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Preface

The symposium Materials Processing Fundamentals is hosted at the Annual
Meeting of The Minerals, Metals & Materials Society (TMS) as the flagship
symposium of the Process Technology and Modeling Committee. It is a unique
opportunity for interdisciplinary presentations and discussions about, among others,
processing, sensing, modeling, multi-physics, computational fluid dynamics, and
thermodynamics.

The materials covered include ferrous and non-ferrous elements, and the pro-
cesses range from mining unit operations to jointing and surface finishing of
materials. Acknowledging that modern processes involve multi-physics, the sym-
posium and its proceedings allow the reader to learn the methods and outcome of
other fields’ modeling practices, often enabling the development of practical
solutions to common problems. Modeling of basic thermodynamic and physical
properties plays a key role, along with computational fluid dynamics and
multi-phase transport and interface modeling.

Contributions to the proceedings include applications such as steel processing,
modeling of steel and non-ferrous alloys treatments for properties control,
multi-physics and computational fluid dynamics modeling for molten metal pro-
cesses and properties measurement. Extractive, recovery, and recycling process
modeling is also presented, completing a broad view of the field and practices of
modeling in materials processing.
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The engagement of TMS and committee members to chair sessions and review
manuscripts makes this symposium and its proceedings possible. The editor and
co-editors acknowledge the invaluable support and contribution of these volunteers
as well as TMS staff members, in particular, Patricia Warren, Trudi Dunlap, and
Matt Baker.
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Part I
Molten Metal Processing and Modeling



Effect of Turbulence Suppressor
on Molten Steel Flow in Tundish

Jie Luo, Si-kun Peng, Ai-ping Zhang, and Yong Zhong

Abstract In this paper, the influence of the structure of turbulence inhibitor on the
flow of molten steel in tundish is studied. By means of numerical simulation, by
changing the shape of turbulence inhibitor and adding eaves on the top, the different
influences on the flow field, temperature field, inclusion removal rate, molten steel
quality, and residence time distribution curve of the whole tundish and the injection
zone are obtained. By comparing the effects of four different shapes of turbulence
inhibitors, this paper provides guidance for the design of flow control device in
tundish.

Keywords Turbulence suppressor · Numerical simulation · Flow field ·
Temperature field

Introduction

As a fluid reactor, tundish plays an important role in the continuous casting process.
Themolten steel from the ladle flows to the tundish through the long nozzle and flows
to the mold through the tundish to achieve the purpose of continuous casting. The
flow mode and residence time of molten steel in tundish will affect the flow mode of
molten steel and the floating of inclusions, which are closely related to the quality
of continuous casting billet [1–4]. Therefore, setting reasonable flow control device
in tundish is an important way to optimize the flow mode and mixing uniformity of
molten steel in tundish. In recent years, turbulence inhibitors have been widely used.
Turbulence inhibitors have different shapes. Their outer wall size and structure are
of great significance to the flow pattern of molten steel in tundish.

He et al. [5] pointed out that the effect of circular turbulence inhibitor on the flow
characteristics of molten steel in the impact zone is very obvious. It can improve the
mixing ability of molten steel, promote the collision, growth, and removal of non-
metallic inclusions, promote the homogenization of temperature and composition

J. Luo (B) · S. Peng · A. Zhang · Y. Zhong
College of Materials Science and Engineering, Chongqing University, Chongqing 400044, China
e-mail: 201909131200@cqu.edu.cn
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of molten steel, and prevent the erosion of tundish lining in impact zone by high-
speed molten steel. Yang et al. [6] found that in asymmetric double-flow tundish,
the temperature difference between two outlets can be effectively reduced by using
asymmetric turbulence inhibitor and wall with guide hole. Merder [7] found that
turbulence inhibitors have a favorable effect on the durability of refractory lining near
the inlet zone; compared with tundish without turbulence inhibitors, the application
of turbulence inhibitors makes the mixing of molten steel better. This improvement
is based on increasing the dynamics of molten steel mixing, so that the centralized
mixing zone of molten steel is also larger. This situation is conducive to floating
non-metallic inclusions into the slag.

To sumup, in order to obtain the ideal flowmode andmixing degree ofmolten steel
in tundish and improve the impurity removal rate, this paper takes the rectangular
large capacity tundish as the research object, carries on the numerical simulation for
several different turbulence inhibitors in the injection area, compares with the orig-
inal tundish, and concludes that the influence of turbulence inhibitors with different
shapes and structures on the molten steel flow is in the injection zone. Finally, it
provides guidance for designing reasonable turbulence inhibitor in large capacity
tundish.

Numerical Simulation Research Method

Model Hypothesis

The flow of molten steel in the actual tundish is very complicated, and the
high-temperature working environment makes experimentation and measurement
extremely difficult. In order to facilitate the study of the flow phenomenon in the
tundish, this study has the following assumptions:

(1) The flow of molten steel in the tundish is a steady-state incompressible viscous
fluid.

(2) The inclusions are spherical particles, and the movements are independent of
each other.

(3) The effect of temperature on flow, density, and viscosity is negligible.
(4) In order to make the flow of molten steel in tundish close to the real situation,

the movement of molten steel is turbulent motion.

Model Formulation

The flow of molten steel in the continuous casting tundish is a three-dimensional
turbulent flow, and the mass equation, momentum equation, energy equation, and
turbulent kinetic energy equation used in the calculation are as follows.
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Continuity equation:

∂P

∂t
+ ∂(ρμi )

∂xi
= 0 (1)

Momentum equation:

∂
(
ρμiμ j

)

∂x j
= − ∂P

∂x j
+ ∂

∂x j

(
μeff

∂μi

∂x j

)
+ ∂

∂xi

(
μeff

∂μ j

∂xi

)
+ ρgi (2)

Standard k–ε equation describing the turbulent viscosity coefficient (the model
can be used to calculate the complicated turbulent flow):

∂(ρμi )

∂xi
= ∂

∂xi

[(
μeff + μt

σk

)
∂k

∂xi

]
+ G − ρε (3)

∂(ρμiε)

∂xi
= ∂

∂xi

[(
μeff + μt

σε

)
∂ε

∂xi

]
+ c1

ε

k
G − c2

ε2

k
ρ (4)

among them: G = μt
∂μ j

∂xi

(
∂μ j

∂x j
+ ∂μ j

∂x j

)
; μeff = μ + μt = μ + cμρ k2

ε
.

Energy equation related to temperature field calculation:

ρ

(
∂T

∂t
+ Cp

∂T

∂xi

)
= ∂

∂xi

(
keff

∂T

∂xi

)
(5)

Equation of transport behavior of inclusions in tundish:

dupi
dt

= 18u

ρpd2
p

.
CDRe

24

(
ui − upi

) +
(
ρp − ρ

)

ρp
gp + Fi (6)

Mass transfer equation of tracer in tundish:

(
∂C

∂t
+ ∇ ×Uc

)
= ∇ ×

(
ρDc + μt

Sct

)
∇ ×

(
C

ρ

)
+ SC (7)

where ρ is the density, kg m−3; ui and uj are the velocity of molten steel in the i and
j directions, m s−1; p is the pressure, Pa; μeff is the effective viscosity, kg m−1 S−1;
C1, C2, Cμ, Ck , and Cε are empirical constants; their values are 1.44, 1.93, 0.99, 1.0,
and 1.3, respectively; keff is the effective thermal conductivity, Wm−1 K−1; ρp is the
particle density, kg m−3; dp is the particle diameter, m; upi is the particle velocity,
m s−1; CD is the drag coefficient; Re is the relative Reynolds coefficient; Fi is the
force, N; Sc is the volume source phase, is the residual mass per unit volume of the
tracer unit time, kg/(m3 s); and Dc is the tracer diffusion coefficient; this paper takes
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1.1 × 10−8 m2/s; μt is the turbulent viscosity of molten steel, kg/(m s); SCt is the
turbulent Schmidt number of the tracer, taken 0.9.

Boundary Conditions

This study defines the ladle shroud as the velocity inlet and assumes that the velocity
profile on the inlet section is the same; the outlet is the pressure outlet; the liquid–
solid interface is considered to have no slip boundary, the velocity value on the solid
wall is 0; the free surface is zero shear stress. The heat radiation loss of the wall and
the free surface is neglected; the inclusion particles are adsorbed and removed by
the molten steel surface slag layer; the inclusions in contact with the wall surface of
the intermediate tundish are considered to be completely rebounded. The simulation
parameters involved in the numerical simulation calculation are shown in Table 1.

Simulation Scheme

The tundish studied in this paper has retaining wall and dam. In the simulation
process, the immersion depth of the long nozzle is 300 mm, the working liquid
level is 1300 mm, the distance between the long nozzle and the wall is 500 mm, the
distance from the outlet to the wall is 450 mm, the distance between the two nozzles
is 3990 mm, the distance from the center of the retaining wall to the center of the
long nozzle is 1300 mm, the distance from the bottom of the tundish is 500 mm, the
distance from the center of the retaining wall to the center of the retaining wall is
700 mm, the height of the dam is 650 mm, and the thickness of the retaining wall is
100 mm. The original tundish and its flow control device are shown in Fig. 1.

In this paper, four kinds of turbulence inhibitors with different geometries are
considered, as shown in Fig. 2. The adjustment of flow control device in tundish

Table 1 Important physical parameters for simulation of fluid flow in tundish

Parameters Values Parameters Values

Viscosity 0.0067 kg m−1 s−1 Thermal conductivity 41 W m−2 K−1

Specific heat 750 J kg−1 K−1 Free surface heat flow 15 kW m−2

Density 7020 kg m−3 Bottom wall heat loss 1.4 kW m−2

Turbulent kinetic energy at
the inlet

0.01Vin
2 m2/s2 Long wall heat loss 3.8 kW m−2

Dissipation rate at the inlet 33.33Kin
1.5 m2/s3 Short wall heat loss 3.2 kW m−2

Inlet temperature 1823 K Inlet diameter 160 mm

Inlet velocity 0.744 m/s Tracer diffusion coefficient 1.1 × 10−8 m2/s



Effect of Turbulence Suppressor on Molten Steel Flow in Tundish 7

1-Long nozzle:2-Retaining wall:3-Retaining dam

Fig. 1 Diagram of original tundish. (Color figure online)

Fig. 2 Four kinds of turbulence inhibitors

should help to form obvious dense mixing area, can increase the average resi-
dence time of molten steel in tundish, control the renewal rate of molten steel, and
provide time for inclusion floating. In addition, it will affect the improvement of
ingot structure and the reduction of impurities in the produced steel.

Results and Discussion

Through the simulation of the original tundish (case 0) and the tundish with four
different turbulence inhibitors added, the predicted values of flow field, temperature
field and inclusion trajectory in the tundish under each scheme were obtained.
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Comparison of Flow Fields

Figure 3 shows the velocity vector characteristic diagram of molten steel on the
symmetry plane in the tundish under each scheme.

In the tundish with turbulence inhibitors, the first thing to pay attention to is
the injection area at the inlet. In the original tundish shown in Fig. 3a, the fluid
flows at high speed all the way down to the bottom of the tundish, forming a high
negative velocity gradient upward. In the upper left of these high-speed vectors, a
large recirculation flow with a smaller velocity is found. The molten steel flows into
the tundish from the nozzle, collides with the bottom of the tundish, and then hits the
retaining wall and dam to the right. A part of the molten steel flows along the bottom
of the tundish to the dam, forming a small backflow near the dam. It can be seen from
Fig. 3b–e that the number of reflux in the injection zone is significantly increased,
which is conducive to the full mixing of molten steel in the injection zone, improving
the mixing degree of molten steel, and playing an important role in improving the
quality of molten steel and improving the removal rate of inclusions. The stirring
degree of B and C is similar to that of A. D has a small reflux near the liquid surface
in the upper right part of the injection zone, and the velocity vector density decreases.

Figure 4 shows the velocity nephogram of liquid level under each scheme. It can
be seen that except case A, the areas with higher velocity are in the injection zone.

Fig. 3 Velocity vector diagram of symmetry plane. (Color figure online)
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Fig. 4 Nephogram of velocity distribution of free surface. (Color figure online)

Table 2 Scheme A-D: free
surface velocity

Scheme Average velocity of free surface (m/s)

A 0.013082756

B 0.015983118

C 0.022407318

D 0.017380551

The free surface velocity of the original tundish without turbulence inhibitor is much
higher than that of the schemes with turbulence inhibitor. The overall free surface
velocity of scheme A is the lowest, the difference between scheme B and scheme D
is not much, and the free surface velocity of scheme C is larger than that of other
schemes. Table 2 shows the average free surface velocity values of A-D scheme.

Comparison of Temperature Fields

The temperature field distribution of symmetrical surface of tundish under each
scheme is shown in Fig. 5. It can be seen that the temperature distribution of the
symmetry surface of the original tundish and the tundish under various schemes can
be seen. Combined with Table 3, it can be found that the minimum temperature in
the tundish mostly occurs in the dead zone at the upper right corner. It can be seen
that the addition of turbulence suppressor is beneficial to the uniform temperature
distribution in the left injection zone. On the whole, the effect of turbulence inhibitor
on the temperature difference between left and right sides is not obvious.
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Fig. 5 Temperature distribution nephogram of symmetry plane. (Color figure online)

Table 3 Temperature in
tundish

Scheme Maximum temperature in
tundish (°C)

Minimum temperature in
tundish (°C)

Case 0 1823.52 1794.55

A 1823.03 1774.06

B 1823.13 1787.10

C 1824.10 1792.20

D 1823.07 1789.99

Comparison of Inclusion Removal Effects

After the calculation by Fluent, the DPM model was used to simulate the inclusion
with certain particle size and density added from the long nozzle, and the free surface
boundary condition was set as tarp. The inclusion removal rate can be calculated by
dividing the captured particles by the total number, as shown in Table 4. It can be
seen that the removal rate of inclusions in scheme B and scheme D is relatively high.

Table 4 Inclusion removal
rate

Scheme Inclusion removal rate (%)

Case 0 67.5

A 75.5

B 78.3

C 77.8

D 79.4
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Fig. 6 RTD curve. (Color
figure online)

RTD Curve

The concentration of tracer in tundishwith timewas calculated by component transfer
equation, and the RTD curves under different schemes were obtained. It can be seen
from Fig. 6 that the peak value of the original tundish curve is on the left and the
peak value is low, and the smoothness degree of other curves is similar. The peak
value of curve corresponding to scheme B is right, which indicates that the residence
time of molten steel in tundish is increased.

Conclusions

Through the above analysis of the simulation results, compared with the original
tundish, the following conclusions can be drawn for other schemes:

(1) The addition of turbulence inhibitor can make the molten steel fully agitated
after entering into the injection zone, make the molten steel well mixed, and
increase the probability of inclusion floating.

(2) The maximum velocity of free surface in scheme a is the smallest, followed by
BD, and scheme C is larger, but both are smaller and more uniform than the
original tundish.

(3) The temperature distribution in the injection region has been improved obvi-
ously, but the turbulence suppressor has little effect on the temperature difference
between the inlet and outlet regions.

(4) The removal rate of inclusions has been improved obviously, and B and D
schemes are the best.
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(5) The RTD curve has obvious changes, which indirectly reflects the residence
time of molten steel in tundish. The peak value is generally increased and right,
and the peak value of scheme B is the most right.
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Abstract In metallurgical processing, non-metallic inclusions contaminating
metallic materials are one highly relevant challenge. Bubble injection into molten
metals boosts the inclusion control and removal, thus enhancing metal homogenisa-
tion and purification. Although this principle of bubble flotation has been used for a
long time, the effects of bubble–inclusion interactions in molten metals are not yet
well researched. Imaging measurements of multiphase metal flows are challenging
for two main reasons: the metals’ high melting temperatures and their opaqueness
for visible light. This work focuses on X-ray and neutron radiographic experiments
employing low-melting gallium alloys laden with model particles smaller than 1 mm
in diameter. Both, bubbles and particles, are visualised simultaneously with high
spatial and temporal resolution in order to analyse their motions by tracking algo-
rithms. We demonstrate the capability of time-resolved X-ray and neutron radiog-
raphy to imagemultiphase flows in particle-laden and optically opaque liquidmetals,
thus contributing to pave the way for systematic investigations on bubble–inclusion
interactions in molten metals.
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Introduction

In aluminium- and steelmaking, the molten metals and alloys get contaminated with
inorganic non-metallic inclusions,which typically have inclusion size distributions of
the order of 0.01–0.1mm [1, 2]. Incorporated into the solidifiedmicrostructures, such
solid inclusions act as three-dimensional defects, affecting the materials’ formability
and fatigue behaviour.

To control inclusion size distributions and to remove inclusions from molten
metals, metallurgical processing employs the principle of bubble flotation [3].
Injecting gas into the molten metal, bubble swarms provide turbulent shear flow,
which drives collisions and agglomerations of small inclusions, speeding up the
buoyancy-driven removal of larger agglomerates. Additionally, large inclusions are
more likely to collide with and attach to bubbles in turbulent flows [4, 5].

For inclusion removal in steel refining, a simple mathematical model predicts
an optimum bubble size of 1–5 mm [3]. Flow simulations have quantified collision
rates for 0.01 mm aluminium oxide inclusions around a single bubble of 1.4 mm in
diameter rising in molten steel [6]. Collision simulations at the inclusion scale show
a strong influence of short-distance hydrodynamic effects, particularly when the size
ratio of the interacting inclusions is far from unity [7]. Multiscale simulations of an
industrial-type gas-stirred steel ladle highlight that steel cleanliness is mainly ruled
by agglomeration of the non-metallic inclusions [8], stressing their size ratio as the
prevalent parameter [9].

To validate models and simulations, experimental measurement data on bubble–
inclusion interactions are lacking. Imaging measurements of multiphase flows in
moltenmetals are challenging for twomain reasons: themetals’ highmelting temper-
atures and their opaqueness for visible light. Instead, specialised imaging techniques
use X-rays or neutrons to gain visual insight into liquid gallium-based alloys at room
temperature. In terms of the surface tension and the dynamic viscosity, the eutectic
gallium–indium–tin alloy (GaInSn) is comparable to liquid aluminium and liquid
iron (Table 1).

Table 1 Material characteristics of water (H2O) [10] compared to the eutectic gallium–indium–
tin alloy (GaInSn) [11], pure gallium (Ga), aluminium (Al), and iron (Fe) [12–14]: melting
temperature Tm, mass density ρl, surface tension σ lg, and dynamic viscosity ηl

Material Tm (°C) ρl (g cm−3) σ lg (mN m−1) ηl (mPa s)

H2O 0 1.0 73 1.0

GaInSn 11 6.4 590 2.1

Ga 30 6.2 720 2.0

Al 660 2.4 1050 1.4

Fe 1538 7.0 1880 5.6

The properties of water are given at room temperature (T = 20 °C), those of the liquid metals at
their respective Tm
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X-ray radiography (XR) has been validated for the characterisation of argon
bubbles rising in liquid GaInSn alloy [15]. The effects of bubble coalescence [16]
and bubble breakup [17] as well as the influence of a horizontal magnetic field [18]
have been investigated in bubble chain experiments. Bubble flows injected through
a top submerged lance into liquid GaInSn alloy have been visualised in a recent
experimental study [19].

Neutron radiography (NR) has provided insight into single-phase [20, 21] and
two-phase flows in the liquid eutectic lead–bismuth alloy [22]. In liquid gallium
experiments, NR has imaged rising bubbles under the influence of an electromag-
netically driven flow [23] and bubble shape dynamics in samples of representative
thickness with and without the application of an external horizontal magnetic field
[24, 25]. Further, NR has been employed to study particlemotions in an intense liquid
galliumflow [26–28] and to observe particle trapping during directional solidification
of liquid tin [29].

In addition to radiographic measurements in liquid metals, both XR and NR have
proven useful for flow visualisation in optically opaque liquid foam and froth [30,
31], especially in combination with custom-tailored tracer particles [32].

This work employs X-ray radiography as well as neutron radiography to visu-
alise and measure multiphase flows of both gas bubbles and solid particles in low-
melting gallium-based alloys at room temperature. Twodifferent types of flowexperi-
ments are investigated: first, bubbles rising in particle-laden liquidmetal, and second,
particle-laden liquid metal flow around a fixed cylindrical obstacle, which is moti-
vated by a single rising bubble. In particular, the radiographic measurements focus
on suitable particles of smallest possible diameter that can be imaged in liquid metals
using either X-ray or neutron radiation. Such model particles of less than 1.0 mm in
diameter – preferably even smaller than 0.1 mm – are the basis to further investigate
effects on bubble–inclusion interactions in molten metals by means of radiographic
model experiments.

Experimental Setup

Bubble Column

The experiments on rising bubbles are performed in a flat cuvette-like container
(Fig. 1) filled with the liquid metal and the respective model particles for either X-
ray radiography or neutron radiography. Made from acrylic glass, the container is
resistant to gallium-based alloys as well as to X-ray and neutron radiation. Because
acrylic glass is opaque to neutrons, the front and back window can be replaced by
soda lime glass plates. The container’s inner cross-section measures 70 mm in width,
but only 3 mm in depth, along the X-ray or neutron beam direction. This limited
thickness results from the attenuation characteristics of the multiphase system. To
generate a reproducible bubble chain, argon gas is injected continuously through a
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Fig. 1 Experimental arrangement for X-ray radiography of bubble flows in particle-laden liquid
metals: the divergent X-ray beam penetrates the liquid metal experiment placed between the high-
power X-ray tube and the X-ray image detection system. (Color figure online)

stainless steel hollow needle with 0.4 mm outer diameter, controlled by a digital
mass flow controller (type 1179B, MKS Instruments). After detachment from the
faceted needle tip, which is centred 10 mm above the container bottom and 105 mm
below the filling level, the bubbles ascend to the free surface of the particle-laden
liquid metal. In order to concentrate the particles near the needle tip and, hence, to
increase the probability of particle interactions with the detaching bubbles, the width
of rectangular cross-section tapers in the lower part of the bubble column. Both the
bubbles’ and particles’ trajectories are visualised and measured within the liquid
metal volume above the nozzle tip.

For X-ray radiography, the ternary eutectic gallium–indium–tin alloy (GaInSn,
mass fractions: wGa = 0.670, wIn = 0.205, wSn = 0.125) [11] serves as the model
liquid metal. For neutron radiography, this work employs liquid gallium alloyed
with tin (GaSn: wGa = 0.93, wSn = 0.07). The chemical composition is close to the
system’s eutectic point (wSn = 0.12) at Tm,GaSn = 21 °C [33]. Because the tin content
is low, the binary GaSn alloy is assumed to resemble pure gallium rather than the
ternary GaInSn alloy in terms of surface tension and dynamic viscosity (cf. Table 1).

Setting the argon gas flow rate to 10 sccm, the bubble chain detaches from
the needle with a frequency of approximately 20 bubbles per second, yielding the
bubbles’ Sautermean diameter db = 2.5mm.For the given bubble diameter andmate-
rial parameters, Grace’s bubble shape diagram [34] predicts the transition between
spherical and wobbling shapes in unhindered gravitational motion. However, the
3-mm-thin container confines the comparatively large bubbles: X-ray radiographic
experiments reveal effects of flow confinement on bubble shape dynamics [35].

Liquid Metal Loop

The experiments on the particle-laden liquid metal flow around a fixed cylindrical
obstacle are performed in a flat channel constructed as a closed circuit. The channel’s
rectangular cross-sectionmeasures 30mm inwidth and, in agreementwith the bubble
column, 3 mm in depth. Motivated by a single rising bubble, a rigid cylinder of
5 mm in diameter is fixed in the centre of the straight channel section. The liquid
metal loop is equipped with a disc-type electromagnetic induction pump to drive the
flow. Contrary to the bubble column, the liquid metal loop is exclusively used for
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neutron radiographic experiments, employing the liquid GaSn alloy with gadolinium
oxide particles. Further details on the experimental setup with the electromagnetic
induction pump as well as on the particle dispersion procedure are described in [36].

Model Particles

For X-ray radiography in the liquid GaInSn alloy, model particles based on lead
(Pb) or tungsten (W) are employed, because these heavy metals have high X-ray
attenuation coefficients. The contrast-to-noise ratio CNRX is measured for static
lead–tin spheres (Pb90Sn10) of 0.1–0.9 mm in diameter and tungsten carbide –
cobalt spheres (WC–Co) of 0.6–0.8 mm in diameter. The bubble flow experiments
are performedwith either Pb90Sn10 spheres of 0.76mm in diameter (Fig. 2a) orWC–
Co granules larger than 0.71 mm (Fig. 2b).

For neutron radiography in the liquid GaSn alloy, model particles based on
gadolinium (Gd) are employed, because this rare-earth metal has an outstandingly
high neutron attenuation coefficient μn,Gd = 1.5 × 103 cm−1, compared to the
liquid metal μn,GaSn = 0.5 cm−1 [36]. The particles made from either gadolinium
or gadolinium oxide (Gd2O3) have an irregular shape with a minimum Feret diam-
eter between 0.3 and 0.5 mm. Both particle materials are tested in bubble flow
experiments, but only Gd2O3 particles are used in the liquid metal loop with the
electromagnetic induction pump.

The terminal velocity vt and theStokes numberStp [37] of differentmodel particles
of 0.5 and 0.1 mm in diameter are estimated and listed in Table 2. The terminal
velocity characterises the particles’ buoyancy-driven motion. The Stokes number
expresses how quickly the particles adapt to an accelerated flow field, here induced
by a rising argon bubble of 2.5 mm in diameter at 0.28 m s−1 terminal rising velocity
and bubble Reynolds number Reb ≈ 2100. Particles with Stokes numbers Stp < 1
have good capabilities to follow the acceleration.

(a) dPb90Sn10 = 0.76 mm, spherical shape (b) dWC-Co > 0.71 mm, irregular shape 

1.0 mm 1.0 mm

Fig. 2 Model particles for X-ray radiographic experiments on particle-laden liquid metal flows:
a the lead–tin spheres (Pb90Sn10) and b the tungsten carbide – cobalt granules (WC–Co) are of a
different size and shape; stereo-microscopic images
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Table 2 Model particles in buoyancy-driven motion and their following behaviour in bubbly liquid
metal flows: mass density ρp of various particles, namely lead–tin (Pb90Sn10), tungsten carbide –
cobalt (WC–Co), aluminium oxide (Al2O3), silicon dioxide (SiO2), gadolinium (Gd) as well as
gadolinium oxide (Gd2O3), mass density difference �ρ = ρp − ρl between those particles and
the liquid, terminal velocity vt of the particles rising (vt = vr > 0) or settling (vt = vs < 0) in the
gallium-based alloys, and the Stokes number Stp of the respective particles depending on their
size dp

Particle ρp (g cm−3) �ρ/ρl vt for dp = 0.5 mm
(cm s−1)

Stp for dp = 0.5 mm Stp for dp = 0.1 mm

X-ray radiography in the liquid gallium–indium–tin alloy (ρGaInSn = 6.4 g cm−3)

Pb90Sn10 10.9 −0.70 −6.5 16.1 0.6

WC–Co 14.7 −1.29 −9.6 21.7 0.9

Al2O3 3.9 0.39 4.3 5.8 0.2

SiO2 2.7 0.58 5.8 3.9 0.2

Neutron radiography in the liquid gallium–tin alloy (ρGaSn = 6.2 g cm−3)

Gd 7.7 −0.20 −3.2 11.4 0.5

Gd2O3 5.6 0.13 1.5 8.3 0.3

X-Ray and Neutron Radiography

Attenuation Characteristics

The universal Beer–Lambert law describes the attenuation of X-ray or neutron radi-
ation passing through matter (Fig. 3). In a first approximation, the transmittance
through a sequence of i = 1 … n material layers calculates as

I/I0 = exp

[
−

∑
i

μi dz,i

]
(1)

with the intensity I0 of the incident beam, the intensity I of the transmitted beam, the
linear attenuation coefficient μi of the irradiated material layer, and its thickness dz,i
along the X-ray or neutron beam direction. As Fig. 3 shows schematically, particles
with an attenuation coefficient μp higher than μl of the surrounding liquid appear as
dark grey spots in the transmission image. In contrast, bubbles with a low attenuation
coefficient μb < μl are imaged as bright grey projections.

Figure 4 compares the X-ray attenuation coefficients μX of different model parti-
cles, argon bubbles, and the liquid GaInSn alloy, which also depend on the X-ray
photon energy EX. Estimated by Beer–Lambert’s law, Fig. 5 illustrates the X-ray and
neutron beam transmittance of thosemodel particles and the gallium-based alloys that
are employed in this work. ForX-ray radiography atEX = 100…150 keV, Pb90Sn10
spheres have to be larger than 0.5 mm in diameter to achieve sufficient contrast. The
liquid metal container of 3-mm thickness attenuates more than 50% of the incident
X-rays. On the one hand, this yields acceptable X-ray transmittance to image the
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Fig. 3 Measurement principle of transmission imaging: the attenuation of radiation that passes
through matter is described by Beer–Lambert’s law. Compared to the intensity I0 of the incident
beam, the intensity I of the transmitted beam is reduced bymaterial-specific absorption interactions,
yielding the signal intensity I* in the projected X-ray or neutron transmission images. (Color figure
online)
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Fig. 4 X-ray attenuation coefficientμX of the liquid gallium–indium–tin alloy (GaInSn) compared
to different particle materials, namely lead–tin (Pb90Sn10), tungsten carbide – cobalt (WC–Co),
gadolinium (Gd), aluminium oxide (Al2O3), and silicon dioxide (SiO2), as well as argon bubbles
(Ar), depending on the X-ray photon energy EX. Both the X-ray attenuation coefficient and the
mass density ρ of the respective particle material are either (a) higher or (b) lower than these of the
liquid metal. Decreasing EX from 500 to 50 keV,μX increases exponentially. Below EX = 100 keV,
the exponential trend is step-like interrupted by the element-specific absorption edges. (Color figure
online)
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Fig. 5 Beam attenuation characteristics for hard X-rays and thermal neutrons, calculated by means
of Beer–Lambert’s law: beam transmittance I/I0, depending on the irradiated material and its thick-
ness dz along the beam direction. In addition, the X-ray beam transmittance depends significantly
on the X-ray photon energy EX. (Color figure online)
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Pb90Sn10 spheres. On the other hand, the gradient �I/�dz is sufficiently large to
image bubbles by the corresponding deficit in liquid metal thickness (cf. Fig. 3). For
neutron radiography, the liquid metal thickness dGaSn = 3 mm again yields enough
neutron transmittance to image Gd or Gd2O3 particles down to 0.05 mm in diameter
with high contrast.

Radiographic Setup

X-ray radiography on multiphase flows in this work employs the same X-ray radio-
graphic setup (Fig. 1) as previous experiments on bubbles in the liquid GaInSn
alloy [15–19]. Polychromatic hard X-rays are generated by a high-power X-ray
tube (ISOVOLT 450M1/25-55, GE Sensing & Inspection Technologies), operated
between 130 and 200 kV tube voltage in order to optimise the image contrast during
the measurements. The divergent X-ray beam is narrowed by means of a collimator
and then penetrates the multiphase flow experiment in the flat container. The multi-
phase system with bubbles and particles in the liquid metal attenuates the incident
X-rays. The transmitted X-rays impinge on a scintillation screen (SecureX HB,
Applied Scintillation Technologies), which is directly mounted to the container’s
back window and emits visible light. Using a mirror and optical lenses (custom-
made design, TSO Thalheim Spezialoptik), the light pattern from the scintillator is
recorded by means of a scientific CMOS camera (pco.edge 5.5, PCO).

Neutron radiography has been performed at the beamlines NEUTRA [38] and
ICON [39] of the Swiss Spallation Neutron Source SINQ [40] at the Paul Scherrer
Institut. The experimental arrangement and important parameters used for the flow
visualisation in particle-laden liquid metal are reported in [36], which highlights the
neutron flux ϕn as the crucial parameter. In contrast to the thermal neutron beam
(ϕn = 1.3 × 107 n cm−2 s−1) at NEUTRA, the ICON beamline has been operated
with a maximum cold neutron flux of approximately 2 × 108 n cm−2 s−1 at the
experiment position. Neutron radiographs from ICON provide a sufficient image
contrast between the gadolinium-based model particles and the liquid GaSn alloy,
although the image noise is rather intense in image sequences captured with short
image exposure time.

Both X-ray and neutron radiographs have been acquired with similar spatial and
temporal resolution. To visualise individual model particles of the order of 0.5 mm
in diameter, the image pixel size equals approximately 0.1 mm in the X-ray and
neutron radiographs. To visualise the bubbles’ and particles’ motions with negligible
motion blur, X-ray radiography of bubble flows in the particle-laden liquid metals
is conducted with 5 ms image exposure time, which corresponds to a maximum
imaging frame rate of 200 fps. The neutron image sequences are captured with a
lower imaging frame rate of 100 fps frame, because doubling the image exposure
time to 10 ms lowers the image noise level to a certain extent.
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Results

Contrast-to-Noise Ratio

High contrast-to-noise ratio (CNR) is required to identify and track bubbles as well
as particles in X-ray or neutron radiographs. Neglecting motion blur, the CNR is
measured with non-moving particles, depending on their particle diameter dp and
the image exposure time T e. X-ray radiographs of spherical WC–Co and Pb10Sn90
model particles are exemplarily shown in Fig. 6, and the corresponding CNRX

values are plotted in Fig. 7a. Recently, we have reported the contrast-to-noise ratio
CNRn that was measured and analysed from neutron radiographs of irregular-shaped
gadolinium particles, whose minimum Feret diameter ranges between 0.10 and
0.45 mm (Fig. 7b,c [36]).

CNR = �I ∗

I ∗
σ

=
∣∣∣I ∗

p − I ∗
l

∣∣∣
I ∗
σ

(2)

According to Fig. 3 and Eq. (2), the minimum signal intensity Ip* in the greyscale
transmission images typically corresponds to the spheres’ centre positions. Themean

(a) Te = 100 ms (b) Te = 10 ms (c) Te = 3 ms
500 µm 635 µm 762 µm

400 µm300 µm200 µm100 µm

800 µm600 µm 5 mm1000 µm

889 µm

5 mm 5 mm

Fig. 6 Preliminary X-ray radiographic measurements to evaluate the contrast-to-noise ratio CNRX
of tungsten carbide – cobalt spheres (top row) and lead–tin spheres (middle and bottom row),
depending on their diameter dp and on the X-ray image exposure time T e. (Color figure online)
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Fig. 7 Contrast-to-noise ratio a CNRX in X-ray radiography of lead–tin spheres (Pb90Sn10) and
b, c CNRn in neutron radiography of irregular-shaped gadolinium granules (Gd) [36], depending
on their particle diameter dp and on the image exposure time T e. (Color figure online)
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background signal intensity I l* and its standard deviation Iσ
* are measured in the

absence of particles.
In both X-ray and neutron radiographs, the particles’ CNR declines with

decreasing particle diameter, because the thickness of the particle in beam direc-
tion decreases and also the geometric unsharpness of the imaging system has an
increasing effect. Furthermore, the CNR declines with decreasing image exposure
time, because images captured at short exposure time are subjected to high noise.
However, a short image exposure time reduces effects of motion blur.

The CNR depends on the transmission image contrast as well as on the image
noise level, which differ significantly between both radiographic techniques. Given
the same particle diameter and image exposure time, e.g. dp = 0.5 mm and T e =
10 ms, the CNRn of Gd granules is approximately twice as high as the CNRX of
Pb90Sn10 spheres. In the case of X-ray radiography, the CNRX is mainly affected
by the attenuation characteristics of the irradiated materials and, thus, by the image
contrast achievable. Although theX-ray radiographs have a comparatively low image
noise, model particles smaller than 0.5 mm in diameter are hardly visible, even in
long exposure time images (Fig. 6a). In the case of neutron radiography, the CNRn

is primarily limited by the high image noise level in neutron radiographs captured
with low neutron flux at short image exposure times [36]. Additionally, the neutron
image noise is not purely stochastic, but shows coherent structures in the size of the
three image pixels [31], which is close to the diameter of the Gd2O3 particles used
in this work.

Bubble Flow in Particle-Laden Liquid Metals

In the X-ray and neutron radiographic experiments, the respective model particles
have been imaged together with bubbles. Chain-like rising bubbles drive the liquid
metal flow in the thin container. Similar to particle tracking velocimetry (PTV)
in an optically transparent multiphase flow [4], both, particles and bubbles, can
be tracked simultaneously as individual objects. Generally, particles move towards
bubble trajectories and are entrained in each bubble’s wake.

