easy to grow up by collision and float to remove, thus improving the
cleanness of liquid steel. Taking the treatment of molten steel by SPHC in a steel mill
as the research object, the budget models of molten steel composition and tempera-
ture, calm time, top slag composition, and the amount of molten steel calcium were
established based on RH refining data using multiple linear and multiple nonlinear
regression analysis methods. The results show that the hit ratio of the multiple linear
and multiple nonlinear budget models is 83.8% and 94.6%, respectively, and the
multiple nonlinear regression model has better fitting ability and higher hit ratio.
The amount of calcium is mainly determined by the content of [Ca] and [Al]O and
[S] in molten steel before calcium treatment. Therefore, in the actual process of
calcium treatment, the amount of calcium should be precisely adjusted according to
the specific composition of molten steel.

Keywords Calcium treatment · The amount of calcium · Multiple linear
regression · SPHC steel

Introduction

SPHC steel is a low carbon and low silicon aluminum-killed steel with low carbon
content, good plasticity, toughness, machining performance, and welding perfor-
mance, etc. It is widely used in deep processing materials such as stamping and
panel forming of an automobile, home appliance, and instrument shell [1] and has
strict requirements on its surface quality and composition. Since aluminum deoxi-
dation alloying is adopted in SPHC steel extraction process [2], calcium feeding line
denaturing of Al2O3 inclusions in liquid steel must be carried out in the RH refining
process.Modification of non-metallic inclusions inmolten steel by calcium treatment
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can effectively control the composition, shape, and size of inclusions in aluminum-
killed steel, which is one of the important technical means to improve the cleanli-
ness of molten steel, ensure the smooth running of continuous casting, and improve
steel properties [3–8]. However, the control of calcium addition is mainly based
on thermodynamic calculation and field experience data, and the calcium recovery
rate fluctuates greatly, which seriously restricts the effect of inclusion modification.
Therefore, how to obtain a stable calcium recovery rate and achieve accurate control
of inclusion modification effect has become the bottleneck problem restricting the
development of calcium treatment technology. To enhance the level of inclusion
SPHC steel production process control, based on the multiple linear regression anal-
ysis methods, considering SPHC steel refining process the steel condition (molten
steel composition and temperature), the top slag composition, molten steel composed
process variables such as time, build a budget model of molten steel for the amount
of calcium, for SPHC steel refining process provides the reference for the precise
control of the amount of calciumTable 1.

Process variables can be divided into two categories: process variables before
calcium treatment and process variables after calcium treatment. Among them,
molten steel [S] content, molten steel [Al]O content ([Al]O is the difference between
[Al]T and [Al]S), molten steel [Ca] content, and molten steel temperature are the
composition and temperature of molten steel before calcium treatment; the content
of top slag (FeO) and top slag (CaO)/(Al2O3) are the component content of top slag
when entering the station; the sedation time of molten steel is the total time of soft
blowing and static stirring of molten steel after calcium treatment.

According to the actual production conditions in RH refining process, the calcium
addition is mainly determined by seven process variables such as molten steel [S]
content, [Al]O content, and [Ca] content. X1–X7 symbols represent input variables,
and Y is output variables. The Pearson correlation coefficients of these variables

Table 1 Statistical information of process variables

Variable Symbol Unit Mean value Maximum Minimum Standard deviation

Molten steel [S]
content

x1 % 0.00136 0.0027 0.0005 0.0005

Molten steel [Al]o
content

x2 % 0.0020 0.0036 0.0011 0.0006

Molten steel [Ca]
content

x3 % 0.0004 0.0001 0.0008 0.0002

Temperature x4 °C 1600 1608 1589 4

Sedation time x5 Min 48 56 36 5

Content of (FeO) in
top slag

x6 % 0.416 1.761 0.056 0.347

(CaO)/(Al2O3) in
top slag

x7 / 1.80 2.34 1.29 0.30

Calcium addition Y kg/t 0.19 0.31 0.08 0.06
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Fig. 1 Pearson correlation coefficient between process variables

are shown in Fig. 1. Pearson correlation coefficient reflects the influence degree
between the two variables to a certain extent. According to Fig. 1, it is found that the
correlation between calcium addition and molten steel [S] content, [Al]O content,
[Ca] content, and sedation time is negative, and the correlation coefficients are −
0.50, −0.07, −0.70, and −0.17, respectively. Among them, the correlation between
calcium addition and [S] content and [Ca] content in molten steel is strong, while
the correlation between calcium addition and [Al]O content and sedation time in
molten steel is weak. It also shows that the increase of [S], [Al]O, and [Ca] content
in molten steel and the increase of sedation time will lead to the decrease of calcium
addition.At the same time, the correlation between calciumaddition and temperature,
FeO content in top slag, and (CaO)/(Al2O3) content in top slag is positive, and the
correlation coefficients are 0.47, 0.05, and 0.63, respectively. The correlation between
calcium addition and temperature and (CaO)/(Al2O3) content in top slag is strong,
but the correlation with (FeO) content in top slag is weak, and it shows that on the
basis of reasonable smelting temperature, the increase of temperature, the increase
of (FeO) content in top slag, and the increase of (CaO)/(Al2O3) in top slag will lead
to the increase of calcium addition.

Model Evaluation Method

In order to determine the accuracy of the model regression, the regression perfor-
mance of themodel is verified through the determination coefficient (R2), mean abso-
lute error (MAE), mean square error (MSE), and root mean square error (RMSE).
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The calculation formulas are shown in Eqs. (1)–(4). The closer the value of R2 is to
the value of 1, the better the regression performance of the model, while the smaller
the values of MAE, MSE, and RMSE, the better the regression performance of the
model.

Coefficient of determination

R2 =

n∑

i=1
(yi − ∧

y
i
)2

n∑

i=1
(yi − yi )2

(1)

Mean absolute error

MAE = 1

n

n∑

i=1

∣
∣
∣yi − ∧

yi
∣
∣
∣ (2)

Mean square error

MSE =
n∑

i=1

(
yi − yi

)2
(3)

Root mean square error

RMSE =
√
√
√
√1

n

n∑

i=1

(

yi − ∧
y
i

)2

(4)

Analysis of Regression Results

Analysis of Multiple Linear Regression Results

When the multiple linear regression equation contains a constant term, the specific
fitting formula is shown in Formula (5), where x1 is the content of molten steel [S];
x2 is the content of [Al]O in molten steel; x3 is the content of molten steel [Ca];
x4 is the temperature; x5 is the sedation time; x6 is the content of top slag (FeO);
x7 is (CaO)/(Al2O3) in top slag; a1, a2…a7 is the corresponding coefficient of each
variable. a0 is a constant term.

y = a0 + a1x1 + a2x2 + a3x3 + a4x4 + a5x5 + a6x6 + a7x7 (5)
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Fig. 2 Comparison between
actual value and predicted
value of multiple linear
regression with constant term
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y = −5.2746 − 0.8233x1 + 22.3043x2 − 161.5460x3
+ 0.0034x4 − 0.0011x5 + 0.0210x6 + 0.0953x7 (6)

From the fitting results, a0 = −5.2746, a1 = -0.8233, a2 = 22.3043, a3 = −
161.5460, a4 = 0.0034, a5 = −0.0011, a6 = 0.0210, a7 = 0.0953. The specific
fitting equation is shown in Eq. (6).

The comparison curve between the prediction result obtained by fitting the
multiple linear regression equation and the field value is shown in Fig. 2, and the
predicted results are consistent with the changing trend of field values, which shows
that the prediction model can also effectively predict the calcium feeding rate of
molten steel. The positive and negative relationship of the regression coefficient in
Formula (6) can be obtained, the increase of [S] content in molten steel will lead
to the decrease of calcium feeding, the increase of [Al]O content will lead to the
increase of calcium addition, and the increase of [Ca] content in molten steel will
also lead to the decrease of calcium addition. For the molten steel temperature during
calcium feeding, under reasonable smelting conditions, the increase of molten steel
temperature will lead to the increase of calcium addition. At the same time, for the
sedation time after calcium feeding, the increase of sedation time will slightly reduce
the amount of calcium. The increase of (CaO)/(Al2O3) and (FeO) content in top slag
will also lead to the increase of calcium addition. Through the further analysis of the
regression coefficient in Formula (6), it can be concluded that the [Ca] content in the
molten steel before calcium feeding has the greatest impact on the calcium addition,
followed by the [Al]O, [S] content in the molten steel and the (CaO)/(Al2O3) in the
top slag, while the content of the top slag (FeO), the cooling time of the molten steel,
and the temperature of the molten steel have little impact on the calcium addition.
Therefore, when the calcium addition is budgeted in the actual refining process, it
should be mainly controlled in combination with the composition of molten steel
(Tables 2 and 3).
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Table 2 Statistical table of evaluation indexes of multiple linear regression model

Evaluating indicator Regression model

R2 0.79

MAE 0.0218

MSE 0.1219

RMSE 0.0262

Table 3 Comparison of hit rate of multiple linear regression model

Model Prediction relative error (%)

±25 ±20 ±15 ±10 ±5

Multiple linear regression model (%) 83.8 70.3 59.5 45.9 18.9

As can be seen from Tables 2 and 3 R2 of the multiple linear regression equation
is 0.79, and the relative error range of ±10%, ±15%, and ±20% is 15.9%, 59.5%,
and 70.3%, respectively. It can be concluded from the results that the multiple linear
regression equation has a high precision in predicting the amount of calcium.

Analysis of Multiple Nonlinear Regression Results

When multiple nonlinear regression equations are selected, the specific fitting
formula is shown in Formula (7), where x1 is the content of molten steel [S]; x2
is the content of [Al]O in molten steel; x3 is the content of molten steel [Ca]; x4
is the temperature; x5 is the sedation time; x6 is the content of top slag (FeO); x7
is (CaO)/(Al2O3) in top slag; a1, a2…a7 is the corresponding coefficient of each
variable. a0 is a constant term.

y = a0 + a1x
−0.3039
1 + a2x

−7/12
2 + a3x3 + a4x4 + a5x5 + a6x

7/4
6 + a7e

0.5859x7 (7)

The functional relationship between molten steel [S] content and (CaO)/(Al2O3)
in top slag is determined by the optimal fitting results obtained by fitting the calcium
feeding amount with molten steel [S] content and (CaO)/(Al2O3) in top slag, respec-
tively. At the same time, the power of molten steel [Al]O content and top slag (FeO)
content is calculated from the heat balance when calcium modifies alumina inclu-
sions, and the formula is shown in Formulas (8)–(11). The role of (FeO) in the top slag
can be regarded as the oxygen transfer of the top slag to the molten steel. The specific
relationship is shown in Eqs. (13)–(15). Among them, it is calculated from (12)–(15)

that wCa → w
7
4
FeO. For [Ca] content, temperature, and sedation time of molten steel,

the linear relationship betweenmolten steel [Ca] content, temperature, sedation time,
and calcium addition is selected through the comprehensive consideration of the best
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fitting results and Pearson correlation.

wCa = (
a12CaO·7Al2O3

f 12Ca · f 14Al · a33O · e 7113224−189.4T
RT

)
1
12 · w

− 7
6

Al (8)

3[Ca] + (Al2O3)inc = 3(CaO)inc + 2[Al] �Gθ = −664577 + 40.45T (9)

wAl = (
a3(CaO)inc · f(Al2O3)ince

664577−40.45T
RT

f 2Al
)
1
2 · w

1
2
(Al2O3)inc

(10)

wCa = (
a12CaO·7Al2O3

f 12Ca · f 14Al · a33O · e 7113224−189.4T
RT

)
1
12

· (
a3(CaO)inc

· f(Al2O3)ince
664577−40.45T

RT

f 2Al
)−

7
72 · w

− 7
12

(Al2O3)inc
(11)

[Fe] + [O] = (FeO) �Gθ = −225500 + 41.3T (12)

wFeO = (
aFe · fO · e 225500−41.3T

RT

fFeO
) · wO (13)

2[Al] + 3[O] = Al2O3 �Gθ = −867370 + 222.5T (14)

wAl = (
aAl2O3

f 2Al · f 3O · e 867370−222.5T
RT

)
1
2 · w

− 3
2

O (15)

From the fitting results, a0 = −5.7696, a1 = −0.0045, a2 = −0.0021, a3 = −
169.4914, a4 = 0.0038, a5 = −0.0016, a6 = 0.0113, a7 = 0.0582. The specific fitting
equation is shown in Eq. (16).

y = −5.7696 − 0.0045x−0.3039
1 − 0.0021x−7/12

2 − 169.4914x3

+ 0.0038x4 − 0.0016x5 + 0.0113x7/46 + 0.0582e0.5859x7 (16)

The comparison curve between the prediction result obtained by fitting the
multiple nonlinear regression equation and the field value is shown in Fig. 3. The
change trend of the prediction result is consistent with the field value, which shows
that the prediction model can also effectively predict the calcium feeding amount
of liquid steel. According to the multivariate nonlinear fitting equation of Eq. 16,
the increase of [S] content and [Al]O content in liquid steel will lead to the increase
of calcium feeding, and the increase of [Ca] content in liquid steel will also lead to
the decrease of calcium addition. For the molten steel temperature during calcium
feeding, under reasonable smelting conditions, the increase of molten steel temper-
ature will lead to the increase of calcium addition. At the same time, for the sedation
time after calcium feeding, the increase of sedation time will slightly reduce the
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Fig. 3 Comparison between
actual value and predicted
value of multivariate
nonlinear regression with
constant term
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amount of calcium. The increase of (CaO)/(Al2O3) and (FeO) content in top slag
will also lead to the increase of calcium addition. After analyzing the regression
coefficient in Formula (10), it can be seen that the [Ca] content in molten steel before
calcium feeding has the greatest influence on the calcium addition, followed by the
[Al]O, [S] content in molten steel, and the (CaO)/(Al2O3) of top slag, while the
content of top slag (FeO), molten steel sedation time, and molten steel temperature
have little influence on the calcium addition. The specificmodel evaluation indicators
are shown in the Tables 4 and 5.