For three different model particle materials, Fig. 8 shows X-ray and neutron
radiographs capturedwith short image exposure time in order to visualise the bubbles
with negligible motion blur and high image contrast. Compared to X-rays (Fig. 8a,b),
neutrons visualise bubbles with lower contrast and higher image noise (Fig. 8c). This
experimental observation in the 10-mm-thick container is in line with the theoretical
estimation by Beer–Lambert’s law illustrated in Fig. 5b: in terms of the neutron
intensity, the graph predicts a small intensity gradient�I/�dz = 10… 20% between
a single bubble and the surrounding liquid metal. Despite the bubbles’ low CNRn,
Birjukovs et al. [24, 25] have captured bubble flows in liquid gallium within a 30-
mm-thick container and developed a customised image processing pipeline in order
to investigated bubble shape dynamics.
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(a) Pb90Sn10 spheres 

10 mm

(b) WC-Co granules 

10 mm

(c) Gd granules 

10 mm

Fig. 8 Bubble flows in particle-laden liquid metals are imaged with a, b hard X-rays and c cold
neutrons. The wetting properties of the respective model particles are the crucial factor for the
particle dispersion into the liquid metal in flat containers as well as for bubble–particle attachments.
To create an intense flow and disperse the particles, the argon gas flow rate is increased from 10
to 100 sccm in the experiments with a the well-wetted Pb90Sn10 spheres and c the partly wetted
gadolinium granules. b The WC–Co granules are hardly wetted by the liquid gallium alloy, mainly
stick to the container wall and, hence, are barely affected by the bubble-driven flow

The model particles for X-ray radiography, Pb90Sn10 spheres andWC–Co gran-
ules, have to be comparatively large (dPb90Sn10 = 0.76 mm, dWC-Co > 0.71 mm, cf.
Fig. 2) and have to have a high mass density to provide sufficient CNRX. Thus,
they settle at high terminal velocity in the liquid GaInSn alloy (cf. Table 2). Also,
these particles are characterised by the highest Stokes number of all model parti-
cles considered in this work and are not expected to follow the flow very well, but
rather collide with rising bubbles. In consequence, X-ray radiography is suitable to
visualise the counterflow of ascending bubbles and descending particles as well as
bubble–particle collisions.

The WC–Co granules (Fig. 8b) and the Gd granules used in neutron radiographic
experiments (Fig. 8c) are wetted worse than the Pb90Sn10 spheres (Fig. 8a) and,
hence, are more likely to stick either to the free surface of the liquid metal or to the
wall of the flat container. However, the well-wetted Pb90Sn10 spheres hardly attach
to bubble surfaces after bubble–particle collisions, and they dissolve slowly – within
a few hours – in the liquid GaInSn alloy.

The X-ray or neutron attenuation characteristics as well as the behaviour in the
liquid metal flow depend on the particles’ bulk volume, especially the particle mate-
rial and diameter, but thewetting behaviour depends primarily on the particle surface.
Therefore, wetting properties can bemodified by an additional surface coating. In this
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work, coating with tin in a controlled milling process [41, 42] has been tested. After
tin coating, theWC–Co granules show a slightly improvedwetting and admixing into
the liquidGaInSn alloy. The coating protocol is not applicable to theGd2O3 particles,
because the milling process simply grinds the sintered microporous material to its
primary particle size of below 0.01 μm.

Particle-Laden Liquid Metal Flow around
a Cylindrical Obstacle

In the neutron radiographic experiments, Gd2O3 model particles have been imaged
in the liquid GaSn flow driven by an electromagnetic induction pump. The particle-
laden flow around the fixed cylindrical obstacle in the flat channel is motivated by a
single bubble rising in the liquid metal. Particle image velocimetry (PIV) algorithms
are utilised to analyse the particle motion within the liquid metal flow. If the particles
would follow the flow perfectly, the particle motion would represent the velocity
field up- and downstream the cylinder. In the cylinder’s wake, under turbulent shear
flow, the particles collide and presumably agglomerate with each other. However,
tracking of individual particles and particle agglomerates in the wake region is chal-
lenging, because the particles hardly distinguish from the neutron image noise and
the direction of particle motion is changing rapidly.

Operating the disc-type electromagnetic induction pump at constant rotation rate
ω = 0.57 s−1, the vertical velocity component of the liquid metal flow, averaged
within the range−25mm< y <−15mm upstream the cylindrical obstacle, measures
ūy = 0.11 m s−1 (Fig. 9c). According to this fluid velocity, the Reynolds number
of the cylinder with 5 mm in diameter equals Recyl ≈ 1600, which is close to the
Reynolds number Reb ≈ 2100 of a 2.5 mm rising bubble at 0.28 m s−1 terminal
velocity. The bubble diameter and velocity also predefine the image exposure time to

(a) original neutron radiograph
at short image exposure time Te = 10 ms

10 mm

(b) flow streamlines visualised by the 
time-averaged motion of the Gd2O3 particles

(c) velocity field obtained 
by PIV algorithms [36]
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Fig. 9 The particle-laden liquid metal flow around the fixed cylindrical obstacle in the flat channel,
equipped with the disc-type electromagnetic induction pump, is imaged with cold neutrons at the
ICON beamline. (Color figure online)
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capture bubble shape dynamics and particle motions around the bubble with negli-
gible motion blur. As in X-ray radiographic experiments, this would require a short
image exposure time of up to 5 ms, diminishing the particles’ contrast-to-noise ratio
significantly (cf. Fig. 7b). In the case of particle-laden liquid metal flow around the
cylindrical obstacle, the flow velocity can be adjusted independently of the cylinder
diameter. Reducing the flow velocity by approximately 50%, the image exposure
time can be doubled to 10 ms, so that the neutron image sequences provide a suffi-
cient CNRn. Consequently, on condition of similar Reynolds numbers Recyl and Reb,
the model particles in the cylinder flow experiment (Fig. 9a) are imaged with a higher
CNRn than in the bubble experiment (Fig. 8c). For upcoming neutron radiographic
experiments, the fixed obstacle will be replaced by a single bubble pinned to an
orifice, inspired by the experimental flow setup described in [5].

In comparison with the other model particles employed for X-ray or neutron
radiographic experiments, Gd2O3 particles aremost suitable as tracers, whosemotion
can be analysed by means of PIV algorithms. Two relevant particle characteristics,
the terminal velocity and the Stokes number, both depend on the mass density as
well as on the diameter of the model particles, and are estimated in Table 2.

The employed Gd2O3 particles have a small diameter (0.3–0.5 mm), and their
bulk density (5.6 g cm−3) is closest to the mass density of the liquid GaSn alloy
(6.2 g cm−3). This yields the slowest terminal velocity (1.5 cm s−1) of all model
particles. Although the true density of gadolinium oxide, measured by gas pycnom-
etry, is 8.2 g cm−3, the sintered particle material includes micropores, which reduce
the particles’ bulk density. To further slow down buoyancy-driven particle motion,
customised sintered Gd2O3 particles with approximately 30% microporosity would
match with the liquid GaSn alloy in terms of the density.

The particle diameter is the free parameter that determines the Stokes number.
Among all employedmodel particles, theGd2O3 particles have also the lowest Stokes
number,which equals 8.3 in the vicinity of a bubblewith 2.5-mmdiameter. Compared
to PIV tracer particles in optical measurements with St � 1 [5], this Stokes number
is rather large. Thus, the employed Gd2O3 particles are not able to fully follow the
liquid metal flow around rising bubbles. They will detach from the flow in case
of strong accelerations, which, in turn, enhances the probability of bubble–particle
collisions. Particles of 0.1 mm in diameter would be less inertial (St = 0.4), thus
accumulating at the rim of the bubbles’ wakes [43]. To almost completely follow
the bubble-driven liquid metal flow, the Gd2O3 particles would have to be one order
of magnitude smaller (dp = 0.05 mm, St = 0.1) than in these neutron radiographic
experiments.

Discussion and Conclusion

This work compares and highlights the capabilities of X-rays and neutrons for
imaging flow measurements in optically opaque liquid metals laden with small
solid particles. In model experiments with low-melting gallium-based alloys at room
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temperature, both X-ray and neutron radiography have proven appropriate to provide
direct visual insights into multiphase flows. Currently, only X-rays can image the
motions of bubbles and particles simultaneously with sufficient image contrast and
low image noise. In comparison, neutrons offer the prominent advantage to visu-
alise smallest particles in liquid metal flows. The radiographic techniques have been
employed for flow visualisation with two different, but comparable experimental
setups: bubble-driven flow in particle-laden liquid metal, and externally driven flow
around a cylindrical obstacle motivated by a single rising bubble. Such radiographic
model experiments are crucial to gain a deeper understanding of bubble–inclusion
interactions in molten aluminium alloys and steels during metallurgical processing.

The radiographicmodel experiments have revealed the importanceof the particles’
wetting properties. On the one hand, well-wetted particles can be easily dispersed
into liquid metals, simplifying the particle handling. On the other hand, non-wetted
particles aremore likely to form agglomerates and to attach to bubbles. These are two
fundamental interaction mechanisms of utmost interest in the radiographic experi-
ments. Wetting relates to the particle surface, which can be functionalised separately
from the particles’ bulk volume. The material and diameter of the particle bulk
volume have the strongest impact on its visualisation by X-rays or neutrons and on
the particle behaviour in liquid metal flows. Additional metallic surface coatings
such as tin, iron or nickel may enhance the particle wetting by liquid gallium-based
alloys.

Radiographic flowmeasurements in particle-laden liquid metal pose an optimisa-
tion problem with several interdependent parameters. These include, among others,
the thickness of the liquid gallium alloy that can be penetrated by theX-ray or neutron
beam, the particle material with its characteristic X-ray or neutron attenuation coeffi-
cient andmass density, the size and velocity of both themodel particles and bubbles in
the liquid metal flows, and the image exposure time, especially in combination with
the beamline-specific neutron flux. The contrast-to-noise (CNR) as a quantitative
measure proves useful to evaluate radiographic images of different model particles,
depending on their material and size as well as on the image exposure time. In X-ray
radiographs, the CNRX is mainly determined by the achievable contrast between
the model particles and the surrounding liquid metal. On the contrary, the CNRn

in neutron radiographs captured with short image exposure time at limited neutron
flux is significantly affected by non-stochastic image noise. In terms of the particle
material and particle size range, the X-ray and neutron radiographic experiments
supplement each other.

Lead-based and tungsten-based model particles have been employed for X-ray
radiography because of their high X-ray attenuation coefficients. However, these
particles have to be large (0.5–1.0 mm in diameter) compared to the flat liquid metal
container of only a few millimetre thickness along the X-ray beam direction. The
particle contrast in the liquid gallium–indium–tin alloy increases exponentially with
decreasing X-ray photon energy, which, in turn, restricts the container thickness. In
further consequence, the thin container confines rising bubbles, thus affecting the
bubble shape dynamics. Moreover, the particles that contain heavy lead or tungsten
settle in the liquid metal at comparatively high terminal velocity and show a low
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ability to follow the bubble-driven flow. Hence, visualising the counterflow of rising
bubbles and settling particles under confinement, X-ray radiography enables to track
both, bubbles and particles, simultaneously during bubble–particle collisions and
attachments in liquid metals.

Neutron radiography has been performed with model particles from gadolinium
and gadolinium oxide in the liquid gallium–tin alloy. Although the element
gadolinium has a superior neutron attenuation coefficient, the particle size of approx-
imately 0.5 mm in diameter is on average one order of magnitude larger than the
typical size of non-metallic inclusions in molten metals. Any further reduction of
the particle size to 0.1 mm or even 0.05 mm strongly depends on the experimental
arrangement. Particularly, the neutron flux provided by the neutron source at the
sample position is of central importance in order to distinguish smaller model parti-
cles from the image noise in neutron radiographs. The particles’ CNRn quantifies
the pronounced dependency on the neutron flux ϕn: an increase by approximately
one order of magnitude, from 1.3 × 107 n cm−2 s−1 at the NEUTRA beamline to
2 × 108 n cm−2 s−1 at ICON under otherwise similar imaging conditions, signif-
icantly improves the visibility of Gd particles smaller than 0.5 mm in diameter.
This promising trend is expected to continue with further increasing neutron flux at
future neutron imaging instruments: the ODIN beamline at the European Spallation
Source (ESS) will provide 1.2 × 109 n cm−2 s−1 [44]. However, in addition to the
neutron flux, the visualisation of smallest particles and their motion also requires
a small image pixel size (<0.1 mm) and a short image exposure time (<10 ms),
respectively. This higher spatial and temporal resolution has to be achieved by the
neutron image acquisition system, including the scintillation screen and the camera.
Under upgraded imaging conditions, gadolinium-based model particles will be most
suitable as neutron-opaque tracers in liquid metal flows.

In conclusion from the theoretical estimations and experimental findings in this
work, neutrons aremore promising thanX-rays for imaging and investigating bubble–
particle interactions in liquid metals. Contrary to the comparatively large and heavy
lead- or tungsten-based particles for X-ray radiography, model particles containing
gadolinium with a superior neutron attenuation coefficient offer a broader variety to
customise the desired profile of properties. These include the particle diameter, the
particles’ bulk density as well as the metallic or non-metallic character of the particle
bulk material, possibly used as substrate for an additional metallic surface coating.
To that end, we intend to prepare small and neutrally buoyant tracer particles from
sintered gadolinium oxide (dp < 0.1 mm, Stp < 1), coating their surface with tin, and
employing them for neutron radiography in the liquid gallium–tin alloy. Using such
tracer particles for neutron radiographic flow measurements, we aim to reveal the
flow field around a pinned single bubble instead of a cylindrical obstacle by means
of PIV algorithms, which are well established for optical flow measurements.
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Study on the Effect of Long Shroud
Structure on Molten Steel Flow in Single
Strand Tundish by Numerical Simulation

Ai-ping Zhang, Ming-mei Zhu, and Jie Luo

Abstract In this paper, a single strand tundish is taken as the research object, and a
three-dimensional mathematical model is established to analyze the effect of the long
shroud structure on the flow field, temperature field, pressure field, and inclusions
trajectories of molten steel in the tundish. The fluid flow patterns in the tundish are
analyzed by comparing the residence time distribution curves of the four types of
long shrouds: traditional long shroud vortex long shroud, dissipative long shroud,
and trumpet-shaped long shroud. At the same time, the effects of different long
shroud structures on the fluctuation of free surface are compared. The reasonable
long shroud structure is conducive to obtaining uniform molten steel and provides
theoretical guidance for actual production.

Keywords Long shroud · Tundish · Residence time distribution curve · Numerical
simulation · Fluctuation of free surface

Introduction

The molten steel injected into the tundish from the ladle through the shroud has
great impingement on the steel in the tundish impact zone. When the fluctuation of
the liquid level is too large, the molten steel will be involved in slag inclusion and
secondary oxidation, which will reduce the purity of the molten steel and affect the
internal quality of the cast slab.

Morales-Higa and Solorio-Diaz et al. [1, 2] proposed a dissipative shroud.
Compared with the traditional long shroud and vortex shroud, the dissipative shroud
can reduce the turbulent kinetic energy of the molten steel flowing to the tundish,
therefore, it allows for obtaining a more stable slag layer and facilitating the contact
between the inclusions and the free surface. Rodolfo and Garcia-Hernandez et al.
[3, 4] used numerical simulation and water simulation methods to study the slag
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entrainment and gas entrainment phenomenon of traditional long shroud and dissi-
pative shroud during package change (i.e. the process of molten steel from ladle to
tundish). The large turbulent kinetic energy of the fluid flowing out of the traditional
long shroud causes unstable three-phase flow, which is more likely to cause slag
entrainment; however, the turbulent energy dissipation of the fluid flowing out of the
dissipative shroud increases and the velocity of flowing into the tundish decreases.
Solorio-Diaz et al. [5] used numerical simulation to calculate the fluid flow condi-
tions and inclusion removal rates of the vortex shroud and different flow control
devices at two different mass flow rates. The results show that the use of vortex
shroud can replace the role of flow control device. Zhang et al. [6] used large eddy
simulation to study the fluid flow process in the traditional long shroud and trumpet
shroud, the fluid flowing through the trumpet area can be mixed with the surrounding
fluid well, dissipating turbulent kinetic energy and reducing the velocity of the fluid
flowing into the tundish. Zhang et al. [7] added two trumpet long shroud on the basis
of the traditional long shroud. Three types of shrouds are used in combination with
two different turbulence suppressors to study the steady-state and three-dimensional
multiphase flow during package change. The results show that the trumpet shroud
can reduce the turbulent kinetic energy of the fluid flowing into the tundish; as the
inner diameter of the trumpet shroud increases, the area formed by the free surface
slag hole decreases.

In summary, obtaining an ideal flow pattern and clean molten steel, and reducing
the excessive impact of molten steel in the injection zone of the tundish, can be
achieved by designing different shroud structures. This paper mainly investigates
the influence of four different shroud structures, including traditional long shroud,
vortex shroud, dissipative shroud and trumpet shroud, on the flow field, temperature
field and pressure field of molten steel in the tundish. The residence time distribution
(RTD) curve is used to analyze the fluid flow pattern in the tundish under different
shroud structures and to compare the liquid level fluctuations under four different
shroud structures.

Model Hypothesis

In order to facilitate the study of the flow phenomenon in the tundish, this study has
the following assumptions: the flow of molten steel in the tundish is a steady-state
incompressible viscous fluid; the inclusions are spherical particles and the move-
ments are independent of each other; the effect of temperature on flow is negligible;
density and viscosity are constant; the flow of molten steel is turbulent.
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Model Formulation

The flow of molten steel in the continuous casting tundish is a three-dimensional
turbulent flow, and the mass equation, momentum equation, energy equation and
turbulent kinetic energy equation used in the calculation are as follows [8].

Continuity equation:
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The model assumes that the flow field is turbulent, so standard k–ε equation is
used to describe the turbulent viscosity coefficient:
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= ∂

∂xi

[(
μeff + μt

σk

)
∂k

∂xi

]
+ G − ρε (3)

∂(ρμiε)

∂xi
= ∂

∂xi

[(
μeff + μt

σε

)
∂ε

∂xi

]
+ c1

ε

k
G − c2

ε2

k
ρ (4)

among them

G = μt
∂μ j

∂xi

(
∂μ j

∂x j
+ ∂μ j

∂x j

)
(5)

μeff = μ + μt = μ + cμρ
k2

ε
(6)

Energy equation related to temperature field calculation:

ρ

(
∂T

∂t
+ Cp

∂T

∂xi

)
= ∂

∂xi

(
keff

∂T

∂xi

)
(7)

Equation of transport behavior of inclusions in tundish:

dupi
dt

= 18u

ρpd2
p

.
CDRe

24

(
ui − upi

) +
(
ρp − ρ

)

ρp
gp + Fi (8)

Mass transfer equation of tracer in tundish:
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(
∂C

∂t
+ ∇ ×Uc

)
= ∇ ×

(
ρDc + μt

Sct

)
∇ ×

(
C

ρ

)
+ SC (9)

The free liquid surface fluctuation range can be calculated by the following
formula:

H = Psta − Psta
ρ|g| (10)

where ρ is the density, kg m−3; ui and uj are the velocity of molten steel in the i and
j directions, m s−1; p is the pressure, Pa; μeff is the effective viscosity, kg m−1 S−1;
C1, C2, Cμ, Ck , Cε are empirical constants, and their values are 1.44, 1.93, 0.99, 1.0,
1.3; keff is the effective thermal conductivity, W m−1 K−1; ρp is the particle density,
kg m−3; dp is the particle diameter, m; upi is the particle velocity, m s−1; CD is the
drag coefficient; Re is the relative Reynolds coefficient; Fi is the force, N; Sc is the
volume source phase, is the residual mass per unit volume of the tracer unit time,
kg/(m3 s); Dc tracer diffusion coefficient, this paper takes 1.1 × 10−8 m2/s; μt is the
turbulent viscosity of molten steel, kg/(m s); SCt is the turbulent Schmidt number
of the tracer, taken 0.9. H represents the z-axis coordinate value of the free surface
of the molten pool in the coordinate system of (x, y, z), which is consistent with the
direction of gravity, Psta is the static pressure value of the unit calculated by the free
surface, and Psta is the average static pressure value of the free surface [9].

Boundary Conditions

In this paper, the ladle nozzle is the velocity inlet, the outlet is defined as the pressure
outlet, the liquid–solid interface is the non-slip boundary, and the velocity value on
the solid wall is 0. The free surface is the zero shear stress surface, and the heat
radiation loss of the wall and the free surface is negligible (the schematic diagram
is shown in Fig. 1). Inclusion particles are removed by the adsorption of the slag
layer on the surface of the molten steel, and the inclusions that touch the wall of the
tundish are regarded as rebound.

Calculation Method

The ratio of the tundishmodel to the actual object is 1:1, and themodel grid is divided
into uniform unstructured grids (see Fig. 1 for details).

The standard k–ε equation is used to describe the turbulence process, the energy
equation is used to calculate the temperature field, the pressure coupling equations
are used to solve the semi-implicit method (SIMPLE method), and the convergence
residual value is less than 10−5.
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Fig. 1 Tundish meshing diagram. (Color figure online)

Table 1 Important physical parameters for simulation of fluid flow in tundish [10, 11]

Parameters Values Parameters Values

Viscosity 0.0067 kg m−1 s−1 Thermal conductivity 41 W m−2 K−1

Specific heat 750 J kg−1 K−1 Free surface heat flow 15 kW m−2

Density 7020 kg m−3 Bottom wall heat loss 1.4 kW m−2

Turbulent kinetic energy at
the inlet

0.01Vin
2 m2/s2 Long wall heat loss 3.8 kW m−2

Dissipation rate at the inlet Kin
1.5/Rinlet m2/s3 Short wall heat loss 3.2 kW m−2

Inlet temperature 1823.00 K Tracer diffusion coefficient 1.1 × 10−8 m2/s

Regarding the inclusion particles as a discrete phase, the Lagrange particle
trackingmodel and the discrete phasemodel (DPM) are used to calculate the removal
rate of the inclusions in the tundish. The parameters that may be used in the numerical
simulation of the tundish are shown in Table 1.

When analyzing the characteristics of the molten pool flow field, the k–ε two-
equationmodel for calculating the flowfield and the volumeof fluid (VOF) two-phase
flowmodel are coupled to calculate the characteristics of the molten pool liquid level
fluctuation.

Simulation Scheme

Figure 2 is a schematic diagram of the continuous casting process. The four different
shroud structures are traditional long shroud, vortex shroud, dissipative shroud and
trumpet shroud. A simple diagram is shown in Fig. 3.
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Fig. 2 Simplified diagram of the tundish continuous casting process. (Color figure online)

Fig. 3 Schematic diagram of different shrouds structure a traditional shroud; b vortex shroud;
c dissipative shroud; d trumpet shroud
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Results and Analysis

According to the above four different shroud structures, modeling in Gambit soft-
ware, importing FLUENT calculation, finally after post-processing, the following
results are obtained.

Flow Field Comparison

Figure 4 is the velocity cloud diagram of the center surface of the tundish exit
and entrance of different shroud structures. It can be seen that the molten steel is
injected into the tundish under the action of gravity and directly impacts the bottom
of the tundish, and then a part of the molten steel flows upward to form a backflow.
However, the impact strength of different shroud structures is different. By comparing
the pressure value at the bottom of the tundish, it is found that the maximum impact
pressure of the traditional long shroud is about 40,000 Pa, and the rest is about
27,000 Pa. At the same time, the reflux area (the extent of the green area in the
picture) formed by the molten steel through the traditional long shroud is wider.
The reason may be that the shroud of the other three structures has expansion or
contraction parts, so a part of the turbulent strength of the molten steel is dissipated.

Temperature Difference

Figure 5 shows the average temperature of top and outlet. Although the former shows
an upward trend, but in general, the maximum temperature difference is only 1.35 K.
Considering the randomness of temperature distribution, the effect of four shrouds
on the temperature of top and outlet cannot be identified.

RTD Curve and Flow Pattern

The concentration of the tracer in the tundish was calculated by the component
transmission equation, and the RTD curve(i.e. dimensionless distribution function)
was obtained after post-processing. It can be seen from Fig. 6 that the RTD curve of
the traditional long shroud has a sharp peak, and the remaining peaks are relatively
smooth. The reason may be that the strong turbulence is buffered when the molten
steel passes through the abrupt shrouddiameter of the latter, and the peak in the former
may be caused by the instantaneous molten steel impact. However, the response time
and the time to reach the peak concentration of the four different shroud structures
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(a) Traditional shroud

(b) Vortex shroud

(c) Dissipative shroud

(d) Trumpet shroud;

Fig. 4 Speed cloud diagram of the center surface of the entrance and exit of the tundish. (Color
figure online)
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Fig. 5 Temperature
difference in the tundish of
different structures of the
nozzle. (Color figure online)

Fig. 6 RTD curve. (Color
figure online)

are different. It can be inferred that the shroud structure has little effect on the flow
pattern, mainly affecting the turbulence intensity of the inflowing molten steel.

Inclusion Removal Rate

Figure 7 shows the removal rate of inclusions(the amount captured by the top surface
accounts for the total injected) in the tundish of the shroud with four different struc-
tures. It can be seen that the difference between the first two is small, but the removal
rate corresponding to the dissipative shroud is slightly higher. The reason may be
that the lower part of the shroud of Case 1 and Case 2 is a straight-through type,
while Case 3 and 4 are a trumpet type, and the sudden change area of the trumpet
type of Case 3 is greater than that of Case 4.
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Fig. 7 Inclusion removal
rate of different shroud
structures

Liquid Level Fluctuation

Combining the k–ε two-equation model and the VOF model, the fluctuation of the
tundish level during transient pouring is calculated. Figure 8 shows the center position
of the short wall at a distance of 0mm. It can be seen that the four cases are consistent:
the fluctuation in the 350 mm area along the short wall is within 1 mm, while the
fluctuation on both sides of the short wall is about 1.5 mm. Some even exceed 2 mm.
Comparing the four cases, it can be seen that the traditional long shroud and the
vortex shroud have significantly higher liquid level fluctuations than the dissipative
shroud and the trumpet shroud; and the fluctuations of the first two are opposite,
while the latter two have similar fluctuations. But a more accurate conclusion should
be combined with water model experiments to illustrate. Different shroud structures

Fig. 8 Tundish liquid level
fluctuations with different
shroud structures. (Color
figure online)
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make the speed of the molten steel reach the impact zone different. The upward
reflux increases the liquid steel exchange rate. When the molten steel flows along
the bottom of the tundish to the outlet, the impact with the wall causes greater side
fluctuations.

Conclusion

This paper compares four different shroud structures of traditional long shroud, vortex
shroud, dissipative shroud, and trumpet shroud to analyze the flow in the tundish and
the fluctuation of the liquid level. The turbulence intensity and pressure of molten
steel passing through the traditional long shroud to the impact area are significantly
higher than the other three types; however, the average temperature and inclusion
removal rate of the four different shroud structures are similar, the liquid level on
both sides of the short wall fluctuates larger than the central area, the liquid level
fluctuations of the traditional long shroud and vortex shroud are opposite, and the
liquid level fluctuations of the dissipative shroud and trumpet shroud are similar.
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Numerical Simulation of the Influence
of Particle Physical Properties on Flow
Field During the Aeration Leaching
Process

Mingzhao Zheng, Qiuyue Zhao, Zimu Zhang, Lei Zhou, and Tingan Zhang

Abstract The aeration leaching process is a three-phase reaction of gas, liquid
and solid. The solid phase is black opaque particles. It is difficult to observe the
flow field and the distribution of each phase. The water model experiment does not
involve chemical reactions, and the physical properties of the solid particles remain
unchanged. The effect of particle changes on the flow field cannot be explored. This
study is based on computational fluid dynamics (CFD) software, using the Euler–
Euler three-fluid model. A 60 L stirred reactor was simulated, and the solid–liquid
ratio in the tank was 1:4, ventilation rate Q = 1–2.5 m3/h, speed 400–500 rpm. This
study simulated the particle changes in the real reaction process and analyzed the
phase distribution and flow field.

Keywords Three-phase flow · Aeration leaching reaction · Stirrer · CFD

Introduction

Aeration leaching equipment is widely used in metallurgy, pharmaceutical, wastew-
ater treatment and other industries. Usually, the aeration process is realized by
spraying liquid in the gas [1], allowing bubbles to diffuse through the liquid
phase [2] or mechanically promoting the renewal of the gas–liquid interface [3].
The core purpose is to increase the contact area between phases. In the aerated
leaching process, if solid particles are participating in the reaction, mechanical stir-
ring is usually required to achieve the ideal situation of solid–liquid suspension and
gas–liquid dispersion [4].
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Fig. 1 Schematic diagram of particle change in aeration leaching reaction. (Color figure online)

The solid particles can be divided into floating particles [5, 6] and sinking particles
[7, 8] according to the density ratio of the solid particles to the liquid phase. The
material properties of the multiphase flow are not constant during the aeration and
aeration process. As the reaction progresses, its physical and chemical properties will
also change accordingly. For example, in stirred aeration leaching process, due to
cyclonic shear and the impact of air bubbles on the particles, the solid particlesmay be
broken and thus the particle diameter becomes smaller, and the change in particle size
will affect the morphology of the flow field [9–11], which in turn affects the leaching
reaction. Besides, in some reactions, the solid particles are not a single compound, but
a mixture of two or more compounds, and have a typical package structure. During
aeration and leaching, the gas and liquid phases do not react with the outer solid
particle shell, but instead decompose the internal portion of the solids (as shown in
Fig. 1). The macroscopic result is that the particle diameter does not change, but the
weight of a single particle decreases. It is difficult to consider a chemical reaction
and flow field characteristics at the same time in the traditional simulation. This work
sets the change of solid particle density to simulate the influence of particle change
on the flow field during the aeration leaching reaction.

Model and Experimental Conditions

Geometric Model and Mesh Independence Verification

The numerical simulation process was used as further work for the experiment [12].
The experimental instrument is shown in Fig. 2. The rest of the equipment can be
ignored in computational fluid dynamics and only the area where the fluid flows are
considered. Therefore, only themodeling of the reactor tank is required for numerical
simulation.
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Fig. 2 Aeration and stirring leaching experimental instrument. (Color figure online)

In this work, MIXSIM and Gambit software are used to establish the geometry
and grid model of the flow area of the stirred reactor. The structure of the reactor is
shown in Fig. 3.

To eliminate the vortex phenomenon in the tank caused by the central stirring,
four baffles are evenly distributed on the inner wall of the stirring tank. The specific
dimensions are shown in Table 1.

The processing method of the reactor grid is an unstructured tetrahedral grid. The
main body of the reactor is divided into two fluid domains. The flow domain that
wraps the blades rotates, and the one domain is static (Fig. 4). When the grid number
is 200,000, 550,000 and 1,090,000, the volume fraction of solid phase at different

Fig. 3 Schematic diagram of the geometric structure of a stirred reactor. (Color figure online)
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Table 1 Stirred reactor
geometric parameters

Parameter Value (mm)

Reactor diameter, T 400

Reactor body height, h 450

Height of reactor bottom, h1 50

Baffle width, B 40

Mixing blade diameter, D 162

Distance from bottom, C 100

Distance from the bottom of the air inlet, Cr 40

Annular distributor diameter, Dr 120

Liquid level, H 300

Fig. 4 Effect of grid number
on solid volume fraction
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distance from the bottom is calculated up to 3 s, and it can be found that the volume
fraction error is less than 5% after 550,000 grid number, finally 550,000 grid number
is chosen, and the grid is shown in Fig. 5.

Physical Parameters

The reactants are gas–liquid–solid three phases, gas phase is air, and liquid phase is
water. The parameters of each phase are shown in Table 2.

Boundary Conditions and CFD Model Validation

Due to the high-speed rotation of the blade part of the stirring blade, there is a large
speed gradient in this region. Therefore, the multiple reference frame (MRF) [13]
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Fig. 5 Grid division diagram of stirred reactor

Table 2 Three-phase
physical properties

Parameter Value

Solid particle density (kg/m3) 3750, 3000, 2600

Average diameter of solid particles (µm) 180

Liquid density (kg/m3) 998.2

Liquid viscosity (Pa s) 1.003e−03

Gas density (kg/m3) 1.225

Gas viscosity (Pa s) 1.7894e−05

Initial solid phase volume fraction (%) 20

Ventilatory capacity (m3/h) 2

is adopted. By constructing two reference systems, the rotation area is determined
according to the speed of the stirring blade. The moving reference system is adopted
for the rest of the area, and the speed matching of the two areas is achieved through
the exchange of data at the interface. The flow state in the reactor is complex, and a
standard k-epsilon model with a wide range of applications is used to describe the
turbulence. The Euler–Euler “three-fluid” model is used as the flow characteristics
of multiphase flow. The gas–liquid–solid three phases have different characteristics.
The Euler–Euler “three-fluid” model is used to describe the flow characteristics of a
multiphase flow, in which the gas–liquid–solid phases have different characteristics,
with the liquid phase as the primary phase and the solid–liquid phases as secondary
phases. The gas phase has a strong upward floating characteristic, while the solid
phase has a strong sinking characteristic. The Schiller–Naumann model was used to
describe the drag between the phases. Standard wall functions were applied to the
wall boundaries of the reactor inner wall, baffles, shafts and blades surfaces. Each
parameter is considered convergent when the residuals are less than 10−3. The solu-
tion process is transient, and the time step is set to 0.001 s. Since the heat absorption
and exotherm during the reaction is not considered, no energy model is involved, for
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the flow of each phase in the stirring tank. The two fundamental equations of conser-
vation of mass (continuity equation) and conservation of momentum (Navier–Stokes
equation) need to be satisfied.

Continuity equation:

∂

∂t
(αiρi ) + ∇ · (αiρi ui ) = 0 (1)

Navier–Stokes equation:

∂

∂t
(αiρi ui ) + ∇ · (αiρi ui ui ) = −αi∇ p + ∇ · τi + αiρi g + Fi (2)

and satisfy

∑
αi = 1 (3)

αi—Phase volume fraction;

ρi—Phase density, kg/m3;

ui—Instantaneous speed, m/s;

P—Pressure, Pa;

τi—Stress tensor, N/m2;

Fi—Momentum transfer.
Numerical simulations of the same conditions were performed according to the

structural and operational parameters of the model in the literature [12]. For the
validation of the simulation of the solid–liquid two-phase flow, the stirring speed is
500 rpm, the volume fraction of solid phase at r/T = 0.75 is compared, and several
points are selected according to the different distances from the bottom of the radial
position for comparison analysis. The maximum error of the Gidaspow model is
11.1%, the average error is 4.952%, and the maximum error of the Gidaspow model
is 4.952%. The maximum error of the Schiller–Naumann model is 8.68%, and the
average error is 3.2%. The agreement between the numerical simulation and the
experimental results is within the error limit, but the Schiller–Naumann model is
more suitable for the current simulation condition, and finally the Schiller–Naumann
expression of interphase drag is chosen (Fig. 6).

For the simulation validation of gas–liquid two-phase flow, in the literature [12]
the ventilation rate is 2m3/h, the apparent gas velocity in the tank is about 0.0044m/s,
the stirring speed is 200 rpm, and the average diameter of local bubbles in the tank is
comparedwith the simulation values as shown inFig. 7.According to the comparison,
the simulation process better describes the results of the experiment, and the bubbles
rise from the bottom of the stirring tank through the process of agitation. The bubbles



Numerical Simulation of the Influence of Particle Physical … 49

Fig. 6 Comparison of
experimental value of
uniformity axial distribution
with CFD value
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Fig. 7 Comparison of
experimental value and CFD
value of axial local bubble
diameter
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break up into small bubbles, which then come together again to form larger diameter
bubbles. The simulation process can be judged to accurately reflect the flow behavior
of each phase inside the stirring tank.
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Results and Discussion

The Effect of Particle Density Changes on Phase Distribution

In order to describe the phase distribution of solid particles in the variable density
three-phase stirred aeration reactor, the central plane is cut to obtain the solid volume
fraction value in Fig. 8, where the horizontal line represents the liquid level. It can
be found that under the same stirring speed, as the solid density decreases during the
reaction process, the better the suspension of solid particles in the liquid phase, the
more evenly distributed in the flow zone of the reactor. Along the axial direction, 15
sections are selected equidistantly from the bottom of the reactor, and the average
value is calculated after selecting several points for each section. The solid volume
fraction (SVF) results of different heights are obtained in Fig. 9. It can be found that
the density decreases and the maximum difference of the SVF curve decreases.

Fig. 8 Solid-phase volume fraction at different solid density. (Color figure online)

Fig. 9 Solid volume fraction
at different heights
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Fig. 10 Flow field at different solid density. (Color figure online)

The Impact of Particle Density Changes on the Flow Field

Because only the flow field in the flow area is considered, the part below the liquid
surface is intercepted to observe the flow state, and the result is shown in Fig. 10.
From the figure, we can see that as the solid density decreases, the height of the
high-speed position of the fluid after the upward lifting action of the stirring paddle
blade is gradually increasing (black line in the figure), indicating that the smaller the
particle density, the better the flow effect in the reactor under the same paddle type
and stirring speed conditions.

Conclusion

Taking the aeration leaching reaction in a gas–liquid–solid three-phase stirred reactor
as the research object, the particle distribution and flow field were simulated and
analyzed by CFD software, and the following conclusions were drawn:

1. The decrease in the density of solid particles during the aeration leaching reaction
will make the solid–liquid suspension effect better, which is conducive to the
contact of all phases, thereby promoting the reaction;

2. The decrease in the density of solid particles will increase the high-speed flow
area of the fluid in the reactor, which is conducive to mass transfer and can
increase the contact frequency of substances in the reactor, which is conducive
to the progress of the reaction.

Funding This research was supported by the National Natural Science Foundation of China
(NSFC) (Grant No. 51204040); Fundamental Research Funds for the Central Universities (Grant
No. N180725023, N2024005-6).
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Study on Evolution of Inclusions
in Tinplate Production During RH
Refining—Continuous Casting Process

Xiaoao Li, Nan Wang, and Min Chen

Abstract The evolution behaviors of the type, amount, and size of inclusions in
tinplate were studied by industrial experiments and thermodynamic calculations
during RH refining process. The results indicated that Al2O3 inclusions were gener-
ated at first after Al addition.With the slag-steel and refractory-steel reactions, inclu-
sions varied with the route as Al2O3 inclusions→CaO–Al2O3 system inclusions→
CaO–MgO–Al2O3 system inclusions and Al2O3 inclusions → MgO–Al2O3 spinel
inclusions → CaO–MgO–Al2O3 system inclusions. From Al addition to the end of
RH refining, the number density of inclusions increased from 9.32 to 4.09 per mm2.
The total oxygen content in steel could be decreased from 450 to 37 ppm. The size
of inclusions varied mainly less than 10 µm, the proportion of inclusions with size
less than 5 µm gradually decreased by 15% and inclusions in the range of 5–10 µm
increased by 10%. These inclusions with size less than 10 µm were difficult to be
removed from liquid steel through the floatation. The inclusions were Al2O3 and
CaO·Al2O3 inclusions with a high melting point at the end of RH refining. In order
to obtain inclusions with a low melting point, the reasonable C/A mass ratio of the
final RH slag is 1.10 through theoretical calculations.

Keywords Tinplate steel · Inclusions evolution · Thermodynamic calculations ·
CaO modification · RH refining

Introduction

Usually, non-metallic inclusions have a great influence on steel performance. In
particular, these inclusions with a high melting point are harmful to the quality of
product [1–4]. To improve the cleanliness of tinplate steel, numerous investigations
have been carried out to study the evolution and control of inclusions in the past
ten years, most of them were focused on the formation and evolution mechanism
of inclusions, such as Park et al. [5, 6], Kang et al. [7] and Jiang et al. [8–11]. In
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the production of high-quality tinplate steel, the characteristics of inclusions, such
as their chemical compositions, number, and size distribution, play a vital role in
product quality. As these inclusions can be easily the key influence factor of the
surface quality and mechanical property of the substrate, their existence in tinplate
must be well controlled.

Non-metallic inclusions have various origins ranging from deoxidation, reoxida-
tion, and slag treatment to chemical reactions during themetallurgical process. Based
on the origin, two types of inclusions are distinguished. Exogenous inclusions, on
one hand, originate outside the melt, such as rolling slag and refractory material
erosion. Endogenous inclusions, on the other hand, are formed in the melt, such as
the deoxidation and reoxidation production.

Total oxygen content is the most widely used indirect index when the cleanliness
of steel is assessed which includes the dissolved oxygen in steel melts and the fixed
oxygen in inclusions [4, 12, 13]. The total oxygen content is generally expressed
by TO. However, for high-quality tinplate requiring high surface quality and stable
mechanical property, a decrease in TO content is far from enough. In recent years,
the formation and evolution of inclusions have become important, and this topic has
aroused more attention. During the past few decades, the production of high-quality
steel in China has had a rapid development and witnessed an obvious decrease in TO
content in steel [2].

In the present work, with the help of an automatic scanning electronmicroscope, a
large area inspection of inclusions was done. The evolution behaviors of the number,
size, and composition of inclusions at different stages were systematically investi-
gated by using industrial tests and sampling analysis. Based on the formation process
of dissolved Ca and Mg, the formation of MgO–Al2O3 system inclusions and CaO–
MgO–Al2O3 system inclusions was studied by SEM mapping and phase stability
diagram. We focused on the control of inclusions in tinplate steel production during
RH refining process. C/Amass ratio of RH refining slag was analyzed and discussed.
The research results provided a better and deeper understanding of inclusions for
promoting product quality of tinplate.

Experimental

Experiment Procedure and Sampling Scheme

The industrial experiments were carried out in a domestic steel mill. The process
route of tinplate is hot metal pre-desulphurization → 180t BOF steelmaking → 80t
RH refining → continuous casting. After the hot metal pre-desulphurization, [S]
content in the liquid steel was below 0.008%, and at the end of BOF the [C] content
was 0.05–0.07% with [O] content was 400–600 ppm. During the tapping process of
the BOF, no Al was added into the ladle for deoxidation. A vacuum is first applied
for 3 min to reach the specified vacuum degree at the beginning of RH refining. After
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Fig. 1 Illustration of
sampling during RH refining
process. (Color figure online)

that, Al was added to the steel for additional deoxidation. Then, MnFe was added
to the steel for composition adjustment after 15 min. No calcium alloy was added
to the molten steel to modify solid inclusions during RH refining process. Finally,
the refining time lasted for 20 min at a vacuum pressure of less than 133 Pa. After
breaking the vacuum, argon bottom blowing time was 5 min.

In the experimental procedure, two liquid steel samples were taken with pie
samplers, one after the Al addition during RH refining process (S1) and one at
the end of RH refining (S2) as shown in Fig. 1.

Analysis of Inclusions

The metallographic samples for inclusion analysis were cut from pie samples in the
experiment. The inclusions on the polished surfaces of specimenswere analyzedwith
a scanning electron microscope of ASPEX PSEM EXPLORER. The size, number,
composition, and morphology of each detected non-metallic inclusion was automat-
ically determined in the analyzed area. Then, the number density and average size
of inclusions were calculated. In the present investigation, the analyzed area of each
specimen was more than 100 mm2. The total oxygen content and nitrogen content
of steel samples were determined by fusion and the infrared absorption method. The
acid-soluble [Al]s, [Ca], and [Mg] content in tinplate steel samples were analyzed
by ICP-AES method.



58 X. Li et al.

Table 1 Chemical compositions of steel samples at different stages (mass%)

Sample [C] [Si] [Mn] [P] [S] [Al]s [Ca] [Mg] T.O [N]

S1 0.0420 0.0010 0.1370 0.0170 0.0080 0.0520 0.0013 0.0003 0.0048 0.0018

S2 0.0300 0.0026 0.1600 0.0200 0.0080 0.0360 0.0024 0.0010 0.0037 0.0013

Results and Discussion

Chemical Compositions of Steel and Slag

The chemical compositions of molten steel samples at different stages are shown
in Table 1. The content of oxygen was 450 ppm before Al addition during the RH
refining process.

The content of [N] was 0.0013% in S2, indicating that RH has a strong ability to
remove nitrogen. Besides, T.O is reduced to 0.0037% after RH refining treatment,
and we can conclude that RH also has a strong ability to remove inclusions because
TO is mainly in the form of inclusions. The content of [Al]s decreased by 0.016% in
this process, and the reaction can be written as Eq. (1), which would generate Al2O3

inclusions in steel [3].

2[Al] + 3[O] = (Al2O3)inclusion (1)

At the beginning of RH refining, the oxygen content was so high that the content
of dissolved Ca and Mg can be considered as zero. But after Al addition, CaO in the
slag and MgO in the refractory could be reduced by Al and generate dissolved Ca
and Mg in liquid steel as Eqs. (2) and (3). With the progress of smelting, the content
of [Ca] and [Mg] in S2 increased compared with those in S1. The content of [Ca]
and [Mg] in S2 is 0.0024% and 0.0010%.

2[Al] + 3(MgO)refractory = (Al2O3)inclusion + 3
[
Mg

]
(2)

2[Al] + 3(CaO)slag = (Al2O3)inclusion + 3[Ca] (3)

Evolution of Inclusions During RH Refining Process

Morphology of Typical Inclusions

SEM-mappings of typical inclusions morphology and the main chemical composi-
tion in S1 are shown in Fig. 2. They were Al2O3 in cluster shape with size more
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Fig. 2 SEMmapping of typical inclusions in S1. aAl2O3 inclusion;bCaO–MgO–Al2O3 inclusion.
(Color figure online)

than 50 µm, as shown in Fig. 2a and CaO–MgO–Al2O3 ternary system in spherical
morphology, as shown in Fig. 2b.

As can be seen from Fig. 2b, the components of CaO, MgO, and Al2O3 were
different from the spinel. The components of CaO, MgO, and Al2O3 in the inclusion
were not uniform. These inclusions had an outside layer that contained higher CaO
but lessMgO,while the inner part of the inclusion contained highMgOandAl2O3 but
less CaO content. This indicates that the reduction reaction of [Ca] withMgO–Al2O3

system inclusions proceeded from outside to inside and finished the transformation
of the inclusions fromMgO–Al2O3 system toCaO–MgO–Al2O3 ternary systemwith
a relatively lower melting point. Figure 2b shows the elemental mapping of a 5 µm
CaO–MgO–Al2O3 inclusion.

SEM-mappings of typical inclusions morphology and the main composition in
S2 are shown in Fig. 3. They were Al2O3 as shown in Fig. 3a; CaO–Al2O3 system
mainly in spherical shape with size larger than 10 µm as shown in Fig. 3b; MgO–
Al2O3 system mainly in abnormal shape with size larger than 5 µm as shown in
Fig. 3c; CaO–MgO–Al2O3 ternary system in spherical morphology with size larger
than 10 µm as shown in Fig. 3d. A comparison of Figs. 2b and 3d shows that the
composition of the inclusion gradually homogenized as melting time increased.

Number and Composition Distribution of Inclusions

To better understand the transformation process of inclusions at different stages, the
composition distribution of inclusions in S1 and S2 was projected in CaO–MgO–
Al2O3 ternary, as shown in Fig. 4a, b. Inclusions with sizes classified into four
grades 2 µm < D ≤ 5 µm, 5 µm < D ≤ 10 µm, 10 µm < D ≤ 15 µm, 15 µm < D
were analyzed, respectively. The area surrounded by the black line is a lower melting
temperature zone (<1873K) calculated by FactSage 7.0. In the current work, vacuum
treatment lasted for 20 min and the liquid steel was gently stirred for 5 min by argon
to promote the inclusions floating upward during RH refining process. The number
density of inclusions was defined by Eq. (4).
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Fig. 3 SEM mapping of typical inclusions in S2 a Al2O3 inclusion; b CaO–Al2O3 inclusion;
c MgO–Al2O3 inclusion; d CaO–MgO–Al2O3 inclusion. (Color figure online)
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ND =
n

Atotal
(4)

where ND is the number density of inclusions, Atotal is the total area scanned (mm2),
and n is the number of detected inclusions with size ≥2 µm on Atotal of steel sample.

It can be seen from Fig. 4c, d, there were 290 inclusions in the scanning area of
125 mm2 for S1 and 402 inclusions in the scanning area of 130 mm2 for S2. It can be
calculated that ND increased from9.32 to 4.09 permm2 fromS1 to S2, indicating that
the Al addition generated more oxide inclusions even though RH vacuum treatment
has a great potential to remove inclusions.

The average composition of inclusions inS1 andS2 is given inFig. 4e. It shows that
the [Ca] and [Mg] content in the steel slightly decreased from S1 to S2, the contents
of CaO and MgO in inclusions increased, while Al2O3 content decreased. Some
Al2O3 inclusions in molten steel were transformed into CaO–MgO–Al2O3 system
inclusions with a relatively lower melting point in S2. These kind of inclusions were
liquid at the temperature of steel-making and easily float upward to be removed
through collision and coalescence. However, Al2O3 inclusions can be hardly fully
modified into CaO–Al2O3 inclusions or CaO–MgO–Al2O3 system inclusions.

Thermodynamic Calculation for the Formation of Inclusions

Thermodynamic calculations were carried out to explain the formation of inclusions.
In these calculations, the interaction coefficients are listed inTable 2, and the chemical
compositions of samples are given in Table 1.

The standard states in this article chosen for activities of the oxides in the inclu-
sions were taken relative to the pure solid using molar fraction units, while the
elements activities in liquid steel were taken relative to a dilute solution using mass
percent units. The activity of element i can be calculated from Eq. (5). Meanwhile,
the activity of dissolved oxygen in liquid steel after Al addition was calculated from
Eq. (1). When Al was added to the steel after recycling degassing for 3 min in RH
furnace, Al–O deoxidization reaction occurred so fast that the dissolved oxygen
content would be very low in the refining process and the dissolved oxygen content
was considered as 3 ppm in the following calculations.

Table 2 Interaction coefficients used in thermodynamic calculations at 1873 K [14–17]

J C Si Mn S P Al

i

Ca −0.34 −0.097 −0.0156 −336 −0.097 −0.072

Mg −0.15 −0.09 / −1.38 / −0.12

Al 0.091 0.0056 0.035 0.030 0.033 0.045

O −0.436 −0.131 −0.021 −0.133 0.07 −1.17
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Fig. 5 Phase stability
diagram of
MgO–MgO·Al2O3–Al2O3.
(Color figure online)

log a[i] =
∑

e j
i [mass% j] + log[mass%i] (5)

In Eq. (5), eij is the interaction coefficient of element j to i, while a[i] is the activity
of constituent [i] in liquid steel.

Formation of MgO·Al2O3 Spinel Inclusions

As the dissolved Mg was generated in liquid steel, Al2O3 would react with [Mg] to
form MgO·Al2O3 spinel inclusions, as shown in Eq. (6) [18].

3
[
Mg

] + 4(Al2O3)inclusion = 2[Al] + 3(MgO · Al2O3)inclusion (6)

logK6 = 34.37 − 46950/T (7)

Figure 5 shows the phase stability diagram of MgO–MgO·Al2O3–Al2O3 with
different [O] contents. This figure indicates that dissolved Al and Mg contents in S1
and S2 are in the region ofMgO·Al2O3 formation, which can explain the observation
of MgO·Al2O3 inclusions in this study as shown in Fig. 3c.

Formation of CaO–MgO–Al2O3 Ternary System Inclusions

Inclusions of CaO–MgO–Al2O3 ternary system could be easily observed in S1 and
S2. CaO in the slag could be reduced by [Al] as shown by Eq. (3) and the reduced
products [Ca] diffused from the slag-metal interface to the molten steel. When [Ca]
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Fig. 6 Phase stability
diagram of
CaO–xCaO·yAl2O3–Al2O3.
(Color figure online)

content increased to a certain level, it would react with MgO–Al2O3 system inclu-
sions. This was mainly due to the reaction between dissolved [Ca] and MgO–Al2O3

inclusions as expressed by Eq. (8). Finally, CaO–MgO–Al2O3 ternary system inclu-
sions tend to form calcium alumina inclusions. Among all the calcium alumina
inclusions, CaO·Al2O3, 12CaO·7Al2O3 and 3CaO·Al2O3 are liquid phase at 1873 K.
Based on [19], the evolution route of calcium alumina inclusions was described as
CaO·2Al2O3 → CaO·Al2O3 → 12CaO·7Al2O3. In the calculations, the composi-
tion of the molten steel was taken from S2. To analyze the formation and evolu-
tion of calcium alumina inclusions, the stability phase diagram of various calcium
aluminates was calculated as shown in Fig. 6.

Figure 6 shows the calculated phase stability diagram of CaO–xCaO·yAl2O3–
Al2O3. This figure indicates that the contents of dissolved Ca and Al in liquid steel
are in the region of CaO·Al2O3 formation. In this study, CaO·Al2O3 was chosen
as the liquid phase for the calculations of phase stability between MgO·Al2O3 and
CaO·Al2O3. And the boundary between these two phases was calculated by Eq. (8)
- (9).

[Ca] + (MgO · Al2O3)inclusion = (CaO · Al2O3)inclusion + [
Mg

]
(8)

logK8 = −0.40 + 2476/T (9)

The boundary between Al2O3 and CaO·Al2O3 was calculated by (10)–(11).

3[Ca] + 4(Al2O3)inclusion = 3(CaO · Al2O3)inclusion + 2[Al] (10)

logK10 = 33.17 + 39532/T (11)
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Fig. 7 Phase stability
diagram of MgO·Al2O3–
CaO·Al2O3–Al2O3

Besides, according to Eqs. (6) and (7) the boundary between MgO·Al2O3 and
Al2O3 could be calculated as above. In the above calculations, the activities of
MgO·Al2O3 and CaO·Al2O3 in Eq. (8) and Al2O3 in Eq. (10) were considered as
unity, and the other thermodynamic parameters were calculated from Table 2 and
Eq. (5). The phase stability diagram of MgO·Al2O3–CaO·Al2O3–Al2O3 is shown in
Fig. 7.

It can be seen that MgO·Al2O3 phase was stable after Al addition, while low
melting point inclusion was more stable at the end of RH refining. Even though the
dissolved Ca content in S2 is 18 ppm, calcium alumina inclusion with a low melting
point would be generated. Meanwhile, it also implies that the calculation shown in
Fig. 6 is reasonable.

From theCaO–MgO–Al2O3 ternary phase diagram, it can be concluded that a little
amount of MgO could expand the liquid region [20]. So most of CaO–MgO–Al2O3

system inclusions may be in the liquid phase before turning into CaO–Al2O3 system
inclusions. The shapes of CaO–MgO–Al2O3 system inclusions would become spher-
ical. As the reaction goes on, the spheroidize degree of inclusions increased, but the
composition of all inclusions was not in the liquid region during RH refining process
as shown in Fig. 4a, b.

Modification of RH Refining Slag

Because of the complex chemical slag-steel and steel-refractory reactions, the
compositions of RH refining slag have a vital influence on inclusions in tinplate steel.
The formation and evolution of inclusions in tinplate duringRH refining processwere
studied. CaO in the slag andMgO in the refractory can be reduced byAl in themolten
steel, as shown in Eqs. (2) and (3), resulting in the rise of [Ca] and [Mg] in molten
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steel and the increase of CaO average content in inclusions. The composition of
inclusions was controlled by modifying the composition of RH refining slag.

The effect of CaO/Al2O3 mass ratio (C/A) of RH refining slagwas studied by ther-
modynamic software FactSage 7.0. 12CaO·7Al2O3 is the lowestmelting point among
all kinds of CaO–Al2O3 oxides. As a result, it was probable that 12CaO·7Al2O3 can
be formed after CaO modification addition in the refining slag. From Fig. 6, it can
be pointed out that the inclusion of CaO–Al2O3 system inclusions was CaO·Al2O3

with C/A mass ratio 0.55, by contrast, C/A mass ratio of 12CaO·7Al2O3 was 0.94.
According to industrial tests, Al2O3 inclusions content of S2 was above 84 mass pct.
Most of Al2O3 inclusions cannot transform into CaO–Al2O3 or CaO–MgO–Al2O3

inclusions with a lower melting point. The low C/A mass ratio of RH refining slag
after Al deoxidation is the key reason. Chemical compositions of RH refining slag
with CaO modification in different C/A mass ratios are listed in Table 3.

Figure 8 shows the composition distributions of RH refining slag in CaO–Al2O3–
SiO2 ternary phase diagram. Before Al deoxidation addition during RH refining
process, RH refining slag was located in the region 3CaO·Al2O3 with C/Amass ratio
1.72. Through theoretical calculations, the dissolved oxygen content in steel was
reduced to 0 ppm when Al was added into the steel. All the Al2O3 products float up
into the refining slag. The composition of RH refining slag was located in the region
of CaO·2Al2O3 with C/A mass ratio 0.39.

CaO modification operation should be added during RH refining process in order
to obtain inclusions with low melting point, while considering the melting point and
viscosity of the final slag. To optimize the composition of inclusions in tinplate steel,
themelting point and viscosity ofRH refining slagwithCaOmodificationwas studied
by FactSage thermodynamic software and reasonable control condition of refining
slag was obtained, as shown in Fig. 9. With the rise of C/A mass ratio, the melting
point and viscosity of RH refining slag decreases at first and then increases. At a C/A
mass ratio of 1.10, both the melting point and viscosity are the lowest. As a result,
with slag-steel reaction, [Ca] in steel would increase, CaO content of inclusions
would increase, and more Al2O3 inclusions would transform into 12CaO·7Al2O3

with a low melting point.

Table 3 Chemical compositional of RH refining slag under different C/A ratios (mass%)

Process C/A CaO Al2O3 SiO2

Before Al deoxidation 1.72 57.33 33.33 9.33

After Al deoxidation 0.39 26.70 68.96 4.35

CaO modification 0.6 36.08 60.13 3.79

0.8 42.94 53.68 3.38

1.0 48.47 48.47 3.06

1.1 50.85 46.23 2.91

1.2 53.03 44.19 2.79

1.3 55.01 42.32 2.67
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Fig. 8 Distribution of RH refining slag compositions under different C/Amass ratios. (Color figure
online)

Fig. 9 Melting point and viscosity of RH refining slag under different C/A mass ratios. (Color
figure online)

Conclusions

The morphology, composition, number and evolution mechanism of inclusions in
tinplate steel during the RH refining process were investigated by industrial sampling
analyses and thermodynamic calculations. The following conclusions were obtained.
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(1) During the RH refining process, Al2O3 inclusions were mainly generated after
Al addition. With the slag-steel and refractory-steel reactions, the evolution
routes of inclusions were described as Al2O3 inclusions → CaO–Al2O3 system
inclusions → CaO–MgO–Al2O3 system inclusions and Al2O3 inclusions →
MgO–Al2O3 spinel inclusions → CaO–MgO–Al2O3 system inclusions. From
themapping photos of inclusions, it can be concluded that the formation ofCaO–
MgO–Al2O3 system inclusions was Ca element substitution for Mg element in
MgO–Al2O3 spinel inclusions.

(2) From Al addition to the end of RH refining, the number density of inclusions
increased from 9.32 to 4.09 per mm2. T.O could be decreased from 450 to
37 ppm. The size of inclusions varied mainly less than 10 µm, the proportion of
inclusions with size less than 5 µm gradually decreased by 15% and inclusions
in the range of 5–10 µm increased by 10%. These inclusions with size less than
10 µm were difficult to be removed from liquid steel through the floatation.

(3) A new strategy for modifying inclusions in tinplate steel was suggested, in
which the key reason was low C/A of the final refining slag. In order to obtain
the CaO–Al2O3 inclusion with a lower melting point, CaO modification should
be added during the RH refining process. The reasonable C/A mass ratio of the
final RH refining slag determined through theoretical calculations was 1.10.
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Flotation of Molybdenite in the Presence
of Sheared Polyacrylamide Flocculants

Luver Echeverry, Darwin Estrada, and Leopoldo Gutierrez

Abstract Flocculants type polyacrylamide (PAM)plays an important role inmineral
processing circuits. It is common practice to reuse water from the thickening stages
to other unit operations such as grinding and flotation. In the case of molybdenite
flotation, an important depressing effect on mineral particles has been demonstrated
by the residual flocculant dissolved in the recycled water. The aim of this work was
to evaluate the effect of the degradation of a PAM type of flocculant on the flota-
tion recovery of molybdenite. The study considered experiments of microflotation,
adsorption isotherms, electrophoreticmobility, and intrinsic viscositymeasurements.
Molecular dynamic simulations were used to look for mechanisms of interactions
between PAM and molybdenite. The results showed that molybdenite recovery was
less affected by the flocculant when PAM molecules were subjected to more intense
conditions of mechanical shearing. This behavior is related to the adsorption of floc-
culant on the mineral and the disposition and shape anisotropy of the flocculant
chains.

Keywords Flotation · Molybdenite · Polyacrylamides · Shearing

Introduction

The efficiency of mineral separation processes depends on the quality of water. New
water suitable for processing is limited, especially in northern Chile, where there
are intense mineral exploitation activities [1, 2]. Consequently, wastewater from
processing plants must have closed circuits in which the process water is recycled
again. As a result of this operational practice, an important part of residual reagents
dissolved in water is recirculated to flotation, causing flotation depression of some
important minerals such as molybdenite [3].
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Fig. 1 Chemical structures
of anionic polyacrylamide
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Most of the flocculants used in mineral processing are high molecular weight
polymers based on polyacrylamide. Polyacrylamide (PAM) is substantially a non-
ionic uncharged polymer. However, industrial polyacrylamides are hydrolyzed to
produce a series of acrylic units along the main chain. These acrylic units containing
carboxylic groups make such copolymers weak to moderately anionic [4]. Figure 1
shows the chemical structure of anionic polyacrylamide.

The effectiveness of a flocculant is strongly influenced by the properties of the
solution in which the polymer molecules are dissolved. The flocculant adsorption
and the bridging process between the particles depend not only on the interactions
with the mineral surface, but also on the molecular weight, the degree of anionicity
and the conformation that the flocculant molecules take in a particular electrolyte
solution [5, 6]. Applying excessive shear to high molecular weight flocculants can
lead to chain breakage, substantially reducing bridging ability [7].

The main objective of this study is to investigate the effect of the presence of a
polyacrylamide-type flocculant with a low degree of anionicity with three levels of
degradation in the flotation of molybdenite in different conditions of concentration
and pH.

Materials and Methods

Flocculant Preparation, Characterization, and Degradation

The flocculant used in this workwas a polyacrylamide type, provided by SNFCHILE
S.A. The sample was received as dry white granules and used without any further
treatment or purification. According to the information provided by the manufac-
turer, this flocculant is anionic, high molecular weight, and low degree of anionicity.
Flocculant preparation was done in a daily basis during the experimental program
following the procedure described by Arinaitwe [4]. Three levels of mechanical
shear degradation were considered: non sheared flocculant (NS-FLOC), moderately
sheared flocculant (MS-FLOC)m and strongly sheared flocculant (SS-FLOC). Floc-
culant shearing was achieved using a 40 mm diameter bladed stirrer which was
inserted into 100 mL of a 0.35 g/L flocculant fresh solution. The MS-FLOC was
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obtained by shearing for 30 min at 500 rpm, and the SS-FLOC was obtained by
shearing for 3 h at 2000 rpm.

Fourier transform infrared (FTIR) spectra of the flocculant was obtained using
a PerkinElmer 2000 FTIR spectrophotometer. The sodium and total organic carbon
(TOC) concentration in the flocculant was measured using a PerkinElmer Optima
5300 DV ICP-OES and a Shimadzu TOC-L, respectively. The degree of anionicity
(DA) of the flocculant under study was determined according to the electroneutrality
criterion of polyelectrolyte solutions [4]. The DA of the flocculant can be obtained
from the following expression:

DA =
(

MolesCOO−

(MolesT OC)/3

)
∗ 100% (1)

Intrinsic viscosity ([η]) measurements were carried out in order to evaluate the
degree of mechanical degradation of the flocculant. The method proposed by Fedors
[8] and validated by Rao [9] and Ghimici and Popescu [8] was used to describe
the viscosity of PAM. The intrinsic viscosity measurements were done following
the procedure described by Klein and Conrad [9], i.e., 0.5 M NaCl and 25 °C, and
at natural pH. Solution viscosities (η) were measured using a Cannon-Fenske 200
viscometer at different flocculant concentrations.

Samples and Reagents

The molybdenite sample used in this study was obtained after several collectorless
flotation cleaning stages froman industrialmolybdenite concentrate. Thefinal sample
is obtained after three washing steps with sodium hydrosulfide (NaSH) and acetone
to remove residual flotation collectors and other organic reagents. The elimination
of organic reagents was verified by analyzing the content of total organic carbon
(TOC) of the liquid extracts obtained at different pH values, which did not show the
presence of TOC, so it can be said that therewas no presence of flotation reagents [10,
11]. Chemical analysis of the molybdenite sample shows a purity of 99.34%, with a
chemical composition of 59.6%Moand39.8%S.The particle size of themolybdenite
sample used in this study was in the range of −150 + 45 μm. The oxidation of the
molybdenite samples was reduced following the procedure established by Ansari
and Pawlik [12, 13] in which the ore samples were stored at 1 °C in sealed plastic
bags previously blown with nitrogen. Methyl isobutyl carbinol (MIBC) obtained
from Merck was used as frother. Sodium hydroxide (NaOH) obtained from Merck
was used as pH modifier. A 0.01 M NaCl solution prepared using Milli-Q water of
18.2 M� cm at 25 °C and a chloride salt of sodium (Merck) was used as aqueous
medium in the tests.
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Microflotation Test

Molybdenite flotation was assessed bymicroflotation tests in a 150mL Partridge and
Smith glass cell with nitrogen gas at 80 mL/min. The experiments were done using
1 g of molybdenite which was initially conditioned for 2 min in 100 mL of solution
containing the PAM reagent (nonsheared and sheared) at varying concentrations (2.5,
5.0, 7.5, and 10.0 ppm) and pH. Then, 25 ppm ofMIBCwere added alongwith 50mL
of solution to complete the volume of the microflotation cell and, lastly, mixed for
additional 3min. Then, the process of flotationwas performed for 2min, removing the
froth every 10 s. The pulp level in the cellwas controlled by adding a solution prepared
at the same composition and pH of the original solution. Finally, concentrates and
tailings were dried in an oven at 105 °C for 5 h, and molybdenite recovery was
calculated as the ratio between the mass of molybdenite in the concentrate, and the
mass in the concentrate plus the mass in the tailings. All tests were done in triplicate,
and the results presented in the manuscript are average values with the error bars
representing a standard deviation.

Adsorption Test

Adsorption of NS-FLOC, MS-FLOC, and SS-FLOC on molybdenite was measured
through tests in which 1 g of molybdenite was mixed for 15 min with 150 mL of
flocculant solutions of known concentrations. The suspensions were centrifuged,
and the filtrated was analyzed for TOC, readings which were translated to flocculant
concentrations through a calibration curve. The masses of adsorbed flocculant on
molybdenite were calculated as the difference between the initial and final concen-
trations multiplied by the volume of solution (150 mL). Then, specific adsorption
was calculated in mg of flocculant adsorbed per gram of molybdenite (mg/g) and the
isotherm was drawn. Temperature was controlled all the time in these experiments
by using a thermostatic bath, and the tests were done in duplicates with an average
standard error of 4%.

Electrophoretic Mobility and Aggregation Measurements

Molybdenite and flocculant interactions were assessed through electrophoretic
mobility measurements using a Zetacompact Z9000 from CAD instrument −20
microns molybdenite particles were tested, and the effects of pH and PAM changes
were also studied.



Flotation of Molybdenite in the Presence of Sheared … 73

Molecular Dynamics Simulation

PAM solution models were created using the package Materials Studio 2017
(Accelrys Inc., San Diego, CA), The PAM chain was composed of 20 repeating units
of acrylamide monomers, of which 8% of the monomers were randomly replaced by
sodium carboxylate monomers. The behavior of two PAM chains in aqueous solu-
tion was studied using molecular dynamics simulations with the package LAAMPS.
(large-scale atomic/molecular massively parallel simulator) [14] at different concen-
trations of NaOH and at 298 K, employing periodic boundary conditions. For the
PAM chain, the force field OPLS-AA was used (all-atom optimized potentials for
liquid simulations). The SPC/E water model was used to describe the water. For the
ions, 12–6 the Lennard–Jones parameters from Li and Mertz [15] were used. Then,
the PAM molecules were embedded in a cube box of 6 × 6 × 5 nm, and then the
ions were distributed in random positions, while maintaining a separation distance of
0.3 nm between the atoms. Finally, 5000 water molecules were added to the system.
The system initially was simulated in an NVT run for 100 ps at 298 K, and the
system was then annealed in an NpT run to accelerate its equilibration avoiding the
formation of metastable states; during this stage, the temperature was kept at 298 K.
The production step was then performed in an NVT simulation run of 40 ns at 300 K.
The data was collected after 6 ns.

Results

Flocculant Characterization

Figure 2 shows the FTIR spectrum of the flocculant under study. This spectrum
was obtained using a solid polyacrylamide sample supported on a KBr disk, and
it shows the different transmission bands corresponding to the different vibrational
modes associated with the functional groups of polyacrylamide (PAM) reported by
Sundaraganesan [16]. The analysis will focus on the amino groups (NH2), carbonyl
(C = O), acrylate (COO−), and the C-N bond of the amide group (CONH2). The
IR band at 3424 cm−1 arises from the asymmetric stretching vibration of the NH2

group, the band at 3189 cm−1 corresponds to the symmetric stretching vibration of
the NH2 group, the band at 1653 cm−1 is from the stretching vibration of the bond
C = O in -CONH2, the band at 1406 cm−1 indicates the stretching vibration of the
CN bond, and the band present at 1551 cm−1 is attributed to acrylate (COO−).

The TOC analysis of the flocculant sample indicates that the amount of carbon is
close to 720 mg/L, and the ICP-OES analysis reveals that the sodium concentration
in the flocculant is 37.5 mg/L; the sodium content in the flocculant sample is high
indicating that this flocculant is sodium; therefore, using Eq. 1, the degree of anion-
icity of the flocculant is equivalent to 8%, value similar to that reported by Deng
et al. [17]. Intrinsic viscosities of the NS-FLOC, MS-FLOC, and SS-FLOC were
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Fig. 2 FTIR spectrum of the sample of flocculant. (Color figure online)

obtained from method proposed by Fedors [8] as shown in Fig. 3. The insert shows
the obtained intrinsic viscosities. As expected, shearing has a significant effect on
the viscosity of the flocculant.

Fig. 3 Plots of the left side
of Eq. 2 vs 1/c obtained for
NS-PAM, MS-PAM, and
SS-PAM. (Color figure
online)
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Fig. 4 Effect of flocculant concentration at different degradation conditions at pH of 7, 9, and 11
on the recovery of molybdenite. (Color figure online)

Microflotation

Figure 4 microflotation shows the recovery of molybdenite as a function of the
concentration of flocculant NS-FLOC, MS-FLOC, and SS-FLOC at pH 7, 9, and
11. The results of molybdenite flotation in the presence of the PAM flocculant
subjected to different degrees of mechanical shearing show that the NS-FLOC had
the strongest depressing effect on molybdenite flotation followed by the MS-FLOC.
The depressing effect of the SS-FLOC is minor.

Adsorption

Figure 5 shows the results of specific adsorption of NS-FLOC, MS-FLOC and SS-
FLOC on molybdenite at different values of pH. The results show that the strongest
the mechanical shearing of the PAM the more adsorption of the resulting molecules

Fig. 5 Adsorption isotherms of NS-FLOC, MS-FLOC, and SS-FLOC on molybdenite at different
values of pH. (Color figure online)



76 L. Echeverry et al.

Fig. 6 Electrophoretic mobility distributions of particles of molybdenite in the presence of NS-
FLOC, MS-FLOC, and SS-FLOC and at different values of pH. (Color figure online)

on the molybdenite surfaces. The adsorptions of flocculants on molybdenite tend to
increase with pH.

Electrophoretic Mobility

Figure 6 shows the results of electrophoretic mobility distributions of molybdenite
in the absence and presence of flocculant, at pH 7, 9, and 11. The results show that
the electrophoretic mobility distributions of molybdenite with no flocculant added
move toward more negative values as the pH increases which agrees with previous
studies [18]. In the presence of flocculant, the electrophoretic mobility distributions
move toward less negative values. These experimental results indicate that that PAM
flocculants obtained under different shearing conditions slightly reduce the negative
surface charge of molybdenite, and that the more sheared the PAM the strongest the
neutralizing effect.

Molecular Dynamics Simulation

Figure 7 shows the results of the radius of gyration Rg = ((∑
i‖ri‖2mi/

∑
imi

))1/2
of PAM calculated by molecular dynamic simulation at different PH values. The
results show that when the pH is increased with NaOH, the radius of gyration of the
PAM molecules decreases which agrees with previous studies [19].
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Fig. 7 Radius of gyration of
polyacrylamide in water at
pH 7, 9, and 11. (Color
figure online)

Discussion

The effect of different polymers on the flotation process is a subject which is under
continuous research. Polymers of different nature and molecular weights have been
used as dispersants/depressants, and polymers of high molecular weights have been
usually used as flocculants in mineral processing plants. All these polymers are
water soluble; thus, they are highly hydrophilic macromolecules which may affect
the surface properties of different minerals.

Molybdenite particles are formed by non-polar and highly hydrophobic surfaces
called faces and polar and highly hydrophilic surfaces called edges. Therefore,
molybdenite can be described as an anisotropic mineral with varying surface proper-
ties on the edges and faces. Therefore, the negative surface charge of themolybdenite
edges and faces increases with pHwhich agrees with the experimental data presented
in Fig. 6 that show that the electrophoretic mobility distributions move to more nega-
tive values as pH is increased from 7 to 11. The microflotation results presented in
Fig. 4 indicate that the depressing effect of the NS-FLOC and MS-FLOC on molyb-
denite flotation slightly increases with pH, which is in agreement with the theory
raised regarding the possible interactions between polymers and the hydroxylated
metallic sites existing on the mineral surfaces.

Figure 3 shows that shearing induces strong changes on the molecular weights of
theflocculant asmeasured by their intrinsic viscosities. Theflotation results presented
in Fig. 4 indicate that molybdenite recovery is strongly depressed by the NS-FLOC,
and to a lesser extent by MS-FLOC; however, molybdenite flotation is only slightly
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affected by SS-FLOC. Castro and Laskowski [3] reported that molybdenite depres-
sion by a polyacrylamide flocculant of a DA of 18.1% occurs as other applica-
tions in which hydrophobic minerals are depressed by hydrophilic polymer. These
authors also indicated that that when PAMmolecules are mechanically sheared their
depressing effect on molybdenite flotation is maintained and the ability to flocculate
quartz particles is lost. The results obtained in this work show that the depressing
effect of PAM on the flotation of molybdenite takes place only if this flocculant is
sheared at moderate shearing conditions. At strongly shearing conditions, the PAM
flocculant has almost no effect on molybdenite flotation.