As can be seen from Table 4, the R2 values of the multiple nonlinear regression
model are 0.81, respectively. From the values of MAE, MSE, and RMSE, the model
has higher prediction accuracy. It can be seen from Table 5 that when the relative
errors are in the range of±15%,±20%, and±25%, the hit rates reach 62.2%, 73.0%,

Table 4 Statistical table of evaluation indexes of multivariate non-regression model

Evaluating indicator Regression model

R2 0.80

MAE 0.0215

MSE 0.1203

RMSE 0.0253

Table 5 Hit rate of multiple nonlinear regression model

Model Prediction relative error (%)

±25 ±20 ±15 ±10 ±5

Multiple linear regression model (%) 94.6 73.0 62.2 51.4 29.7
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Table 6 Statistical table of evaluation indexes of multiple linear and nonlinear regression models

Evaluating indicator Evaluation results

Multiple linear regression model R2 0.79

MAE 0.0218

MSE 0.1219

RMSE 0.0262

Multivariate nonlinear regression model R2 0.80

MAE 0.0215

MSE 0.1203

RMSE 0.0253

Table 7 Comparison of hit rate between multiple linear and nonlinear regression models

Model Prediction relative error (%)

±25 ±20 ±15 ±10 ±5

Multiple linear regression model (%) 83.8 70.3 59.5 45.9 18.9

Multivariate nonlinear regression model (%) 94.6 73.0 62.2 51.4 29.7

and 94.6%, respectively. Compared with the multiple linear regression model, the
hit rate is significantly improved (Table 6).

Tables 7 show the comparison of the results of the multivariate liner moder and
the multivariate nonlinear model. From the above results, it is obvious that the fitting
result of the multivariate nonlinear model is better than that of the multivariate linear
model. It shows that the fitting results of multiple nonlinearity have more guidance
for the process.

Conclusion

Considering the actual molten steel composition and temperature, molten steel seda-
tion time, top slag composition, and other factors in SPHC steel refining process,
based on multiple linear regression and multiple nonlinear regression methods, the
budget model of molten steel calcium addition is constructed, the influence law of
process parameters is analyzed, and the hit rate of the model is compared. The results
are as follows:

(1) The multiple linear regression budget model and multiple nonlinear regression
budgetmodel are constructed, respectively. The determination coefficients (R2)
of the two models are 0.79 and 0.80, respectively.

(2) The hit rates of multiple linear regression and multiple nonlinear regression
budgetmodelswith a relative error of±25%are83.8%and94.6%, respectively.



584 Z. Du et al.

(3) Before calcium feeding, the content of [Ca] in molten steel has the greatest
influence on the amount of calcium, followed by the content of [Al]O and [S] in
molten steel and (CaO)/(Al2O3) in top slag, while the content of top slag (FeO),
molten steel sedation time, and molten steel temperature have little influence
on the amount of calcium.

(4) According to the comprehensive evaluation indexes and the hit rate of the
model, the multiple nonlinear regression model has a good fitting ability and
high hit rate.
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Preparation of Spherical Iron Powder
by High-Temperature Re-melting
and Spheroidizing

Qipeng Bao, Lei Guo, and Zhancheng Guo

Abstract Spherical metal powders are in great demand in the novel manufacturing
industry, such as 3D printing, plasma spraying, and metal powder injection molding.
For the efficient production of spherical metal powder, an innovative method to
prepare spherical metal powder was proposed in this paper through re-melting and
spheroidizing the irregular shapemetal powders at high temperatures. And, the spher-
ical iron powder is successfully prepared using direct reduced iron powder. The
morphology, particle size distribution, spheroidization rate, and gas content of the
powders preparedwere characterized.When the gas ratio of hydrogen increases in the
spheroidizing atmosphere, the oxygen content of the treated powder decreases subse-
quently. Meanwhile, the change in nitrogen and hydrogen content is not obvious.
After treatments at 1833 K, the particles below 100μm present smooth surfaces, and
no hollow particles and satellite spheres exist. And, the spheroidization rate is close
to 100%, which is greatly beneficial to improve the flowability.

Keywords Spherical iron powder · Spheroidization · 3D printing · Flowability

Introduction

Spherical metal powder has many unique properties, such as isotropy, excellent
flowability, and high density [1, 2]. In recent years, spherical metal powders are
in great demand in the novel manufacturing industry, such as 3D printing, plasma
spraying, and metal powder injection molding [3, 4]. But, there are still some defects
in the existing production process of spherical metal powder.

For example, satellite particles and hollow particles inevitably appear in metal
powders produced by atomization methods. However, the powder-preparing process
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involving plasma as heat source usually has some problems, such as high cost and
volatilization of alloy elements [5]. Thus, for the efficient production of spherical
metal powder, an innovative method to prepare spherical metal powder was proposed
in this paper through re-melting and spheroidizing the irregular shape metal powders
at high temperatures [6]. The direct reduction iron powder is a widely useful raw
material in the field of metallurgy [7]. Its production process is mature, the output
is huge, and the cost is low. Therefore, we choose direct reduction iron powder as
raw material. And, the spherical iron powder was successfully prepared by high-
temperature re-melting and spheroidizing.

In order to study the optimal spheroidizing conditions, we have set different
spheroidizing parameters such as temperature and particle size.And, themorphology,
particle size distribution, spheroidization rate, and gas content of the powders
prepared were characterized. When the gas ratio of hydrogen increases in the
spheroidizing atmosphere, the oxygen content of the treated powder decreases subse-
quently. Meanwhile, the change in nitrogen and hydrogen content is not obvious.
After treatments at 1833 K, the particles below 100μm present smooth surfaces, and
no hollow particles and satellite spheres exist. And, the spheroidization rate is close
to 100%, which is greatly beneficial to improve the flowability. Furthermore, after
calculating the theoretical model, it is also basically consistent with the experimental
results. This theoretical model can be used to predict the spheroidization results of
other metals.

Experimental

Materials

The iron powder used in this paper is gas-based direct reduction iron powder produced
by the BeijingXingrongyuan company. The chemical composition of the raw powder
is shown in Table 1. It can be seen from the table that the oxygen content is high, and
the content of other impurity elements is at the general level. And, the iron powder
is silver-gray macroscopically, with poor flowability, and in irregular porous sponge
shape microscopically. The particle size ranges from about 10–150 μm.

Table 1 Chemical composition (wt.%) of the experimental materials

Composition TFe Mn Si C P S O

Conc Bal 0.146 0.237 0.009 0.013 0.015 0.306
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Apparatus

As shown in Fig. 1, the experimental device can be divided into four parts: heating,
feeding, temperature control, and gas supply. The heat source of the furnace is a
molybdenum silicide rod. The limit heating temperature can reach 1873 K. The
length and inner diameter of the pipe are 1600 mm and 70 mm, respectively, and a
corundum furnace tube is adopted. The temperature is controlled by a programmable
controller with a B thermocouple. The observation accuracy is within ±3 °C.

In Fig. 1, the spheroidization process is explained in detail. The raw iron powder in
the storage hopper is continuously fed into the furnace tube by the screw feeder. After
that, the powder is evenly dispersed in the air. When the flying metal particles pass
through the high-temperature zone, they are quickly heated and melted into water
droplets. Under surface tension, metal droplets spontaneously shrink into spheres.
The whole spheroidization process was carried out in atmosphere of 75% argon
and 25% hydrogen. The powder disperses spontaneously in space due to the size
difference size. The molten metal droplets are cooled and solidified in the middle
and lower parts of the furnace tube.

Fig. 1 Systematic diagram of experimental apparatus
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Characterization

In order to observe the particle morphology, scanning electron microscopy
(SEM, phenom prox) was used. For the cross-sectional morphology, the powder
was installed in the resin and polished first. The gas content is detected by
oxygen/nitrogen/hydrogen analyzer (EMGA-830). The particle size distribution was
measured using a laser particle size analyzer (Malvern clf-2). Hall flowmeter (xf-02)
was used to measure powder flowability.

Results and Discussion

The Results of the High-Temperature Re-melting
and Spheroidizing

The particle surface morphologies after high-temperature re-melting and
spheroidizing are shown in Fig. 2. It involves temperatures ranging from 1733 to
1833 K (20° intervals). All particles are perfect spheres with smooth surfaces. There
are no obvious defects such as satellite particles on the surface. At the temperature
of 1833 K, the prepared small particles (below 100 μm) are uniform, perfect sphere,
and free of pores.

By counting the proportion of spheroidized particles, the spheroidization rate data
canbe obtained, as shown inFig. 2.Below the temperature of 1793K, the spheroidiza-
tion rate of particles is low, which means that the particles are not spheroidized at
all. When the temperature increases to 1833 K, the spheroidization rate of particles
improves with the decrease of particle size. At 1833 K, the particles below 60 μm
are close to 100%. Therefore, the change is not obvious with the decrease of particle
size (Fig. 3).

The Effect of Spheroidization Temperatures

The surface morphology of the powder varies with temperature is shown in Fig. 2.
Within a reasonable range, the spheroidization quality is obviously improved with
the increase in temperature. At 1833 K, the small particles (below 60 μm) are nearly
complete spheroidized. But, the large particles (greater than 100μm) at 1833–1813K
are still incompletely spheroidized. Through Fig. 2 (d5), these particles are in the
shape of short rods or irregular droplets. Differing from the particle treated at 1733–
1793 K, these particles have already melted a little on the surface and produced a
small amount of liquid phase. But before complete melting, it has entered the cooling
stage. Because of the fast cooling rate, there is no enough time for concentrating as
sphere shapes. When the temperature rises to 1623 K, all particles show as perfect
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Fig. 2 Surface morphology of spheroidized particles under different conditions



590 Q. Bao et al.

Fig. 3 Spheroidization rate
of spheroidized particles
under different conditions

spheres and bright smooth surfaces. At 1833 K, as shown in Fig. 2 (e6), the melting
extent is lower. While at 1793 K and below, the particles show no signs of melting.

According to the oxygen/nitrogen/hydrogen analysis, the oxygen content of the
raw powder is about 0.312%. The detailed data are shown in Fig. 4. For the prepared
powder, the oxygen content is basically reduced. With the increase of temperature,
the oxygen content of spheroidized powder increased slightly. The main reason for
the decrease of oxygen content is the reducing activity of hydrogen. The reduction of
the surface area also contributes to the reduction of adsorbed oxygen. The nitrogen
content and hydrogen content are basically the same as raw materials, at a low level.

Fig. 4 Gas content of
spheroidized particles at
different temperatures and
raw powder
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The Effect of Particle Sizes

The cross-sectionmorphologies of spheroidized particles with different particle sizes
at 1833 K are shown in Fig. 5. There are some pores inside the raw powder. While
in the treated particles, they are dense without defects. The composition is uniform
without segregation or impurities. However, when the particle size rises to 150 μm,
the incomplete shrinkage and melting would bring some pores inside particles.

Particle size distribution is also one of the important parameters to characterize
metal powder [8]. Narrow particle size distribution means uniform particle size and
better the flowability. Figure 6 shows the particle size distribution of spheroidized
particles with different sizes and raw powder. The particle size of the raw powder
is in a bimodal distribution. Most of the particles are distributed in the range of
50–100 μm, and a small part are distributed near 30 μm. The spheroidized particles
basically have a normal distribution, and the particle size is relatively uniform.

The gas content of particles also has an obvious relationship with particle size. As
shown in Fig. 7, it is the particle gas content of each particle size after spheroidization
at 1813K. The oxygen content decreaseswith the decrease of particle size. Especially
when the particle size is reduced to 60 μm, the oxygen content is greatly reduced.
This is because the particles below 60 μm melt well and are reduced more fully at
this temperature. The content of hydrogen and nitrogen has been very low, and the
change is not obvious.

Fig. 5 Cross-section morphology of spheroidized particles with different sizes and raw powder
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Fig. 6 Particle size distribution of spheroidized particles with different sizes and raw powder

The Verification of Theoretical Heat Transfer Model

In order to predict the spheroidization process, we need to understand the heat
exchange between metal particles and the gas environment. Researching the heat
exchange process, the particles’ falling behavior also needs to be studied. Thus, the
instantaneous velocity and temperature of particles under different conditions could
be calculated, based on the Stokes formula [9] and enthalpy balance:

dup/dt = FD
(
u∞−up

) + gx
(
ρp − ρ∞

)
/ρp+FX (1)

π

6
ρpd

3
pCp

dTp
dt
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4
a −T 4

p ) (2)
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Fig. 7 Gas content of spheroidized particles with different sizes

However, the physical parameters [10, 11] of metallic iron at high temperatures
are constantly changing, as shown in Fig. 8. Therefore, the analytical solution cannot
be obtained directly. However, the numerical solution can be obtained by finite
difference iteration.