The adsorption results presented in Fig. 5 indicate that the strongest the shearing
the more the resulting molecules adsorb on molybdenite particles. Although the
depressing effect of the SS-FLOC on molybdenite flotation is minor, the adsorption
of these molecules on the mineral particles is high. In contrast, the adsorption of
the NS-FLOC on molybdenite is lower than the adsorption of the MS-FLOC and
SS-FLOC, but the observed depressing effect on molybdenite flotation is by far the
strongest. The adsorption results correlate with the changes in the electrophoretic
mobility distributions presented in Fig. 6 that show that the largest shifts of the
distributions are obtained with the MS-FLOC and SS-FLOC.

Figure 7 shows that increasing the pH with NaOH the radius of gyration of the
polyacrylamide molecules decreases. These results are a consequence of the neutral-
ization of charges by the sodium ion in the polymer chains; this results in chains
less extended and less negative. The simulation of radius of gyration results correlate
with the changes in the electrophoretic mobility distributions presented in Fig. 6 that
show less negative values with increasing pH.

Conclusions

Based our experimental observations, the following conclusions were drawn:

• Molybdenite flotation is strongly depressed by the NS-FLOC, and to a lesser
extent by MS-FLOC; however, molybdenite flotation is only slightly affected by
SS-FLOC.

• The results obtained in this work show that the depressing effect of PAM on the
flotation of molybdenite takes place only if this flocculant is sheared at moderate
shearing conditions. At strongly shearing conditions, the PAM flocculant has
almost no effect on molybdenite flotation.

• The strongest the shearing of flocculant, the more the resulting molecules adsorb
on molybdenite particles.

• The adsorption results correlate with the changes in the electrophoretic mobility
distributions. when the pH is increased, the electrophoretic mobility of molyb-
denite tends to less negative values in the presence of flocculant.

• Molecular dynamics simulation shows that increasing the pH with NaOH the
radius of gyration of the polyacrylamide molecules decreases.
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Modelling of Metal Loss in
Ferromanganese Furnace Tapping
Operations

Quinn Gareth Reynolds and Jan Erik Olsen

Abstract During the pyrometallurgical production of industrial metals such as fer-
romanganese in electric smelting furnaces, molten slag and alloy phases are removed
from the unit by tapping at regular intervals. Intermixing of the two phases may occur
during the latter stages of the tapping process, and if not carefully managed, it can
result in significant alloy being lost to the waste slag by entrainment. This paper
presents the results of a computational fluid dynamics study of the multiphase free
surface fluid flow in tapping ladles, with a specific focus on the impact of various
design and operational parameters on alloy losses to the slag.

Keywords Modelling · Pyrometallurgy · Ferromanganese

Introduction

Manganese is an important commodity with a wide range of applications in the
production of clean steels, speciality alloys, and various battery technologies. It is
produced commercially in the form of ferromanganese (FeMn) by chemical reaction
of ores containing manganese and iron oxides with carbonaceous reductants. This
is performed at temperatures in excess of 1400 ◦C, using blast furnaces or electric
smelters [8]. At such temperatures the raw materials and products are in the molten
state, and form immiscible metallic (alloy) and oxide-rich (slag) phases.

Smelting furnaces are typically emptied of molten products by a process called
batch tapping. This involves periodically opening a channel (the tap-hole) in a dedi-
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Fig. 1 Ferromanganese
tapping process. (Color
figure online)

cated section of the vessel sidewall, allowing the contents to drain out, and resealing
it [11]. In FeMn processes, slag and alloy are tapped simultaneously through the
same tap-hole. After exiting the tap-hole channel, the stream of molten material is
directed along open launders and empties into a cascade of storage ladles. During
this process, energy is imparted to the stream by turbulence in the flow and impact
with solid and liquid surfaces. This causes break-up and intermixing of the slag–
alloy phase interface, which is counteracted by settling and separation under gravity
over time due to density differences between the slag and alloy phases. The tapping
system is shown schematically in Fig. 1.

If too much mixing between the slag and alloy phases occurs, this may result in
excessive quantities of valuable alloy product being discardedwith thewaste slag [1].
The presence of small alloy droplets in discarded slag may also pose environmental
risks and can incur significant extra cost if treated downstream by crushing and
separation. It is therefore preferable to achieve the best possible separation of the
phases during the tapping operation, before they solidify.

Due to the hazardous nature of high-temperature processes, it is often difficult
or impossible to obtain sufficient experimental data to perform effective design and
optimisation. In this environment, computational modelling in the form of numerical
experimentation and virtual prototyping is a particularly useful guidance tool to gain
a deeper understanding of the problem, and assess the value of different changes to
the design and operation of the tapping system.

A variety of computational fluid dynamics (CFD) methods are available for the
study of dispersed multiphase flows such as those encountered in tapping systems.
Perhaps the most commonly used are unresolved methods such as Eulerian models;
in such methods, the phases are allowed to intermix, and small droplets with sizes
below the mesh resolution are treated simply as part of the continuum. An alternative
approach is to resolve small droplets directly via combined Eulerian–Lagrangian
models; here, the bulk phases are treated as immiscible fluids, and small droplets
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are modelled as discrete particles. It is important to note that both of these methods
depend on the accurate specification of a number of empirical closure terms which
determine how mass, momentum, and energy transfer between the dispersed and
continuum phases.

Previous modelling work on ferroalloy tapping systems has focused mainly on
fluid flow and associated effects in tap-holes [4, 6, 10], although some pioneering
work was conducted on ladle flow modelling using particle tracking methods in [3].

The present paper documents the development and application of a high-resolution
multiphaseflowmodel capable of predicting overflowand entrainment effects in ladle
flows. Heat transfer is quite naturally expected to play a large role in furnace tapping
systems, especially with the formation of solid crusts and skulls as the slag and alloy
cool to their freezing points. However due to many additional uncertainties in the
parameters required to include heat transfer coupling, the decision was taken to focus
on fluid flow effects only in the present work. Once a deeper understanding of this
aspect of the problem has been gained, additional physics such as heat transfer and
phase change will be integrated into the model at a later date.

Model Description

In order to study the cascade tapping problem, a multiphase CFD model was
developed using the OpenFOAM® open-source computational mechanics platform
[9]. The multiphaseInterFoam solver included in standard distributions of
OpenFOAM® was modified with interfacial tension force smoothing techniques
adapted from [2], to improve accuracy and performance of flow predictions for
problems with high surface tension and a large degree of interface break-up. The
resulting solver implements a segregated finite-volume solution scheme on arbitrary
unstructured meshes and uses the volume-of-fluids formulation to track the phase
interfaces.

Accuracy of the computational method relative to fundamental physical and
empirical correlations has been presented previously in tapping system flow prob-
lemswith similar materials [7, 10]; however, a more detailed experimental validation
of the multiphase ladle flow model is currently underway and will be published in a
forthcoming paper.

For each case studied, multiple versions of the model were simulated at progres-
sively finer mesh resolutions. Phase interface surfaces from the previous step were
then used to define mesh refinement regions for the next. This enabled relatively high
resolutions of the order 5mm to be reached in the regions of interest while avoiding
the computational overhead of dynamic mesh refinement. The final high-resolution
models typically contained between 1.8 and 2.5 million volume elements.

Alloy and slag flowrates at the ladle outlet boundary were monitored as functions
of time over the duration of each simulation and used to estimate the mass fraction of
alloy under different conditions. In order to estimate the dispersion of the alloy phase
in the form of suspended droplets in the slag layer, the simulation results were post-
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processed by filtering the volume elements in the mesh to a threshold determined
by the alloy phase fraction field. A connectivity analysis was then performed on the
remaining set of elements, with all elements forming part of a connected component
assumed to represent a single droplet. Each droplet’s diameter was then estimated by
determining the quantity of alloy present in the connected component and relating
it to a sphere of equivalent volume. Using all the droplets observed for a particular
case, size distribution functions and average droplet diameters could be calculated.
Droplet sizes are a useful proxy for the mixing energy imparted during the impact of
the tapping stream and also give some indication of how long any subsequent settling
and separation processes may take to complete.

Results and Discussion

Application of the model to the FeMn ladle flow problem was conducted, consisting
of sensitivity studies and responses to operational variables relative to a base case
parameter set.

Base Case Results

The geometry used for the full-scale ladle model is shown in Fig. 2. It consists of
an open-topped vessel with an inflow stream and a gravity-driven outflow weir. The
walls of the vessel are specified as no-slip boundaries, while the upper surface and
ladle outlet are assumed to be open to atmosphere. The position, shape, and angle
(from horizontal) of the inlet stream was determined using reduced-order models
of the furnace tap-hole [7] and additional CFD simulations of the tapping runner
channel. The complete set of parameters used for the model is shown in Table 1.

Simulations were run for 20 s, with average values taken using the final 10 s after
the initial conditions had decayed. Visualizations of the slag isosurface at the end of
the simulations are shown in Fig. 3.

It is interesting to see that the impact of the tapping stream on the slag–alloy
interface is much more severe and turbulent than the flow behaviour at the surface of
the slag; a ladle flow may therefore appear more quiescent than it actually is when
observed visually. The impact of the tapping stream causes considerable mixing of
the phases and a strong upwelling plume of mixed alloy and slag in the immediate
vicinity of the ladle outlet. This arrangement, with the tapping stream in line with the
ladle overflow, would therefore expected to exacerbate alloy losses by entrainment.

The evolution of the alloy mass fraction at the ladle outlet as well as the average
diameter of the suspended droplets in the slag layer are shown in Fig. 4.

Significant variability is observed in both parameters even over the relatively
short time scales modelled here. This indicates that ladle flows are strongly dynamic
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Fig. 2 a Ladle geometry, and b example computational mesh showing local refinements. (Color
figure online)

Table 1 Base case ladle model parameters

Parameters Values Parameters Values

Ladle height HL 2.2 m Ladle diameter DL 2 m

Ladle offset yi 0 m Ladle angle α 0°

Outlet diameter do 0.6 m Interfacial tension γ 0.5 N/m

Slag density ρs 3000 kg/m3 Slag viscosity μs 0.1 Pa s

Alloy density ρm 6100 kg/m3 Alloy viscosity μm 0.005 Pa s

Inlet slag flowrate ṁs 10 kg/s Inlet alloy flowrate ṁm 10 kg/s

Inlet stream diameter di 0.0371 m Inlet stream position xi −0.146 m

Inlet stream angle αi 49° Slag layer thickness hs 0.3 m

Fig. 3 Slag isosurface at t = 20 s, a side view, b isometric view. (Color figure online)
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Fig. 4 Time series of outlet alloy fraction and average alloy droplet diameter, base case

phenomena, with the transient behaviour predominantly related to the impact and
break-up of the incoming tapping stream as it contacts the alloy–slag interface.

Sensitivity to Fluid Properties

The model’s sensitivity to the properties of the materials being tapped was investi-
gated by varying each property up and down by a factor of 25% relative to the base
case while keeping the rest of themodel parameters fixed and examining the effect on
the alloy fraction at the ladle outlet as well as the average diameter of the suspended
droplets. The parameter values used for the simulations are shown in Table 2.

From the results shown in Fig. 5, it can be seen that slag density has a dispropor-
tionately large effect on the behaviour of the model. Increased density significantly
increases losses to the ladle overflow and vice versa. Similarly, increased density
also results in larger alloy droplets in the slag phase. By contrast, the slag viscosity
and interfacial tension appear to have relatively limited impact. This suggests that
the larger scale features of the flow and interface break-up in FeMn tapping ladles
are dominated by the momentum of the flow, as opposed to much slower settling and
coalescence phenomenawhichwould be expected to be strongly affected by viscosity
(settling velocity) and interfacial tension (droplet shape, capillary drainage).

Quantification of actual expected ranges for the fluid phase properties in a fer-
romanganese operation is difficult due to the extreme conditions under which the
process operates, but certain broad statements can be made. Properties are functions
of both their chemical composition and temperature; since product compositions

Table 2 Changes to base case parameters for sensitivity study

Parameters Values (−25%) Values (+25%)

Slag density ρs 2250 kg/m3 3750 kg/m3

Slag viscosity μs 0.075 Pa s 0.125 Pa s

Interfacial tension γ 0.375 N/m 0.625 N/m
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Fig. 5 Sensitivity of model to material properties (in each group the left column indicates relative
change in alloy fractionφm in outlet stream, right column relative change in average droplet diameter
dp). (Color figure online)

are typically controlled tightly on any given furnace plant, the predominant effect
is that of temperature of the tapping stream. The density range is proportional to
the coefficient of expansion in the liquid state, which is usually small (of the order
of 10−5/K). Viscosities generally obey Arrhenius or similar dependencies on tem-
perature and may therefore vary more extensively particularly near to the freezing
point of the material. Interfacial tension is more strongly affected by the presence of
surface-active chemical components such as oxygen and sulphur than temperature.
The publications of Mills and coworkers are recommended for further reading [5].

Effect of Operational Parameters

In order to assess the impact of operational changes to the ladle positioning and fill
levels, a series of simulation sets was executed inwhich only the parameter of interest
was varied relative to the base case.

In the first set the ladle was rotated relative to the tapping stream, so that the outlet
was positioned at a different point on the ladle circumference. Rotations between
0°and 90°were considered. The results are given in Figs. 6a and 7 and demonstrate
a consistent decrease in the alloy lost to the overflow as the ladle is rotated. The
largest changes occur at small angles, in agreement with the results obtained in [3]
using different modelling methods. This is consistent with the observation that the
inlet stream causes a plume of mixed alloy and slag against the ladle sidewall—
positioning the outlet further away from this plume therefore reduces entrainment
losses. The effect on the size of the dispersed alloy droplets in the slag layer is
statistically negligible, which is not unexpected given that rotating the ladle angle
does not appreciably affect the geometry of the mixing zone.

In the second simulation set, the ladle was offset (moved sideways, in the y-
direction) relative to the tapping stream. Offsets between 0 60cm were considered.
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Fig. 6 Slag isosurfaces at t = 20 s for selected cases (velocity scale per Fig. 3). (Color figure online)

Fig. 7 Effect of ladle rotation angle relative to inlet stream (grey bands show 90% interval)

Fig. 8 Effect of ladle lateral offset relative to inlet stream (grey bands show 90% interval)

Figures 6b and 8 show the results, and again, the effect of moving the mixing plume
away from the ladle outlet is seen to reduce alloy losses. However, this is only true
up to a point, and when the ladle is offset too far, the tapping stream starts to impact
much closer to the ladle sidewall. This generates more interfacial turbulence and
mixing, as can be seen in the slight increase in alloy losses and the sharp increase in
droplet sizes observed in 60cm simulation.

In the final simulation set, the thickness of the slag layer in the ladle was altered
between 10 and 50 cm. Results are shown in Figs. 6c and 9, and show a dramatic
impact on the alloy carry-over losses as the slag thickness decreases past 20 cm (note
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Fig. 9 Effect of slag layer thickness (grey bands show 90% interval)

the difference in scale compared to the previous two figures). This is due to a much
larger and more alloy-dense portion of the mixing plume being exposed to the ladle
overflow at shallower slag depths. The average droplet sizes also decrease slightly at
lower slag depths—this seems somewhat counter-intuitive at first, but is most likely
related to the reduced settling times for alloy droplets falling through the slag layer,
which allows less time for smaller droplets to coalesce.

Conclusions

A high-resolution CFD model was successfully developed and used to study multi-
phase flows in ferromanganese furnace tapping ladles. The model showed that ladle
flows are highly dynamic and that the momentum from the inlet tapping stream can
cause significant large-scale mixing and flow structures at the alloy–slag interface.

The model was found to be most sensitive to the density of the tapped materials,
with viscosity and interfacial tension playing a secondary role. The effect of the slag
layer depth on alloy losses to the ladle outlet was found to be strong and highly non-
linear, which is in line with current practices at many furnace plants which use this
as a measure of when to stop a tap. It was also seen that small improvements in alloy
losses could be achieved by altering the position and layout of the ladle cascade,
although the practicalities of making such changes on working plants would need
careful consideration.

A great deal of work still remains to be done on this topic. In particular, the use
of more sophisticated multiphase flow methods which can account for the presence
of very small (<5 mm) alloy droplets dispersed in the slag is suggested, since the
behaviour of such small droplets cannot be accurately captured in the current model.
In addition, the effect of ladle skulling and freeze linings which can appreciably
affect the flow geometry should also be investigated; this will require full coupling
of heat transfer and phase change to the CFD model. The monitoring of entrainment
of the gas phase into the tapping ladle, particularly where there is contact between
molten alloy and air, would be interesting to explore in the context of re-oxidation
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losses. Finally, more experimental and problem-specific validation data is needed in
order to assess the true accuracy and value of such models if they are to be used in
virtual prototyping and digital twin applications in future.
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Carbothermic Reduction of Brazilian
Linz–Donawitz (LD) Steel Sludges
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Enrique R. Dionisio-Calderón, Nilton Cárdenas-Falcón,
Abraham J. Terrones-Ramirez, Jhony F. Huarcaya-Nina,
Kim J. Phatti-Satto, and Fernando Huamán-Pérez

Abstract Carbothermic reduction was conducted using coarse (sample A) and fine
(sample B) Brazilian Linz–Donawitz (LD) steel sludges and a sample of Peruvian
anthracitic metallurgical coke (AMC) at 82.5% of fixed carbon. Specimens of 1 g of
sample A and sample B preliminarily mixed with AMC at Fe/C: 1/2 were weighted.
SampleA/AMCand sampleB/AMC, reduction time and reduction temperaturewere
identified as factors or independent variables. Conversions (α) or % reduction were
selected as dependent variables. The values of weight ratios for sample A/AMC and
sample B/AMC (3/7 and 7/3, respectively), reduction temperatures of 600 and 900 °C
and reduction times lapses of 30 and 60min, corresponding to their minimum as well
as their maximum level of fluctuation respectively, were carried out via two design of
experiments based in the factorial method 23; one for each sample (A and B); using
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a Brazilian statistics software called COLMEIA—Snedecor algorithm F in order to
evaluate the effects simple, double and multiple of factors over the conversions (α)
or % Reduction. Carbothermic reduction tests were performed at the optimal weight
ratio (sample A/AMC: 3/7 and sample B/AMC: 3/7), reduction temperatures: 600,
700, 800 and 900 °C and reduction times: 20, 30, 40, 50 and 60 min in order to
estimate k-specific reaction rate constant, Ea-apparent activation energy and the A-
Arrhenius pre-exponential frequency factor. The kinetic models that better fitted to
the conversions (α) of both samples (A and B) were: boundary chemical reaction
model for spherical symmetry (BCRM-ss): 1 − (1− α)1/3 = kt and the model of
simple exponential continuous reaction (MSECR): −ln(1− α) = kt. The kinetic
parameters obtained were: (1) sample A: Ea = 7. 45 − 8.08 kJ/mol and A = 0.009
− 0.032 Hz for a linear correlation between 0.8241 and 0.8276 and (2) sample B: Ea

= 19.36 − 21.94 kJ/mol and A = 0.05 − 0.21 Hz for a linear correlation between
0.9758 and 0.9777.

Keywords Carbothermic reduction · Linz–Donawitz (LD) · LD converter · BOF
converter · Steel sludges · Converter process

Introduction

During the fabrication of steel, a considerably large amount of industrial waste is
generated. Various solid wastes emerging from steel plants are in the form of sludge
and slag, mainly blast furnace slag, blast furnace flue dust and slag, mill scale, mill
sludge, etc. [1]. Linz–Donawitz (LD) sludges are the wastes extracted during the
manufacture of steel in LD converter. Huge quantity of LD sludge is made per ton
of steel produced [2]. The fine solid particles recovered after wet cleaning of the gas
emerging from LD converters in the sludge form are termed as LD sludges. During
this process, the furnace emits very fine iron oxide particles that are removed from
the waste gases by a wet scrubbing process. This waste may contain high levels of
CaO, Zn, Pb, etc., depending upon the type of limestone and chemistry of scrap used
during the process of steelmaking. The sludge contains appreciable quantities of iron
and lime, and it is, therefore, quite suitable for recycling in the sinter plant [3]. For
example, the origination of these LD sludges in a Brazilian steelwork varied from 5.6
to 7.2 kg/t of crude steel for the basic oxygen furnace (BOF) coarse sludge and from
17.0 to 22.8 kg/t of crude steel for the fine sludge. Due to its content of total iron,
ca 50–60%, these residues could be recycled into the production process of sinter
[4]. The aim of this paper was to study the carbothermic reduction of mixtures of
samples of LD steel sludges with a sample of anthracitic mineral coke (AMC). These
experiments were performed using a design of experiments 23 that involved a factor
treatment according to the COLMEIA Brazilian Statistic software. Other objectives
were to evaluate the effect of factors or independent variables: sample A/AMC and
sample B/AMC, reduction time and reduction temperature on the dependent vari-
able: conversions (α) or % Reduction, the behavior of their carbothermic reduction
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isotherms in different times and reduction temperature and to estimate their kinetic
parameters corresponding using the kinetics model that presented the better fit of
their conversions (α). These results will permit to avoid their accumulation and
suggest a reuse in the steel plant itself. This reutilization would provide an added
value to this material that until now is constituted as an environmental problem of
considerable economic importance.

Experimental

Characterization of LD Steel Sludges

Chemical analysis was conducted using a 3.4-m Ebert Spectrograph (Jarrel Ash
model) for determining elemental composition and an absorption spectrometer
(model AA-7000) for estimating the main oxides. XRD analyses were performed
using a D8 Discover diffractometer, Bruker, with a CuKα radiation (λ = 1.5418 Å),
Ni filter and Lynxeye detector, operating at 40 mA and 40 kV. XRD patterns were
recorded in the 2θ range from 10 to 90° with the increment of 0.02°. An energy
discriminator was employed to reduce the iron fluorescence. The identification of
the crystalline phases was carried out by comparison with standard patterns applying
EVA module Bruker. The crystal structures of the most probable compounds were
obtained from the Inorganic Crystal Structure Database (ICSD). The patterns were
fitted by the Rietveld method with fundamental parameters using the TOPASmodule
Bruker.

A thermal analysis was performed using differential calorimetric scanning anal-
ysis—DSC, thermal differential gravimetric analysis—DTGand thermal gravimetric
analysis—TG at 1000 °C. The thermal characterization equipment, NETZSCH STA
model 449 F3, is composed of combined techniques of DSC, TG and DTG, using the
ASTM E1131-08 Standard. The tests were carried out using nitrogen atmospheres
with a flow of 50 mL/min and a heating rate of 10 K/min.

Specific gravity and average particle size were determined. The specific gravity
was calculated using the pycnometer method. The determination of the average
particle size was obtained employing a series of ASTM meshes: m14, m20, m30,
m50, m70, m100, m140, m200, m270, m400 and a background of under m400.

Preheating of Reactor and Crucibles

Carbothermic reduction of LD steel sludges (samples A and B) was processed in an
electric furnace at 1000 °C of maximum temperature. Various controls were made
for ensuring the functioning of the electric furnace, i.e., (a) to prepare a profile of
heating speeds of this reactor to be used for the tests, taking the temperatures and
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times reached since room temperature until the maximum temperature of the test
(900 °C) and (b) to preheat the new crucibles to 200 °C for about 3 h.

Preparation and Analysis of Carbon

Sequentially, a sample of anthracitic metallurgical coke-AMC was decreased of
particle size using jaw crusherswith 1/2”, 1/3” and 1/8” aperture, respectively, to then
grind and mechanically homogenize them in mortars until reaching a granulometry
of approximately 100% – 100 mesh (about 0.149 mm). A carbon analysis was done
in order to determine its humidity, volatile matter and fixed carbon according to
ASTM standards: 7582, D2013 and D346, which consisted of heating 1 g of AMC
in triplicate (three samples of AMC in their respective crucibles) and to heat them
at 900 °C for 5 h into the electric furnace to eliminate not only all the humidity but
also volatile matter present in the sample of AMC.

Design of Experiments and Experimental Planning

Specimens of 1 g of sample A and sample B were previously mixed with AMC
weighted to a Fe/C: ½ ratio. Sample A/AMC and sample B/AMC, reduction time and
reduction temperatures were identified as independent variables and: conversions (α)
selected as dependent variable. Values of sample A/AMC and sample B/AMC were:
weight ratios 3/7 and 7/3, reduction temperatures of 600 and 900 °C and reduction
times of 30 and60min.These values correspond to theminimumandmaximum levels
of fluctuation. Two techniques of the design of experiments based in the factorial
method 23 were used, one for each sample (A and B), using a COLMEIA Brazilian
Statistic software based on the Snedecor algorithm F to evaluate the effects of simple,
double and multiple factors over the conversions (α).

Carbothermic Reduction Tests

Experiences of carbothermic reduction of both samples (A and B) were carried
out using the optimal weight ratio: sample A/AMC: 3/7 and sample B/AMC: 3/7,
reduction temperatures of 600, 700, 800 and 900 °C and reduction times of 20, 30,
40, 50 and 60min into the electric furnace in order to estimate k-specific reaction rate
constant, Ea-apparent activation energy and A-Arrhenius pre-exponential frequency
factor. The graphics % Reduction vs reduction time is called carbothermic reduction
isotherms.
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Conversions (α) Estimation

In order to obtain conversions (α), it is advisable to calculate the reducible oxygen
content associated to all those phases present in LD steel sludges according to Eq. 1
[5]:

Oreducible = %ZnFe2O4.
M0

MZnFe2O4

+%ZnO.
M0

MZnO
+%Fe3O4

M0

MFe3O4

(1)

Considering that the calculous of the mass of volatilized zinc contained in other
mineralogical phases in both samples (A and B), Eq. 1 may be rewritten according
to Eq. 2 [6]:

Oreducible,Znvolatilized = % FeO.
M0

MFeO
+% Fe2O3.

M0

MFe2O3

+% ZnFe2O4.
M0

MZnFe2O4

+% ZnO.
M0

MZnO
+% Fe3O4

M0

MFe3O4

(2)

where:
Mo is the atomic mass of oxygen,MO, Zn is the atomic mass of oxygen and zinc,

M is the molecular mass, and O reducible, Zn volatilized is the percentage of reducible
oxygen and volatilized zinc.

Therefore, conversions (α) were calculated by weight difference, initial weight
and the percentage of reducible oxygen and zinc, according to the Eq. 3 and Eq. 4
[6]:

�Wt = Wi −Wt (3)

α =
⎧
⎨

⎩

100(�Wt)
[(

16
71.85

)
%FeO+

(
64

231.55

)
%Fe3O4 +

(
129.38
241.08

)
%ZnFe2O4 +

(
48

159.79

)
%Fe2O3 +%ZnO+ · · · + . . .

]
(Wi)

⎫
⎬

⎭

(4)

where:
Wi is the initial weight of the sample, Wt is the weight of the reduced sample at

time t, �Wt is the weight loss of the reduced sample at time t, and α represents the
conversions observed at time t.

To make more comfortable the use of practical method to compute the metallic
iron and zinc volatilized via mass loss of LD steel sludges, Eq. 4 may be rewritten
as Eq. 5 [7]:

α = 100

(
�Wt

Wi

)

=
(
Wi −Wt

Wi

)

(5)
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Kinetic Parameters Estimation

The three kinetic models of reduction of iron oxides that better fit the conversions
(α) were boundary chemical reaction model for spherical symmetry (BCRM-ss),
which formula is written according to Eq. 6, boundary chemical reaction model for
cylindrical symmetry (BCRM-cs) corresponding to Eq. 7 and the model of simple
exponential continuous reaction (MSECR) obeying the Eq. 8 [6]:

1− (1− α)1/3 = kt (6)

1− (1− α)1/2 = kt (7)

−ln(1− α) = kt (8)

In addition, for estimating kinetic parameters—k-specific reaction rate constant,
Ea-apparent activation energy andA-Arrhenius pre-exponential frequency factor—it
was necessary to use the Arrhenius Equation according to Eq. 9 [6].

k = Aexp

(−Ea

RT

)

(9)

Results and Discussion

LD Steel Sludges Characterization

Table 1summarizes physical and some chemical determinations, and mineralogical
compositions of LD steel sludges (sample A and sample B).

Figure 1 shows a thermogravimetric analysis by DTG-DSC-TG at 1000 °C of LD
steel sludges (sample A and sample B).

Table 1 Characterization of sample A and sample B

Physical determinations Chemical and mineralogical compositions

Sample Density, ×
106 g/m3

Average
particle
size,
mm

Fe Tot,% Zn,% FeO,% ZnFe2O4,% Fe3O4,%

A 4.72 0.146 77.5 0.5 36.0 5.9 – 2

B 3.67 0.120 51.4 1.7 55.1 5.3 14.8
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Fig. 1 Thermogravimetric analysis by DTG-DSC-TG at 1000 °C of LD steel sludges (sample A
and sample B). (Color figure online)

Table 2 Carbon analysis of
ACM

H2O, % Volatile matter, % Ash, % Fixed carbon, %

1.06 9.94 6.50 82.50

Carbon Analysis

Table 2, shows a carbon analysis of ACM.

Design Experiments and Experimental Planning

According to themethodology of design of experiments based on the factorialmethod
23 that involved a factor treatment of the COLMEIA Brazilian Statistic software,
Table 3 shows a random experimental planning of carbothermic reduction of sample
A and sample B using as maximum fluctuation levels (A, B and C) and minimum
fluctuation levels (a, b and c) of the factors or independent variables: sample A/AMC
and sample B/AMC, reduction time and reduction temperature.

Table 4 shows the results of carbothermic reduction of sample A and sample B
(conversions, α) according to the experimental planning shown in Table 3.

In Fig. 1, a thermogravimetric analysis by DTG-DSC-TG at 1000 °C exhibited
a mass loss of 97.43% for the sample A and 92.57% for the sample B; however,
the maximum conversion α or % Reduction observed in the preliminary design of
experiments (Tables 3 and 4) was 67% that corresponds to factorial treatment BC for
the sample B.

Table 5 shows a statistics analysis of effects of factors over conversions (α),
according to experimental planning shown in Tables 3 and 4.

Table 5 is observed that the individual effects B and C were more significance
than double or multiple synergies over %Reduction of sample A and%Reduction of
sample B. Also, double synergy AB, AC and BC are not favorable over % Reduction
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Table 3 Random experimental planning of carbothermic reduction of sample A and sample B
according to the design of experiments based in factorial method 23

Random order
of realization of
the experiences

Factor
treatment
according to
the COLMEIA

Sample
A/AMC and
sample
B/AMC

Reduction time, min Reduction temperature,
°C

8 ABC 7/3 60 900

6 AC 7/3 30 900

4 AB 7/3 60 600

2 A 7/3 30 600

7 BC 3/7 60 900

5 C 3/7 30 900

3 B 3/7 60 600

1 1 3/7 30 600

Table 4 Results of carbothermic reduction of sampleA and sample B according to the experimental
planning shown in Table 3

i Factor treatment
according to the
COLMEIA

Levels of fluctuation of each
independent variable, according to
the nomenclature used by the
factorial method

Conversions, α/% Reduction

Sample A Sample B

1 1 a b c 29 26

2 A A b c 15 22

3 B a B c 48 53

4 AB A B c 20 28

5 C a b C 37 54

6 AC A b C 15 30

7 BC a B C 55 67

8 ABC A B C 17 32

of sample A and%Reduction of sample B. However, triple or multiple synergy ABC
represents certain increasing over % Reduction of sample B. This result permitted
to conclude that as an increasing of reduction time (B) as reduction temperature (C)
would increase the conversions (α) of LD steel sludges (sample A and sample B).

Carbothermic Reduction Tests

Figure 2 shows photos of samples A and B in crucibles after tests of carbothermic
reduction which were carried out in different time and temperature of reduction,
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Table 5 Statistics analysis of effects of factors over conversions (α) according to experimental
planning

Sinergy Statistics symbols
of effects of factors
according to the
COLMEIA

Sample Effect Square mean Prob F-Snedecor
(%)

Single or simple A B −22.00 13.1925 97.7882

A −25.50 33.4534 99.5561

B B 12.00 3.9250 88.1358

A 11.00 6.2251 93.2876

C B 13.50 4.9676 91.0271

A 3.00 0.4630 46.6437

Double AB B −8.00 1.7445 –

A −7.50 2.8939 –

AC B −7.50 1.5332 –

A −4.50 1.0418 –

BC B −4.50 0.5520 –

A −1.00 0.0514 –

Triple or multiple ABC B 2.50 0.1704 –

A −0.50 0.0129 –

where can observe the volatilization of zinc and reduction of oxygen of their main
oxides.

In Fig. 1, it is observable that the volatilization of zinc from franklinite and other
volatile matters took place in the first ten minutes, whereas reduction simultaneously
and rapidly occurred between iron oxides and reduction gases that were produced via
intermediates reactions [8]. Also, according to the Boudouard reaction, the carboth-
ermic reduction of wustite can produce only metallic iron in PCO/PCO2 = 1 and
temperatures higher than 600 °C. In addition, the reduction of franklinite occurred by
instantaneous decomposition in its constituent oxides (zincite and hematite). Over
900 °C, the sequential reduction of zinc and iron oxides with gaseous intermediates
took place [6].

Kinetic Parameters Estimation

Figure 3 shows carbothermic reduction isotherms of LD steel sludges (sample A and
sample B). These experiments were carried out with the objective to evaluate the rela-
tion between % Reduction, reduction time and temperature with further estimation
of the kinetic parameters using the Arrhenius equation.
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Fig. 2 Photos of samples of LD steel sludges after tests of carbothermic reduction: a sample A,
t = 60 min and T = 900 °C b sample A, t = 20 min and t = 900 °C c sample B, t = 20 min and
t = 900 °C d sample B, t = 20 min and t = 900 °C. (Color figure online)

In Fig. 3a, there is not an appreciable difference between the % Reduction for
sample A and the % Reduction of sample B; however, in Fig. 3d it is notable that the
% Reduction of sample A is higher than the % Reduction of sample B.

Figure 4 plots the Arrhenius adjustment of carbothermic reduction of LD steel
sludges (sample A and sample B) mainly Ea-apparent activation energy and A-
Arrhenius pre-exponential frequency factor in function to the linear correlation of
ln(k) and (1/T).

The kinetic models that better fit conversions (α) of carbothermic reduction of
both samples (A and B) are the following: BCRM-ss: 1-(1-α)1/3 = kt, BCRM-cs:
1-(1-α)1/2 = kt, and MSECR: -ln(1-α) = kt. Kinetic parameters obtained from the
models are shown in Table 6.

Conclusions

Design of experiments permitted to establish that simple synergy of B and C repre-
sented by the increasing of as reduction time (B) as reduction temperature (C) will
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Fig. 3 Carbothermic
reduction isotherms of LD
steel sludges (sample A and
sample B): a 600 °C,
b 700 °C, c 800 °C and
d 900 °C. (Color figure
online)
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Fig. 4 Arrhenius adjustment in order to estimate kinetics parameters of carbothermic reduction of
LD steel sludges (sample A and sample B). (Color figure online)

Table 6 Estimation of kinetic parameters of BCRM-ss, BCRM-cs and MSECR

Kinetic parameters BCRM-ss BCRM-cs MSECR

Sample A Sample B Sample A Sample B Sample A Sample B

Ea, KJ/mol 7.4518 20.1866 7.1548 19.3567 8.0819 21.9411

A, Hz 0.0092 0.0517 0.0129 0.0668 0.0324 0.2118

r-value 0.8241 0.9770 0.8223 0.9777 0.8276 0.9758

enhance the conversions (α) both in LD steel sludge samples (sample A and sample
B).The kinetic models best fitted the carbothermic conversions of both samples (A
and B) were: boundary chemical reaction model for spherical symmetry (BCRM-
ss)—equation: 1− (1− α)1/3 = kt , while the model of simple exponential contin-
uous reaction (MSECR) is in accordance to the equation: −In(1− α) = kt . The
kinetic parameters estimated were: (1) sample A: Ea = 7.45− 8.08 kJ/mol and A=
0.009 − 0.032 Hz for a linear correlation that is between 0.8241 and 0.8276 and (2)
sample B: Ea = 19.36− 21.94 kJ/mol andA= 0.05− 0.21Hz for a linear correlation
that is between 0.9758 and 0.9777. Due to low values of Ea, it is possible to prede-
terminate a diffusional control mechanism of LD steel sludges. The great similarity
of the results obtained enables utilization of both residues in the case of an eventual
addition of them as loading in shape of pellets or sinters in these reactors. Finally,
this reutilization would provide an added value to these residues that until now is
constituted as an environmental liability of considerable economic importance.
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Liquid–Liquid Extraction
Thermodynamic Parameter Estimator
(LLEPE) for Multicomponent Separation
Systems

Titus Quah and Chukwunwike O. Iloeje

Abstract Gibbs energy minimization is a powerful tool for modeling liquid–liquid
equilibrium (LLE) in multicomponent systems, but it requires key thermodynamic
parameters that may not be readily available. Our earlier work demonstrated an
approach for estimating these properties via regression to equilibrium isotherm data
but identified limitations regarding applicability to higher-concentration systems,
sensitivity to experimental data, and ease of implementation. To extend the accessi-
bility and applicability of Gibbs energy minimization for modeling LLE, this study
presents the open-source, liquid–liquid equilibrium parameter estimator (LLEPE)
package for estimating thermodynamic parameters. LLEPE extends parameter esti-
mation to include aqueous-phase Pitzer coefficients that capture the effects of ionic
interactions and offers analysis and visualization tools that assess experimental data
quality and model prediction accuracy. We apply LLEPE to a rare earth extraction
case study where we incorporate data filtering and Pitzer parameter fitting to reduce
the effect of outlier data, capture the contribution of ion interactions, and ultimately
improve overall prediction accuracy for multicomponent data. Our results show that
filtering data decreases the prediction error by removing outliers, and fitting Pitzer
parameters increases overall prediction accuracy, especially for high-concentration
systems. Iteratively fitting to a combined dataset increases prediction accuracy for
multicomponent data for low to medium feed concentrations.

Keywords Solvent extraction · Parameter estimation · Thermodynamic
modeling · Gibbs minimization · Rare earths

Introduction

Liquid–liquid extraction, also known as solvent extraction, is a technique that sepa-
rates materials by exploiting their relative solubility in immiscible liquids, and is
widely used in small- and large-scale continuous operations for hydrometallurgical
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extraction, nuclear fuels reprocessing, biofuels processing, and wastewater treatment
[1–5]. Gibbs Energy Minimization (GEM) can predict the extraction equilibrium by
minimizing the system Gibbs energy with respect to quantities of each species in
each phase. However, owing to limited availability of thermodynamic properties for
certain organic-phase species in the literature, these properties must be estimated
before GEM can be applied. Earlier studies [6, 7] proposed an estimation method
for organic-phase species’ missing thermodynamic properties based on regression
to experimental equilibrium isotherm data. However, prediction accuracy was not
uniform across data points, and not all datasets report measurement error, making it
challenging to properly weight data.

To increase the accessibility and prediction accuracy of the thermodynamic
parameter estimationmethod, this study introduces liquid–liquid equilibrium param-
eter estimator (LLEPE), a Python package that implements the estimation method,
and explores strategies to reduce the model’s prediction error. Three strategies are
explored: filtering data points with outlier prediction error to eliminate model-
skewing experimental data, fitting electrolyte Pitzer parameters to better model
ionic interactions at higher concentrations, and iteratively fitting Pitzer and linear
parameters for each species to fit to combined single- and multispecies datasets.

Methods

GEM Formulation

For a system with fixed temperature and pressure, the minimum Gibbs free energy
with respect to molar quantities of each species in each phase represents the
equilibrium criterion and is shown in Eqs. 1a, 1b:

min(G) =
∑

p

∑

i

ni,p
(
G

0
i,p + RT ln(γimi)

)
(1a)

st. h
(
ni,p

) ≤ d (1b)

G is the Gibbs energy of the system; ni,p andG
0
i,p are the number of moles and partial

standard molar Gibbs energy, respectively, for species i in phase p; and R,T , γi,mi

are, respectively, the universal gas constant, temperature, and species i activity coef-
ficient and molality. Equation 1b represents equality and inequality constraints such
as mole, species, elemental, and non-negativity balances [8]. Solving Eqs. 1a, 1b
predicts the phase compositions at equilibrium. The activity model for γi in the
aqueous phase uses Pitzer equations, which account for nonideal behavior due to
ion-ion and ion–solvent interactions [9]. In the organic phase, we model the solution



Liquid–Liquid Extraction Thermodynamic Parameter Estimator … 109

as ideal (γi = 1) and assume the mixing model indirectly captures nonideal inter-

actions [7]. To model the partial standard molar Gibbs energy G
0
i,p in the aqueous

phase, we use the Helgeson–Kirkham–Flowers equation of state (EoS) to compute
species standard partial molar property values as a function of pressure and temper-

ature [10]. Data for G
0
i,p in the organic phase for many extractants and organo-metal

complexes are not readily available in the literature, so we need to estimate them by
regression to experimental data.

LLEPE Implementation

Figure 1 illustrates the overall structure of the LLEPE Python package [11]. It
comprises three main modules: inputs, the LLEPE object, and outputs. The input
module includes experimental equilibrium isotherm data and an XML file with EoS
and thermodynamic data definitions, formatted to provide inputs to Cantera™ [6,
7]. This input information is used to instantiate a LLEPE object, which contains
the standard parameter estimator method that handles parameter fitting. The outputs
module handles all post-processing analysis and visualization. The basic fit method
comprises the standard parameter estimator and the linear parameter estimator.

Standard Parameter Estimator

This model estimates the standard species Gibbs free energy by minimizing the
difference between predicted and experimental isotherms. It directly estimates the
species standard enthalpy (H 0) and obtains G0 from the relation G0 = H 0 − TS0.
The standard entropy, S0, is estimated using the Glasser and Jenkins [12] correlation.
Figure 2a illustrates the estimation logic.

The estimator starts by creating an input file and populating it with EoS and Pitzer
parameters, as well as initial guesses for extractant and organo-metal complex stan-
dard enthalpies. Then, the model reads in data from the input file, as well as experi-
mental feed concentrations, and uses theGibbsminimization algorithm implemented
in Cantera [13] to predict equilibrium compositions. Next, it compares these predic-
tionswith equilibriumdata from the experiments andminimizes the logmean squared

Fig. 1 LLEPE package structure illustrating key modules. (Color figure online)
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Fig. 2 Logic for a the standard parameter estimator and b the linear parameter estimator
implemented in the LLEPE package. (Color figure online)

error (LMSE), L, described in Eq. 2a, by updating standard enthalpy estimates until
L falls below the set tolerance.

L = 1

N

∑

N

(
log10

(
D̃pred

)
− log10

(
D̃meas

))2
(2a)

D̃ = nj,org + ε

nj,aq + ε
(2b)

N is the number of experimental data points; D̃pred and D̃meas are the predicted
and measured perturbed distribution ratios described in Eq. 2b; nj,org and nj,aq are
the number of moles of the extracted species in the organic and aqueous phase,
respectively; and ε is a very small number to avoid division by zero.

Linear Parameter Estimator

Fitting to multicomponent data is challenging, since there are N + 1 unknown
variables where N is the number of organo-metal complexes. Previous work estab-
lished a linear relationship between extractant and complex standard enthalpies [6],
which eliminates the dependent complex enthalpies, reducing the dimension of the
parameter-fitting problem to (N + 1) − N . Figure 2b illustrates the logic for esti-
mating the linear parameters using data for each single-component system. For each
extracted species, we use the standard parameter estimator on the single-component
data with a set of complex and extractant enthalpy initial guesses. This procedure
returns a set of complex and extractant enthalpy values that describe the locus of
locally optimal solutions that are used to fit linear parameters a and b in Eq. 3, where
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H 0
com and H 0

ext are the complex and extractant standard enthalpies, respectively.

H 0
com = aH 0

ext + b (3)

The linear parameter estimator returns the linear parameters a and b to relate each
extracted species complex standard enthalpy to the extractant standard enthalpy.

Basic Fit Method

The basic fit method combines the standard parameter estimator with the linear
parameters obtained from the linear parameter estimator. The model is fit to a
combined dataset using the basic parameter estimator by fitting only the extrac-
tant standard enthalpy. The complex standard enthalpies are computed using the
linear relationship. All relevant source code and data are available in the package’s
repository [11].

Case Study

We illustrate the applicability of this package with a case study on rare earth extrac-
tion equilibrium. For the experimental data, multiple extraction isotherm equilibrium
datasets for rare earth-HCl-PC88A systems over ranges of feed pH, PC88A concen-
tration, and rare earth concentration were gathered from the literature [14–21]. The
dataset includes single-component data for neodymium (Nd), praseodymium (Pr),
cerium (Ce), lanthanum (La), dysprosium (Dy), samarium (Sm), and yttrium (Y)
and multicomponent combinations of Nd, Pr, Ce, and La. The aqueous phase is an
H2O-HCl-rare earth system, and the organic phase is a dodecane-PC88A-rare earth
complex system. The extraction reaction is shown in Eq. 4, where Mn+ represents
the rare earth ion, n(HA)2,org represents the extractant, and M(HA2)n,org represents
the rare earth-extractant complex.

Mn+ + n(HA)2,org ⇔ M(HA2)n,org + nH+ (4)

This case study explores the effectiveness of three strategies—outlier filtering,
Pitzer parameter fitting, and iterative fitting—for improving prediction accuracy
using the datasets described above.

Outlier Filtering

We start with the hypothesis—based on observation—that some experimental data
points unduly skew the model, causing an overall decrease in prediction accuracy.
Then, for each single-component dataset, we implement the outlier filtering logic
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Fig. 3 Strategies to improve the basic fit method: a outlier filtering, b pitzer parameter fitting, and
c iterative fitting. (Color figure online)

illustrated in Fig. 3a, which removes data points with high prediction error and
returns a fit based on the resulting filtered dataset. After the estimator converges, it
computes the prediction error for each data point and compares it to the upper bound,
UB, estimated from Eq. 5, where LQ and UQ are, respectively, the lower and upper
quartiles of the prediction error from the entire dataset.

UB = UQ + 3(UQ − LQ) (5)

Data points with error greater than UB (extreme outliers) are removed [22], and
the process repeats until there are no more outlier data points. The filtered single-
component datasets are then used to estimate the linear parameters, allowing us to
express the organo-metal complex enthalpies in terms of the extractant enthalpy. The
final step then fits the extractant enthalpy using an unfiltered combined dataset.

Pitzer Parameter Fitting

Figure 3b illustrates the Pitzer parameter fitting strategy, an approach for estimating
the Pitzer parameters for the metal chloride. For each species, we fit Pitzer coeffi-
cients—β0, β1, and Cφ—with initial guesses from May et al. [23] and linear param-
eters to the unfiltered single-component datasets. Unfiltered data are used because
the Pitzer parameters account for interactions that may accurately predict previously
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high-error data points. Our preliminary work showed that using Pitzer coefficients
found at the local optima with the minimum extractant standard enthalpy yields the
highest accuracy, so those Pitzer coefficients and obtained linear parameters are used
in the basic estimator method to estimate the extractant standard enthalpy.

Iterative Fitting

As Fig. 3c illustrates, this approach sequentially fits the extractant enthalpy and linear
and Pitzer parameters to the combined dataset for each species while keeping other
species parameters constant. It iterates over this sequential loop until the difference
between the last iteration and the lowest recorded prediction error value is greater
than the tolerance ∈. Experiments showed that species values for Cφ and the slope
a should be kept at the values found in with the Pitzer parameter fitting strategy,
leaving the fitting parameters to be the extractant enthalpy, intercepts, β0, and β1.
We also tested a variant of this strategy that uses mean squared error (MSE) as the
prediction error function. The initial guesses for this variant are the solutions found
using iterative fitting with LMSE as the prediction error function.

Results

This case study compared the predictive accuracy of the three strategies—outlier
filtering, Pitzer parameter fitting, and iterative fitting—with extraction equilibrium
data for rare earth-HCl-PC88A systems. We observed that outlier filtering decreases
the overall prediction error by reducing the skewing effect of outlier data points.
We also found that fitting Pitzer parameters reduces prediction errors for most data
points, especially those with higher feed concentrations. The iterative fitting strategy
decreases the prediction error formulticomponent datasets but significantly increases
the error for single-component datasets. This section highlights results for Pr, La,
and Ce, but additional results and figures for Nd, Dy, Sm, and Y can be found in the
repository [11].

Basic Fit Method Underpredicts Cases with High Feed
Concentrations

To establish a baseline for the three strategies, the GEM-based thermodynamic
parameter fitting method was implemented in Python and applied to the rare earth
equilibrium dataset. For Pr predictions, the basic fit method (Fig. 4a) works well for
data points with feed rare earth concentrations less than 0.05 mol/L, as the absolute
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Fig. 4 Parity plots for predicted Pr organic-phase molarity over rare earth concentrations with
different feeds, using the a basic fit method, b outlier filtering strategy, c Pitzer parameter fitting
strategy, and d iterative fitting strategy. (Color figure online)

mean error is 0.001 mol/L. However, for feed concentrations above 0.05 mol/L, we
observe that the prediction errors increase to an absolute mean error of 0.007 mol/L.
Another issue is that the model typically overpredicts the organic-phase equilibrium
concentration, with 14% more overpredicted than underpredicted points and 70%
higher average overpredicted errors compared to underpredicted errors.

Outlier Filtering Improves Prediction Accuracy

To test the hypothesis that outlier data points partially explain the prediction error for
the basic fit case, we applied outlier filtering while fitting to the single-component
data by removing data points with high outlier prediction error. Three and one data
points were removed from the Pr and Nd datasets, respectively. The outlier filtering
strategy’s prediction accuracy for Pr concentrations (Fig. 4b) increases themost, with
the R-squared value increasing by 8%. R-squared values for Ce, Nd, and La insignif-
icantly increase. Dy, Sm, and Y only have single-component data and therefore are
not affected. By eliminating the outlier data points, the model predicts slightly higher
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equilibrium concentrations for all the data points, as the two underpredicted points
that were removed had pulled the model to predict lower values.

Pitzer Parameter Fitting Increases Prediction Accuracy
for High Feed Concentrations

The basic fit method and outlier filtering strategy only account for electrolyte binary
interaction parameters, since including reported metal chloride interaction parame-
ters worsened the fits. Here we explore whether fitting interaction parameters for the
metal ions would improve prediction accuracy. Results show that R-squared values
for Pr, La, Dy, Sm, and Y increase by 18%, 10%, 22%, 6%, and 13%, respectively,
compared to the basic fit method. The R-squared value for Ce decrease by 7% and
for Nd, the change is insignificant. The Pr concentration parity plot (Fig. 4c) shows
a larger reduction in prediction errors for high-feed rare earth concentrations (above
0.05 mol/L) with a 15% reduction in mean absolute error. Lower feed concentrations
(below 0.05 mol/L) show a 9% reduction in mean absolute error.

However, the pitzer parameter fitting parity plot for La (Fig. 5a) shows that the
model consistently underpredicts La concentrations for multicomponent datasets.
The pitzer parameter fitting parity plot for Ce (Fig. 5b) shows that the model can
predict the Kim dataset [16] relatively well but does poorly when predicting the
Formiga dataset [17]. Examining the data, we noticed that the multicomponent data
had feed concentration ranges (pH from 0.5 to 1 and PC88A concentrations from
0.1 to 2 mol/L) outside of the single-component data ranges (pH from 0.9 to 1 and
one PC88A concentration at 1 mol/L). Since Pitzer and linear parameters are only fit
to single-component data, these parameters had not been fitted to multicomponent
ranges.

Fig. 5 Parity plots for organic-phase molarities, predicted by the Pitzer parameter fitting strategy,
for a La and b Ce, labeled by experimental dataset and single- or multicomponent data. (Color
figure online)
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Iterative Fitting Increases Prediction Accuracy
for Multicomponent Datasets

To decrease prediction error in multicomponent data, we implemented an iterative
fitting strategy that fits extractant enthalpy, Pitzer parameters, and linear parameters
to the combined dataset. However, the prediction error increased after applying this
strategy. Results show that R-squared values for Pr and Ce decrease by 29%, 2%
respectively, compared to the pitzer parameter fitting strategy. For La, the R-squared
value is negative, suggesting a worse fit than the mean. The changes for Nd, Dy,
Sm, and Y are less than 4% increase. The Pr parity plot (Fig. 4d) shows that the
prediction error increases over all feed concentrations, with a 2% and 34% increase
in mean absolute errors for low and high feed concentrations, respectively. This
strategy decreases themulticomponent prediction errors by 29%but increases single-
component prediction errors by 46%.

This strategy highlights two issues with using LMSE (Eqs. 2a, 2b) as the predic-
tion error function. First, the function penalizes underpredictions more than over-
predictions and results in more overpredictions. Second, the function computes
relative error and thus weights big differences between large true and predicted
values the same as small differences between small true and predicted values. Since
the multicomponent Pr measurements are on average 70% smaller compared to
single-component Pr measurements, fitting to multicomponent data results in large
prediction error for high Pr measurements.

For the La parity plot (Fig. 6a), the model decreases the prediction error for both
the Kim and Banda datasets [16, 18], but increases prediction error for the single-
component Li dataset [15]. The parity plot for Ce (Fig. 6b) shows a relatively good
fit to all the data except for the Formiga dataset [17].

Fig. 6 Parity plots for organic-phase molarities, predicted by the iterative fitting strategy, for a La
and b Ce, labeled by experimental dataset and single- or multicomponent data. (Color figure online)
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Iterative Fitting with Mean Squared Error Increases Overall
Prediction Accuracy

Since the prediction error function, Eqs. 2a, 2b, weights relative error, we explored
the effect of changing the prediction error function toMSE, which penalizes absolute
error but has fewer regions with a gradient and thus is more difficult to optimize.
Our results show that R-squared values generally increase. The Ce R-squared value
increases the most, becoming 54% greater compared to the Pitzer parameter fitting
strategy, while Nd, Pr, Dy, and Y increase by 2–3%. R-squared values for La and Dy
did not change much (0.9% and 0.4% decrease respectively). The organic-phase Pr,
La, and Ce concentration parity plots (Fig. 7) show that the iterative fitting strategy
with MSE gives similar fits to the Pitzer parameter fitting strategy, except for Ce
(Fig. 7c), which shows decreased prediction error for the Formiga dataset [17]. Using
the MSE also removes the penalty differences between over- and underprediction,
resulting in 6% higher average underpredicted errors compared to overpredicted
errors with Pr predictions. However, prediction errors for multicomponent La data
are still high.

Fig. 7 Parity plots for organic-phase molarities, predicted by the iterative fitting strategy with
MSE, for a Pr with various feed RE concentrations, b La by experimental dataset, and c Ce by
experimental dataset. (Color figure online)
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Discussion

In this study, we introduced LLEPE, a Python package for thermodynamic param-
eter estimation, and used it to comparatively assess the prediction accuracies of three
strategies for GEM-based thermodynamic parameter estimation. Our results show
that (a) applying the outlier filtering strategy increases the model’s overall predic-
tion accuracy by removing outlier data, (b) fitting metal chloride Pitzer parameters
increases the prediction accuracy of the method, with prediction accuracy increasing
more for data points with higher rare earth concentrations, and (c) while the itera-
tive fitting strategy increases the prediction accuracy for multicomponent datasets,
it decreases the prediction accuracy for single-component datasets. We find that
changing the prediction error function in the iterative fitting strategy from LMSE
to MSE further increases the prediction accuracy compared to the Pitzer parameter
fitting strategy.

The results from the iterative fitting strategy suggest there are assumptions in the
model that lead to prediction errors. One factor that was not considered is the effect
of NaCl on the system. Some experiments, such as those underlying the Formiga
dataset [17], used NaOH to adjust the pH, and others, like those underlying the
Kim dataset [16], used a constant concentration of NaCl. Pfennig and Schwerin [24]
showed that electrolytes have a significant impact on partition coefficients in liquid–
liquid extraction, and Lee et al. [14] showed that in saponification, sodium will form
a complex with the extractant. Thus, to accurately model the system, the solvation,
binary interaction effects, and additional chemistry associated with the addition of
NaCl should be included in the model.

Conclusion

In summary, the LLEPE package provides an accessible method for estimating ther-
modynamic parameters and offers helpful visualizations and analysis such as the
parity plots and R-squared values. Using this package, the present study shows that
the strategies explored—filtering outlier data, fittingPitzer parameters, and iteratively
fitting to data—are effective in increasing the prediction accuracy of the parameter
estimationmethod andmay be useful for future estimation of thermodynamic param-
eters for solvent extraction. Furthermore, iterative fitting with the MSE prediction
error function is shown to have a high overall prediction accuracy.

Since theLLEPEpackage currently handles two-phase systems, futurework could
explore generalizing LLEPE to handle multiple phases, as well as other multicompo-
nent separations applications beyond rare earth systems. Improvements to the model
include accounting for electrolyte effects such as complex formation and binary
interactions.
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Thermodynamic Modeling
of Iron-Copper-Sulfuric Acid Solutions
During Solvent Extraction
and Electrowinning for Copper
Production

Jiahao Xu and Guikuan Yue

Abstract Solvent extraction and electrowinning (SX/EW) play an important role
during the hydrometallurgical production of copper for low-grade ores. To better
understand the rapid Cu extraction/strip kinetics for producing a high-purity CuSO4–
H2SO4 electrolyte and elucidate the method to maximize current efficiency by
preventing leach carryover to electrolyte during SX and minimizing the iron concen-
tration, a detailed speciation study is required to quantitatively describe the iron and
copper distribution in the SX/EW solutions. In the present study, by virtue of our
previousmodelingwork, thermodynamicmodeling of the SX/EWsolutions is carried
out to quantify the distribution of iron (in the form of ferric and ferrous), copper,
and sulfuric acid. The developed model provides a mathematical tool capable of
quantifying the concentrations of free ions and complexes in terms of temperature
(25–60 °C) and solution composition under simulated industrial conditions. Finally,
oxidation reduction potential measurements are employed to validate the model.

Keywords Speciation · Iron · Copper · Sulfuric acid · Solvent extraction ·
Electrowinning · Redox potential

Introduction

Hydrometallurgical processing of copper ores accounts for around 20% of global
primary copper production. The production via this method is about 4.5 million tons
in 2010 and is steadily increasing due to the associated advantages such as the possi-
bility of treating low-grade ores (increasingly more abundant in the case of copper)
[1–3]. Pregnant leaching solution (PLS) generated by leaching during the process is
purified and upgraded by solvent extraction (SX) to provide sufficiently conductive
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electrolyte (45–55 g/L Cu, 175–190 g/L H2SO4) for the following electrowinning
(EW) where high-purity cathode copper is electrodeposited. The combined tech-
nology of SX-EW makes hydrometallurgical process as a commercial alternative to
pyrometallurgical process, and becomes more and more important as more copper
is being produced by the leaching of much lower grade copper ores [1].

To produce high-purity copper cathode and increase the current efficiency in
EW, impurities (such as Fe, Mn, and Cl) in the electrolyte provided by SX must be
minimized by appropriate extractant that are very selective for Cu over other cations,
especially Fe [1, 3]. Current efficiency is one of the key parameters for maximizing
copper plating rate and minimizing electrical energy consumption and ranges from
85–95% in modern Cu EW plants [4]. Typically, the reduction of ferric ion at the EW
cathode lowers the current efficiency for plating of copper by 2.5% for each 1 g/L
Fe, and 5 g/L ferric ion in the EW electrolyte can make the current efficiency drop
to as low as 80% [5, 6].

Clearly, a better understanding for iron (ferrous and ferric) and copper distribu-
tion in solutions during SX/EW is very important for the production of high-purity
CuSO4–H2SO4 electrolyte and for minimizing iron concentration. Hence, a detailed
speciation study is required to quantitatively describe the species distribution in
SX/EW solutions.

In a previous work, a thermodynamic model was developed and proved to reliably
simulate the speciation of H2SO4–Fe2(SO4)3–FeSO4–H2O system through a wide
range of solution compositions and temperatures related to leaching [2]. The model
was validated by accurate prediction of measured redox potential, and a novel redox
potential equation (shown in the following section) was also developed. Additionally,
when CuSO4 is further dissolved in the acidic iron sulfate solution, species such as
Cu2+, CuSO4

o, CuHSO4
+ will be formed according to the literature [7–9]. Hence,

the related thermodynamic data were collected and reviewed for model calculation
[7–12]. Especially, in our previous publication, thermodynamic modeling of Fe(II)–
Fe(III)–Cu(II)–H2SO4–H2O system was carried out under conditions most relevant
to the copper electrorefining [12].

The current work aims to extend the broader range of applicability of the previous
developed model of Fe(II)-Fe(III)–H2SO4–H2O and Fe(II)–Fe(III)–Cu(II)–H2SO4–
H2O systems to solutions during SX/EW. It is also of interest to determine whether
developed ORP equation remains applicable under those conditions. It is expected
that this speciation work will facilitate the development of combined SX-EW
technology to achieve higher current efficiency.

Model Development

As mentioned in the previous section, thermodynamic modeling of Fe(II)–Fe(III)–
H2SO4–H2OsystemandFe(II)–Fe(III)–Cu(II)–H2SO4–H2Osystemhas been carried
out under conditions related to leaching and electrorefining [2, 12]. In this work,
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Table 1 Standard and calculated equilibrium constants for the main species in aqueous Fe(II)–
Fe(III)–H2SO4–H2O Solutions in the range of 25–60 °C by Criss–Cobble method

Species and Formation
Reactions

Log K f°
25 °C

Log K f°
35 °C

Log K f°
40 °C

Log K f°
45 °C

Log K f°
50 °C

Log K f°
55 °C

Log K f°
60 °C

H+ + SO4
2− ↔

HSO4−
1.98 2.13 2.20 2.27 2.34 2.41 2.49

Fe2+ + H+ + SO4
2− ↔

FeHSO4
+

1.08 1.42 1.59 1.75 1.91 2.07 2.22

Fe2+ + SO4
2− ↔

FeSO4°
2.25 2.33 2.37 2.42 2.46 2.50 2.54

Fe3+ + H+ + SO4
2− ↔

FeHSO4
2+

2.48 2.90 3.11 3.30 3.50 3.68 3.87

Fe3+ + 2SO4
2− ↔

Fe(SO4)2−
5.38 4.29 4.78 5.26 5.73 6.18 6.62

Fe3+ + SO4
2− ↔

FeSO4
+

4.04 4.35 4.50 4.65 4.79 4.94 5.08

Cu2+ + SO4
2− ↔

CuSO4°
2.36 2.46 2.52 2.57 2.62 2.67 2.72

Cu2+ + H+ + SO4
2−

↔ CuHSO4
+

2.34 2.69 2.86 3.02 3.18 3.34 3.49

we will further employ the methods developed previously to evaluate the possi-
bility of extending its applicability to conditions most relevant to the industrial
SX/EW process. Details for the model development could be found in the previous
publication. Only the key additional information will be provided in the following.

The calculated equilibrium formation constants of main reactions in this study
from 25 to 60 °C were shown in Table 1. Information such as species concentrations
and redox potentials can thus be obtained or calculated [2, 12].

Additionally, an expression Eq. (1) was developed to accurately predict redox
potential in the H2SO4–Fe2(SO4)3–FeSO4–H2O solutions only based on nominal
ferric/ferrous ratio and temperature. From previous results, it seems that this new
expression could be extended to more complicated acidic iron sulfate solutions with
orwithout copper [2, 13, 14]. Thus, this expressionwas applied to compare calculated
potentials with experimental potentials in this work.

E(mV) = −1 × 10−3 × [T (K )]2 + 0.91 × T (K ) + 2.303R

nF

× T (K ) × 103 × log
Cferric,nominal

Cferrous,nominal
+ 492 (1)
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Table 2 Compositions of synthetic SX solution, g/L

Sample [H2SO4] [Fe3+] [Fe2+] [Cu2+] Nominal [Fe3+]/[Fe2+]

#1 200 0.01 1 0 0.01

#2 200 1 1 0 1

#3 200 0.01 1 30 0.01

#4 200 0.01 1 40 0.01

#5 200 1 1 30 1

#6 200 1 1 40 1

Table 3 Compositions of synthetic EW solution, g/L

Sample [H2SO4] [Fe3+] [Fe2+] [Cu2+] Nominal [Fe3+]/[Fe2+]

#7 180 3.5 1 0 3.5

#8 180 2.4 0.4 0 6

#9 180 3.5 1 45 3.5

#10 180 3.5 1 50 3.5

#11 180 3.5 1 55 3.5

#12 180 2.4 0.4 45 6

#13 180 2.4 0.4 50 6

#14 180 2.4 0.4 55 6

Experimental

Electrolyte Preparation

In the present study, the overall composition of both synthetic SX solutions and
Cu EW solutions was determined according to the operating conditions of indus-
trial processes. The detailed information is shown in Tables 2 and 3. The nominal
ferric/ferrous ratio in this paper is the ratio of the initial total ferric to initial total
ferrous added when preparing the solution. The real ferric/ferrous ratio in the elec-
trolyte is typically lower than its corresponding nominal ferric/ferrous ratio after
speciation calculation, and details for this could be found in our previous publication
[2].

Electrochemical Measurement

Details on the redoxpotentialmeasurement by electrochemicalmethod (including the
procedure and potential correction) can be found in previous publication [2, 12–14].
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Results and Discussion

Calculated Species Distribution
in Fe(II)–Fe(III)–H2SO4–H2O System from 25 to 60 °C

The results of the aqueous speciation (expressed as the percentage of the total ferric
or ferrous) in aqueous Fe(II)–Fe(III)–H2SO4 solution from 25 to 60 °C are presented
in Fig. 1. The results of species distribution for the solutions with four different
nominal Fe3+/Fe2+ ratios are similar to each other. Fe(II) species mainly distribute
as free Fe2+ cations which account for 73.5–77.7% of the total Fe(II). FeHSO4

+ is in
the smallest proportion 3.8% at 25 °C, and then gradually increases up to 16.3% at
60 °C. FeSO4

o is the second dominant species at 25 °C initially (about 19.2%), and
then decreases to about 10.1% eventually at 60 °C.

For Fe(III) species, free Fe3+ accounts for only 2.1–7.6%. The percentage of
FeHSO4

2+ ranges from 14.4% to 34.3%. The percentage of Fe(SO4)2− is around
0.4%–11.9%. However, the distribution of this species strongly is dependent on
temperature and total amount of Fe(III). Similar observation was also found in the
published literature [2, 8, 9, 12]. FeSO4

+ is the predominant species for Fe(III) and
takes the proportion of 58.4–73.4% of total Fe(III).

Additionally, the predominant species of Fe(II) and Fe(III) are free Fe2+ and
FeSO4

+, which is similar to the results from the literature published previously
[2, 12].

Calculated Species Distribution
in Fe(II)–Fe(III)–Cu(II)–H2SO4–H2O System from 25 to 60 °C

Figure 2 shows the results of the aqueous speciation inFe(II)–Fe(III)–Cu(II)–H2SO4–
H2O solutions for synthetic SX from sample #3 to sample #6 and for synthetic EW
from sample #9 to sample #14 with various solution composition from 25 to 60 °C. It
shows that the overall percentage trendof eachFe(II) andFe(III) species does not have
any substantial change after CuSO4 was added. The percentage of free ferrous cations
iswithin 67.7–74.2%,which is slightly lower than that in Fe(II)–Fe(III)–H2SO4–H2O
system. The proportion of FeHSO4

+ is within 3.9–16.3%which is nearly equal to that
of Fe(II)–Fe(III)–H2SO4–H2O solution. The percentage of FeSO4

o is in the range of
12.6–26.7% and is slightly larger than that in the Fe(II)–Fe(III)–H2SO4–H2O system.

For Fe(III) species, free ferric cations and FeHSO4
2+ only account for a minor

proportion, about 1.3–6.1% and 10.8–29.5%, which are slightly lower than those
in Fe(II)–Fe(III)–H2SO4–H2O system. FeSO4

+ remains the predominant species of
Fe(III), with a percentage of 61.6–79.8%. The percentage of Fe(SO4)2− is in the
range of 0.5–19.3%, which is similar to the results from the literature published
previously [2, 12].
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Fig. 1 Calculated aqueous speciation diagram of the main ferric and ferrous species in the Fe(II)–
Fe(III)–H2SO4–H2O solutions for synthetic SX with sample #1, sample #2 and for synthetic EW
with sample #7, sample #8 in the temperature range from 25 °C to 60 °C with a temperature 25 °C;
b temperature 35 °C; c temperature 40 °C; d temperature 45 °C; e temperature 50 °C; f temperature
55 °C; and g temperature 60 °C. Please note that the sum of the percentage values of both Fe(II)
species (filled symbols) and Fe(III) species (half-filled symbols) are 100%. (Color figure online)
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Fig. 2 Calculated aqueous species distribution diagram in the Fe(II)–Fe(III)–Cu(II)–H2SO4–H2O
solutions for synthetic SX from sample #3 to sample #6 and for synthetic EW from sample #9 to
sample #14 with a temperature 25 °C; b temperature 35 °C; c temperature 40 °C; d temperature
45 °C; e temperature 50 °C; f temperature 55 °C; and g temperature 60 °C. Please note that the sum
of the percentage values of Fe(II) species (filled symbols), Fe(III) species (half-filled symbols), and
Cu(II) species (unfilled symbols) are 100%. (Color figure online)
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Cu(II) speciesmainly distributes asCu2+,CuSO4
o, andCuHSO4

+,with the propor-
tion of 17.7%–41.7%, 4.9%–19.9%, and 40.5%–77.1%, respectively. CuSO4

o is the
least abundant species and its proportion decreaseswhen increasing temperature. The
second most abundant Cu(II) species is free Cu2+ and its percentage decreases when
increasing temperature. A considerable proportion of Cu(II) exists as CuHSO4

+ and
its proportion increases with temperature.

Comparison of Redox Potential Between Model Result
and Experimental Measurement from 25 to 60 °C

A comparison of the reversible potentials between experimental measurement and
model calculation was employed to validate the model. As shown in Figs. 3a and
4a, the redox potentials predicted by the model and measured by experiment are in
good agreement under different nominal Fe3+/Fe2+ ratios in both synthetic Fe(II)–
Fe(III)–H2SO4–H2O solution and Fe(II)–Fe(III)–Cu(II)–H2SO4–H2O solution from
25 to 60 °C. The difference between experimental and calculated valueswas typically
around±5mV depending on solution composition and temperature. This proves that
the model is qualitatively and quantitatively validated. Therefore, a conclusion can
be drawn that the predicted species distribution are correct for both Fe(II)–Fe(III)–
H2SO4–H2O and Fe(II)–Fe(III)–Cu(II)–H2SO4–H2O solutions in the temperature
and composition ranges investigated in the present work.

In addition, Eq. (1) has been proved to accurately predict redox potential in Fe(II)–
Fe(III)–H2SO4–H2O system over a wide range of solution composition [2, 14]. The
comparison of measured potential by experiment and calculated potential by Eq. (1)
in the present study are employed to validate its broad applicability aswell. Figures 3b
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Fig. 3 Comparison of potentials a calculated by thermodynamicmodeling andmeasured by experi-
ment, and b calculated by Eq. (1) andmeasured by experiment vs SHE at 25 °Cwith various nominal
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synthetic SX and EW conditions). (Color figure online)
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and 4b show that the experimental potentials in the present study are in an excellent
agreement with those calculated by Eq. (1). The potential difference is generally
less than 1.5 mV under nominal Fe3+/Fe2+ ratios ranging from 0.01 to 6 with the
concentrations of copper and sulfuric acid varying from 0 to 55 g/L and from 180
to 200 g/L, respectively. Therefore, a conclusion could be drawn that the expression
developed previously can also be employed to accurately predict the redox potential
in complicated solutions for SX/EW in this work.

Conclusions

The speciation of Fe(II)–Fe(III)–H2SO4–H2O and Fe(II)–Fe(III)–Cu(II)–H2SO4–
H2Osolutionswas investigated by thermodynamicmodelingunder conditions related
to SX/EW. Results reveal that most of the Fe(III) is distributed as complexes and the
free Fe3+ accounts for only a minor percentage, whereas a large amount of Fe(II)
exists in the formof free Fe2+. TheCu(II) speciesmainly distributes asCu2+, CuSO4

o,
and CuHSO4

+, and a considerable proportion of Cu(II) exists as CuHSO4
+. The

validity of the proposed model was confirmed by reliable prediction of measured
redox potential from 25 to 60 °C. The fact that there exists an excellent agree-
ment between the redox potential calculated by previously developed equation and
measured by this work, further extends its applicability and provides an alternative
method of predicting redox potential. It is expected that the findings in this work will
facilitate the development of combined SX/EW technology to achieve higher current
efficiency.
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An Experimental Study on the Melting
Temperature of Mould Flux Under
Electromagnetic Field

Yijia Wang, Mingxing Wang, Li Zhao, and Yu Wang

Abstract The silicate-basedmolten slag plays a crucial role in the process of contin-
uous casting as functional materials. In the present study, the influences of electro-
magnetic field intensity and frequency on melting temperature of mould flux are
revealed by an experimental method. To achieve this, a conductivity electrode and
a measurement device are implemented to measure the melting temperatures under
various magnetic field intensities and frequencies. The tested results show that with
the increasing of magnetic field intensity (0–30 mT), the melting temperature of
mould flux increases by 11–12 K. When the magnetic field intensity is 20 mT, the
frequency increases by 6 Hz, and the melting temperature of the slag is increased by
0.4 –1.6 K. Additionally, it is found that according to the melt solidification theory,
the potential barrier requires to be overcome when the fluxmelts from liquid phase to
solid phase, and the barrier can be weakened when electromagnetic force is applied.