This part is taken the iron powderwith particle sizes of 30, 50, 60, 100, and 150μm
as an example. This result can provide a reference for the setting of experimental
conditions for other metals.

Figure 9 shows the particle temperature at an ambient temperature of 1813 K. At
start, the 30–60 μm particles quickly reach the ambient temperature. And, there is
little difference in the subsequent high-temperature region. And, 100 μm particles
have a great difference before entering the high-temperature zone and then quickly
reach the ambient temperature in the temperature zone above Tm. The 150 μm
particles are quite different, completely below Tm. This means that the heat obtained
from the environment is not enough to make 150 μm; the particles are completely
melted (Fig. 10).

When the ambient temperature is reduced to 1793 K, 100 μm particles cannot
reach above the melting point temperature. Therefore, when the ambient temperature
is 1793 K, 100 μm particles cannot be completely spheroidized. It is worth noting
that all particle temperature curves are bent near TC, which is mainly caused by the
drastic change of heat capacity near Curie temperature.
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Fig. 8 Basic physical parameters of iron related to heat transfer process. T c: Curie point; Tα-γ:
phase transition point of α to γ; Tγ-δ: phase transition point of γ to δ; Tm: melting point

Fig. 9 Particle temperature in spheroidizing process under the ambient temperature of 1813 K
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Fig. 10 Particle temperature in spheroidizing process under the ambient temperature of 1793 K

Conclusion

In this paper, a novel method was proposed for the production of high-quality spher-
icalmetal powder. The spheroidization regular of particles and the numerical solution
model have been established and studied. The following conclusions could be drawn.
This process greatly reduces the defects of hollowparticles and satellite particles. The
spheroidization process is mild, avoiding the influence of the atomization medium.
This is a crucible-free re-melting process without contamination from inclusions.
The reduction atmosphere in spheroidization can reduce the oxygen content of the
metal powder. Theoretically, the spheroidization temperature can be controlled near
the melting point by using a suitable high-temperature section. The gas consumption
can be significantly reduced only by maintaining the micro-reduction atmosphere
without using the atomizing medium gas.
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Phosphorus Migration Behavior
in the Process of Converter Slag
Gasification Dephosphorization

Chenxiao Li, Yuekai Xue, Shuai Tong, and Kaixuan Zhang

Abstract To realize the gasification dephosphorization process in the converter slag
splashing stage for avoiding the P enrichment, the dephosphorized slag can be left
for recycling in subsequent furnaces. The migratory behavior of P during the slag
gasification dephosphorization was studied. The results show that the P element in
converter slag is mainly enriched in the silicate phase. The FeO in the converter slag
is reduced by the coke into a large-diameter granular elemental Fe phase. The P2O5

in the slag is reduced to P2 steam by coke at high temperature. Most of the P2 steam
passes through the gas-slag interface and enters the furnace gas. A small part of the
P2 steam will be adsorbed by the nearby elemental Fe phase to form iron phosphide.

Keywords Converter slag · Gasification dephosphorization · Phosphorus
migration · Occurrence state
China is the world’s largest steel producer, and the steel industry is also a high
consumption and high emission industry. According to the National Bureau of Statis-
tics, China’s steel slag output in 2020 is about 160 million tons, and the utilization
rate of steel slag resources is less than 30%, causing environmental pollution and
resourcewaste.With the introduction of the “Environmental ProtectionTaxLaw” and
“Recycling Development Leading Action” and other regulations, it shows that the
recycling of steel slag in steel enterprises is imminent [1–3]. “Control at the source”
is an important direction to effectively reduce converter slag emissions, while the
current production of residual slag can achieve low slag converter smelting, but the
cyclic enrichment of P in the slag will directly lead to the utilization of slag in the
furnace. Therefore, if the P in the steel slag can be removed, its phosphorus capacity
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can be increased, the slag retention operation can be carried out, and the slag recy-
cling economy can be realized. For this reason, domestic and foreign scholars have
made breakthrough progress in the dephosphorization of steel slag, and theirmethods
of gasification dephosphorization of steel slag have been developed rapidly. JIANG
[4] added SiO2 or Al2O3 to the steel slag, and the phosphorus of the slag was gasified
and removed and then returned to the steelmaking process for smelting. Wang [5]
studied the dephosphorization reaction kinetics and showed that under microwave
heating conditions, gasification dephosphorization is a secondary reaction and its
limiting link in the possible interface chemical reaction. Xue [6] used coke powder
for gasification dephosphorization industrial test on a 60t converter of Tangshan Iron
and Steel, and the results showed that the gasification dephosphorization of coke
powder reduction slag is feasible and superior.

The above studies have shown that part of the P2O5 in the slag can be removed by
gasification dephosphorization and has attracted the attention of many domestic and
foreign scholars. However, there are few studies on the whereabouts of phosphorus
in the process of gasification dephosphorization. Therefore, the author makes a theo-
retical analysis of the reaction mechanism of gasification dephosphorization and
phosphorus migration behavior through FactSage software simulation and thermal
experiment and provides technical guidance for metallurgical industry production.

Experimental Materials and Methods

Experimental Materials

The compositions of converter slag and coke are shown in Table 1 and Table 2,
respectively. Before the experiments, the steel slag and carbon were crushed to less
than 200 mesh and with electromagnetic crusher. To strengthen the effect of gasifica-
tion dephosphorization and take into account the consumption of coke powder in the
experiment, all the experiments of the furnaces used two units of carbon to reduce
100 g of converter slag. One unit of carbon equivalent is defined as the total mass of
carbon used when FeO, MnO, and P2O5 of the slag are reduced to the corresponding
elements.

Table 1 Composition of converter slag (wt.%)

FeO CaO SiO2 MgO MnO P2O5 R

15.82 42.85 12.55 7.15 3.35 3.08 3.41

Table 2 Composition of coke (wt.%)

C CaO SiO2 MgO P2O5 S Other

86.55 1.37 6.42 0.33 0.36 0.98 3.99
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Experimental Method

The main equipment for experimental heating is (HLLG1217) a vertical high-
temperature-resistance furnace, bipolar silicon molybdenum rod as heating element.
The schematic diagram of the experimental equipment structure is shown in Fig. 1, a
total of three sets of thermal experiments was carried out, and the experimental data
were all average values. All heat experiments are carried out under the protection of
nitrogen, and the nitrogen flow is controlled by the equipment rotor flowmeter, and
the N2 flow rate is 0.4 m3/h.

Before the experiment, put mix the slag and coke powder into the corundum
crucible with the outer graphite crucible. Turn on the circulating coolingwater before
starting the heating program to ensure the cooling protection of the furnace. Since the
converter slag gasification dephosphorization is carried out before the slag splashing,
the reference industrial smelting temperature at this stage is about 1540 °C. To
simulate industrial production temperature, the temperature of this experiment is
1540 °C, then keep it warm for 1 h. After the experiment, when the slag is lowered to
room temperature, slag samples are taken for testing. The composition of gasification
dephosphorization slag is shown in Table 3.

Fig. 1 Schematic diagram of high-temperature-resistance furnace

Table 3 Composition of gasification dephosphorization slag (wt.%)

FeO CaO SiO2 MgO MnO P2O5

13.56 44.22 16.32 8.30 3.19 2.22
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Analysis of Results

Thermodynamic Analysis of Gasification Dephosphorization
Reaction

This experiment uses coke as the reducing agent, in the standard state. There are four
gas products of carbon reduction P2O5, namely P, P2, P4, and PO. To determine the
specific gasification dephosphorization products, the FactSage software was used to
simulate the thermal carbon reduction of slag at different temperatures. As shown in
Fig. 2, it can be seen fromFig. 2 that the equilibrium partial pressure of gas P2 ismuch
higher than the equilibrium partial pressures of P, P4, and PO, and the equilibrium
partial pressure of gas shows an upward trend with the increase of temperature. It
can be inferred that the gas product of the carbon reduction of P2O5 is P2.

To better study the slag components involved in the reaction, the slag composition
before and after reduction at 1540 °C was compared, as shown in Table 4. It can be
seen from Table 4 that the mass fraction of P2O5, FeO, and MnO in the slag is
significantly reduced, indicating that it will react with coke at 1540 °C. The reaction
formula is as (1)–(3).

P2O5(l) + 5C(s) = P2(g) + 5CO(g) �Gθ = 603609− 648.94T (1)

Fig. 2 Diagram of the
change of the equilibrium
partial pressure of
phosphorus gas

Table 4 Slag composition before and after reduction (wt.%)

Slag FeO CaO SiO2 MgO MnO P2O5

Final slag 15.82 42.85 12.55 7.15 3.35 3.08

Gasification dephosphorization slag 13.56 44.22 16.32 8.30 3.19 2.22



Phosphorus Migration Behavior in the Process of Converter … 601

FeO(l) + C(s) = Fe(l) + CO(g) �Gθ = 141660− 139.45T (2)

MnO(s) + C(s) = Mn(l) + CO(g) �Gθ = 292954− 174.14T (3)

From Table 2, the addition of coke powder will bring in a certain amount of P2O5,
so the actual reaction amounts of P2O5, FeO, andMnO in this experiment are 3.12 g,
15.82 g, and 3.35 g, respectively. The average theoretical reduction rates of P2O5,
FeO, and MnO are 27.9%, 20.6%, and 4.78%, respectively. But, the actual reduc-
tion rate of P2O5 is 28.3%, which is 0.4% different from the theoretical reduction
rate. Because there is a certain gap between laboratory reaction conditions and theo-
retically good kinetic and thermodynamic conditions, within the allowable range
of experimental error, it can be considered that the experimental reduction rate is
basically the same as the theoretical calculation value.

At the temperature of 1540 °C in the experiment, the standard state Gibbs free
energy of P2O5, FeO, and MnO reduction were calculated from the thermodynamics
of the reaction Formulas (1), (2), and (3) to be −572.9, −111.2, and −22.8 kJ/mol.
The driving force for P2O5 to be reduced is greater, which can indicate that carbon
will preferentially reduce P2O5, followed byFeOandMnO.The consumption of coke
has been calculated theoretically, the theoretical added amount of coke fixed carbon
is 8.88 g, and the theoretical value of P2O5, FeO, andMnO being completely reduced
by C is 4.6 g. So, the unmelted C phase appears in the gasification dephosphorization
slag.

Phosphorus Occurrence Behavior Before and After
Gasification Dephosphorization Reaction

Analysis of Final Slag Mineral Phase Composition and Phosphorus-Rich
Phase

Analyze the microscopic morphology and phase of the final slag by SEM–EDS, as
shown in Fig. 3. From Fig. 3a, it can be seen that the slag is composed of four phases,
the first is that the blackmatrix has a claw-like structure with a large distribution area;
the second is that the bright white, gray matrix is randomly dispersed in particles
or strips and is embedded in the gray and black matrix; the third is a large-diameter
granular dark gray matrix, part of which is distributed on the white matrix, and the
other part is attached to the black matrix; the fourth type is an off-white matrix
with the irregular distribution. To quantitatively study the phase characteristics of
the slag, the analysis data of different microzones are summarized and analyzed,
the dot position is shown in Fig. 3b, and the mass scores of each element at the
corresponding points are shown in Table 5. Area1 phase contains high amounts of
Ca, Mn, Si, Mg, and other elements, and it is inferred that this phase is fostered. Area
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Fig. 3 Microscopic morphology and phase diagram of the final slag sample

Table 5 Composition of each phase element in the final slag (wt.%)

Area Element C O Mg Si P Ca Fe Phase

1 Mass% 19.70 33.80 1.45 3.81 0.43 28.82 10.22 Forsterite

Atom% 35.53 41.59 1.23 2.57 0.26 18.60 3.27

2 Mass% 4.35 28.68 1.64 3.01 0.61 13.30 42.60 RO phase

Atom% 10.28 50.87 1.76 3.04 0.56 9.42 21.64

3 Mass% 3.33 28.19 0.36 12.80 2.30 42.24 9.22 C2S phase

Atom% 7.17 45.52 0.38 11.78 1.92 23.76 3.07

4 Mass% 9.47 31.69 0.56 6.25 0.40 23.66 24.54 Calcite olivine

Atom% 18.07 47.90 0.56 4.73 0.37 18.21 19.83

2 phase contains a large amount of Ca, Mn, Fe, and Mg elements. It is inferred that
this phase is a typical RO phase, and the P content is relatively high. The dark gray
phase is dominated by Area 3 phase, and its proportion in the slag has increased. This
phase contains high content of Ca, Si, O elements, the mass fraction are 23.76%,
11.78%, and 45.52%, respectively, and the mass fraction of P element is as high as
2.30%, and the stoichiometric atom ratio of Ca, Si, and O in C2S is 2:1:4. The actual
atomic ratio of Ca, Si, O in this phase is very close to that of C2S. Therefore, it can
be inferred that the dark gray matrix is the C2S phase, which is the phosphorus-rich
phase. The Fe, Si, and Ca elements in Area 4 phase are relatively high, which can be
inferred to be possible calcite olivine.