Keywords Mould flux · Electromagnetic field intensity · Frequency

Introduction

Electromagnetic fields have been widely used in the continuous casting process,
especially for the electromagnetic stirring technology [1, 2]. Electromagnetic force
can lead to the directional flow or turbulent flow, which causes the change in the
flow and temperature fields. Therefore, the electromagnetic fields play a crucial role
in improving the surface quality and the internal quality of beam blank. On the
other hand, the mould flux is a typical silicate structure, which displays the electrical
conductivity to some extent under high-temperature condition. As the result, the ion
arrangement and distribution in the mould flux would be changed due to the applied
external electromagnetic fields [3], which affects the performances, including the
heat transfer and the lubrication, during the continuous casting process.
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Table 1 Basic chemical composition of the mould flux and basicity

CaO/% SiO2/% Al2O3/% MgO/% CaF2/% Na2O/% MnO/% FeO/% R

39.57 39.49 3.33 4.84 4.29 5.41 2.96 0.12 1.00

Table 2 Chemical composition of mould flux with varying basicity in the experiment (wt%)

NO CaO SiO2 Al2O3 MgO CaF2 Na2O MnO FeO R Basicity

R-1 39.92 39.08 3.23 4.89 4.35 5.46 2.95 0.12 1.02 1.18

R-2 40.27 38.73 3.23 4.89 4.35 5.46 2.95 0.12 1.04 1.20

R-3 40.65 38.35 3.23 4.89 4.35 5.46 2.95 0.12 1.06 1.22

R-4 41.02 37.98 3.23 4.89 4.35 5.46 2.95 0.12 1.08 1.24

According to the study of Xingjuan Wang et al. [4], the high-frequency electro-
magnetic field had a significant effect on the overall morphology of the mould flux
film. The mould flux film has changed from the original two-layer structure form of
crystalline layer–glass layer to a three-layer structure form of crystalline layer–glass
layer–crystalline layer which influences the melting temperature of mould flux. In
this study, an experiment was performed at the self-developed test system to identify
the influence of the magnetic field intensity and frequency on the melting tempera-
ture of the mould flux. Furthermore, the content of CaO/SiO2 was adjusted in each
test to evaluate the role of the basicity on the melting temperature of the mould flux.

Experimental Details

Materials of the Mould Flux

Based on the previous research basis of our group, the mould flux used in the process
of producing slabs was applied in the present experiment. The chemical composi-
tion is listed in Table 1. The chemical compositions of the mould flux with various
basicity, which can be achieved by adjusting the content of CaO/SiO2, in the current
experiment are summarized in Table 2.

Test System

Figure 1 shows the schematic of the performance test system for the mould flux
considering magnetic field. The crucible furnace and the electromagnetic stirring
device are curial, where the crucible furnace is used to heat the slag and the
electromagnetic stirring device is used to generate the alternating magnetic field.
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1 - Crucible furnace water cooler; 2 - Electromagnet water cooler; 3 - Electromagnet power

supply; 4 - Crucible furnace control cabinet; 5 - Furnace wall; 6 - Silicon molybdenum rod; 7 - Crucible;

8 - Thermocouple; 9 - Insulation layer; 10 - Water cooling layer; 11 - Electromagnet; 12 - Electromagnet 

Fig. 1 Schematic of the performance test system for mould flux considering alternating magnetic
field. (Color figure online)

Test Method

In the present test, the conductance electrode method [5] was adopted to measure the
melting temperature of the mould flux. The schematic of the test device is depicted in
Fig. 2. It is noteworthy that the measuring principle of conductance electrode method
is based on the ionic properties of the melting at different temperatures and electrical
conductivities of the mould flux. Additionally, the generated electrical signals during
the test may be interfered by the electromagnetic fields. Therefore, it is necessary
to perform a preliminary experiment to analyse the magnitude of the effect of the
electromagnetic field on the measurements for the conductance electrode method.

Based on our preliminary experiment, in order to eliminate the interference of
electromagnetic field, the maximum and minimum voltages fluctuations at each
temperature were recorded separately, and the recorded values were drawn and fitted

Fig. 2 Device diagram of
conductance electrode
method. (Color figure online)
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to calculate the corresponding temperature. Let Emax and Emin denote the electrode
voltages of start and end measurement, respectively. Based on the abovementioned
measurement principle, the relationship between the voltage and the temperature is
plotted in Fig. 3. The relationship between the voltage and the temperature can be
fitted as the following expression, and the fitting factor R2 = 0.91853.

E = −505.81488+ 3.6163T − 0.00212T 2 (1)

As shown in Fig. 3, the melting temperature is the x-coordinate where the slope
is highest, which is when the conductivity changes most rapidly. Subsequently, the
melting temperature can be defined as the following expression

TC = f

(
Emax − Emin

2

)
(2)

f = 1463.48+ 0.7026E − 0.00129E2 (3)

Results and Discussion

Effects of the Magnetic Field Intensity

Figures 4 and 5 show the effect of different magnetic field intensity and basicity on
the melting temperature of the mould flux at a frequency of 8 Hz. The magnetic field
is generated by alternating current through the coil, and the magnetic intensity is
adjusted by adjusting the current. The melting temperature increased about 11–12 K

Fig. 3 Relationship between
the voltage and the
temperature. (Color figure
online)
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(100.76–100.90%) with the magnetic field intensity increasing from 0 to 30mT at
different basicity. The increment of the melting temperature with the basicity ranges
from 1.06 to 1.08 is larger than that with the basicity ranges from 1.02 to 1.04 and
from 1.04 to 1.06, revealing that the increased magnitude of the melting temperature
raises with the increasing basicity of the mould flux. The effect of magnetic field
intensity on melting temperature is less than that of basicity.

As shown in Fig. 5, the melting temperature of the mould flux gradually increases
with the increase of the basicity. Themelting temperature is risen about 48~49Kwith
the basicity increasing from 1.02 to 1.08 at different magnetic field intensities. The
increasing trend of the melting temperature of mould flux is approximately identical
with the increasement of the magnetic field intensity. This is because that the CaO
of mould flux is prone to combine with other components to generate crystalline
mineral with high melting point (such as anorthite and dicalcium silicate), thereby
resulting the rise of melting temperature [6].

Fig. 4 Effects of the
magnetic field intensity on
the melting temperature of
the mould flux under
different basicity. (Color
figure online)
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Fig. 5 Effects of the
basicity on the melting
temperature of the mould
flux under different magnetic
field intensities. (Color
figure online)
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Effects of the Magnetic Field Frequency

The effects of themagnetic field frequency and basicity on themelting temperature of
the mould flux when the magnetic field intensity is 20 mT are shown in Figs. 6 and 7,
respectively. Although the melting temperature of the mould flux slightly increases
with the increase of the magnetic field frequency, it basically tends to be flat, as
shown in Fig. 6. For the mould fluxes with different basicity, the melting temperature
increases around 0.41–1.6 K when the magnetic field frequency increases from 6 to
12 Hz. When the basicity raises from 1.06 to 1.08, the increment of the melting
temperature is greater than that when the basicity increases from 1.02 to 1.04 and
1.04 to 1.06, indicating that the increasing magnitude of the melting temperature of
the mould flux rises with the increase in the basicity.

As demonstrated in Fig. 7. The melting temperature of the mould flux increases
with the increase of basicity. Furthermore, Fig. 7 shows the melting temperature of

Fig. 6 Effects of magnetic
field frequency on melting
temperature of the mould
flux under different basicity.
(Color figure online)
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basicity on the melting
temperature of the mould
flux under different magnetic
field frequencies. (Color
figure online)

1.02 1.03 1.04 1.05 1.06 1.07 1.08
1370

1380

1390

1400

1410

1420

1430

M
el

tin
g 

te
m

pe
ra

tu
re

/K

Basicity

 6Hz
 8Hz
 10Hz
 12Hz



An Experimental Study on the Melting Temperature of Mould Flux … 139

the mould flux which increases about 48 K as the basicity of mould flux increases
from 1.02 to 1.08 under different magnetic field frequencies. It is evident that the
increasing trend of the melting temperature of the mould flux is basically the same
when the frequency varies from 6 to 12 Hz. The reason for the abovementioned
results may be that the changing magnitude of the field frequency is relatively small,
thereby resulting in the limited effect on the melting temperature among various
magnetic field frequencies.

Conclusion

In this paper, an experimental study was performed to explore the effects of the
magnetic field intensity and frequency on the melting temperature of the mould flux
during continuous casting process under different basicity. Based on the experimental
observations, the following conclusions can be drawn:

(1) In the present experiment, the melting temperature of the mould flux gradu-
ally increases with the increasing magnetic field intensity and frequency. More
specifically, when the frequency and intensity of the magnetic field equal 8 Hz
and 30 mT, respectively, the melting temperature of the mould flux increases
around 11–12 K. When the frequency and intensity of the magnetic field equal
6 Hz and 20 mT, respectively, the melting temperature of the mould flux
increases around 0.4–1.6 K

(2) Compared with the magnetic field intensity, the melting temperature of the
mould flux is less sensitive to the magnetic field frequency. Themelting temper-
ature of themouldflux is increasedwith the increase in the basicity. Furthermore,
the applied alternating magnetic field can facilitate in reducing the barrier when
the mould flux transforms from liquid phase to solid phase.
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Effect of Dissolution of Titanium Ions
on Ti Alloys Electrodeposition
from EMIC-AlCl3 Ionic Liquid at Low
Temperature

Pravin S. Shinde and Ramana G. Reddy

Abstract In this work, the dissolution of Ti ions from a sacrificial Ti anode during
electrolysis on the reduction behavior of Ti–Al alloy electrodeposits from a Lewis
acidic eutectic mixture of 1-ethyl-3-methylimidazolium chloride (EMIC) and a
0.667-mol fraction of aluminum chloride (AlCl3) is investigated. The Ti ions are
dissolved in EMIC-AlCl3 ionic liquid (IL) by potentiostatic and galvanostatic elec-
trolysis using chronoamperometry (CA) and chronopotentiometry (CP) techniques,
respectively. At the same time, the electrodeposition of the Ti–Al alloy is accom-
plished on the copper cathode electrode at 383 K using the Ti anode. The dissolution,
concentration, and deposition of Ti species are controlled by varying the electrol-
ysis current, potential, and the electrolysis duration (1–3 h). The electrochemical
reduction behavior of Ti and Al ions is studied on all Pt wire electrodes using cyclic
voltammetry (CV). SEM studies revealed homogeneous and crystalline Ti–Al elec-
trodeposits for CP-electrolysis. EDS and XRD revealed 16 at %. Ti with a cubic
Ti0.12Al0.88 phase of Ti–Al alloy obtained from 1 h CP-electrolysis. The Ti content
in Ti–Al alloy decreased with an increase in electrolysis time.

Keywords Ti alloy · Electrodeposition · EMIC-AlCl3 ionic liquid ·
Electrochemistry · CV · CA · CP

Introduction

Titanium (Ti), because of its highest strength-to-weight ratio, is an essential alloying
agent with many metals, including aluminum, molybdenum, and iron. Such alloys
find larger applications, including aircraft, spacecraft, and missiles. Because of the
excellent corrosion-resistant property, Ti is widely used in medical industries, espe-
cially for bone compatibility and surgeries. Ti production by the Kroll process
invented in the 1940s has been the known primarymethod [1]. Despite excellent ther-
momechanical and corrosion-resistance properties, Ti production is expensive and
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difficult to extract and machine [2]. Electrochemical synthesis from low-temperature
ionic liquid (IL) electrolytes is one of the fascinating methods of producing Ti metal
or its alloys [3]. Unfortunately, the electrochemical mechanism for pure titanium
deposition is more complicated than other metals such as aluminum because of its
different oxidation states (II, III, and IV). Therefore, it is often electrodeposited in the
form of alloys, such as titanium aluminide (Ti–Al). The electrodeposition of Ti and
Ti–Al alloys has been performed via an energy-efficient and cost-effective extraction
process using the molten chloride salt electrolytes [4–8]. Understanding the electro-
chemistry of Ti ions in the IL can provide ways to improve the Ti–rich deposition of
Ti–Al alloy. The electrochemical studies of TiCl4 in a strongly Lewis acidic room-
temperaturemolten salt showed that Ti4+ is reducible toTi3+ andTi2+ in two stepswith
one-electron charge transfer each,while Ti3+ was deposited at the electrode as a passi-
vating dark thin film layer, mostly as TiCl3 organic salt [9]. Alternatively, Stafford
et al. [10] studied the electrochemistry of titanium using a 2A1C13-NaC1 electrolyte
in which the oxidation of titanium yielded Ti(II), Ti(III), and Ti(IV) complexes.
The divalent species Ti(II) led to electrodeposit Ti–Al alloys, while the trivalent
species are sparingly soluble. Despite several attempts to deposit phase-pure Ti, it
only resulted in the co-deposition of Al and Ti. Nevertheless, the low-temperature
electrochemical synthesis of Ti–Al alloys using IL is not only energy-efficient but
also eliminates high-temperature melting and consolidation processes.

The electrodeposition of Ti alloys from chloroaluminate-based alkyl imidazolium
chloride IL electrolyte is very challenging because of complex Ti electrochemistry
and passivation of electrode surface with the TiCl3 layer [11–15]. For instance, in
an IL of EMIC and AlCl3, several anion species such as [AlCl4]−, [Al2Cl7]−, and
[Al2Cl10]− with different concentrations are in equilibrium for a given mole fraction
(XAl) of AlCl3. The amount of XAl dictates the acidity or basicity of electrolyte and
impacts the electrodeposition conditions. At higher AlCl3 (XAl > 0.5), the electrolyte
mainly possesses AlCl4– and Al2Cl7– species exhibiting Lewis acidic properties
primarily due to coordinately unsaturated Al2Cl7− species [16]. The electrochemical
deposition of Al from such chloroaluminate ILs has been reported to bemainly due to
contribution from the diffusion of Al2Cl7− species [12, 17, 18]. The electrochemical
process of reduction of Al-species in the ILs is relatively well studied. Acidic IL
compositions are active for Al plating and stripping at the anode, according to the
reversible redox reaction given below [12, 19].

4[Al2Cl7]
− + 3e− ↔ Al(Cathode) + 7[AlCl4]

− (1)

We previously electrodeposited Ti–Al alloys from BMIC-AlCl3-TiCl4 (1:2:0.019
molar ratio) at different applied potentials and temperatures (343–398 K) using Ti
foils as cathode and anode, and Ti wire as a reference electrode [20]. The possible
reactions are given by Eqs. (2–5).

Cathode reactions:

[
Ti(Al2Cl7)4

]2− + 2e− ↔ Ti(Cathode) + 4[Al2Cl7]
− (2)
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4
[
(Al2Cl7)4

]2− + 3e− ↔ Al(Cathode) + 7[AlCl4]
− (3)

Anode reactions:

Ti(Anode) + 4[Al2Cl7]
− − 2e− ↔ [

Ti(Al2Cl7)4
]2−

(4)

AlCl3 + 7[AlCl4]
− − 3e− ↔ 4[Al2Cl7]

− + 1.5Cl2 (5)

The composition of a solvent-fused salt has a dramatic influence on electrode-
position process of titanium [21–23]. The deposition of pure Ti or its alloy from
inorganic and organic melts and ILs is encountered with obstacles of controlling
the electrolytes made by dissolving the titanium salts. Addition of salts like TiCl4
involves its sublimation at elevated temperatures, unwanted disproportionation reac-
tion of titanium ions and formation of passivating TiCl3 layer resulting into titanium
oxide deposition.

To counter most of the mentioned issues, titanium ions can be incorporated into
EMIC-AlCl3 IL by electrochemically controlled dissolution. So far, there are no
reports on electrochemical studies on the behavior of dissolution and deposition of
Ti species to deposit Ti–Al alloy without the addition of TiCl4. In our previous work,
the potentiostatic electrodeposition of smooth, compact, and dendrite-free growth
of Ti–Al alloy on the copper substrate was demonstrated at −1.3 V versus Ti for
1 h using BMIC-AlCl3 IL (XAl = 0.667) at low temperature [18]. However, the
effect of higher concentrations of Ti species on the Ti–Al deposit compositions was
not studied. Furthermore, only the potentiostatic mode was used to dissolve and
electrodeposit the Ti–Al alloy.

In this work, it is demonstrated how the dissolution of Ti ions from sacrificial
Ti anode during electrolysis and their concentration in the Lewis acidic eutectic
ionic liquid mixture of 1-ethyl-3-methylimidazolium chloride and aluminum chlo-
ride (EMIC-AlCl3) affects the electrodeposition behavior of Ti–Al alloy. Then, the
electrochemical reduction behavior of Ti and Al ions on Pt wire electrodes is studied
using the CV technique by varying the CA and CP-electrolysis durations. The objec-
tives of this research work are to investigate the dissolution and solubility of Ti ions
in EMIC-AlCl3 IL and to determine the underlying reduction mechanism and to
characterize surface morphology and composition of the Ti–Al electrodeposits.

Experimental

Preparation of EMIC-AlCl3 Ionic Liquid

The chemicals such as anhydrous AlCl3 (95+%, Alfa Aesar) and organic chlo-
ride salt 1-ethyl-3-methylimidazolium chloride (EMIC, 95%, Sigma-Aldrich) were
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purchased and used without further treatment. The Pt wire (0.5 mm diameter,
99.99%) was obtained from Sigma-Aldrich company. Pure titanium sheet (2 mm
thick, 99.99%) was obtained from Alfa Aesar®. The ultrahigh pure (UHP) Argon
gas (99.999%) was obtained from Airgas. All chemical reagents were handled in a
dry atmosphere. The eutectic mixture of Lewis acidic EMIC-AlCl3 IL was prepared
by mixing a 1:2 molar ratio (AlCl3 mole fraction, XAl = 0.667) of EMIC and AlCl3
in a pyrex beaker at room temperature under constant stirring for 30 min until a
clear homogeneous solution was obtained. XAl = 0.667 was chosen to maximize
the concentration of Al2Clelectrode as a sacrificial anode − anion species crucial for
metal electrodeposition from the EMIC-AlCl3 IL. The desired amount of clear IL
solution is then transferred to the 50 mL electrochemical Pyrex cell placed on a hot
plate, and IL was stirred for several minutes using a magnetic stirrer at 60 RPM to
achieve a stable temperature of 383 K for further electrochemical studies.

Electrochemical Measurements

All electrochemical measurements were performed from EMIC-AlCl3 IL at 383 K
using cyclic voltammetry (CV), chronoamperometry (CA), and chronopotentiom-
etry (CP) techniques with the help of an EG&G PARC model 273A potentio-
stat/galvanostat workstation controlled by Power Suite software. The electrochem-
ical cell for the measurements consisted of a 40 mL Pyrex® glass beaker fitted with
Teflon/Perspex cover, which has provisions for inserting the electrodes, thermometer,
and inert gas inlet/outlets, as shown schematically in Fig. 1. A conventional three-
electrode cell (Fig. 1) was used for these measurements. The Ti ions are hard to
dissolve in EMIC-AlCl3 ionic liquid even after putting a Ti slab in it at 383 K. There-
fore, the electrolysis approach was chosen to dissolve Ti ions from the metallic Ti
counter electrode as a sacrificial anode electrode and incorporate in the EMIC-AlCl3
IL. The dissolution of Ti ions to deposit Ti–Al alloy was performed by potentiostatic

Fig. 1 Schematic of the
experimental setup for CA-
and CP-electrolysis from
EMIC-AlCl3 IL. (Color
figure online)
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(constant potential) and galvanostatic (constant current) electrolysis for different
durations (1, 2, and 3 h) using CA and CP techniques, respectively. For electrolysis,
copper sheet (2 × 2 × ~0.25 cm, 99%, Sigma-Aldrich) served as working electrode
(WE), Ti plate (2 × 2 × ~2 cm, 99.99%, Sigma-Aldrich) served as the counter
electrode (CE), and Pt wire (0.05 cm diameter, >99.99%, Alfa Aesar) as a quasi-
reference electrode (q-RE). The CV measurements were performed before and after
CA-electrolysis, and after CP-electrolysis using all Pt electrodes as WE, CE, and
q-RE. The working distance between WE and CE was 2 cm. The temperature was
controlled by a hot plate and was precisely monitored by the inserted thermometer.
The Ar gas flow was continuously maintained through the alumina tube during the
experiment.

Before electrochemical measurements, all the electrodes were polished with 800-
grit SiC abrasive paper, rinsed thoroughly with deionized water, cleaned in an ultra-
sonic bath for 5min, and dried by air to remove any residual impurities. The height of
the electrodes immersed in the IL was measured after each experiment. Ti–Al alloy
was deposited on copper plate by CA-electrolysis from EMIC-AlCl3 (XAl = 0.667)
IL electrolyte at 383 K at a fixed applied potential of −1.5 V versus Pt and by CP-
electrolysis at 10 mA cm−2 for 1, 2, and 3 h durations. The electrodeposited Ti–Al
alloy electrodes were characterized using structural, morphological, and composi-
tional techniques such as scanning electron microscopy (SEM) on Thermo Scien-
tific™ Apreo scanning electron microscope equipped with energy dispersive spec-
troscopy (EDS), and X-ray diffraction (XRD) on a Bruker D8 Discover X-ray
diffractometer with GADDS by employing monochromatic Co Kα radiation.

Results and Discussion

Cyclic Voltammetry of Ti-Free EMIC-AlCl3 IL

The cyclic voltammetry is used to study the electron transfer process forAl deposition
from freshly prepared EMIC-AlCl3 IL at different scan rates before potentiostatic
CA-electrolysis to dissolve Ti ions. A standard three-electrode configuration cell
with three Pt wires was used as working, counter, and quasi-reference electrodes.

Figure 2a shows a typical CV recorded from EMIC-AlCl3 IL (XAl = 0.667) on
a polished Pt wire electrode at 383 K. The potential is swept at 300 mV s−1 from
open-circuit potential (OCP) to −2.0 V versus Pt, where Al (III)-complex [Al2Cl7]−
ions are reduced to Al (0) and then reversed back to OCP. The electrodeposition
(reduction) of Al commences at−1.34 V versus Pt and reaches the maximum current
at −1.75 V. After this peak potential, the current decreases until the reversal of
potential, indicating the drop in the concentration of electroactive Al2Cl7− species
near the electrode. During the anodic potential sweep, the occurrence of a broad
stripping peak at−0.64 V corresponds to the oxidation of the Al (0) electrodeposited
during the cathodic sweep. Additionally, the CV shows the distinct redox peaks in
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Fig. 2 a A typical CV recorded on polished Pt wire from EMIC-AlCl3 IL at the scan rate of
300 mV s−1 at 383 K showing cathodic deposition of Al and its subsequent anodic stripping during
the reverse direction. b CV curves recorded in the potential range from OCP to −1 V versus Pt
at different scan rates (100–300 mV s−1), indicating UPD deposition and stripping of Al. (Color
figure online)

the potential range from 0 to −0.8 V. It is reported that Ti can be reduced (from
Ti4+ to Ti2+) from Ti-containing chloroaluminate ionic liquid in the potential from
0 to −1.0 V versus Pt [24]. Hence, the CV curves were recorded from EMIC-AlCl3
IL with and without Ti ions dissolved electrochemically by CA and CP modes at
different hours. Figure 2b shows the CV curves recorded from Ti-free EMIC-AlCl3
IL at different scan rates (100–300 mV s−1) at 383 K. Please note that these CVs
were recorded before recording the extended CV shown in Fig. 1a. The potential is
varied from open-circuit potential to −1.0 V versus Pt. The CVs show a cathodic
peak at −0.25 V versus Pt, which can be ascribed to the underpotential deposition
(UPD) of aluminum, and its corresponding counterpart anodic peak on the reverse
scan at−0.08 V versus Pt is attributed to stripping of UPDAl. Similar UPD behavior
is observed by several researchers [25–27]; however, the mechanism of UPD is still
unclear. It is reported that UPD is responsible for nanocrystalline growth of Al, while
the broader redox peaks followed byUPDare responsible formicrocrystalline or bulk
growth of Al in the electrodeposit [26].

Electrochemical Dissolution of Ti Ions by CA-Electrolysis

After recording CVs from EMIC-AlCl3 IL, the Ti ions were incorporated into it
employing electrolysis using a pure Ti plate as anode and Cu sheet as a cathode. The
two methods of electrolysis, potentiostaticchronoamperometry (CA) and galvanos-
tatic chronopotentiometry (CP), were employed at different durations. The cathode
and anode electrodes were weighed before and after each electrolysis to account for
the amount of Ti ions stripped from the Ti anode and the amount of Ti–Al material
deposited onto the Cu cathode electrode.
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Table 1 Weight gain and loss of Cu cathode and Ti anode electrodes during CA andCP-electrolysis
at different times

Electrolysis mode Duration (h) Weight gain of Cu cathode
due to Ti–Al deposition
(Wt.%)

Weight loss of Ti anode due
to the stripping of Ti ions
(Wt.%)

CA 1 0.25 0.57

CA 2 2.34 2.05

CA 3 3.05 3.40

CP 1 0.89 0.78

CP 2 2.85 1.82

CP 3 2.97 2.90

Figure 3a shows CA-electrolysis curves for 1, 2, and 3 h durations carried out
independently with identical experimental conditions. The current density increases
over time. The current density rises sharply after about 75 min as seen for 2 and 3 h
CA-electrolysis. Electrolyte temperature plays role in shifting the deposition poten-
tial to less negative values. Rise in temperature of the EMIC-AlCl3 IL causes increase
in mobility of the electroactive [Al2Cl7]− and Ti[(Al2Cl7)4]2− species toward the Cu
cathode electrode surface leading to an increase of the reaction rate. The reason for
temperature rise due to exothermic electrochemical reactions during higher electrol-
ysis durations needs to be investigated. In general, the conductivity and viscosity of
ionic liquids are strongly dependent on temperature [28]. The weight loss and gain
percentages of Ti anode and Cu cathodewith varying CA-electrolysis time are shown
in Table 1. The wt. % of Cu cathode increases with electrolysis time, due to the Ti–Al
deposition. At the same time, the Ti ions released by Ti anode in EMIC-AlCl3 IL
increases with time as indicated by wt. % loss of Ti anode.

Figure 3b shows the representative CVs recorded in separate experiments before
and after CA-electrolysis for different durations at 300 mV s−1 at 383 K. Before CA-
electrolysis, the typical UPD redox peaks are seen. However, with the increasing
duration of CA-electrolysis, the current density of UPD peaks decreases. Moreover,
new redox peaks emerge in the potential range from−0.9 to−0.7 V versus Pt, which
corresponds to the deposition of Ti species (reduction of Ti4+ to Ti2+). The current
density for Ti peaks (alongwithUPDAl) decreaseswithCA-electrolysis time despite
the continuous release of Ti ions in IL, suggesting a saturation limit to form the Ti
complex with [Al2Cl7]− ions. As a result, despite the higher concentration of Ti
ions released in IL by Ti anode, significantly less Ti[(Al2Cl7)4]2− ions are available
for co-electrodeposition of Ti along with Al. The primary electrodeposition process
proceeds at more negative potentials to deposit microcrystalline or bulk Al (around
-1.5 V vs. Pt).
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Fig. 4 a CP-electrolysis curves for 1, 2, and 3 h durations on Cu cathode at a constant current
density. b Overlay of representative CVs recorded before and after CA-electrolysis for different
durations at 300 mV s−1 at 383 K. The inset shows the magnified view of CV curves recorded for
2 and 3 h CP-electrolysis time. (Color figure online)

Electrochemical Dissolution of Ti Ions by CP-Electrolysis

After recording CA-electrolysis, the CP electrolysis was performed fromTi-enriched
EMIC-AlCl3 IL using a fresh Ti plate as anode and Cu sheet as a cathode.

Figure 4a shows the CP-electrolysis curves for 1, 2, and 3 h durations carried
out independently with identical experimental conditions. The potential fluctuates
initially in the range of −1.45 and −1.75 V versus Pt and decreases over time as the
more TiA–l gets deposited on the Cu cathode. Figure 4b shows the representative
CVs recorded in separate experiments before and after CA and CP-electrolysis for
different durations at 300 mV s−1 at 383 K. Similar to CA-electrolysis, the current
density of UPD Al and Ti decreases with the increasing duration of CP-electrolysis.
However, the Ti redox peaks are more evident in the potential range from −0.9 to −
0.7 V versus Pt (see inset of Fig. 4b). Again, a drop in current density could be due to
the availability of limited concentration of Ti[(Al2Cl7)4]2− ions, and CP electrolysis
is driven mainly by Al deposition at higher electrolysis time.

Morphological and Compositional Analysis by SEM–EDS

SEM and EDS analyses were performed to examine the morphology and chemical
composition of the electrodeposits. Figure 5abc shows SEM images of Ti–Al elec-
trodeposits obtained from CA-electrolysis. For 1 h, the Ti-Al electrodeposit shows
uniform coverage of large grains with several cracks. With increasing time, the crack
disappears, forming a continuous layer. Homogeneous and smooth deposits are seen
for 3 h. ThemorphologyofTi–Al deposits obtained byCP-electrolysis is compact and
crystalline (Fig. 5def). Ti–Al deposit from 3 h CP-electrolysis reveals 2–3 μm size
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Fig. 5 Surface morphologies of Ti–Al alloys on Cu substrate by potentiostaticelectrodeposition for
a 1 h, b 2 h, and c 3 h, and galvanostaticelectrodeposition for d 1 h, e 2 h, and f 3 h. Magnification:
2500X

grains crystallized on top of the continuous Ti–Al layer. Such crystallization could
be due to a rise in temperature of the EMIC-AlCl3 IL due to exothermic reaction.

Figure 6 shows the EDS spectra obtained from a selected area (2500X) of Ti–Al
electrodeposits obtained from CA- and CP-electrolysis for different durations. As

Fig. 6 EDS analysis on a selected area (2500X magnification) of Ti–Al electrodeposits obtained
from CA-electrolysis for a 1 h, c 2 h, and e 3 h and from CP-electrolysis for b 1 h, d 2 h, and f 3 h.
The inset shows the percentage composition of Ti and Al elements. (Color figure online)
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seen from Fig. 6ace, the chemical compositions of Ti and Al in Ti–Al electrode-
posit from 1 h CA-electrolysis are 14 at.% and 86 at.%, respectively. The atomic
percentage of Ti goes on decreasing with increasing CA-electrolysis time. Ti–Al
electrodeposits obtained by CP-electrolysis show relatively higher concentrations of
Ti (16.5 at.%), understandably due to the higher concentration of Ti ions dissolved
in EMIC-AlCl3. However, Ti concentration goes on decreasing with increasing CP-
electrolysis time. The decrease in Ti concentration in the EDS spectrum at higher
CA- and CP-electrolysis time agrees with the drop in the current density for UPD Al
and Ti peaks, as discussed earlier in the CV section.

Structural Analysis by XRD

The Ti–Al electrodeposits were further characterized using XRD. Figure 7 shows
the normalized XRD patterns of Ti–Al electrodeposits obtained on Cu substrate
from CA-electrolysis (CA1, CA2, and CA3) and CP-electrolysis (CP1, CP2, and
CP3). XRD of all the electrodeposits shows five distinct crystallographic peaks of
Ti–Al identified according to PDF4+ card (ICDD#:04-016-6423), while the rest of
the peaks are due to copper substrate. The five crystallographic planes (111), (200),
(220), (311), and (222) belongs to the cubic Ti0.12Al0.88 phase (space group: Fm-
3 m (225)) of Ti–Al alloy. No other peaks of metallic elements are detected. The
atomic percentage composition observed from XRD agrees with the EDS studies.
The intensity of (220) and (311) planes increases with increasing electrolysis time
for CA as well as CP-electrolysis. The Ti–Al (CP3 sample) electrodeposit obtained
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from CP-electrolysis for 3 h shows the highest crystallinity and agrees with the
morphological SEM study.

Thus, through this work, we demonstrated that it is feasible to synthesize Ti–Al
alloy by dissolving Ti ions in the ionic liquid from Ti anode during electrolysis. It is
crucial to investigate the solubility limitations in the reduction of Ti complex ions at
higher electrolysis duration. More work is needed to understand the Ti electrochem-
istry and the disproportionate behavior of Ti ions. Future work is to improve the Ti
content in Ti–Al alloy by tailoring the CA and CP-electrolysis parameters.

Conclusions

The dissolution of Ti ions from Ti anode in EMIC-AlCl3 (with a 0.667-mol fraction
of AlCl3) ionic liquid at 383 K is investigated. The simultaneous dissolution of Ti
ions and electrodeposition of Ti–Al alloy on the copper cathode is accomplished
by controlled electrolysis using chronoamperometry and chronopotentiometry tech-
niques at different durations. The electrochemical reduction behavior of Ti and Al
ions is studied on all Pt wire electrodes using cyclic voltammetry. The reduction of
Ti ions commences along with the underpotential deposition of Al. The Ti content
in Ti–Al alloy goes on decreasing with higher electrolysis time using CA and CP
methods. This indicates that the reduction current of Ti ions is limited by the forma-
tion of Ti complex with [Al2Cl7]− anions present in the EMIC-AlCl3 ionic liquid.
The Ti–Al electrodeposits obtained fromCP-electrolysis are homogeneous and crys-
talline. One-hour CP-electrolysis yields a Ti–Al alloy with 16 at.% Ti with a cubic
Ti0.12Al0.88 phase.
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Effect of ZrO2 Filters on Inclusions
in Steel

Ming Li, Biao Tao, Huajie Wu, and Yanhui Sun

Abstract The ZrO2 ceramic filter in the steelmaking plant in Nanjing Iron and Steel
United Co., Ltd. was studied. Samples were taken from the tundish that ceramic
filter installed. The total oxygen content and the type, shape, size, and composition
of the non-metallic inclusions in steel were analyzed. Then the inclusion-removing
capability of the tundish ceramic filter was evaluated. The results indicate that the
effect of the ceramic filter on the filtration of inclusions is striking. The inclusion
removal rate was 41.6% when the diameter of inclusions was more than 30 μm.
The tundish guaranteed the production of high-quality steel. However, the calcium
treatment process should be reasonably controlled to decrease secondary oxidation
and improve the cleanliness of molten steel.

Keywords Ceramic filter · Tundish · Inclusions · Calcium treatment

Introduction

The molten steel filter, a new technology that has been developed in recent years,
is simple to operate and has good ability to purify molten steel. The technology
removes part of the non-metallic inclusions in molten steel through the filter placed
in the tundish to obtain relatively clean molten steel, thereby improving the quality
of a slab and providing significant economic benefits. It has been suggested that the
removal rate of inclusions is related to the filter material, mesh diameter, thickness,
and molten steel flow rate [1]. The main types of steel water filters include ceramic
foam filters, porous filter plates, and filter tubes. Its material is mainly CaO, Al2O3,
ZrO2, ZrO2–Al2O3, mullite, MgO, and Al2O3–C. Studies show that large inclusions
are basically removed by the filter andAl2O3 has decreased significantly [2, 3].When
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Ansteel’s No. 3 Steelmaking Plant installed quality CaO rectangular ceramic filters
in the 48-ton slab continuous casting tundish, the average amount of inclusions in
the tundish steel samples reduced by 14.42%. There are significant effects of CaO
ceramic filters to remove inclusions of Al2O3 and SiO2 [4]. A CaO straight hole filter
was tested in Liugang Steelmaking Plant, and the inclusions in the steel reduced by
20% [5]. After adopting a magnesium through-hole filter in Benxi Steel, the mass
fraction of inclusions in the finished billet reduced by more than 50% [6].

Experimental Procedure

Experimental conditions: A 5-stream continuous casting machine was used. The
tundish capacity was 35 ton, and section size of billet is 150 mm × 150 mm. The
casting speed was 2.0 m/min while the top to top time was about 45 min. The
experimental samples were grade 50CrVA steel. The steel was a high-grade spring,
which has an important use, with a large cross section and a high load, and a valve
spring, a piston spring, and a safety valve spring with an operating temperature of
less than 300 °C. The steel had good toughness, high proportional and strength limits
after heat treatment, and high fatigue strength. The experiment used a ZrO2 foam
ceramic filter. An O–N analyzer, direct reading spectrometer, optical microscope,
and SEM–EDS were used for analysis.

Fig. 1 Profile of the tundish and the filter installation position

Fig. 2 Schematic of the
filter structure
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Figure 1 shows the tundish structure and filter installation location. Figure 2 shows
a schematic of the foam ceramic filter structure whose thickness and diameter are
25 mm and 122 mm, respectively. The main composition of the 0.787 mm cellular
foam ceramic is ZrO2. The sample has a cylindrical shape with a diameter of 30 mm
and a height of 45 mm. The sample was taken from the first five furnaces using the
same pouring time required to take a bucket sample. The sampling time was 15–
20 min for each furnace steel. The sampling position of the tundish was the impact
and pouring area, and two bucket samples were taken each for a total of ten bucket
samples. A 15mmhigh cut wasmade on each sample for highmagnification analysis
and 50 fields of view observed using an optical microscope at 100 × magnification.
The number of inclusions of 10–20, 20–30, and >30 μm wascounted. Furthermore,
a scanning electron microscope was used to analyze the energy spectrum of typical
inclusions and an inductively coupled plasma (ICP) chemical method used to analyze
the mass fractions of Alt (total aluminium content), Als (aluminate content), and Ca.
Then the remaining 30 mm high cylindrical samples were forged into 60-mm-long
rod samples for total oxygen analysis.

Results and Discussion

Total Oxygen Mass Fraction Analysis

During the experiment, bucket samples were taken 15 min after the first five furnaces
were loaded using the same pouring time. The sampling position was 40 cm below
the liquid level near the long nozzle of the tundish impact zone and the outlet of the
diversion hole of the tundish filter.