To further study the occurrence of P in the final slag, the silicate phase area with
high P content was quantitatively analyzed, that is, the relationship between the
content of P, Ca, and Si in the micro-area is shown in Fig. 4. As shown in Fig. 4,
the Ca content in the C2S phase microzones is generally between 25 and 40%, the
Si content is concentrated in the 11–14% range, and the P content is between 1.4
and 2.2%. P content increases with the increase of Ca and Si content, respectively. P
exists in silicate phase regions with high Ca and high Si content, but it also exists in
low Ca and low Si content micro-regions individually.
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Fig. 4 Relationship between
P, Ca, and Si content in C2S
phase of final slag

Phosphorus Migration in Gasification Dephosphorization Reaction

The slag before and after reduction was detected by SEM–EDS, and it was found
that the RO phase in the final slag was small white particles and long strips. After
reduction, it becomes brightwhite large-diameter granular and dispersed distribution,
which may be due to the FeO in the RO phase being reduced to elemental Fe phase
by C at a high temperature of 1540 °C, as shown in Fig. 5.

In the process of EDS analysis, it was found that there is a large amount of P
element in the Fe phase of gasification dephosphorization slag. The RO phase of the
final slag and the Fe phase of the gasification dephosphorization slag are separately
analyzed, as shown in Fig. 6.

It can be seen from Fig. 6, that the P content in the RO phasemicrozone of the final
slag is within the range of 0.4–0.8%, and the Fe element content is within the range
of 10–50%. With the increase of Fe content in the final slag, the P content fluctuates
slightly, but there are some high P micro-regions in the Fe content between 10 and

Fig. 5 SEM before and after the converter slag gasification dephosphorization reaction
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Fig. 6 Relationship between
P content and Fe content in
RO phase and Fe phase
microdomain

20%. The content of P in the Fe phase microzones of the gasification dephosphoriza-
tion slag is uneven in the range of 0.15–7.5%, and the content of Fe element is in the
range of 0–60%. On the whole, the Fe content and P content in the Fe phase micro-
zones of the gasification dephosphorization slag are not obviously linear, but when
the Fe content is less than 30%, as the Fe content increases, the P content also has an
upward trend; when the Fe content is greater than 30%, as the Fe content increases,
the P content has a downward trend, but there will still be high P micro-regions.

The content of P in the Fe phase microdomains of the gasification dephosphoriza-
tion slag is generally higher than that in the RO phase microdomains of the final slag.
It can be inferred that part of the P is excluded from the furnace in the form of P2 gas
during the gasification dephosphorization. In addition, part of P2 will encounter the
liquid elemental Fe phase during the floating process. Due to the high density of the
Fe phase, the P2 gas will be drawn into it under the action of gravity, and the Fe phase
will react with the elemental Fe to form Fe2P and Fe3P, FeP, and other iron phosphide
compounds [7]. As a result, the illustration of migration behavior of P during slag
gasification dephosphorization of coke reduction converter slag can be obtained as
shown in Fig. 7. According to the quantitative analysis of microzone P and themigra-
tion behavior of P during gasification dephosphorization, it can be known that as the
content of elemental Fe produced by coke reduction of FeO increases, the content of
P present in the Fe phase will also increase. However, if the FeO content in the final
slag is too high, a large amount of FeO will be reduced by C into the elemental Fe
phase and more P will occur, which will inevitably lead to a decrease in the quality of
molten steel. Therefore, maintaining an appropriately high FeO content in the final
slag will facilitate the gasification dephosphorization reaction, and the presence of
FeO will increase the activity coefficient of P2O5 [8].
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Fig. 7 Illustration of migration behavior of P during slag gasification dephosphorization

Conclusion

The P in the final slag generally exists in the silicate phase micro-regions with high
Ca and high Si content. The part of the P2O5 of the converter slag can be reduced by
coke. Within the allowable error range of the experiment, the reduction rate of P2O5

in the experiment is basically the same as the theoretical calculation value. And, the
reduction product may be P2. The FeO in the converter slag is reduced by the coke to
Fe phase, and the Fe phase will adsorb the released P2. As the Fe content increases,
the P content in the Fe phase will also increase. Therefore, most of the P2 steam
enters the furnace gas through the gas-slag interface. A small part of the P2 will be
adsorbed by the nearby element Fe phase.
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Removal of Heavy Metals
from Sn-bearing Lead Slag: Effect
of Reductant Dosage

Mingyuan Gu, Yiwei Zhong, and Zhancheng Guo

Abstract A carbothermic reduction process was proposed to recover valuable
metals from Sn-bearing lead slag. The microstructure evolution and phase transi-
tion of the carbon-containing pellets during the reduction process were investigated
via XRD and SEM–EDS analysis. Results revealed that with the increasing of the
reducing agent dosage, the metallization rate of Fe and the volatilization ratio of Zn
increased. The metallic iron particles obtained at lower reductant dosage can aggre-
gate much bigger than those obtained with higher reductant dosage due to more
liquid phase (Fe2SiO4, Fe–FeS) and lower ash residue. However, excessive reduc-
tant dosage can easily lead to the generation of Fe–Pb–Sn alloy in the reduction
process, which hindered the further removal of Sn and Pb. When the reductant agent
dosage was 22% and roasting at 1200 °C for 20 min, the volatilization ratio of Zn,
Pb, and Sn can reach 93.31%, 92.5%, and 66.8%, respectively. Valuable flue dust
rich in heavy metals was also obtained.

Keywords Sn-bearing lead slag · Carbothermic reduction · Reductant agent
dosage ·Waste recovery

Introduction

Large amounts of lead slag are produced during the production of primary lead and
secondary lead industries. Considering lead concentrate smelting as an example, a
primary lead smelting system production of 1 t of leadwill discharge 7.1 t of lead slag
[1]. As an environmentally hazardous waste, lead smelting slag was considered as a
potential secondary resource of valuable metals (Zn, Pb, Fe, Cu, and Sn) if recycled.

Several metallurgical processes have been proposed, such as pyrometallurgy, one-
step smelting, Ausmelt, and fuming were commonly used to recover heavy metals
in industry. In recent years, gas-based or coal-based direct reduction technology has
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beenwidely used to processmetallurgical dust or slag [2]. During this process, highly
metalized pellets for iron recovery can be obtained, and valuable flue dust containing
heavymetals can be recovered through the direct reduction and volatilization process
[3]. In the carbothermic reduction, the reductant agent dosage (usually is coal or
carbon) plays an important role in the reduction of iron and heavy metals. It is
generally agreed that carbon gasification plays an extremely important role in the
reduction of iron oxide by carbon because it provides reducing gas for reduction [4].
For iron and zinc compounds, to achieve the reduction of FeO and deep volatilization
of Zn, a strong reduction atmosphere is favorable, which needs a more reductant
dosage [5]. For the volatilization of the Pb, as it can volatile through Pb, PbO,
and PbS, so the strong reduction atmosphere is non-essential [6]. However, for the
volatilization of Sn element, the dosage of reductant agentwas not as high as possible,
and it had been found that lignite and semi-coke with good reactivity accelerated the
generation of metallic iron and metallic tin and caused Fe-Sn alloy to easily form in
the reduced pellets [7], resulting in a decline in the volatilization.

In this study, the Sn-containing lead slag which also containing Fe, Pb, and Zn
was used as the raw material, adopting the containing carbon pellet direct reduc-
tion method. Effect of reductant agent dosage on the metallization rate of iron and
volatilization ratio of heavy metals was investigated. More importantly, the objec-
tives of this research were to determine the phase transformation of iron compounds
and heavy metals elements, to observe the microstructure evolution of iron particles,
and how the impact of the metallic iron morphology affects the removal of Sn and
Pb.

Experimental

Materials

Sn-bearing lead slag used in this study is from a lead smelter plant in Yunnan, China,
which compositions are shown in Table 1. Fine coke powder was used as a reductant
with fixed carbon of 76.21% with a particle size of <0.074 mm (Xinjiang Province,
China). Limestone was used as an additive to enhance the carbothermic reduction of
the lead slag, and the particle size was <0.074 mm. Bentonite was used as a binder to
increase the falling strength of pellets. Then, several kinds of pellets with different
molar ratios of C/O (correspond with the reductant agent dosage) were made in a
disk-granulating machine, where the molar weight of the element O refers to those
combined with elements Fe, Zn, Pb, and Sn. The size of green pellets was controlled

Table 1 Chemical compositions of the lead slag by XRF (wt. %)

Component Pb Zn Sn TFe S As SiO2 Al2O3 CaO MgO

Content 2.58 4.24 0.63 29.75 1.29 0.33 24.56 6.69 13.73 2.02
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Fig. 1 Schematic diagram of experimental apparatus for carbothermic reduction and flue dust
collection

about 10–12 mm through a circular screen. The wet pellets were dried at 110 °C for
4 h before being loaded in the furnace.

Experiment Methods

The experimental apparatus is shown in Fig. 1. The dry pellets were firstly loaded
on the preheated refractory plate and then were placed in the furnace. Weigh the dry
pellets before reduction. After a designated period time, the pellets were taken out
and cooled under N2 flow to room temperature. The metalized pellets were weighed,
ground, and analyzed. The flue dust arising from the carbothermic reduction process
was collected by a bag filter device connected to the flank outlet of the furnace.

Analysis Method

After carbothermic reduction, the metallization degree (η) was determined by
chemical titration analysis, which was defined as:

η=w(MFe)/w(TFe)× 100% (1)

where w(TFe) is the total content of Fe after reduction and w(MFe) is the content of
metallic iron after reduction. Sn, Pb, and Zn contents in the dry pellets and reduced



610 M. Gu et al.

pellets were measured by chemical analysis. Subsequently, the volatilization ratio of
Pb, Sn, and Zn was calculated according to the following equation:

λ = (m0w0 − m1w1)/m0w0 × 100% (2)

where m0 is the mass of dry pellets before reduction, w0 is the Pb, Sn, or Zn content
in the dry pellets, m1 is the mass of the metalized pellets, and w1 is the content
of Pb, Sn, or Zn in the metalized pellets. The phase composition of the metalized
pellets was analyzed by X-ray diffraction (TTR III, Rigaku Corporation, Japan), and
microstructure evolution was observed by SEM–EDS (MLA250, FEI Quanta).

Results and Discussion

Effect of Reductant Dosage on the Metallization Rate

Figure 2 shows the effect of reductant dosage on themetallization rate of iron, carbon
residue, and macroscopic appearance of metalized pellets. The pellets were reduced
at 1200 °C for 20 min. It can be seen that the metallization rate and carbon residue
increasedwith the increase of the C/Omolar ratio. And, themetallization rate reaches
nearly 90%. The gasification reaction will proceed at a faster rate when increasing
the reductant dosage. It will generate more CO, which improves the reduction [8].
From the macroscopic appearance of metalized pellets, when the C/O molar ratio
is below 1.8, the pellets presented a melting state, and the pellets adhere to each
other. Some low melting point substances are formed when the reductant exhausts,
and the reduction atmosphere becomes weak. Under a higher C/O ratio, reducing
atmosphere is stronger, and the pellets are fully reduced [9].

Fig. 2 Effects of C/O molar ratio on the reduction of pellets: a curves of metallization rate and
carbon residue, b C/O = 1.3, c C/O = 1.8, d C/O = 2.0, e C/O = 2.4
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Fig. 3 Effect of mole ratio
of C/O on the volatilization
ratio of heavy metals

Effect of Reductant Dosage on the Removal of Heavy Metals

The influence of reductant dosage on heavy metal removal was also studied at the
temperature of 1200 °C. As showed in Fig. 3, the volatilization ratio of Zn increased
significantly as the C/O molar ratio increased from 1.0 to 2.4. This is because the
reductive atmosphere of the system is gradually strengthened with the improvement
of the C/O mole ratio, which is beneficial to the reduction of zinc oxides [10].
However, the volatilization ratio of Sn increases firstly and then decreases from
66.823 to 60.207% as the molar ratio increasing from 2.0 to 2.4. It is well known that
Sn element can volatile out of the pellets in the form of SnO, which can volatile at
the temperature of 1127 °C [6]. But, it should be noticed that SnO2 and SnO can be
further reduced to metallic Sn, and the vapor pressure of which was very low. The
decrease of Sn volatilization ratio at higher C/O was mainly attributed to the reaction
of SnO2 reduced to metallic tin under stronger reduction atmospheres [11].

Lead can volatile as Pb, PbO, and PbS, of which the saturated vapor pressure is
1937 Pa, 5912 Pa, and 43,169 Pa at 1200 °C, respectively [6, 7]. When the reduced
coal is excessive, the lead compounds were easier to reduce and produce liquid Pb,
leading to a slight decrease in the volatilization ratio [12]. As a result, volatilization
of the Pb and Sn is inhibited.