An O–N analyzer was used to measure the total oxygen mass fraction (ω([O])) of
the molten steel samples in the impact and pouring zones of different tundishes. The
results are shown in Fig. 3. Further,ω([O])1 is the total oxygenmass fraction sampled
in the impact zone of the tundish while ω([O])2 is the total oxygen mass fraction
sampled in the pouring zone. As can be seen from the test data, the highest ω([O])
value in the molten steel impact zone is 0.0038%, the lowest value is 0.0024%, and
the average value is 0.0031%; the highest ω([O]) in the pouring area is 0.0035%,
the lowest value is 0.0022%, and the average value is 0.00278%. After the steel in
the tundish passes the filter, the average value of ω([O]) drops to 0.00 32% and a
decrease of 10.3%.

Analysis of Aluminum and Calcium Mass Fraction

Direct reading spectroscopy and ICP chemical methods were used to determine
the mass fraction of total aluminium Alt, acid soluble aluminium Als, and Ca in
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Fig. 3 Total oxygen content variation of tundishes

molten steel. The results are shown in Table 1. The results of Alt and Als analysis
of the samples in the impact zone and the pouring zone show that relative to the
impact zone, the pouring zone ω (Als)/ω (Alt) generally increases by 0–9%, and
the mass fraction of the aluminum-containing inclusions decreases. The Als of the
furnace numbers 18758, 18,761, and 18,764 are relatively high, ranging from 0.016
to 0.028%, corresponding to ω ([O]) ranging from 0.0022 to 0.0027%.

Research has shown that when ω (Ca)/ω (Als) ≥ 0.09 in steel, inclusions are
mostly deformed into 12CaO·7Al2O3 low-melting point calcium aluminate inclu-
sions [7]. To obtain a good calcium treatment effect, higher calcium to aluminum
ratio is conducive to the removal of particulate inclusions. In this experiment, the
fluctuation range of ω(Ca)/ω(Als) is relatively large. The first two furnaces have low
Als, and the latter three furnaces have a lowω (Ca)/ω (Als) of 0.05–0.068. Therefore,
the calcium treatment is not ideal.

Optical Microscope Analysis

The sample was analyzed at high magnification. It is difficult to count inclusions
under 10 μm with an optical microscope at 100 magnification. In this experiment,
50 fields of view at 100 × magnification with the optical microscope were used. The
number of inclusions of various sizes was counted at 30 μm. The results are shown
in Table 2.

It can be seen fromTable 2 that before and after molten steel filtration, the removal
rate of inclusions below 10–20 μm is 14.1%, the removal rate of inclusions between
20 and 30 μm is 23.4%, and the average removal rate of inclusions above 30 μm
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Table 2 Comparison of quantities and sizes of inclusions in the samples

No. Position Number of inclusions with different
particle sizes

10–20 μm 20–30 μm >30 μm

17,933 Impacting zone 94 24 3

Pouring zone 85 22 2

18,757 Impacting zone 103 33 2

Pouring zone 92 24 1

18,758 Impacting zone 82 19 2

Pouring zone 62 15 2

18,763 Impacting zone 73 31 3

Pouring zone 69 19 1

18,765 Impacting zone 102 30 2

Pouring zone 82 25 1

Average removal rate of inclusions 14.1% 23.4% 41.7%

is 41.7%. Figure 4 shows typical inclusions of different sizes in molten steel in the
impacting zone and pouring zone of furnace number 18,758, and the inclusions are
all spherical.

When the melt passes through the ceramic filter, the physical separation of coarse
particles by the filter first happens and the inclusions are intercepted at different
positions of the filter according to the size of the particles. The second separation
involves entrapment of small blocky particles on the interior surface of the filter. The
material, porosity, and interior surface roughness of the filter influence the filtration
efficiency of different mechanisms [13].

Fig. 4 Morphology of inclusion in the samples: a impacting zone; b pouring zone
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SEM-EDS Analysis

Electron microscope observation and energy spectrum analysis were carried out on
the sample from furnace number of 1863. The sampling locations were the impacting
and pouring areas. The typical inclusions in the tundish from SEM energy spectrum
analysis are shown in Table 3, and their morphologies are shown in Figs. 5 and 6.

It can be seen from Table 3 that the inclusions in the tundish were CaO–Al2O3–
SiO2–MnO which are mainly refining deoxidation products. After the molten steel
passed through the filter, the averagemass fraction of Al2O3 in the inclusions reduced
from 32 to 15%. ω (CaO)/ω (Al2O3) was 0–0.9, which indicates that the calcium
treatment was insufficient, and that it was a high-melting point inclusion. The source
of MgO in the inclusion was the corrosion resistance of the material, and MnO was
a secondary oxidation product [8].

Research shows that after calcium treatment, the calcium–aluminum ratio of
calcium–aluminate inclusions in molten steel was 1.17–1.86, and the types of inclu-
sion were 12CaO·7Al2O3 and 3CaO·Al2O3 [9]. Such inclusions have lower-melting
points. Moreover, its smaller density is beneficial to the removal of inclusions. The
large particles formed during refining and deoxidation are important sources of inclu-
sions in steel. In order to promote the floating of inclusions and to improve tundish
metallurgy, the next step required is to improve the structure and distribution of filter
pores and give full play to the physical ability of the filter to remove inclusions
[10–12].

Experimental results show that nitrogen inclusions can also be removed by
adhering to the surface of the filter [13, 14]. Different particle removal methods
are related to the properties and sizes of particles as well as the character of the filter.
Some research suggests that the higher the alumina amount on the surface in the
filter system, themore alumina-based non-metallic inclusions get trapped on the filter
surface. This confirms the dependence of filtration efficiency on the chemistry of non-
metallic inclusions as well as the filter material [15–17]. The proposed mechanisms
for the removal of non-metallic inclusions in the filtration mode are (1) collisions
with walls and the interception effect and (2) the formation of both intermetallic and
non-metallic inclusion bridges during filtration. Fluid dynamics modeling of inclu-
sion attachment to the filter walls showed that most inclusions, especially those with
larger sizes, are trapped at the upper part of the filter, whereas smaller inclusions
are well dispersed throughout the filter [18]. The number of inclusions was substan-
tially reduced in molten steel by filtering the melt through alumina-based ceramic
media with monolithic extruded and tabular granules. Inclusion removal efficiencies
ranged between 45 and 100% depending on (a) melt velocity through the filter, (b)
height of the filter, and (c) inclusion size [19]. It was found that casting rate and
inclusion density play minor roles in the capture ratio while inclusion size was the
most influential variable [20].
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Fig. 5 Morphology of inclusions in steel in the impacting areas. (Color figure online)

Fig. 6 Morphology of inclusions in steel in the pouring areas. (Color figure online)

Conclusions

In this experiment, a bucket sampler was used for sampling. Analysis showed that the
molten steelω ([O])1 averaged 0.0031%while the pouring area ofω([O])2 averaged
0.00278%. After the tundish molten steel passed through the filter, the average value
of ω([O]) decreased to 0.0032%, a decrease of 10.3%.

According to the analysis results of Alt and Als in the impact and pouring zones,
relative to the impact zone, the pouring zoneω (Als)/ω (Alt) increased by 0–9%while
the mass fraction of aluminum-containing inclusions decreased. ω(Ca)/ω(Als) was
0.05–0.068, indicating that the calcium treatment was not ideal.

After the molten steel was filtered using the foam ceramic filter, inclusions of
different sizes were reduced. The removal rate of inclusions below 10–20 μm and
20–30 μm was 14.1% and 23.4%, respectively. Inclusions above 30 μm generally
reduced; their average removal rate was 41.7%. The inclusions in the impact and
pouring zones were all spherical.
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After the molten steel passed through the filter, the mass fraction of Al2O3 in the
inclusions reduced from 32% to 15%, and ω (CaO)/ω (Al2O3) was ≤0.9, indicating
that the calcium treatment was insufficient, and there were high-melting point inclu-
sions. The source of MgO in the inclusions was corrosion resistance caused by MnO
as a secondary oxidation product.
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A Hybrid Model for Predicting
the End-Point Phosphorus Content
of Electric Arc Furnace

Chao Chen, Nan Wang, and Min Chen

Abstract A hybrid model based on the combination of k-means method, BP neural
network and decision tree algorithm is proposed for predicting the end-point phos-
phorus content of electric arc furnace. The industrial data from electric arc furnace
is filtered firstly by the box-plot method, and the processed data of end-point phos-
phorus content is classified into three clusters by k-means analysis method. Then,
three BP neural networks with different parameters for each cluster are established
to deal with the data overlapping problem and increase the model accuracy. In order
to obtain the optimum prediction result, a new method combined with the posterior
knowledge of dephosphorization ratio and the decision tree algorithm is employed.
With this method, the results predicted, respectively, by the three different BP neural
networks are merged according to the merging rule set established by decision tree
algorithm and the identified result is taken as the final end-point phosphorus content.
In comparison with the traditional BP neural network and deep layer neural network,
the hybrid model increases the prediction accuracy of end-point P content to 97.8%
with ±0.006% error range, and meanwhile for the error ranges of ±0.005% and
±0.004%, the prediction accuracy is 94.2% and 83.0%, respectively.

Keywords End-point phosphorus content · BP neural network model · K-means
method · Data overlapping · Decision tree algorithm

Introduction

The end-point phosphorus (P) content is one of the main targets in steelmaking
process due to its significant influence on the steel product. With the increasing
demand for low and ultra-low phosphorus steels, many steel plants apply high-
efficiency dephosphorization technology into the converter [1]. However, in view
of the fact that most process parameters are correlative with each other, it is difficult
to control the end-point phosphorus content with a high accuracy degree, and thus,
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numerous researches have been carried out to realize the precise controlling of the
end-point P content through the intelligent models [2–5]. However, due to the limited
experience knowledge of the operators, machine error, and other uncertain factors,
the industrial data shows complex patterns, which is the significant factor to affect
themodel effectiveness. Thus, in this paper, a hybridmodel to stabilize the prediction
result is established according to the different data patterns.

In recent years, electric arc furnace is widely used in China. Compared with
the BOF converter, electric arc furnace possesses more advantages such as higher
production quality, easily controlling and higher energy efficiency. In light of the fact
that some high steel grades like high-pressure boiler tube steel needs to have low
phosphorus content, it is of significance to establish a prediction model to control
the end-point phosphorus content precisely in electric arc furnace. In this paper,
the industrial data of electric arc furnace is preprocessed by utilizing the box-plot
method to drop out the exceptional data. And then, in order to achieve more optimum
prediction result, a deep layer neural network is established based on the reference
model of BP neural network. Furthermore, in order to eliminate the data overlapping
problem, the k-means method is employed to investigate the data pattern, and the
corresponding BP neural network model is established for different data patterns.
Finally, the decision tree model is used to formulate the rule set to determine the
optimum output for the end-point P content.

Data Collection and Preprocess

The industrial data from the electric arc furnace production process, about 1258 heats,
are collected from a steel plant in China. According to the dephosphorization thermo-
dynamics and the actual operation in electric arc furnace, the end-point phosphorus
content of electric arc furnace ismainly determined by 18process variables, including
the chemical composition of hot metal, hot metal weight, scrap weight, lime weight,
dolomite weight, carbonweight, limestoneweight, smelting cycle, oxygen consump-
tion, natural gas consumption, electricity consumption, tapping weight, end-point C
content, and end-point temperature. The box-plot method is employed in this work
to filter the exceptional data out, and the data samples after processing are reduced
from 1258 to 1114 heats.

Neural Network Model for End-Point Phosphorus Content

Reference Model Based on BPNN Neural Network

The neural network model possesses the superior property to fit the complex non-
linear relationship, and thus, many researchers choose this type of model to fit the
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relationship between the input and output variables [6, 7]. BPNN is a multi-layer
feed-forward artificial neural network, which is trained by error back propagation
algorithm proposed by Rumelhart [8]. The BP neural network is a typical three-
layer BPNN neural network. By applying the BP neural network, a basic reference
model in this work is constructed to predict the end-point phosphorus content. For
the reference model, the main parameters are selected as the followings.

Step 1: Taking Eq. (1) as the normalization formula, which can eliminate the errors
fromdifferent dimensions, and the transformed data of each covariatewould
meet the Gaussian distribution with the expectations of 0 and the variance
of 1.

xnorm = x − xmean

xvar
(1)

where xnorm is the normalized data; xmean is the mean value of variable x; xvar is the
standard deviation.

Step 2: Taking Rectified Linear Units (ReLU) function as the activation function
[9].

Step 3: Taking Mean Square Error (MSE) function as the loss function [10].

All the preprocessed data of electric arc furnace is divided into two parts, i.e.,
training set and test set, and the ratio of the two sets is 8:2. For the three-layer
neural network, in order to obtain the optimal node number in the hidden layer, the
circulation method is adopted to set the node number from 1 to 200 to search the
optimum node number, and finally, the structure of the referencemodel is determined
to be 18 × 8 × 1. The prediction hit rate of the BP neural network model is 96.9%
with ±0.006% error range, whereas the hit rates are 91.1%, 82.5%, and 65.2%,
respectively, for the error ranges of±0.005%,±0.004%, and±0.003%. But with the
increasingly higher product quality demand, it is essential to develop other methods
to predict the end-point phosphorus content with higher precision.

Deep Layer Neural Network Prediction Model

To obtain a higher prediction precision, the deep layer neural network is employed,
which possesses more complex structure and higher fitting capacity. However, it is
well known that the deep layer neural network is easy to over-fit the training data,
leading to a poor prediction result in test set. Thus, the circulationmethod is employed
in each layer in this work, and the parameter of next layer is searched for based on the
previous parameter when the optimum node in one layer is determined. Meanwhile,
the test set is used to evaluate the model parameter to avoid the over-fitting in each
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circulation. By constantly increasing the amount of hidden layer data and comparing
its prediction results, the prediction accuracy is fluctuant with the increasing hidden
layer number, and when the hidden layer number is selected as 6, the prediction
accuracy is the optimum one. Finally, the structure of the deep layer neural network
is determined as 18 × 8 × 5 × 7 × 18 × 13 × 8 × 1.

By setting the maximal circulation number in each layer, the optimum structure
is determined, and the hit rate of the deep layer neural network model is 97.3%
with ±0.006% error range, whereas the hit rates are 92.9%, 79.9%, and 65.6%,
respectively, for the error ranges of ±0.005%, ±0.004%, and ±0.003%, indicating
that the deep layer neural network has higher prediction accuracy compared with BP
neural network.

A Hybrid Prediction Model for End-Point Phosphorus
Content

Data Pattern Analysis by k-means Method

Although the deep layer neural network presents higher prediction accuracy than the
traditional three-layer BP neural network, the prediction accuracy with ±0.005%
error range is insufficient at some data points. In order to construct a model with
high precision, a further investigation should be carried out on the data pattern by
using k-means method. In this work, the dephosphorization ratio defined in Eq. (2)
is used to induce the construction of the hybrid model, with an assumption that the
values of dephosphorization ratio are different even though the values of end-point
P contents are the same.

η = |P0 − P|
P0

× 100% (2)

where η is the dephosphorization ratio of electric arc furnace, P0 stands for the
original phosphorus content, P is the end-point phosphorus content.

The k-means method, namely an unsupervised method [11], is used to find the
potential data pattern for the dephosphorization ratio and end-point P content.
Through the calculation, the value of K value in k-means method is taken as 3,
indicating that three data patterns are included in the end-point P content and the
dephosphorization ratio. Thus, the processed data are segmented to three clusters,
namely class 1, class 2, and class 3, as shown in Table 1. It can be noted that the value
range of dephosphorization ratio is different for different clusters, but the data over-
lapping problem is found for the end-point P contents with the three value ranges of
0.004%–0.013%, 0.007%–0.013%, and 0.01%–0.018%, respectively, which would
increase the burden of modeling process.
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Table 1 Distribution situation of each class

Class End-point P content (%) Dephosphorization ratio (%) Data samples

Class 1 0.004–0.013 92–97 380

Class 2 0.007–0.018 87–92 552

Class 3 0.01–0.018 78–87 182

Data Experiment with Multiple BP Neural Network Model

In terms of the aforementioned k-means analysis, the data is segmented into three
classes and the data overlapping problem is found to exist among thewhole data. This
paper firstly makes an experiment for each class, namely establishing the BP neural
networks model between input variable and output variable in each class. And then,
the data of each class is all inputted into the established three BP neural networks
to predict the end-point P content of electric arc furnace. The error range within
±0.005% is shown in Fig. 1. In Fig. 1, the denotations of (1–1), (1–2), and (1–3)
represent that the data from class 1 is input into the BP neural network established
by class 1, class 2, and class 3, respectively. Similarly, other subgraphs have same
implication. By comparing the results, the predicted accuracy within±0.005% error
range of (1–1), (2–2), and (3–3) is found to be higher than others subgraph of their
own row. It is obvious that when the data is input into a model that established by its

Fig. 1 Cross result of the three BP neural networks. (Color figure online)
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own class, the accuracy is higher than when it is input into a model that established
by other class data.

Through the above experiment, we make an assumption that when a group of data
from the electric arc furnace process is input into three BP network, respectively,
there must exist one prediction result with higher accuracy than others, and if we
reasonably merge them as the final prediction result, it may possess higher accuracy.

A Hybrid Prediction Model Based on Multiple BP Neural
Network and Decision Tree Model

On the basis of k-means method and BP neural network, three BP neural networks
with different parameters are established, and the predicted results based on the
three models, respectively, present high accuracy. Thus, it can be inferred that the
model accuracy would be certainly improved by merging all the predicted results
reasonably. So, this paper presents a hybrid prediction model that by establishing
three BP neural networks for the three different data clusters classified by k-means
method, and the final end-point P content is predicted by merging the three predicted
results reasonably.

Owing to its excellent ability of classification and generalization, the decision tree
algorithm is used to establish the new data subset [12]. So, the decision tree model
is employed to merge the result from three BP neural networks. Firstly, according to
Eq. (3), the predicted dephosphorization ratio is determined.

ηpredict = |Q − Pi |
Pi

(3)

where ïpredict is the predicted dephosphorization ratio, Q represents the predictive
result from the different BP neural network models, Pi represents the input hot metal
[P] content.

Next, we transform the ïpredict from each BP neural networks to 0 or 1, and the
transforming criteria is shown as the following:

1. For the result 1, if ïpredict is greater than 92%, result 1 is set to 1, and otherwise,
it is set to 0;

2. For the result 2, if ïpredict is less than 92% and greater than 87%, result 2 is set to
1, and otherwise, it is set to 0;

3. For the result 3, if ïpredict is less than 87%, result 3 is set to 1, and otherwise, it
is set to 0.

After being transformed, the continuous data is transformed to discrete data. It is
benefit for establishing decision tree model. Then, the decision tree model is used
to segment the transformed data, and the results are shown in Fig. 2. It is noted that
the training data is divided into five data subsets and the corresponding outputs are
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Fig. 2 Classification of train data by decision tree algorithm. (Color figure online)

formulated for each subset, as shown in Table 2. In particular, for the training data
subsets 1, 2, and 3, two output rules are formulated to improve the output accuracy,
expressed by Eqs. (4) and (5), respectively.

Rpredict = (result 1+ result 2+ result3)

3
(4)

where Rpredict presents the final predicted end-point P content, result 1, result 2 and
result 3 are the predicted results by BP neural network 1, BP neural network 2 and
BP neural network 3, respectively.

Rpredict = tree 1× result 1+ tree 2× result 2+ tree 3× result 3 (5)

where tree 1, tree 2, and tree 3 are the probability value of classification by decision
tree method.

Table 2 Generation rule of training data subset

Rule Content

R1 If Result’ 2 = 0, then result 3 is output

R2 If Result’ 2 = 1, Result’ 1 = 0 and Result’ 3 = 0, then result 2 is predicted

R3 If Result’ 2 = 1, Result’ 3 = 0 and Result’ 1 = 1, then the output result is formulated by
Eq. (5)

R4 If Result’ 2 = 1, Result’ 3 = 1 and Result’ 1 = 0, then result 2 is predicted

R5 If Result’ 2 = 1, Result’ 3 = 1 and Result’ 1 = 1, then the output result is formulated by
Eq. (4)
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Fig. 3 Frequency distribution of predictive errors in train data by the hybrid prediction model.
(Color figure online)

Figure 3 shows the training result by the hybridmodel. It is obvious that the hit rate
of the hybrid model is 97.9% within ±0.006% error range, whereas the hit rates are
94.0%, 84.8%, and 72.0%when the error ranges arewithin±0.005%, ±0.004%, and
±0.003%, respectively, from Fig. 3. Compared with the deep layer neural network,
it is obvious that the high error problem is improved well.

Effectiveness of the Hybrid Prediction Model

Through the test set, verification of the hybridmodel is discussed. As shown in Fig. 4,
the hit rate of the hybrid model is 97.8% with±0.006% error range, whereas the hit
rates are 94.2%, 83.0%, and 68.8%, respectively, when the error ranges are within
±0.005%, ± 0.004%, and ± 0.003%. Compared with the results in Figs. 3 and 4,
it is obvious that the hybrid model possesses better generalization and prediction
ability.

Conclusion

In this paper, a hybrid model is established to predict the end-point phosphorus
content of electric arc furnace. The following conclusions can be drawn:

1. By analyzing the process parameters which affect the end-point phosphorus
content in electric arc furnace, the three-layer BP neural network and deep layer
network model to predict the end-point phosphorus content are established, and
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Fig. 4 Frequency distribution of predictive errors in test data by the hybrid predictionmodel. (Color
figure online)

the corresponding hit rates are 91.1% and 92.9%, respectively, with ±0.005%
error range, indicating that the model prediction accuracy can be enhanced by
increasing the hidden layer number.

2. By combining the statistics analysis and k-means method, three data pattern of
actual production data from electric furnace are found, meanwhile there is data
overlapping phenomenon in each pattern which enhance the burden of model.

3. A hybrid model for predicting the end-point P content in electric arc furnace is
established based on multiple BP neural network and decision tree algorithm.
The hit rate of the hybrid model is 97.8% with ±0.006% error range, whereas
the hit rates are 94.2%, 83.0%, and 68.8%, respectively, for the error ranges of
±0.005%, ±0.004%, and ±0.003%, which is higher than the traditional BP
neural network and deep layer neural network.
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Considerations of Removing Arsenic
from Molten Steel by Adding Rare Earth
Elements

Yu Peng, Hongpo Wang, and Silu Jiang

Abstract Cleanliness control in steel has always been a topic discussed by
researchers. Many methods were used to remove residual elements from steel.
Adding rare earth elements to molten steel is one of the potential ways. However, to
remove arsenic from steel using lanthanum, many issues need considerations. The
effects of steel-crucible reactions, vaporation, and slags on the removal of arsenic
from the molten steel were investigated. The results show that using the alumina
crucible is more conducive to removing arsenic from the molten steel by rare earth
elements, because LaAlO3 can inhibit the further reactions between lanthanum and
the crucible. Magnesia crucible, however, does not have similar effects. BN crucibles
drop powders and decrease the cleanliness of steel. Besides, when the concentration
of arsenic is low, arsenic can be barely removed by volatilizing under normal pres-
sure. Furthermore, due to the existence of the interfacial tension, the molten slag is
easy to separate from the molten steel and makes the fluidity of slag become worse.
Although the molten slag can remove arsenic from the molten steel to some extent,
it also has harmful corrosion effects on the crucibles.

Keywords Arsenic · Rare earth · Crucible · Vapor pressure · Slag

Introduction

The residual elements in steel, including arsenic, tin, antimony, etc., are difficult to be
removed in the conventional steelmaking process. These elements usually segregate
to grain boundaries and phase boundaries and cause serious harm to the mechan-
ical properties of steel products. To improve the cleanliness of steel, decreasing the
content of the residual elements is of great significance. The recycling of a large
number of scrap steel leads to the enrichment of residual arsenic in steel. To effec-
tively remove arsenic from steel, many methods have been tried. Because of very
active chemical activity, rare earth elements (REEs) have great potential to remove
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and stabilize arsenic in steel. The main roles of REEs in steel are purifying molten
steel, modifying inclusions [1–5] , and microalloying [6–9]. Generally speaking,
REEs preferentially react with oxygen and sulfur in steel to form La2O3 and La2O2S
first [10], and followed by La–S–As, as well as LaAs [11].

Owing to the extremely strong chemical activity of REEs, considerations need
to be noticed when REEs are used to remove arsenic from molten steel: First is the
reactions between REEs in molten steel and refractories, especially for small-scale
experiments in the laboratory, and second is the reactions between REEs in molten
steel and slags. REEs can also reactwith oxides in the slag that dramatically decreases
the effective content of them. Third, the evaporation of arsenic also needs to be taken
into account.

This paper focuses on the above-mentioned three issues that need considerations
when REEs are used to remove residual element arsenic from molten steel.

Materials and Methods

Pre-melt refining slags were used in this work. Pure reagents CaO, SiO2, Al2O3, and
MgO are mixed according to the proportion of 55%, 9%, 30%, and 6%, respectively.
We used GCr15 bearing steel and high carbon steel as the raw materials. Their
chemical compositions are shown in Table 1. 500–600 g raw materials without and
with a 5% refining slag were added into the alumina crucibles. The steelmaking
process was carried out in an induction furnace with high-purity argon protection.
After vacuuming, we used argon gas to fill the furnace tube. We gradually increased
the output power to control the temperature of the induction furnace and measure the
temperature with a thermocouple at the bottom of the crucible. It takes about 45 min
to reach the target temperature (1600 °C for high carbon steel and 1570 °C for GCr15
bearing steel) from room temperature. After it melted totally for 10 min, high-purity
arsenic particles were added. Ten minutes after adding arsenic, lanthanummetal was
added. The induction furnace power was turned off after another 20 min, and the
liquid steel was furnace cooled to room temperature. Similarly, the same steps are
adopted when using magnesia crucible and BN crucible. In the same way, the same
steps are adopted to add different lanthanum contents to the slag. The sampling time
and alloy adding time during the smelting process are shown in Fig. 1.

The equipment used to observe the types of inclusions in steel was a scanning elec-
tron microscope. From the initial sampling to final ingot, concentrations of arsenic
and lanthanum were measured with Optima 8000, an inductively coupled plasma

Table 1 Chemical compositions of the raw materials (mass %)

Elements C Si Mn P S Al O As

High carbon steel 0.79 0.21 0.61 0.011 0.015 0.001 0.0024 0.005

GCr15 0.96 0.23 0.33 0.014 0.002 0.012 ≤0.001 0.002
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Fig. 1 Experimental detail of adding lanthanum, sulfur, and arsenic, and sampling. (Color figure
online)

optical emission spectrometer. The compositions of inclusions were identified with
an energy dispersive spectrometer.

Results and Discussion

Reactions Between REEs and Crucibles

After the molten steel was cooled to room temperature, no adhesion was found
between the steel ingot and the alumina crucible, and a layer of substance is found in
the contact surface of the alumina crucible and steel ingot, as shown in Fig. 2. It can
be seen from Fig. 2 that adding 0.15% lanthanum into the high carbon steel reacted
with the alumina crucible. LaAlO3 and La2O3 were discovered in the surface layer of
steel ingot, resulting from the reactions of lanthanumwith alumina crucible, as shown
by Eq. (1) and (2) [12, 13]. Meanwhile, La2O3 can afford heterogeneous nucleation
cores for the formation of LaAlO3. Therefore, La2O3 and La2O3–LaAlO3 complex
inclusions were found at the surface of the ingot, which has a certain inhibitory effect
on the continuous reaction between La and the crucible [14].

[La] + Al2O3 = LaAlO3 + [Al] �Go = 36384 − 83.2T (1)

2[La] + Al2O3 = La2O3 + 2[Al] �Go = −286520 − 14.6T (2)

When magnesia crucibles were employed, only La2O3 was found on the contact
surface between high carbon steel ingot and the crucible, as shown in Fig. 3. On
the one hand, because magnesium has active chemical properties when lanthanum
reacts with magnesia crucible to generate magnesium (Eq. (3)), magnesium reacts
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Fig. 2 Interface of the ingot
of high carbon steel and the
alumina crucible. (Color
figure online)

Fig. 3 Side surface of ingot
when melting high carbon
steel in the magnesia
crucible with 0.15% La.
(Color figure online)

with other inclusions in liquid steel to generate inclusion containing magnesium; on
the other hand, the dissolved magnesium may transform into gas and escape from
the molten steel owing to low vapor pressure, improving the continuous reactions
between lanthanum and the magnesia crucible. This reduces the effective content of
effective lanthanum to remove arsenic.

Besides, magnesium reacts with sulfur (Eq. (4)) and LaS (Eq. (5)) in molten steel,
decreasing the effective sulfur content for the formation of La−S−As and its removal
[15].

2[La] + 3MgO(s) = La2O3(s) + 3[Mg] �Go = −1241580 + 624.9T (J/mol)
(3)

[Mg] + [S] = MgS(s) �Go − 521470 + 183.1T (J/mol) (4)
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[Mg] + LaS(s) = MgS(s) + [La] �Go
1873 K = −8807J/mol,

�Go
1773 K = −10017J/mol (5)

For the GCr15 bearing steel, the ingot tightly adheres to the magnesia crucible
that shows severe reactions between La and magnesia, as shown in Fig. 4.

Boron nitride (BN) crucibles were also used to remove arsenic from the molten
GCr15 bearing steel using lanthanum addition. Although lanthanum does not react
with BN crucible, BN powders were discovered on the surface of the BN crucible
after the melting process, illustrated in Fig. 5a, and many powders were also found
in the ingot, as shown in Fig. 5b, c. Therefore, BN crucibles are not suitable for the
steelmaking process.

Fig. 4 GCr15 bearing steel ingot in the magnesia crucible with 0.1% La. (Color figure online)

Fig. 5 BN crucible and ingot for smelting GCr15 bearing steel with 0.15% La. a The inner side of
the BN crucible; b morphologies of BN powders; c chemical compositions of BN powders. (Color
figure online)
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In summary, the crucible used in the laboratory is relatively small and has a large
specific surface area. The reactions betweenREEs and crucibles need considerations.
The alumina crucible reacts with lanthanum to form La2O3 at first. As the hetero-
geneous nucleation cores of LaAlO3, La2O3 accelerates the generation of La2O3–
LaAlO3 composite inclusion that inhibits the continuous reactions of lanthanumwith
the alumina crucible. The magnesia crucible will react severely with REEs, and the
generatedmagnesiumwill react with sulfur inmolten steel, which is not conducive to
the generation of LaS, La−S−As, and cannot achieve a good arsenic removal effect.
However, in industrial production, the specific surface area of crucibles (ladles) is
very small, and the reaction between REEs and refractories can be ignored when the
concentration of REEs is low. Due to having fallen powder with BN crucibles are not
suitable for the steelmaking process. Therefore, it is more beneficial to investigate
the removal of arsenic from steel by using alumina crucible to add rare earth in the
laboratory.

Arsenic Volatilization

In theory, the vapor pressure of the arsenic element is very large, making it possible
to remove arsenic by volatilization, but it turns out that arsenic does not volatilize
much during the steelmaking process under the protection of argon. When the initial
arsenic content was 0.012% in the molten GCr15 bearing steel, the arsenic content
is 123 ppm in 5 min and 120 ppm in the ingot (Fig. 6).

Fig. 6 Volatilization of
arsenic in the molten GCr15
bearing steel with melting
time
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The Reaction Between Rare Earth Element and Slag

The increasing REEs content has no obvious effect on the arsenic content in the
molten steel when slags were added, as shown in Fig. 7a. At the same time, the
arsenic content in molten steel increases slightly after adding La for 5 min. We
think that the used high-basicity slags have a certain adsorption effect on arsenic.
After adding La, because of its active chemical properties, it will react with the slag,
resulting in a decrease in arsenic content of the slag and an increase in the molten
steel. The adsorption of arsenic by the slag is due to the removal of arsenic from the
molten steel by calcium-based materials [16]. In this paper, CaO content in the slag
accounts for 55% that is beneficial to arsenic removal (Eq. (6)) [17]. The core theory
of arsenic removal is the generation of La–S–As [18]. That the arsenic content in the
molten steel does not decrease with the increase of lanthanum content here results
from a low sulfur concentration of 20 ppm.

3(CaO) + 2[As] = (Ca3As2) + 3[O] (6)

When the sulfur concentration increases from 20 to 100 and 150 ppm, the arsenic
content in molten steel only decreases slightly after adding La for 5 min, as shown
in Fig. 7b. This is because sulfur will react with high-basicity slags first [17], leading
to the effective sulfur concentration lower for the removal of arsenic. Besides, the
reactions between lanthanumand slagsmayalso be a factor that decreases the removal
effect of arsenic.

Before the addition of the slag, the arsenic content in the molten steel is about
120 ppm; after adding the slag, the arsenic content decreased to 100 ppm. It was
reported that the high-basicity slag under normal pressure had a 10−15% rate of the
arsenic removal in the molten steel [17], which is in accordance with this research.
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Fig. 7 Changes of lanthanum and arsenic content with slag and sulfur content in the steelmaking
process. a Effect of slag with different lanthanum content on arsenic content in the steel; b effect
of sulfur content in slag on lanthanum and arsenic content in the steel. (Color figure online)
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Fig. 8 Morphologies of
ingot and refining slag.
(Color figure online)

Ingot

Slag

Crucible

After adding lanthanum, it will react with the alumina crucible to increase the
aluminum content in the molten steel. As the aluminum content in molten steel
increases, it will promote the removal of arsenic from the molten steel by high-
basicity slag [19]. At the same time, the initial high sulfur content of the molten steel
also promotes the removal of arsenic from the molten steel by high-basicity slag.

It is worth noting that due to the existence of interfacial tension of the slag and
the alumina crucible, the slag adheres to the wall of the alumina crucible, as shown
in Fig. 8, resulting in poor fluidity of slag and reducing the absorption of arsenic
removal products by slag.

In summary, in the laboratory, in order to reduce the influence factors of rare earth
on the residual element arsenic in steel, the first consideration can be the case of not
adding slag.

When sulfur with different lanthanum contents is added without slag, the arsenic
content in molten steel decreases greatly within 5 min after adding 0.1% lanthanum,
and arsenic returns after adding lanthanum for 10 min, as is shown in Fig. 9. After
adding lanthanum for 30min, the arsenic content in molten steel with an initial sulfur
content of 150 ppm is lower than that with an initial sulfur content of 100 ppm. It is
concluded that a suitable initial sulfur content is beneficial to the removal of arsenic.

Conclusions

1. The reactions between rare earth elements in the molten steel and crucibles are
inevitable, especially in laboratory melting, because of the large contact area
between the molten steel and crucible per unit mass. Alumina crucibles are more
conducive to investigate the influence of rare earth elements on the removal of
arsenic from the liquid steel.

2. Arsenic barely volatilizes under normal pressure smelting condition.
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Fig. 9 Changes of lanthanum and arsenic content with and without slags and sulfur content in the
steelmaking process. a Slag-free and with 100 ppm sulfur; b slag-free and with 150 ppm sulfur.
(Color figure online)

3. High-basicity slags can remove arsenic in steel to some extent, but also react
with the added rare earth.

4. In the crucible-scale steelmaking process, the existence of interfacial tension
leads to poor fluidity of slags and reduces their absorption effect on the
dearsenification products.
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Introduction

Containerless processing has been playing important roles in research on highly
reactive materials, especially at high temperatures. Removing container walls allows
access to a metastable state that cannot be reached by conventional container-based
methods. For instance, an Fe–Co sample can be undercooled by more than 100 K
and such a deep undercooling allows the study ofmultipath solidification phenomena
of molten metallic alloys and the measurement of thermophysical properties over a
much wider range of temperatures covering deep undercooling through superheating
[1, 2]. On the other side, research is being carried out to unveil the liquid structure of
quasicrystal and glass formingmetals using containerless processing [3, 4]. Recently,
an electrostatic levitator (ESL) was extended to study the change in molecular struc-
ture in a deep supersaturated state and its crystallizing phases [5]. By virtue of such
unique advantages, the containerless processing community is expanding continu-
ously. ESLwas first developed byDr.Won-KyuRhim at Jet Propulsion Laboratory in
1993 [6]. NASA Marshall Space Flight Center, Washington University in St. Louis,
and Iowa State University followed in the USA. German Aerospace Center (DLR)
has also joined this wave. Later, Japan, South Korea, and China developed their own
ESL facilities. Electromagnetic levitator (EML) is relatively simpler in structure and
operation and is being operated by more institutions than ESL all over the world.
This paper gives several examples of how containerless processing has been applied
to materials research. In the first section, the principles of EML and ESL that are
being used both on eEarth and in space are described. From the second to fourth
section, examples of application of EML and ESL to metals research are discussed.
The topics in these three sections include phase selection during solidification of
molten metallic alloys, convection in molten metals, and thermophysical properties
of molten metals. These three topics are complementary to each other. In the fifth
section, recent extension of ESL to process aqueous solution and colloidal suspension
is introduced along with the potential applications of low-temperature ESL.