Microstructure Evolution and Phase Transition of the Pellets

SEM–EDS analysis of the metalized pellets obtained under different C/Omolar ratio
is presented in Fig. 4. The metallic iron particles (bright white particles) obtained at
lower reductant dosage were much bigger than those obtained with higher reductant.
As can be seen from Fig. 4a, Point 1 and Point 4 are gangue (calcium iron silicate)
and iron sulfide (FeS), and the FeS phase (which initially exists in the lead slag) acts
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Fig. 4 Microstructures of the metalized pellets for different C/O molar ratio prepared at 1200 °C
for 20 min: a 1.0, b 1.5, c 1.8, d 2.4

as a “binder” and combine the metallic iron together. FeS has a lower melting point
(1188 °C), which can accelerate the aggregation of metallic iron; on the other hand,
the eutectic mixture of Fe–FeS (melting point is 985 °C) can be easily generated at
the temperature of 1200 °C; hence, aggregation of the iron particles was accelerated
by this liquid phase [13]. Therefore, the metalized pellets made in a lower C/Omolar
ratio presented a melting state according to the macroscopic appearance (Fig. 2b, c).
With the increase of C/O molar ratio, iron particles become smaller and disperse.
Large-size aggregation comprised of Fe and FeS is barely found. That is because,
ash and carbon residue in the anthracite impede aggregation of the metallic particles.

The XRD patterns of the samples reduced at 1200 °C for different C/O molar
ratios are shown in Fig. 5. Fayalite (Fe2SiO4) was gradually reduced to metallic
iron during the process, and the peak of metallic iron appeared. At a C/O molar
ratio of 1.0, the fayalite peak is clearly detected. It indicated that Fe2SiO4 cannot
be reduced sufficiently under a weak reduction atmosphere. Another reason is that
metallic iron is reoxidized due to lack of carbon, and the newly formed FeO reacted
with SiO2 again [9]. At a molar ratio of 1.3, quartz (SiO2) peak as a transition phase
is clearly detected, and the intensity became stronger as the C/O raised (Eq. 3). The
quartz phase can also be identified from SEM–EDS analysis (Fig. 4d). Comparing
with the lower C/O pellets, the peak of fayalite disappeared at the C/O molar ratio
higher than 2.0. Meanwhile, the peak of higher smelting point phases such as SiO2,
Ca3Al2(SiO4)3 is strengthened as the reductant dosage increased. It was evident that
the phases present in the reduced samples identified byXRDwere in good agreement
with SEM–EDS analysis results.

Fe2SiO4 + 2C = 2Fe + SiO2 + 2CO (3)

To further investigate the removal mechanism of heavy metals, SEM–EDS anal-
ysis was used to examine the residue phase in the metalized pellets. As seen from
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Fig. 5 XRD patterns of the metalized pellets reduced at 1200 °C for different C/O molar ratio
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Fig. 6a, when the C/O molar ratio was 1.0, the reduction and volatilization of
heavy metal-containing phases are not sufficient. From the energy spectrum, the
main components of Point 1 are Fe, O, Si, Pb, Zn, Sn, and Ca, et al., which are
wrapped in the aggregated iron particles. It is difficult to react completely under
this enclosed structure, generating under a weaker reducing atmosphere. Further, the
partial amplification of Fig. 6a was examined. It can be seen from Fig. 6a1 that some
tiny white particles disperse in the FeS matrix (Point 2), the main elements of the
bright white particles in Point 3 are Fe, S, and Pb, and analysis shows that it is poly-
metallic sulfide. From this perspective, when the C/O molar ratio is 1.0, the calcium
iron silicate, Fe2SiO4, and low smelting point phases such as Fe–FeS resulted in
the melting phenomenon of the pellets, which in return impede the volatilization of
heavy metals diffuse from the low porosity pellets [14]. Similar microstructure and
phases can be also observed at the C/O molar ratio of 1.3 and 1.5. Figure 6b showed
the morphology of reduced pellets prepared at a C/O molar ratio of 2.4. It is noted
that themain elements in Point 4 are Fe, Pb, and Sn, which are determined to be alloy
and adhere to the surface of metallic iron. Increasing of C/O molar ratio results in a
higher concentration of CO in the pellets, and SnO2 can be reduced to non-volatile
metallic Sn [15]. Meanwhile, more PbO is easily reduced to metallic Pb with lower
vapor pressure. And because of the metallic affinity, Fe–Sn–Pb alloy is generated,
which results in a decrease in the volatilization of Sn and Pb.

Characterization of the Flue Dust

XRD patterns of the flue dust are shown in Fig. 7. Three major phases are identified:
ZnO, PbSO4, and Zn2SnO4. The formation of the flue dust was that: ZnFe2O4 in
the pellets was reduced to metallic Zn for volatilization, and then the Zn vapor was
oxidized again to ZnO by oxygen in the flue gas [16]. Lead-iron-bearing silicate may
decompose into PbO and thenwas reduced to Pb by carbon. PbO and PbS can directly
volatilize into the flue without chemical reaction due to its high vapor pressure. Pb
and PbS can also be oxidized in the flue [17]. SnO2 can combine with ZnO to form
Zn2SnO4 in the flue gas [6]. The XRF results (Table 2) indicate that Zn, Pb, and Sn
are 52.45%, 16.89%, and 3.79%, respectively.

Conclusion

In this study, the effect of reductant dosage on the phase transformation of pellets
and removal of heavy metals was analyzed. The following four conclusions could be
drawn: (1) When C/O molar ratio of 2.0 (reductant dosage of 22%), the temperature
of 1200 °C, and reduction time of 20 min, the metallization degree was 88.75%, and
the volatilization ratio of Zn, Pb, andSnwas 93.31%, 92.5%, and 66.8%, respectively.
In addition, highly valuable flue dust containing 52.45% Zn, 16.89% Pb, and 3.79%
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Fig. 6 SEM–EDS observations of the metalized pellets: a-1 C/Omolar ratio 1.0, bC/Omolar ratio
2.4
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Fig. 7 XRD patterns of the
flue dust

Table 2 Chemical compositions of the flue dust by XRF (wt.%)

Component Zn Pb Sn TFe S SiO2 Al2O3 CaO MgO

Content 52.45 16.89 3.79 0.75 1.71 0.61 0.22 0.25 0.19

Snwas obtained. (2) Reductant dosage has a significant impact on the size of metallic
iron. Themetallic iron particles obtained at lower reductant dosageweremuch bigger
than those obtained with higher reductant due to more liquid phase (Fe2SiO4, Fe-
FeS), lower ash and carbon residue. (3) Volatilization ratio of Sn and Pb tended
to be decreased under a too low or too high reductant dosage. Heavy metals can
be encapsulated by the low smelting point Fe–FeS phase which is generated in a
weaker reducing atmosphere. (4) Overdose of reductant can result in the formation
of non-volatile Fe–Pb–Sn alloy, which hindered further removal of Sn and Pb.

Acknowledgements This work was supported by Key Research and Development Program of
China (No. 2019YFC1905705).

References

1. Pan DA, Li LL, Tian X, Wu YF, Cheng N, Yu HL (2019) A review on lead slag generation,
characteristics and utilization. Resour Conserv Recy 146:140–155

2. Xia LG, Mao R, Zhang JL, Xu XN, Wei MF, Yang FH (2015) Reduction process and zinc
removal from composite briquettes composed of dust and sludge from a steel enterprise. Int J
Miner Metall Mater 22(2):122–131

3. WuYL, JiangZY, ZhangXX,XueQG,MiaoZ, ZhouZY, ShenYS (2018) Process optimization
of metallurgical dust recycling by direct reduction in rotary hearth furnace. Powder Technol
326:101–113

4. Fruehan RJ (1977) The rate of reduction of iron oxides by carbon.Metall Trans B 8(1):279–286
5. Wang CL, Li KQ, Yang HF, Li CH (2017) Probing study on separating Pb, Zn, and Fe from

lead slag by coal-based direct reduction. ISIJ Int 57(6):996–1003



Removal of Heavy Metals from Sn-bearing Lead Slag … 617

6. Peng RQ (ed) (2005) Tin metallurgy. Central South University Press, Changsha
7. Su ZJ, Zhang YB, Liu BB, Zhou YL, Jiang T, Li GH (2016) Reduction behavior of SnO2 in the

tin-bearing iron concentrates under CO–CO2 atmosphere. Part I: efect of magnetite. Powder
Technol 292:251–259

8. Wang G, Wang JS, Ding YG, Ma S, Xue QG (2012) New separation method of boron and
iron from ludwigite based on carbon bearing pellet reduction and melting technology. ISIJ Int
52(1):45–51

9. Takashi M, Natsuo I, Yoshiaki H (2004) Influence of gangue composition on melting behavior
of coal reduced iron mixture. ISIJ Int 44(12):2105–2111

10. Liu Y, Su FY, Wen Z, Li Z, Yong HQ, Feng XH (2013) Mathematical simulation of direct
reduction process in zinc-bearing pellets. Int J Miner Metall Mater 20(11):1042–1049

11. Zhang YB, Li GH, Jiang T, Guo YF, Huang ZC (2012) Reduction behavior of tin-bearing iron
concentrate pellets using diverse coals as reducers. Int J Miner Process 110–111:109–116

12. Wang DY, Wang WZ, Chen WQ, Zhou RZ, Lin ZC (2000) Kinetics of evaporation of Zn and
Pb from carbon-bearing pellets made of dust containing Zn-Pb-Fe oxides. Int J Miner Metall
Mater 7(3):178–183

13. Yao GZ, Li YL, Guo Q, Qi T, Guo ZC (2021) Preparation of reduced iron powder for powder
metallurgy from magnetite concentrate by direct reduction and wet magnetic separation.
Powder Technol 392:344–355

14. Zhao HY, Chen YL, Duan XQ (2021) Study on the factors affecting the deep reduction of coal
gangue containing high contents of iron and sulfur. Fuel 288:119571

15. Zhang YB, Su ZJ, Zhou YL, Li GH, Jiang T (2013) Reduction kinetics of SnO2 and ZnO in
the tin, zinc-bearing iron ore pellet under a 20%CO–80%CO2 atmosphere. Int J Miner Process
124:15–19

16. Peng C, Zhang FL, Li HF, Guo ZC (2009) Removal behavior of Zn, Pb, K and Na from cold
bonded briquettes of metallurgical dust in simulated RHF. ISIJ Int 49(12):1874–1881

17. Di JC, Li WF (2015) Comprehensive recovery of valuable metals in lead and copper smelting
flue dust. China Nonferr Metal 44(3):50–53



Simulation Study on Top Blowing
Combustion in Iron Bath Smelting
Reduction

Panfeng Wang, Nan Wang, Jin Xu, and Haiyang Yu

Abstract In this paper, the smelting reduction furnace is taken as the research object,
and by establishing the “upper space” combustion model, the effects of different
top lance positions, different top blowing oxygen enrichment flow, and different
inclination angles of top lance inlet on gas velocity distribution and temperature
distribution in the furnace were studied. This paper provides guidance for non-blast
furnace ironmaking process theoretical and computational basis on aspects of scale-
up design, process optimization, and process control.

Keywords Iron bath melting reduction · Top jet · Secondary combustion ·
Numerical simulation

Introduction

Smelting reduction ironmaking process is an important branch of non-blast furnace
ironmaking process [1]. It is a very important development direction of ironmaking
process. Gou et al. [2, 3] conducted numerical simulation of 300t top blown oxygen
lance converter, using k − ε turbulence model and finite chemical reaction model,
andDeMarco-Lockwoodmeltmodel [4] simulates the gas flow, combustion reaction,
and heat transfer in the injection process. Shin et al. [5] simulated the combustion
of smelting reduction furnace, mainly simulated the effects of oxygen lance position
and inlet velocity on flow field, heat transfer, and secondary combustion rate in the
furnace. Panjkovic [6] used CFD to simulate the secondary combustion rate, gas
temperature, and heat transfer efficiency between gas, iron, and slag in the iron bath
reactor. The results show that the heat transfer from the upper gas-phase space to the
lower molten pool mainly depends on the radiation heat transfer to the molten pool
surface and the convective heat transfer between gas and small droplets. Baowei and
Youduo [7] developed a mathematical model of droplet generation, movement, and
heat transfer in top blown converter. Based on the study of gas flow, combustion, and
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heat transfer in the furnace, it is concluded that the secondary combustion process
of droplets in the furnace is an important heat transfer mode.

Numerical Simulation Research Method

Model Hypothesis

When solving the mathematical model of top blowing jet combustion of smelting
reduction furnace, its combustion reaction is very complex. In order to explore
its combustion characteristics, only the chemical reactions of CO, H2, and O2 are
considered, and the following assumptions are made:

(1) It is assumed that all fluids are incompressible viscous fluids;
(2) Convective heat transfer during combustion is not considered, but only

radiation heat transfer is considered;
(3) It is assumed that the bottom of the calculation domain is the release position

of CO and H2, which is the slag level;
(4) The wall surface of the smelting reduction furnace has no penetration and no

slip boundary.

Model Formulation

Fluid flow is governed by the law of conservation of physics. The basic conservation
laws include the law of continuity equation, the law of momentum equation, and the
law of energy equation. If the flow contains mixed interactions of different compo-
nents, the system should also abide by the law of component conservation. If the
flow is in a turbulent state, the system also abides by additional turbulent transport
equations. The calculation in this chapter involves turbulent gas-phase combustion
reaction, so the mathematical model should consider all the above basic control
equations, which are the mathematical description of these conservation laws.

Continuity equation

∂ρ

∂t
+ ∇(

ρ
−→u ) = 0 (1)

where ρ is the density, kg/m3; �u is the speed, m/s; T is the time, s.
Momentum equation

∂
(
ρ
−→u )

∂t
+ ∇(

ρ
−→u −→u ) = −∇ p + ∇[

μ
(∇−→u + ∇−→u T)] + ρg + F (2)
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where P is the pressure, Pa; G is gravity acceleration, m/s2; μ is viscosity, Pa s; F is
the source term force, N.

Energy equation

∂(ρT )

∂t
+ ∇[−→u (ρT + p)

] = ∇(
kef f ∇T

) + Sh (3)

where T is the temperature value, K; keff is the heat transfer coefficient; Sh is the
internal heat source of the fluid and the part of the fluid mechanical energy converted
into heat energy due to viscosity.

Realizable k − ε turbulence model equation

∂

∂t
(ρk) + ∂

∂xi
(ρui k) = ∂

∂x j

[(
μ + μt

σk

)
∂k

∂x j

]
+ Gk + Gb − ρε − YM (4)

∂

∂t
(ρε) + ∂

∂xi
(ρuiε) = ∂

∂x j

[(
μ + μt

σε

)
∂ε

∂x j

]
+ C1ε

ε

k
(Gk + C3εGb) − C2ερ

ε2

k
(5)

μt = ρCμ

k2

ε
(6)

Cμ = 1

A0 + ASU ∗ k
ε

(7)

where Gk is the turbulent kinetic energy generated by the average velocity gradient,
kg/m s3; Gb is the turbulent kinetic energy due to buoyancy, kg/m s3; YM is the
effect of compressible turbulent wave expansion on dissipation rate; μt is turbulent
viscosity;Cμ is the average shear rate function;C1ε,C2ε, σ k , σ ε are constants, where
C1ε = 1.44, C2ε = 1.9, σ k = 1.0, σ ε = 1.2.

Component transport equation

The reaction rate appears in the component transport equation in the form of source
term. In this paper, the method of calculating the reaction rate is used based on the
Arrhenius velocity expression, as shown in the Table 1

∂

∂t
(ρYi) + ∇ · (

ρ
−→u Yi

) = −∇ J + Ri + Si (8)

Table 1 Calculation expression of chemical reaction rate

Chemical reaction Reaction rate (kmol/
(
m3gas

)−1
s−1)

CO + 0.5O2 = CO2 1.3 × 108CCOC0.5
O2

C0.5
H2O

exp
(−1.8169 × 103/RT

)

H2 + 0.5O2 = H2O 1011CH2CO2 exp
(−4.19857 × 105/RT

)



622 P. Wang et al.

Radiation model

∇ · (
I
(−→r ,

−→s )−→s ) + (a + σs)I
(−→r ,

−→s ) = an2
σT 4

π

+ σs

4π

4π∫

0

I
(−→r ,

−→s )
φ
(−→s · −→s )

d� (9)

Boundary Conditions

Initial inlet boundary: the inlet boundary condition of the top blowing gas jet of the
smelting reduction furnace is the pressure inlet, the inlet gas is 35% O2, the rest is
N2, and the gas inlet temperature is 1473 K; the release position of CO and H2 at the
slag liquid level is the velocity inlet, the gas content is 77.1% CO and 1.8% H2, the
rest is N2, and the gas inlet temperature is 1573 K.

Initial outlet boundary: the boundary condition at the outlet of the smelting
reduction furnace is the pressure outlet boundary condition.

Symmetry plane boundary: the symmetry plane boundary is set as the symmetry
boundary condition.

Wall boundary conditions: the solid wall is no slip and no penetration boundary
(wall), that is, at the solid wall, the velocity perpendicular to the wall and tangential
velocity is 0.

Simulation Scheme

Required experimental means, research conditions, and experimental conditions:

Simulation platform: the server

Processor: Intel(R) Xeon(R) CPUE5-2687v4@3.00GhHz 3.00 GHz (two processer)

Install memory: (RAM): 96.0 GB

System type: 64-bit operating system

Simulation software: ICEM16.1, FLUENT16.1, TECPLOT2017.
This paper mainly simulates the effects of different operating conditions (top

blowing gas jet flow, top blowing lance position, and lance inclination) on the flow
field and combustion characteristics of top blowing jet, and analyzes the jet combus-
tion characteristics such as jet distribution, velocity distribution, temperature distri-
bution under different conditions. It is concluded that the combustion characteristics
of the upper space under the action of oxygen enriched top blowing jet change with
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Table 2 Gas composition
and physical parameters of
molten pool

Composition of
molten pool gas

Volume fraction (%) Density (kg/m3)

CO 77.1 1.1233

N2 21.1 1.138

H2 1.8 0.08189

Hot air
composition

– –

O2 35 1.2999

N2 65 1.138

Table 3 Numerical
simulation scheme

Parameter Numerical value

Gun position H (mm) 800, 1000, 1200, 1400

Flow Qm (kg/s) 0.2, 0.25, 0.3, 0.35

Dip angle θ (°) 10, 15, 20, 25

different parameters. Relevant gas physical parameters and numerical simulation
schemes are shown in Tables 2 and 3.

Fig. 1 Geometric model and dimensions upper space of smelt reduction furnace
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Results and Discussion

Analysis of Results of Different Gun Positions

It can be seen from Fig. 2a that under the condition of consistent height from the
liquid level of the molten pool, with the increase of the lance position of the oxygen
lance, the velocity of the air flow gradually decreases. It can be seen from Fig. 2b: on
the cross sectionwithH= 0.2m, the velocity change trend of the air flow is consistent
under different oxygen lance position parameters. In the process of approaching the
furnace center from the edge of the furnace wall, the velocity first increases slowly
to the maximum value and then decreases rapidly. The maximum value of velocity
is different under different oxygen lance position parameters. With the increase of
oxygen lance position, the maximum value gradually decreases. H = 0.4 m cross-
section and H = 0.6 m cross-section have the same distribution law as H = 0.2
cross-section.

It can be seen from the Fig. 3 that with the increase of the distance between
the top lance and the liquid level of the molten pool, the length of the combustion
flame gradually increases, which is conducive to the transfer of the heat released by

Fig. 2 Axial velocity distribution of longitudinal section of different oxygen gun height a radial
distribution along the cross-section b H = 0.2 m, c H = 0.4 m, d H = 0.6 m
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Fig. 3 Different oxygen lance heights a 0.8 m; b 1.0 m; c 1.2 m; d temperature nephogram of
1.4 m longitudinal section and cross-section at different heights

combustion to the lower part of the molten pool, and the flame temperature is also
gradually increasing to accelerate the reduction of iron ore. The above phenomenon
is mainly because with the upward movement of the gun position, the space between
the top gun and the liquid level of the molten pool increases, and more gas is added
to the combustion reaction to maximize the use of the chemical energy of the gas
escaping from the molten pool and improve the secondary combustion rate. The
high-temperature zone of flame combustion is mainly concentrated in the furnace
center, which can reduce the erosion of high heat flow gas to the furnace wall lining.

It can be seen from Fig. 4a: with the increase of the height from the liquid level of
the molten pool, the temperature of the flame center first increases rapidly and then
decreases gradually. The maximum temperature of the combustion flame of the iron
bath smelting reduction furnace at the height of 0.8 m is 2300 K, and the maximum
temperature of the combustion flame under other parameters is 2500 K. The main
reason is that the distance between the top gun at the height of 0.8 m and the liquid
level of themolten pool is too small. It is caused by insufficient gas combustion, so the
distance between the oxygen lance and the molten pool liquid level is at least 1.0 m.
It can be seen from Fig. 4b: on the cross section with a height of H = 0.2 m from the
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Fig. 4 Axial temperature distribution in longitudinal section a radial temperature distribution in
cross-section b H = 0.2 m, c H = 0.4 m, d H = 0.6 m

molten pool liquid level, the flame temperature trend diagram with an oxygen lance
position of 0.8 m fluctuates more frequently, while the flame temperature with an
top lance position of 1.4 m increases all the time and finally reaches the maximum
value.

Analysis of Results of Different Top Blowing Flows

As can be seen from Fig. 5a, under the condition of consistent height from the liquid
level of the molten pool, with the increase of oxygen enriched gas flow, the speed of
gas flow gradually increases. It can be seen from Fig. 5b: on the cross-section with
H = 0.2 m, the velocity change trend of the air flow is consistent under different
flow parameters. In the process of approaching the furnace center from the edge
of the furnace wall, the velocity first increases slowly to the maximum value and
then decreases rapidly. The maximum value of velocity is different under different
gas flow parameters. With the increase of gas flow, the maximum value decreases
gradually.
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Fig. 5 Axial velocity distribution in longitudinal section a radial distribution in cross-section b H
= 0.2 m, c H- = 0.4 m, d H- = 0.6 m under different flow parameters

Conclusions

Through the above analysis of the simulation results, the conclusions are as follows:

(1) With the increase of the distance between the top lance and the liquid level of
the molten pool, the length of the combustion flame increases gradually, and
the temperature of the flame also increases gradually. However, the distance
between the top lance and the liquid level of the molten pool should not be too
large. The position of the top lance is too high, and the high-temperature flue
gas is directly discharged from the upper space, resulting in the increase of
coal consumption and heat loss. Therefore, the height of the top lance should
be between 1.2 and 1.4 m.

(2) With the increase of oxygen enrichment flow rate, the temperature of combus-
tion flame gradually decreases, and with the increase of gas flow rate, the
maximum temperature of combustion flame gradually moves down. There-
fore, when the oxygen-enriched gas flow is 0.2 kg/s, the temperature in the
upper space of the furnace is the highest.

(3) When the inclination angle of the oxygen lance inlet is 10°, the tempera-
ture increases continuously from the furnace wall close to the furnace to the
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center. However, under other parameters, the temperature inside the furnace
first increases and then decreases, and the temperature in the furnace center
gradually decreases with the increase of the inclination angle. Therefore, the
inclination angle of the top lance inlet shall not be greater than 15°.
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Study on Burden Mineral Phase
Identification System and Prediction
Model of Metallurgical Properties Based
on BP Neural Network

Qingqing Hu, Donglai Ma, Yue Wang, Zhixiong You, and Xuewei Lv

Abstract Sinters and pellets are the main burden of blast furnace in ironmaking
industry, and their phase compositions (hematite, magnetite, perovskite, calcium
ferrite, silicates, glass phase)will affect themetallurgical properties (low-temperature
reduction degradation index, reducibility, and softening-melting properties). In this
paper, based on optical microscope, RGB model, and image analysis, the gray range
of eachmineral phase is preliminarily determined, while the composition and content
of different mineral phases in burden can be reasonably calculated by reflectance
calculation model. Furthermore, BP neural network method is used to investigate the
mapping relationship between mineral phase composition and metallurgical proper-
ties. Therefore, a prediction model of burden mineral phase-metallurgical properties
is established which has reached a certain accuracy, and the influence of the content
of each phase on metallurgical properties is qualitatively analyzed. To enhance the
accuracy of themodel, it is necessary to enrich the database and improve themodeling
method.

Keywords BP neural network · RGB model · Mineral phase · Metallurgical
properties

Introduction

In ironmaking industry, iron ores are processed to sinter and pellet and added into
blast furnace as iron-bearing burden [1, 2]. The chemical compositions and mineral
phase structures of burden have great impact on its metallurgical properties which
determine operating conditions and product quality of blast furnace [3, 4]. In terms of
chemical components, many scholars [5, 6] investigated the effect of the proportion
of simple oxides in burden on metallurgical properties, including SiO2, CaO, MgO,
Al2O3, and TiO2. For example, higher content of TiO2 in burden would cause slag
foaming, higher viscosity of slag, and slag-iron difficult to separate, which worsens
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the operation efficiency of BF [7]. These basic chemicals form complex mineral
phases, such as hematite, magnetite, perovskite, calcium ferrite, silicate, glass phase,
and so on. In addition, the composition and structure of these phases are significantly
related to metallurgical properties such as low-temperature reduction degradation
index, reducibility, and softening melting properties. At present, some studies [8]
have discussed the relationship between metallurgical properties and mineral phase
structure, but mostly focus on the single factor, which lack of systematic research.

In this paper, the phasemicrostructure of charge is obtained by opticalmicroscope,
the phase composition is determined by scanning electron microscope, and the phase
identification model is established. In addition, the mapping relationship between
ore phase composition and metallurgical properties is studied by BP neural network
method, and a high-precision prediction model of ore phase metallurgical properties
of burden is established. The model is applied to study the effects of mineral phases
on metallurgical properties.

Mineral Phase Identification

Sampling Method

The microstructure of the sample was observed under 500 times by optical micro-
scope (LEICA DM RXp). As shown in Fig. 1, to ensure the representativeness of
each sample, 16 points evenly on the surface of the burden were chosen to take
micrographs. Counting the relatively area occupied (%) by every mineral phase in
each picture and taking the average value. Hence, the proportion of each phase in
the burden can be obtained, that is, the input of the neural network model.

Fig. 1 Sampling position and microscope pictures
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Automatic Cognition Theory of Mineral Phase

Under the field of view of optical microscope, different phases will show different
colors. Based on RGB color model [9], the pictures can be grayed by using the
average method, and the brightness values (I) of different minerals can be obtained.

I = 1

3
(R + G + B) (1)

Through the conversion of Eq. (1), the relationship between the reflectivity of
minerals and the pixel gray level on the digital mineral phases picture is established.

Reflect = k × I/255 (2)

In Eq. (2), k is the proportional correction factor. According to the above two
equations, the relationship between reflectivity and R, G, and B values is acquired:

Reflect = k × 1

255
× 1

3
(R + G + B) (3)

When the value of k is determined, the reflect of different minerals can be calcu-
lated conveniently. Table 1 shows the gray value distribution of different mineral
through this method, which provides evidence to analysis micrograph information
accurately.

BP Neural Network

Back propagation (BP) neural network model is composed of BP network and data
processor. It is a highly nonlinear dynamic system with strong self-adaptive and
self-learning functions. BP network is generally composed of input layer, hidden
layer, and output layer. The data processor is used to process the data to form input
and output samples. In the whole learning process of neural network, the forward
propagation of signal and the reverse propagation of error are carried out repeatedly,
and its connection weight and node threshold are continuously updated until the
network output error is gradually reduced to an acceptable degree, and finally the
output results are obtained.

Table 1 Gray value distribution for different mineral

Mineral
phase

Hematite Magnetite Perovskite Calcium ferrite Silicates and glass
phases

Gray value
distribution

141–145 115–125 111–116 107–115 <75
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Modeling and Training

In this paper, the structural parameters of neural network are determined. The
number of hidden layer nodes is mostly determined by experience. Some studies
[10] proposed a formula for calculating the optimal number of hidden layer nodes:

l = √
x + y + α (4)

where x and y are the number of nodes in the input layer and the output layer,
respectively. And α is an integer constant in [1, 10], which is taken here α = 5.

The number of input layer nodes x of BP neural network is 5. Due to the lack
of partial data, the number of output layer nodes y is taken as 1 or 5, that is, the
reducibility and low-temperature reduction pulverization rate (2) and softening-
melting properties (5) are predicted separately.When y is1or 5, l is 7 or 8, respectively.
Hence, the structure of BP neural network x:l:y is 5:7:1 or 5:8:5 in Fig. 2.

Y = f (X1, X2, X3, X4, X5) (5)

Y-metallurgical properties include low-temperature reduction degradation index,
reducibility, and softening-melting properties. X1—ilmenite, X2—titanomagnetite,
X3—perovskite, X4—calcium ferrite, X5—silicates + glass phases.

As shown inTables 2 and 3, the original data are obtained through experiments and
literatures [11–13]. The above obtained mineral phases composition and metallur-
gical properties are divided into three groups randomly, as training samples, testing
samples, and predicting samples, respectively. As shown in Table 4, normalize the
input samples to the [−1, 1] interval before network training. The function of normal-
ization is to accelerate the convergence of training network. Normalization equation
is as follows:

ẑi = 2(zi − zmin)

zmax − zmin
− 1 (6)

Fig. 2 Structure diagram of neural network: 5:7:2 and 5:8:5
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Table 2 Mineral phases composition and metallurgical properties (%)

Number Hematite Magnetite Perovskite Calcium ferrite Silicates and
glass phases

RDI-3.15 RI

1 [11] 32.56 25.34 2.19 22.66 17.25 68.30 83.62

2 [11] 31.87 25.69 2.33 21.33 18.78 67.87 83.50

3 [12] 25.50 29.63 0.53 22.36 21.98 84.91 86.75

4 [12] 24.51 32.12 0.80 20.90 21.67 74.85 84.44

5 [13] 25.93 16.05 1.65 19.34 37.04 40.89 84.70

6 [13] 18.07 28.57 5.04 13.87 34.45 34.87 80.80

*RDI-3.15: Low-temperature reduction degradation index (the mass ratio of burden which diameter
less than 3.15 mm) RI: Reduction Index. Due to space constraints, only partial data is shown in this
paper

Table 3 Corresponding softening-melting properties

Number Softening property/°C Dropping property/°C S value

ta tb �tba ts td �tds �Pmax/Pa

1 [11] 1190.00 1285.00 95.00 1290.00 1430.00 140.00 6762.00 878.00

2 [11] 1201.00 1292.00 91.00 1303.00 1440.00 137.00 5488.00 685.00

3 [12] 1223.00 1310.00 87.00 1325.00 1452.00 127.00 5684.00 659.00

4 [12] 1218.00 1307.00 89.00 1320.00 1450.00 130.00 5880.00 700.00

5 [13] 1216.00 1290.00 74.00 1326.00 1450.00 124.00 5712.00 659.00

6 [13] 1205.00 1317.00 112.00 1297.00 1440.00 143.00 7100.00 936.00

Table 4 Partial data after normalization

Number Hematite Magnetite Perovskite Calcium
ferrite

Silicates and
glass phases

RDI-3.15 RI

1 [11] 0.37 −0.47 −0.81 −0.06 −0.28 0.49 0.29

2 [11] 0.34 −0.46 −0.79 −0.12 −0.18 0.48 0.28

3 [12] 0.07 −0.31 −0.95 −0.07 0.02 1.00 0.61

4 [12] 0.03 −0.22 −0.93 −0.14 0.00 0.69 0.37

In Eq. (6), z
∧

i—normalized value, zi—raw data, zmax—maximum value in raw
data, zmin—minimum value in raw data.

TheBPneural network is establishedbyusingMATLAB(2019a) software, and the
Levenberg–Marquardt backpropagation algorithm is used, which the mineral phase
composition and metallurgical properties data are imported to make the network
model self-learning, training, and fitting.
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Table 5 Artificially constructed mineral phases composition data (Partial)

Mineral phase Relatively content of each phase (%) Total content (%)

Hematite 1.00 40.73 3.55 30.58 24.15 100.00

1.50 40.52 3.53 30.42 24.03 100.00

Magnetite 29.24 11.00 3.64 31.36 24.77 100.00

29.08 11.50 3.62 31.18 24.63 100.00

Perovskite 23.03 32.84 0.00 24.66 19.47 100.00

23.02 32.83 0.05 24.64 19.46 100.00

Calcium ferrite 26.21 37.38 3.25 11.00 22.16 100.00

26.06 37.17 3.24 11.50 22.03 100.00

Silicates and glass phases 25.96 37.02 3.22 27.79 6.00 100.00

25.82 36.83 3.21 27.65 6.50 100.00

Application of Model

After successfully training the neural network model, based on the average data of
each phase of burden collected in the literature, changing the content of a specified
mineral phase evenly while keeping the relative content of other phases unchanged.
In order to investigate the influence of the content of each phase on the metallurgical
properties qualitatively andquantitatively, the data is obtained inTable 5 and imported
to the model.

Results and Discussion

Analysis of Network Model 1

As shown in Fig. 3, using BP neural network can predict the low-temperature reduc-
tion degradation index and reducibility of BF burden. According to Table 6, the R
values of training samples, test samples, and prediction samples are obtained that
all of them excess 0.98. Meanwhile, the mean square errors (MSE) of RDI-3.15 and
RI reach 9.146 and 0.357, respectively. Furthermore, the average error between the
prediction group and the raw data is 0.69%, which means the error is within the
acceptable range. Therefore, the neural network model 1 has achieved high accu-
racy and can be further used to analyze the relationship between various phases and
related metallurgical properties which the result will be discussed on next part.
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Fig. 3 Comparison between fitting data and raw data: a RDI-3.15, b RI

Table 6 Statistic indexes of neural network

Neural Network Property Correlation coefficient (R) MRE MSE

Training Validation Test

Network 1 (5:7:2) RDI-3.15 0.9918 0.9829 0.9867 0.078 0.0121

RI 0.007 0.0401

Network 2 (5:8:5) S-M P 0.9669 0.9359 0.9151 0.022 0.0369

Analysis of Network Model 2

There are few relevant literatures containing the valid data of the softening-melting
property of burden, and many indexes are involved in this performance, so we design
model 2 by changing the network structure parameters (5:8:5). According to Fig. 4
and Table 6, model 2 is used to predict the softening-melting property which the
trained network can well approach the given target. In addition, the values of MRE
and MSE are 0.022 and 0.0369, respectively. Furthermore, the R values of training

Fig. 4 Comparison between fitting data and raw data: a softening temperature, b dropping
temperature, c �Pmax
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samples, test samples, and prediction samples are between 0.9151 and 0.9669 that
the accuracy is slightly lower than that of model 1. Ergo, the model has no further
application in this paper, although it can do some qualitative analysis.

Effect of Mineral Phases on Metallurgical Properties

Combining the value range of eachmineral phase in actual production, their effects on
the metallurgical properties are evaluated by using model 1 due to its better accuracy.
The results are shown in Fig. 5, every mineral phase increases within a rational range
as an independent variable. With the increase of the content of these mineral phases
(excluding perovskite), the value of RDI-3.15 will first increase and then decrease.
When perovskite increases from 0 to 5%, the values of RDI-3.15 and RI decrease
because perovskite is a brittle material with high melting point that does not have
bonding effect and difficult to be reduced [14].Many studies [15, 16] have shown that
the volume expansion of skeletal hematite when it is reduced to cubicmagnetite is the
main reason for the low-temperature reduction degradation of burden. In addition,
hematite is easier to reduce than magnetite. Calcium ferrite [17] is a kind of binder
phase, while the increase of its content will also promote the reduction of burden.
This needs to be improved through experiments. Silicates and glass phases have a
certain bonding effect, with the increase of their content, RDI-3.15 of burden will
decrease, but the metallization degree will decrease by forming hardly reducible
Fe2SiO4 meanwhile [18]. Most of the results of the qualitative analysis of the model
are consistent with the actual situation. Nevertheless, considering the complexity of
mineral phase composition, it is necessary to further refine the indicators and expand
the database to improve the prediction accuracy.

Fig. 5 Effects of mineral phases on metallurgical properties: a RDI-3.15, b RI
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Conclusions

The gray range of each mineral phase is preliminarily determined by RGB-gray
model, which can reasonably calculate the proportion of each mineral phase and be
used for automatic identification of mineral phase. Based on BP neural network, the
mineral phase composition-metallurgical properties model is established, which can
predict metallurgical properties when taking the mineral phase composition as the
input. Model 1 is used to predict RDI-3.15 and RI, and the predicted value is highly
consistentwith the rawdata. The influence ofmineral phase structure onmetallurgical
properties is analyzed qualitatively; most of the results agree with the real situation.
Further research will be performed in the future, which extra influencing factors,
model algorithm, and basic database will be taken into account, so as to improve the
prediction accuracy of metallurgical properties.
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Thermodynamic Study on Modification
of Converter Slag by Using Hot Blast
Furnace Slag

Yuzhu Pan, Dajun Luo, Xiang Yuan, Pengcheng Zhang, Jingxin Wang,
and Gaoming Liang

Abstract Blast furnace slag (BFS) and converter slag (CS) are themain by-products
of the BF-BOF long-process steel production model. In China, the utilization ratio
of BFS is high. CS cannot be widely used in the building materials industry due
to its characteristics, which is an important issue for the sustainable development
of Chinese steel companies. In this article, FactSage software is used to study the
conversion of CS by using the heat of BFS, and the research results provide a theoret-
ical basis for improving the utilization ratio of CS. The thermodynamic calculation
results show that when the temperature is lower than 1200 °C, the liquid phase ratio
of the CS is higher than that of the BFS.When the temperature is higher than 1250 °C,
the liquid phase ratio of BFS is much higher than that of CS. When the mass ratio
of BFS to CS is increased from 5:5 to 9:1, the liquid phase ratio of the mixed slag at
the same temperature will gradually increase. The molten BFS can absorb the free
CaO and MgO in the CS through a variety of eutectic phase and peritectic phase
melting reactions, and melt part or all of the high melting point Ca2SiO4. When the
proportion of BFS is relatively high, the fluidity of the mixed slag can be maintained,
which provides a guarantee for subsequent processing.

Keywords Blast furnace slag · Converter slag · Thermodynamic · Convert ·
Liquid phase

Y. Pan (B) · D. Luo · X. Yuan · P. Zhang · J. Wang · G. Liang
Hunan ValinXiangtan Iron & Steel Co., Ltd., Hunan, Xiangtan City 411100, China

D. Luo
e-mail: luodajun35@163.com

X. Yuan
e-mail: yx2058@163.com

P. Zhang
e-mail: ustbzpc@163.com

G. Liang
e-mail: lianggaomingxisc@163.com

© The Minerals, Metals & Materials Society 2022
Z. Peng et al. (eds.), 12th International Symposium on High-Temperature
Metallurgical Processing, The Minerals, Metals & Materials Series,
https://doi.org/10.1007/978-3-030-92388-4_58

639

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-92388-4_58&domain=pdf
mailto:luodajun35@163.com
mailto:yx2058@163.com
mailto:ustbzpc@163.com
mailto:lianggaomingxisc@163.com
https://doi.org/10.1007/978-3-030-92388-4_58


640 Y. Pan et al.

Introduction

In China, steel production is dominated by the BF-BOF long process, in which blast
furnace slag (BFS) and converter slag (CS) are the main by-products. BFS is widely
used in construction fields such as cement, concrete, glass, and ceramics. Due to the
composition and formation characteristics of CS, CS contains a large amount of f-
CaO, f-MgO and hard-to-break phases, whichmakes it difficult to refine and stabilize
the quality. This makes it difficult for CS to be widely applied to the construction
industry and the utilization ratio of CS in China is far lower than that of Japan, the
EuropeanUnion, and the United States [1]. Finally, most of the CS is unused, causing
environmental pollution.

In China, molten BFS is quenched by high-pressure water, and a large amount
of heat cannot be recovered, which results in a waste of energy. If CS can be added
to the molten BFS in the blast furnace process, or use the molten BFS in a special
refractory container to change the properties of CS, eliminate or reduce the f-CaO,
f-MgO, and hard-to-crush phases in the CS, then the utilization ratio of CS will be
improved, and at the same time the heat of BFS will be utilized.

This article mainly uses thermodynamic calculations to study using of BFS heat
and composition to transformCS, so as to provide a theoretical basis for Chinese steel
companies to make full use of the heat energy of BFS and increase the utilization
ratio of CS.

Research Methods

In this article, the thermodynamic calculation software FactSage was used for
research. FactSage thermodynamics software is one of the largest computing systems
with integrated databases in the field of thermochemistry. The basic principles and
developments were specifically introduced in the literature [2–4]. In this study, the
FToxid (The FACT Oxide Database) database is used for thermodynamic calcula-
tions. The thermochemical data of the CaO-SiO2-MgO-Al2O3-FeOx oxide system
in the database has been optimized to a considerable extent. The calculation module
used is a multi-element multi-phase balance calculation module. The specific condi-
tions set for the calculation include: PO2 = 21%; compound species includes pure
solids and pure liquids; equilibrium is set to “normal+ transition”mode. The solution
phase parameters set in the calculation process is shown in Table 1.

This article refers to the composition of the BFS of Xiangtan Iron and Steel
CompanyNo. 2 blast furnace and the CS of the steelmaking plant for the calculations.
Themain components are shown in Table 2. The calculation results include the liquid
phase ratio of BFS and CS at 1000 °C–1600 °C, and the calculation step is 50 °C. In
addition, it also includes the liquid phase ratio of mixed slag, in which mass ratios of
BFS and CS is 5:5, 6:4, 7:3, 8:2, and 9:1 respectively. The mixed slag compositions
are shown in Table 3.
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Table 1 Solution phase parameters set for calculation

Base phase Full name

FT-oxid-SLAGA A-Alag-liq all oxids + S

FT-oxid-MeO A A-Monoxide

FToxid-αC2SA A-α-Ca2SiO4

FToxid-OlivA A-Olivine

Table 2 Main components ofXiangtan iron and steel company no. 2BFS andCSof the steelmaking
plant

Components CaO SiO2 Al2O3 MgO FeO T/°C R2

BFS 41.68 35.16 15.8 7.36 – 1510 ± 10 1.19

CS 51.87 16.31 4.43 10.75 16.64 25 °C 3.18

Table 3 Main components of mixed blast furnace slag and converter slag in different proportions

BFS: CS CaO SiO2 Al2O3 MgO FeO R2

9:1 42.70 33.28 14.66 7.70 1.66 1.28

8:2 43.72 31.39 13.53 8.04 3.33 1.39

7:3 44.74 29.51 12.39 8.38 4.99 1.52

6:4 45.76 27.62 11.25 8.72 6.66 1.66

5:5 46.78 25.74 10.12 9.06 8.32 1.81

Calculation Results and Analysis

Analysis of Liquid Phase Formation Mechanism of CS
and BFS

The calculation results of the liquid phase ratio of CS and BFS are shown in Fig. 1. It
can be seen from Fig. 1 that when the temperature is lower than 1200 °C, the liquid
phase ratio of the CS is higher than that of the BFS.When the temperature is between
1200 °C and 1250 °C, the liquid phase ratio of the BFS is more than CS.

The melting of the mineral phase includes eutectic phase melting, peritectic
melting, dissolution, and temperature reaching themelting point of themineral phase.
It is necessary to discuss the composition of the solid phase before the appearance of
the liquid phase of BFS and CS, and determine themelting reaction of BFS and CS. It
is used to determine the proportion of suitable mixed slag phases, which promote the
melting and recrystallization of CS, and achieve the purpose of eliminating f-CaO,
f-MgO and difficult-to-break phases in CS.

The phase types and ratios shown in the calculation results before liquid phase
production are shown in Table 4. It can be seen from Table 4 that the main phases
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Fig. 1 Change of liquid phase ratio of CS and BFS

Table 4 Main phases of BFS before the appearance of liquid phase

Phase Olivine Ca2MgSi2O7 Ca2Al2SiO7 CaSiO3 Ca3MgSi2O8

Proportion 3.32 44.61 41.15 8.58 2.36

before the appearance of the blast furnace slag liquid phase were Ca2MgSi2O7 and
Ca2Al2SiO7, which reached 44.61% and 41.15%, respectively. Themain reactions of
blast furnace slag liquid phase formation are shown in formulas (1) and (2). Among
them, reaction (1) is a eutectic phase melting reaction, and reaction (2) is a peritectic
phase conversion reaction:

Ca2MgSi2O7 + Ca2Al2SiO7 + CaSiO3 = L 1214 ◦C (1)

Ca2MgSi2O7 + Ca2Al2SiO7 = Ca3MgSi2O8 + L 1214 ◦C (2)

Table 5 shows the phase composition before the appearance of the CS liquid
phase. Among them, Ca2SiO4 accounted for 46.68%. There are two oxide solid
solutions in the phase, accounting for 25.27% and 19.17% respectively, and the rest
is Ca3Al2O6 phase, accounting for 8.88%. Table 6 shows the main components

Table 5 Main phases of CS before the appearance of liquid phase

Phase Ca2SiO4 Monoxide#1 Monoxide#2 Ca3Al2O6

Proportion 46.68 25.27 19.17 8.88
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Table 6 Main components of Monoxide#1 and Monoxide#2

Components CaO SiO2 Al2O3 MgO FeO

Monoxide#1 0.48 – – 38.21 61.30

Monoxide#2 93.92 – 0.20 0.15 5.73

of Monoxide#1 and Monoxide#2. Both Monoxide#1 and Monoxide#2 are solid
solution phases composed of oxides such as MgO, FeO, and CaO. Monoxide#1
is mainly composed of FeO and MgO, accounting for 61.3% and 38.21% respec-
tively. Monoxide#2 is mainly composed of CaO and FeO, accounting for 93.92%
and 5.73%, respectively.

Through the analysis of the CaO-SiO2-FeO phase diagram, it can be known that
the liquid phase of the CS is caused by the CaO-SiO2-FeO system, and the lowest
temperature of the liquid phase appearance can reach 1093 °C [5–9]. From the results
of thermodynamic calculations, it can be known that during the melting of CS,
Ca2SiO4 cannot disappear completely, resulting in the liquid phase rate of CS lower
than BFS. It can be seen that due to the high basicity of CS, it is difficult for Ca2SiO4

to continue tomelt after FeO is completely consumed, whichmakes it difficult for CS
to melt. Since the oxygen blowing time in the converter steelmaking process is about
13 min-15 min, the steel-slag reaction in the converter cannot reach equilibrium.
In the process of converter steelmaking, P element causes Ca2SiO4 to fail to phase
change and pulverize. A part of CaO, MgO, and FeO formed by iron oxidation form
an oxide solid solution, that is, the RO phase. There is still a part of metallic iron in
CS, and these reasons make it difficult to handle and apply.

BFS cannot generate liquid phase at lower temperature through CaO-SiO2-FeO
system like CS. The main phases of BFS, Ca2MgSi2O7 and Ca2Al2SiO7, which can
produce a large amount of liquid phase through reaction (1) and reaction (2), resulting
in a higher liquid phase ratio of BFS than CS.

Liquid Phase Formation After Mixing BFS and CS
with Different Mass Ratios

Figure 2 shows the change trend of liquid phase ratio after mixing different propor-
tions of BFS and CS. It can be seen from Fig. 2 that as the proportion of BFS in the
mixed slag increases, the liquid phase ratio of the mixed slag at the same temperature
increases. Figure 3 shows the change rule of the phase content before the appearance
of the liquid phase of CS and mixed slag. It can be seen from Fig. 3a, b that as the
proportion of BFS in the mixed slag increases, the content of Ca2SiO4 and monoxide
phases gradually decreases. This is due to the increase in the proportion of BFS,
which reduces the basicity and FeO content of the mixed slag.

According to the information given in Fig. 3c–e, the proportions of Ca2Al2SiO7,
Ca2MgSi2O7, and CaSiO3 in the mixed slag increase as the proportion of BFS in the
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Fig. 2 Change rule of liquid phase ratio after mixing BFS and CS in different proportions

mixed slag increases.According to Fig. 3f, it can be seen that the ratio ofCa3MgSi2O8

increases first and then decreases with the increase of the BFS ratio. When the ratio
of BFS to CS reached 8:2 and 9:1, the olivine phase appeared in the mixed slag, and
the CaFeSiO4 phase accounted for more than 30% of the olivine phase.

Comparing Figs. 2 and 3, it can be seen that when the temperature is lower than
1350 °C, the liquid phase ratio of all mixed slags is lower than CS. This is because
the proportion of BFS increases and the FeO content of the mixed slag decreases,
and the amount of liquid phase produced by the CaO-SiO2–FeO system decreases.
As the temperature increases, the new phase reacts with the original phase. As shown
in reaction (3)–(6), when BFS:CS is 5:5, 6:4, and 7:3, compared with CS, mixed slag
can produce more liquid through reaction (3), (4), and (5). When BFS:CS is 8:2 and
9:1, compared with CS, the mixed slag produces more liquid phase through reaction
(5) and reaction (6).

Ca3MgSi2O8 + FeO = L 1288 ◦C (3)

Ca2Al2SiO7 + FeO = L 1158 ◦C (4)

CaSiO3 + Ca2Al2SiO7 = L 1273 ◦C (5)

Ca3MgSi2O8 + CaSiO3 + Ca2Al2SiO7 = L 1224 ◦C (6)
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Fig. 3 Phase change before the liquid phase is produced at different ratios of BFS and CS

According to the calculation results, the most suitable BFS:CS ratio in this study
is 9:1. The reason is that the mixed slag of this ratio can produce a liquid phase
through reactions (1), (2), (5), and (6). In the solid phase, there is a CaFeSiO4 phase
with a lower melting point, and the liquid phase ratio reaches 100% at 1350 °C.
In addition, adding less normal temperature CS to the molten BFS is beneficial to
maintain the temperature of the mixed slag, thereby ensuring the temperature at
which the above-mentioned liquid phase reaction occurs, and ensuring the fluidity
of the mixed slag.

Conclusion

In this article, using BFS to reform CS was studied by thermodynamic calculations.
The main conclusions as follows:
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(1) Thermodynamic calculations show that due to the different compositions of
BFS and CS, the solid phase composition is different before the liquid phase
appears, which results in the different formation of BFS and CS liquid phase,
and liquid phase ratio of BFS with low basicity is higher than CS when the
temperature exceeds 1250 °C.

(2) The calculation results show that the lower basicity can make the mixed slag
produce more liquid phase. As the proportion of BFS in mixed slag increases,
the solid phase composition of the mixed slag changes, resulting in more liquid
phase generation paths, and the liquid phase ratio gradually increases at the
same temperature.

(3) When the ratio of BFS to CS is 9:1, the liquid phase ratio of the mixed slag is
high, and it is beneficial to maintain the temperature of the mixed slag, which
is a more suitable ratio.

References

1. Guo J, Bao Y, Min W (2018) Steel slag in China: treatment, recycling, and management. Waste
Manag 78:318–330

2. Bale CW, Chartrand P, Degterov SA et al (2002) FactSage thermochemical software and
databases. Calphad 26(2):189–228

3. Bale CW,Bélisle E, Chartrand P et al (2009) FactSage thermochemical software and databases—
recent developments. Calphad 33(2):295–311

4. Bale CW, Bélisle E, Chartrand P et al (2016) FactSage thermochemical software and databases,
2010–2016. Calphad 54:35–53

5. Bowen NL, Schairer JF, Posnjak E (1933) The system CaO–FeO–SiO2. Am J Sci s5–
26(153):193–284

6. Wu S, Han H, Xu H et al (2010) Increasing lump ores proportion in blast furnace based on the
high-temperature interactivity of iron bearing materials. ISIJ Int 50(5):686–694

7. Wu S, Han H, Liu X (2010) Mathematical model for blast furnace burden optimization based
on the high-temperature reactivity. ISIJ Int 50(7):987–993

8. Pan YZ, Zuo HB, Wang BX et al (2020) Effect of reduction degree on cohesive zone and
permeability of mixed burden. Ironmaking Steelmaking 47(3):1–6

9. Pan YZ, She XF, Wang G et al (2019) Melting behavior and interaction of gangue phase of
iron-containing burden. ISIJ Int 59(7):1192–1197



Author Index

A
Ai, Songyuan, 59
Ashbaugh, Morgan, 175

B
Bao, Qipeng, 585
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