Electromagnetic and Electrostatic Levitators

There are several existing ways of achieving levitation of materials: electrostatic [6,
7], electromagnetic [8, 9], aerodynamic [10, 11], and acoustic [9, 12] methods are
relatively widely utilized. This section briefly describes the principles and applica-
tions of ESL and EML to materials research on Earth and in space. The first column
in Fig. 1 shows a 1-g EML where 1-g means gravity. This EML is installed and used
on Earth counteracting gravity. EML uses a set of water-cooled copper tubes wound
to form a cylindrical or conical shape. It can be noticed in the first column that the
lower part has more turns of copper tube in order to generate an upward resultant
force equivalent to the weight of a conductive sample. The size of a sample ranges
from 5 to 7 mm in diameter and the weight is around 1 g. An alternating current
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Fig. 1 EML and ESL on earth and in space. (Color figure online)

provided through the coils generates an electromagnetic force field which levitates
and heats up the sample simultaneously. Heating was enabled by the combination of
induced eddy current and the resistance of the sample. As levitation force and heating
power is coupled, an inert gas such as helium or argon is flown over the sample in
order to control the sample temperature. Helium provides a higher cooling effect
due to its higher thermal conductivity. In a molten sample, electromagnetic forces
not only induce convection but also deform the sample into a shape of a flipped egg.
For 1-g EML, a minimum amount of current to counteract gravity is large enough to
induce turbulence of Re ~ 3000 [13]. Such high convection limits the application of
1-g EML. For instance, when viscosity is measured by the oscillating droplet method
which will be elaborated later in this paper, it must be ensured that the convection
in the sample stays in the laminar regime. Otherwise, the measured viscosity is the
turbulent viscosity which is the property of the flow not the fluid. Meanwhile, one
of the space experiments is to investigate the influence of convection in a molten
metal on phase selection during solidification. In order to collect a set of meaningful
data, solidification must be observed under various convection conditions covering
from laminar to turbulent regimes, which cannot be accessed using 1-g EML. This
is a part of reasons why the EML shown in the third column is being operated in the
International Space Station (ISS). This ISS-EML was built by a German aerospace
company, Airbus, in collaboration with the European Space Agency and German
Aerospace Center. US investigators are also participating in this large internationally
collaborative research program with support from NASA. As can be seen in the third
column of Fig. 1, the upper and lower coils have the identical number of turns as
there is no need to cancel gravity. The coil set for ISS-EML is called SUPOS coil
as two superimposed currents at different frequencies are provided through the coils
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concurrently [14]. The positioner current at 150 kHz generates a quadrupole EM
field to hold the sample near the center of the coils. The heater current at 350 kHz
forms a dipole field to heat up and melt the sample. In the reduced gravity condition,
the minimum magnitude of the positioning current can be lowered significantly, and
it allows access to laminar, transition, and turbulent flows. This capability makes the
ISS-EML a unique and powerful containerless tool when melt convection-related
research is pursued. Reduction in the coil current thanks to the absence of gravity
also decreases the amount of sample deformation during processing. An ISS-EML
sample is processed in a vacuum chamber which is at times filled with helium or
argon up to the half of atmospheric pressure depending on the purpose of experi-
ments. Pressurizing the chamber is not allowed due to risk of gas leak which may
jeopardize the health of astronauts. An inert gas(es) in the chamber helps control the
melt temperature during processing and also reduces the amount of mass evapora-
tion of a molten metal sample by several orders of magnitude. Eighteen samples are
loaded in a sample holder cartridge per batch. As of August 2018, batch 1 processing
has finished, and batch 2 experiments are being prepared.

ESLhas a pair of vertical electrodeswhich generate an electrostatic field to levitate
a charged sample in between. The electric potential difference between the vertical
electrodes can be as high as 20 kV which is large enough to arc in a medium gas.
Therefore, a 1-g ESL needs a vacuum chamber. Vacuum processing increases the rate
of mass evaporation of molten metals considerably, especially for metals with high
vapor pressure, such as iron, chromium, or manganese. For instance, an Fe50Co50
(at.%) sample held at 80 K above the melting temperature (Tm = 1850 K) for 85 s
lost 9.2% of its mass. Fe concentration shifted from 0.4911 to 0.4744 (1.67%pt) as
iron has higher vapor pressure than cobalt [15]. In this case, both mass change and
composition shift must be tracked during processing and reflected in the course of
data analysis for thermophysical properties measurements. In ESL, there are two
additional pairs of electrodes on the horizontal plane which stabilize the sample
by a proportional-integral-differential (PID) control loop based on the signal from a
position-sensitive diode (PSD). Once the sample is levitated and stabilized, a heating
laser(s) is applied to the sample. Nd:YAG, CO2, or diode laser of 60–200 W is (are)
used for this purpose. With a 200 W Nd:YAG laser, a tungsten sample could be
melted in several seconds. Sample temperature is continuously monitored using an
optical pyrometer which detects the wavelength of light emitted from the sample
and converts it into temperature data. Laser heating often generates temperature
difference on the surface of the sample even up to 29 K [16]. Along the surface of a
2 mm sample, the temperature gradient can become as large as 9231 K·m−1 which
induces aMarangoni flow. However, themagnitude of this surface flow is small in the
magnitude with Re ~ 100 [16]. With ESL, only laminar convection can be obtained
on the sample surface. In order to reduce the effect of thermal gradient induced by
localized heating, the laser is often split into multiple paths and the sample is heated
from two to four different angles. Theoretically, ESL can process almost all kinds
of materials in the periodic table. However, ceramic materials are typically more
difficult to be levitated stably as they tend to lose their surface charge upon heating
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more easily. In order to minimize the mass evaporation and process the difficult-
to-levitate materials, largely ceramics, the Japanese Aerospace Exploration Agency
developed an ESL called ‘Electrostatic Levitation Furnace (ELF)’ which is installed
in the Japanese KIBO deck in the ISS [17, 18]. As one of the ELF projects, the
interfacial behavior between molten steel and molten slag is being investigated. A
brief description on this project is provided in the following section.

Thermophysical and Thermomechanical Properties

Measuring accurate thermophysical properties has been an important issue in casting
industry where casting simulation has become a standard process. For the last few
decades, theoretical framework and numerical schemes to predict the convection
during various casting processes have been improved significantly. The accuracy of
numerical prediction tends to be determined more dominantly by the integrity of
thermophysical properties. Metal additive manufacturing such as powder-bed fusion
or direct energy deposition involves melting and solidification of a micron-sized
metal particles in a timescale of microseconds. Localized heating by a laser or an
electron beam may raise the temperature of a melt pool in the vicinity of a heat
source up to 2300 K (Inconel 718 [19]) or even higher depending on materials. Such
extreme conditions limit the roles of experimental investigation and the importance of
computational approach keeps increasing. For successful physics-based simulations
of additive manufacturing processes, accurate thermophysical properties measured
over a wide range of temperature are strongly demanded.

Thermophysical properties, such as density [20–22], viscosity [23, 24], and
surface tension [25, 26] of molten metals can be measured over a range of temper-
ature covering deep undercooled through superheated regions using containerless
processing facilities listed in Fig. 1. For the density measurement using ESL, a mate-
rial of target composition is melted typically using an arc-melter into a near-spherical
shape of 2–3 mm in diameter. Once a sample is levitated stably, it is heated with a
heating laser. In general, for density measurement, the sample is put to one full melt
cycle—heating from a solid, melting, superheating, free cooling, solidification, and
cooling as a solid. During a thermal cycle, the silhouette of the sample is captured
by a high-speed camera at a frame rate of 30 fps. The video data, combined with
pyrometer data, is used to calculate the change in volume of the sample as a function
of temperature. The mass of the sample before and after arc-melting and processing
is measured to calculate the mass loss due to mass evaporation. The mass evapora-
tion of the sample along the thermal cycle is also tracked analytically [15]. Mass loss
and composition shift due to evaporation are reflected in the calculation of density.
A thermal cycle for viscosity and surface tension measurement is identical to that
for density measurement up to superheating. After a desired level of superheating is
reached, laser power is regulated to put the sample into a thermal hold on the planned
measurement temperature. During this thermal hold, the sample is excited either by a
superimposed electrostatic field alternating at a frequency near the natural frequency
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of the sample for the case of ESL or by an electromagnetic impulse for EML. Once
the desired amount of deformation is achieved, the sample is let to dampen freely.
High-speed video data (1000 fps) of an oscillating silhouette was image processed
to extract the change in projected area as a function of time, which is in turn Fourier-
transformed onto the frequency domain. The viscosity of the sample is calculated
using damping time by the Lamb’s equation (Eq. (1 [27]). Longer damping time gives
lower viscosity. In a similar way, surface tension can be determined by the Rayleigh
equation (Eq. 2 [28]) using the extracted oscillation frequency. Higher oscillation
frequency results in larger surface tension.

τ = ρR2
0

(l − 1)(2l + 1)μ
(1)

f =
√
l(l − 1)(l + 2)γ

3πm
(2)

In the Lamb’s equation, τ is the damping time which gives the viscosity, μ with
known density (ρ) and radius (R0) of the oscillating sphere. The Rayleigh equation
determines the surface tension (γ ) by the measured oscillation frequency ( f ) with
known sample mass (m). l in both equations is mode number of oscillation.

One apparent way to increase the thermodynamic efficiency of energy conversion
systems is to raise operating temperatures, which is generally restricted by mate-
rials. Recently, refractory materials whose melting point is higher than 2500 °C have
been being developed. If the operating temperature is above the 50% of the melting
point in K, creep becomes an important design factor. Conventional creep tests are
contact-based methods where the specimen is in contact with grips, which limits the
maximum testing temperature below 1700 °C. Beyond this limit, a chemical reac-
tion can happen at the interface between the specimen and the grips. If the creep
resistance of a material with a high melting point (>2500 °C) is to be tested by a
contact-based method, it may take weeks or even months to see meaningful amount
of creep deformation. In order to help accelerate the development and application
of new high-temperature materials, a new creep test method that could be applied at
temperatures higher than the current limit was strongly demanded. With this moti-
vation, Lee et al. [29, 30] developed a new contactless method to measure the creep
resistance of niobium using a 1-g ESL. A niobium sample was machined into a
high-precision sphere of 2 mm in diameter. Once the sample is levitated, a heating
laser is applied slightly off the center of the sample. Due to photon pressure exerted
by the heating laser, the sample began rotating at an acceleration of approximately
780 rps·hr−1. During this acceleration, the temperature of the sample was held at
1985 °C. Without gas drag in a vacuum chamber, the angular velocity at the end of
test (420 min) reached 4878 rps (Fig. 2). By the combination of high temperature
and high rotation rate, the sample showed noticeable creep deformation at about
250 min. The deforming sample was captured using a high-speed camera, and the
deformed shape was numerically correlated to the creep constant (2.48± 0.12, stress
exponent in the Norton creep model). The creep constant was also measured by the
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Fig. 2 Creep deformation of a high-precision niobium sphere processed by ESL at 1985 °C

conventional creep test (2.4 ± 1.0). The ESL test yielded a close result to that from
the convectional creep test even with the higher precision by an order of magnitude.
The developed method has been utilized to measure the creep resistance of newly
developed high-temperature materials in funded collaboration with NASA, General
Electric, US Air Force, and Aerojet Rockedyne. The nickel-based superalloy tested
with Aerojet Rocketdyne was applied to the nozzle extension of the J2X engine for
the next-generation spacecraft.

Multi-pathway Solidification

Depending on the degree of undercooling and composition, a molten metal may
solidify into a metastable phase first and then transform into a stable phase. Such
a phenomenon is referred to as two-step solidification, and its resulting microstruc-
ture is quite different from the one formed by one-step solidification (liquid to stable
phase). The chemical and mechanical properties of the solidified metals differ signif-
icantly depending on the paths they took during solidification. For instance, when
steel (FeCrNi) solidifies in a two-step manner, the secondary dendritic arms of the
metastable FCC phase formed during the first solidification are melted again by
absorbing latent heat ejected from the solidifying stable BCC phase. Remelting of
the first metastable phase results in smaller, more homogeneous, and more globular
grains than those formed by one-step solidification [31].

As a molten metal undercools, its density and structure change. In this under-
cooled state, nuclei form and melt away continuously. According to the classical
nucleation theory, the interfacial free energy between the nuclei and molten metal is
the major contributor to the nucleation barrier. As the similarity in density and struc-
ture between the nuclei and molten metal increases, interfacial energy (nucleation
barrier) decreases and the probability of forming a critical nucleus increases. Some
metallic alloy systems such as Fe–Co [1, 2], Fe–Cr–Ni [31, 32], and Ti–Zr–Ni [4]
solidify in a two-step manner when undercooled below a certain threshold tempera-
ture. The reason for this two-step solidification has not been understood completely.
One strong hypothesis is that a molten metal first solidifies into a metastable solid
phase which has more similar crystal structure (smaller nucleation barrier) to that of
the undercooled molten metal. After a certain amount of delay time, this metastable
phase transforms into a stable solid phase. The delay time, the time duration between
the two solidification events, can range from the order of milliseconds to several



194 J. Lee et al.

seconds depending on the degree of undercooling and composition. Such a two-
step solidification phenomenon is observed even in aqueous salt solutions, proteins,
and colloidal suspensions. Understanding the phase selection during solidification
should allow a better control over the microstructure and property of a product made
by casting or additive manufacturing.

The influence of melt convection on the phase selection of Fe–Co and Fe–Cr–
Ni during solidification is being studied using the ISS-EML. As mentioned in the
previous section, the ISS-EML is the only facility that allows access to melt convec-
tion in the laminar through turbulent regimes. A 1-g ESL is also being used to collect
reference data and measure thermophysical properties for thermodynamic analysis
and computational fluiddynamicmodels.Amagnetohydrodynamicmodelwasdevel-
oped to predict the level of convection as a function of test parameters of ISS-EML,
positioner, and heater currents [33]. The results of numerical simulations were used
to determine the test parameters in order to induce and maintain the desired level of
convection under which various solidification behaviors of the molten metal sample
was observed. The details of the experiments can be found elsewhere [34–36].

Mass Transport Phenomena

Understanding and controlling of melt convection is important for a successful
casting process. Convection affects cavity filling, cooling rate, warpage, and eventu-
ally the properties of a cast product. As discussed in the section above, melt convec-
tion may alter the resulting microstructure considerably. Convection also plays an
important role in the formation of amorphous metals or quasicrystals. The basic idea
of making an amorphous metal is rapid cooling from a molten state in order not to
allow enough time for the atoms to rearrange themselves and form a crystal struc-
ture. A high shear rate may hinder this rearranging motion of the atoms and thus
enhance its glass formability. Convection in the EM-levitated molten metal droplet
has been studied for more than thirty-six years by a number of research groups.
Due to its extreme conditions, e.g., high temperature, high reactivity, and metastable
state, experimental characterization of convection in an EM-levitated metal droplet
is an extremely challenging task. This is why most research groups have adopted
analytical and numerical approaches.

With the ISS-EML, various compositions of metallic alloys are being tested.
Approximate cost to process one sample is one million US dollars. PIs already spent
several years to prepare their space experiments. Knowing that the melt convection
affects the space experiments, there was a strong need to have an experimentally
validated model that can predict the convection inside an EM-levitated molten metal
droplet. Under such circumstances, Lee et al. [33] developed a magnetohydrody-
namic (MHD) model. For the validation purpose, a Co16Cu84 sample was levitated
by EML. If this sample is undercooled below 1468 K, it shows spinodal decompo-
sition due to its large miscibility gap and separates into Co-rich and Cu-rich liquid
phases. Due to difference in emissivity between the two separated phases, Co-rich
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Fig. 3 Left [33]: Convection velocity field in an EM-levitated Co–Cu droplet. Black dots indicate
surface convection velocity along the meridian. Convection velocity near the equator is predicted
as ~30 cm·s−1; middle [37]: numerically predicted maximum convection velocity as a function of
heater current in a Fe–Co droplet processed using the ISS-EML; right [31]: predicted accessible
range of convection (gray parallelogram) in a Fe–Co sample during ISS-EML processing. (Color
figure online)

phases looked brighter in the captured high-speed video. These Co-rich particles
were drifting along the streamline of the Cu-rich liquid. The particle velocity near
the equator was measured as ~30 cm·s−1. The convection velocity at the similar loca-
tion predicted by the developed MHD model was 28.6–32.5 cm·s−1. The difference
between the observed and predicted convection velocities is less than 8.3%, which is
excellent agreement considering the flow is turbulent. This was the first-ever quan-
titative experimental validation of a MHD model of convection in an EM-levitated
moltenmetal droplet. The developedmodel is being utilized to predict the convection
pattern, convection velocity field, accessible convection range, and convection status
in the flight samples for the ISS-EML [36, 37].

In order to know when laminar to turbulent transition (LTT) happens as indicated
in Fig. 3b, the Reynolds number at LTT must be known. LTT is also important when
viscosity is measured as mentioned in the section above. LTT in a molten metal is
also investigated using the ISS-EML. In the previous space experiment, Hyers et al.
[38] observed a turbulent transition phenomenon in a molten Pd–Si sample. Under
a constant EM field generated by the TEMPUS coils, the convection in the sample
accelerates. With a high heater current, the resultant EM force pushes the molecules
from the surface to the center along the equatorial plane forming one large toroidal
flow in the upper and lower hemispheres. The two toroidal flows forma stagnation line
along the equator on the surface. As soon as the Pd–Si sample melted, tracer particles
quickly drifted toward the equator and accumulated along the stagnation line. The
agglomeration of the tracer particles began oscillating forming a sinusoidal curve
upon the flow acceleration. As the convection accelerates further, the amplitude of
the sinusoidal curve increases gradually and the curve eventually breaks intomultiple
small pieces, which is an apparent indication of turbulence. The Reynolds number
at LTT was determined to be 600. A similar transition phenomenon has also been
observed for theNi–Al system. In this case, the particles come from the poles down to
the equator and disappear into the center instead of accumulating along the stagnation
line. The tracer particles used for the Pd–Si sample were made of ceramics which
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have much lower density than Pd–Si. For the case of Ni–Al, tracer particles were
not added and the observed particles could be some of intermetallics which have a
higher melting point but similar density to the molten part. Small or even possibly
negligible density difference must have enabled the particles to follow the flow into
the center instead of floating on the surface along the stagnation line (Stokes number
<<1). A numerical model is being developed to reconstruct the accelerating flow in
the molten Ni–Al under a constant EM field. This model is expected to shed more
light on the LTT phenomena in molten metals.

In a continuous casting process, molten steel is fed into a tundish which in turn
feeds the molten steel down to a water-cooled mold where continuous solidification
occurs. Slags are added to the tundish to absorb impurities from the molten steel and
reduce the amount of oxidation by covering the exposed surface of the molten steel.
Due to themomentumcarried by themolten steel fed into the tundish,mixing between
the molten steel and molten slag often happens. Some of the mixed molten slag can
be emulsified into the molten steel and leave in the final cast steel resulting in a low-
quality product. In order to control the slag and steel mixing and slag emulsification,
the interfacial phenomena are being studied using the ELF aboard the ISS [39].
As the first step, interfacial tension between molten steels and molten slags is being
measured [39]. A concentric compound droplet ofmolten steel (core) andmolten slag
(shell) is levitated and excited to induce oscillation. Different from the single phase
droplet described in the section above, due to the presence of the core, two oscillation
frequencies are extracted from the time-oscillation curve. Interfacial tension can
then be calculated analytically using the two extracted oscillation frequencies [40,
41]. During the experiments, the core oscillation cannot be directly observed as the
molten slag is not transparent. By the help of a computational fluid dynamic model,
the oscillation behavior of both the core and shell can clearly be visualized, which
will help facilitate the design of space experiments [42]. This oscillation behavior has
beenmodeled numerically. Thismodel allows researchers to investigate the influence
of core–shell radii ratio, in-phase and out-of-phase oscillation, and rotation of the
droplet on the measured interfacial tension. The developed model will also be used
to interpret the results of the ELF experiments.

Low-Temperature ESL

Recently, Lee et al. [43] developed an ESL optimized to process liquid at low temper-
atures.With the low-temperature ESL, they investigated the multipath crystallization
of potassiumdihydrogenphosphate (KDP) solutions [5].An injection needle attached
to the bottom electrode injects the KDP solution within the ES field. There is compe-
tition between the electrostatic (ES) force which tries to levitate the injected droplet
and the surface tension force which tries to hold the blown droplet at the tip of the
needle. The droplet can be levitated when the ES force becomes slightly larger than
the surface tension force. A Teflon-coated needle makes more hydrophobic surface
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and helps reduce the surface tension force and facilitate the detachment of the droplet
from the needle tip.

Once the solution droplet is levitated, the similar PSD and PID control schemes
are used to keep the sample levitated stably. The size of the droplet is typically 2–
3 mm in diameter. As soon as the solution leaves the needle tip, it evaporates and
the droplet size decreases. An LED back light is used to capture the silhouette of the
sample as a function of time from the opposite side of the sample. This silhouette data
is also used to calculate the volume and concentration (supersaturation) of the sample
assuming only water leaves the sample by evaporation. With this facility, the KDP
solution could be brought up to unprecedentedly deep supersaturation with a super-
saturation ratio over 4. Note the deepest supersaturation ratio reported was less than
2. The supersaturation ratio is defined as the ratio of the concentration of a solution to
the saturated concentration at a given temperature. Under such deep supersaturation,
the number of water molecules surrounding KDP ions (hydration number) decreases
significantly and themolecules and ions behaves differently,which changes the nucle-
ation and crystallization paths. ARaman spectrometer combinedwith the ESL allows
to trace the change inmolecular structure during evaporation. Raman shift gives clues
to detect polymerization or phase transition. The solution ESL was also combined
with a synchrotron x-ray facility to measure molecular structure before, during, and
after crystallization. Using the solution ESL combined with a Raman spectrometer
and a synchrotron x-ray, an experimental evidence of two-step crystallization in an
aqueous KDP solution was clearly demonstrated.

The solution ESL shown in Fig. 4 is also being used to study the assembly of
colloidal particles.Controlling thewayof particle assemblymayallow for the produc-
tion of various kinds of functionalmaterials. So far, the assembly of colloidal particles
has been experimentally studied mostly in two-dimensional spaces, where the effect
of the walls cannot be neglected. The low-temperature ESL extends the colloidal
assembly to three-dimensions which is more relevant to large-scale manufacturing

Fig. 4 Left [5] Solution ESL; top right: levitate sodium sulfate solution evaporates and eventually
crystallizes; bottom right: levitated colloidal suspension (1 mm polystyrene particles in water) dries
by evaporation. (Color figure online)
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and also allows observation of pure interactions among particles by removing unde-
sired wall effects. The application of the low-temperature ESL can also be farther
extended to investigate the crystallization of medicines, proteins, optical filters,
polymers, and other biological materials.

Summary

Containerless processinghas beenutilized to studyphysical phenomena inmetastable
or highly reactive materials. The areas of main applications include measurement of
thermophysical and themomechanical properties of molten materials at high temper-
atures, multistep solidification in metallic alloys, and mass transport phenomena in
moltenmetals and ceramics. Recently, ESL has been extended to levitate and process
aqueous solutions and colloidal suspensions. The low-temperature ESL has good
potential to be applied to crystallization of medicine, proteins, and other biological
materials. Overall, containerless processing community which began to form in the
USA is still being expanded all over the world. Japan and South Korea are running
multiple ESL and EML facilities. China also recently developed ESL. Hong Kong
is also developing ESL. With such expansion of the containerless processing, much
work which has not been possible is expected to be done and new areas of science
would be opened up in near future.
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Effect of Nitrogen on Weldability
and the Microstructure in Laser Beam
Welding of Duplex Stainless Steel

Yunxing Xia, Kenshiro Amatsu, Fumikazu Miyasaka, and Hiroaki Mori

Abstract Due to unbalanced phases’ contents in welds of duplex stainless steel,
their mechanical properties and corrosion resistance should be remarkably degraded
from base metals’ ones. It is reported that both the precipitation and growth of
the austenite phase in the welds are affected by the nitrogen content as well as
thermal cycles of welding. Especially, in the case of laser beam welding (LBW),
these effects might be drastically changed as compared with them in conventional
welding methods. From the microstructure observation in the LB welds using argon
shield gases varied with nitrogen contents of 0, 10, and 20%, austenite phases growth
at grain boundaries are promoted by the increase in nitrogen content in the shield
gases. Based on elements’ distributions measured in the previous report by an EPMA
analysis, nitrogen is powerfully concentrated in austenite in each case. In addition,
the in-situ observation by the micro-focused X-ray transmission imaging system
revealed that porosity in the LB welds is suppressed by the increase of nitrogen
in argon shield gases. These results suggested that under suitable thermal history
conditions, the addition of nitrogen in argon shield gas for LBW might be effective
to increase in austenite contents in welds of duplex stainless steels.

Keywords Laser beam welding · Nitrogen · Precipitation behavior · Phase ratio ·
Duplex stainless steels · X-ray transmission

Introduction

Duplex stainless steel has attracted extensive attention due to its high strength and
corrosion resistance.Moreover, due to the price increase of rawmaterials, a lownickel
type of duplex stainless steel is developed to replace the traditional stainless steel like
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SUS304 and SUS316. It is widely used in many industrial products such as marine
infrastructure equipment, bridges, and heat exchangers in recent years. Nevertheless,
during the processing, especially welding, it is difficult to maintain duplex steel
characteristics because the thermal history will change the amount of the phase ratio
between the ferrite and austenite in welds. Due to the phase ratio changes after
welding, weld metal of duplex stainless steels causes performance differences with
the base metal [1]. Therefore, it is vital to understand the effect of thermal history on
alloy diffusion and overall solidification. Many research studies have demonstrated
that in welds of duplex stainless steel, both the precipitation and growth of the
austenite phase are dependent on nitrogen diffusion [2, 3]. Particularlywhen applying
laser beam welding, the absorption and escape of nitrogen in the welds during laser
beamwelding can also have amassive impact on the welds’ microstructure. Also, the
rapid cooling causes the diffusion rate of elements to become more critical. This will
determine whether they could complete diffusion before the end of solidification.

Therefore, the purpose of this study is to compare the effect of applying 100%
argon shield gas, Ar–10%N2 shield gas, andAr–20%N2 shield gas on themicrostruc-
ture in welds during full penetration laser beam welding and confirm the influence
of thermal history on the ultra-thin plate (0.6 mm) thickness during lap-welding by
microstructure observation. The study also compared the effect of argon shield gas
and nitrogen shield gas onmolten pool and bubble generation during the laserwelding
process in real-time via X-ray transmission in-situ observation. After analyzing
the nitrogen content in the weld metal, we sorted out the relationship between
nitrogen escape and laser welding velocities, and clarified the relationship between
the nitrogen and the precipitation and growth behavior in the weld’s microstructure
of the duplex stainless steel via microstructure observation.

Experimental

Material

In this experiment, the duplex stainless steel (S82031) is subjected to a lap-welding
by laser beamwelding. The specification of the sheet is 100 mm (Length)× 100 mm
(Width) × 0.6 mm (Thickness), and the chemical composition thereof is shown in
Table 1.

Table 1 Chemical compositions of materials used (mass %)

Material C Mn Ni Cr Mo N

S82031 ≤0.05 ≤2.50 2.0–4.0 19.0–22.0 0.60–1.40 0.14–0.24
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Table 2 Processing conditions of the laser beam welding for microstructure observation

Laser output Velocity (mm/min) Focus distance Shield gas

Laser beam weld No. 1 1750 w 2000 31.4 mm (J.F.) 100%Ar(a)

No. 2 4000 Ar-10%N2(b)

No. 3 6000 Ar-20%N2(c)

Laser Beam Welding Condition and Shield Gas

Process parameters for laser beam welding are shown in Table 2. For comparing the
effect of heat input (laser output/velocity) on the microstructure, we have chosen
various welding velocities and constant laser output with full penetration-type lap-
welding by the laser beam. Further, the effect of two types of argon–nitrogen-mixed
shield gas and pure argon shield gas on precipitation and growth of austenite under
each welding velocities were compared. There are nine kinds of welding conditions
totally.

X-Ray Transmission Imaging System

In this experiment, the observation is performed using the microfocus X-ray fluo-
roscopic imaging system developed by the Joining and Welding Research Institute
of Osaka University [4]. The experimental setup is shown in Fig. 1. This device is
a microfocus X-ray tube (160 kV, 1 mA), worktable, X-ray image intensifier, high-
speed video camera (maximum shooting speed: 400 f/s, or 40,500 f/s), and X-ray
protection box. The laser head is also fixed so that the sample is irradiated with light
at a predetermined point.

Fig. 1 Schematic arrangement of X-ray transmission imaging system for observation of keyhole
behavior, bubble generation, and porosity formation. (Color figure online)
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Table 3 Processing parameters of welding conditions for X-ray transmission imaging system

Laser output Velocity (mm/min) Focus distance Shield gas

Laser beam weld 2000 w 1000 31.4 mm (J.F.) 100%Ar
100%N21500

2000

Table 3 shows the process parameters when using direct observation of keyhole
behavior through the X-ray transmission imaging system . These experiments were
performed to observe and study the relationship between the welding velocities and
the bubble production under the difference in nitrogen/argon shield gas with six
welding conditions.

Results and Discussion of the Effect of Nitrogen
on Weldability and Microstructure of Welds

In-Situ Observation

To investigate the effect of nitrogen shield gas on the weldability during laser beam
welding in welds of duplex stainless steel, the real-time observation is performed
applying a microfocus X-ray fluoroscope. Figure 2 shows the X-ray transmission
experiments concept and the actual observation result with the welds of duplex stain-
less steel during the laser beam welding. The image shows the size of the keyhole
and the generation of bubbles during the welding process and without using tracer
for interface tracking.

The in-situ observation experiments used 100%Ar shield gas and 100%N2 shield
gas for observation and comparison. The observation results of different welding
velocities are shown in Fig. 3. Whether the nitrogen or argon shield gas, under the

Fig. 2 X-ray transmission experiments concept and the actual observation result. a: Schematic
diagram of the laser beam welding process in X-ray transmission imaging system b: keyhole and
bubbles observed through X-ray transmission imaging system c: Schematic diagram of molten pool
and flow during laser beam welding in X-ray transmission imaging system). (Color figure online)
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Fig. 3 Observation and comparison of Ar and N2 shield gas under different welding conditions

same laser beam welding output, the length of the keyhole becomes shorter as the
welding velocity increases, and the penetration ability of laser welding is reduced.
Under argon shield gas at various welding velocities, bubbles are generated in the
molten pool. The slower the speed, the larger the bubble formation and depending on
the welding velocity, the floating position of the bubble also changes. In particular, in
the case of fast welding, the bubbles are difficult to float up; they are basically parallel
to the keyhole’s tip. As the welding velocity decreases, the bubbles can float up to
the top in one moment and finally return to the middle location because of the molten
pool’s vortex. These bubbles remain during the solidification process and form the
porosity of the welds. On the other hand, when nitrogen shield gas is applied, the
formation of bubbles is obviously suppressed. In the case of slow welding velocity,
almost no bubbles are observed. It can be presumed that nitrogen is soluble in the
molten pool of duplex stainless steel and absorbed into the welds’ microstructure
during solidification, so it does not even leave porosity in the welds.

Microstructural Characteristics in the Welds

Figure 4 shows the microstructure in the welds of duplex stainless steel by lap-
welding with argon shield gas. The top of the row is a full view of the welds, and
the bottom row is a zoom-in view of the middle position of the welds. These three
welding conditions with different velocities have penetrated the plate and formed a
stableweld shape. Due to the heat input’s influence, as thewelding velocity increases,
the welds’ area becomes narrow, the microstructure of the weld has also changed.
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Fig. 4 Effect of laser beam welding velocities on microstructure of S82031 in welds (a1:
2000 mm/min, a2: 4000 mm/min, a3: 6000 mm/min). (Color figure online)

The faster the welding velocity, the more obvious the reduction of segregation in
the welds, especially under the rapid cooling effect of laser beam welding. After
10% KOH corrosion, the austenite appears white. In Fig. 4a1, the precipitation of
austenite is mainly based on the grain boundary and intragranular, and near the grain
boundaries, many Widmanstädter-austenite can be observed. They grow along the
austenite grain boundary into the ferrite matrix. With the decrease of the heat input,
the Widmanstädter-austenite and intragranular austenite precipitation also decrease
simultaneously. Previous research and literature search results show that the diffusion
of nitrogen in the welds plays a decisive role in the behavior of austenite precipitation
in the welds of duplex stainless steel. As an interstitial atom, nitrogen has a faster
diffusion rate than a substitution atom. Even under laser welding with a high-speed
cooling rate, a certain amount of diffusion can be achieved.

In this experiment, by adding nitrogen to the shield gas, the total nitrogen content
of the welds increased while improving the precipitation of austenite. Due to lap-
welding, even when pure argon shield gas is used, there is almost no residual porosity
observed in the welds. Most bubbles, except those that rise and grow, are formed at
the tip of the keyhole and remain in the solidification process. When the welds are
penetrated like lap-welding, the bubbles escape to the external environment.

Figure 5 shows the microstructure in welds by welding with nitrogen and argon
mixed gas and pure nitrogen at different welding velocities. Comparing Fig. 5a1, b1,
c1 shows that when the heat input is relatively large, the amount of austenite precip-
itation in the welds increases with the rise of the nitrogen content in the shield gas.
Also, the increasing precipitation morphology of austenite is mainly intergranular
precipitation.With the increase of laser welding velocity, Ar–N2 mixed shield gas has
no effect on austenite precipitation in the welds. There is almost no difference with
the microstructure under the 100% argon shield gas. These results can be presumed
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Fig. 5 Effect of laser beam welding velocities and shield gas on the microstructure of S82031 in
welds (1: 2000mm/min, 2: 4000mm/min, 3: 6000mm/min, a: 100%Ar,b: Ar10%N2, c: Ar.20%N2).
(Color figure online)

due to the amount of escaped nitrogen at different welding velocities and the solid
solubility limit of nitrogen in austenite under the effect of different heat histories.

The Amount of Escaped Nitrogen and the Solid Solution Limit
of Nitrogen

The analysis result of the nitrogen content of the weld metal part is shown in Table
4. These results only consider the influence of nitrogen content in base metal on
the escape of nitrogen during laser beam welding, so the shield gas is argon. By

Table 4 Nitrogen content
analysis of weld metal (mass
%)

Nitrogen content BM WM
(1000 mm/min)

WM
(2000 mm/min)

0.18 0.15 (−16%) 0.16 (−11%)

0.215 0.18 (−22%) 0.19 (−16%)

0.31 0.24 (–16%) 0.26 (−12%)
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comparing three types of commercially available duplex steelswith different nitrogen
content, the higher the nitrogen content in the base metal, the more nitrogen escaped.
However, in comparison with the microstructure of welds at different welding veloc-
ities, it can be found that the amount of nitrogen escaped under laser welding has
a minimal influence on the amount of austenite precipitated in welds. What is even
more interesting is that under welding conditions with a large amount of nitrogen
escape, the amount of austenite precipitation is much more than that of welding
conditions with a small amount of nitrogen escape. When the welding velocity drops
from 2 to 1 m/min, the weld metal’s nitrogen content is reduced by about 5%.

It has been known from previous studies that the solubility of nitrogen in austenite
increases as the content of chromium and manganese increases [5, 6]. During the
solidification process, it is predicted that nitrogen’s solubility will decrease due to
the diffusion of chromium and manganese content in the austenite of welds. As a
substitution atom diffusion is slow, chromium and manganese are almost incapable
of diffusion in welds when they achieve influence from rapid laser solidification.
But with the welding velocity increases, the size of the cylindrical crystals in welds
become small. Finally, the solid solubility limit of nitrogen in ferrite is increased. In
the relationship between the solid solution limit and the crystal grains, a relatively
small crystal grain has a larger solid solution limit [7].

Conclusions

The influence of nitrogen on the welds of duplex stainless steel is summarized as
follows.

The precipitation of austenite in thewelds of duplex stainless steelmainly depends
on nitrogen diffusion; this is due to the substitutional atoms that cannot get the
corresponding diffusion under the rapid solidification of laser beam welding: the
greater the heat input, the more obvious the precipitation of austenite, when the heat
input is small, austenite is only precipitated at the grain boundaries. Also, the nitrogen
of the base metal is escaped when using laser beam welding. The escape amount is
different for each welding velocity.

After mixing nitrogen with the argon shield gas, as the nitrogen content increases,
the austenite precipitation in the welds is promoted by large heat input welding
conditions. However, due to the effect on nitrogen solid solution limit in the welds,
in low heat input welding conditions, the amount of austenite precipitation hardly
changes.
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Experimental Measurements
and Optimized Iida Model Estimations
of Viscosity in Vanadium Slag
with Different FeO Content

Lingxi Zhang and Min Chen

Abstract The viscosity evolution of vanadium slag using photovoltaic cutting
waste as a reductant during the pre-reduction process was very important
to kinetic condition and separation of Fe. However, there was little work
reported on viscosity and model of FeO−SiO2−V2O3−CaO−MnO−Cr2O3−TiO2

system for the pre-reduction process of vanadium slag. In this study, the
viscosity of FeO−SiO2−V2O3−CaO−MnO−Cr2O3−TiO2 system was experimen-
tally measured by the cylinder method, and the Iida model was optimized by fitting
experimental viscosity data. The results showed that the viscosity of the slag system
increased from 0.120 to 0.473 Pa s as the FeO mass fraction decreased from 37 to
11% at 1873 K. Besides, the optimized Iida model estimated the viscosity, which had
an average error value (Δ) of less than 11.40% from the experimentally measured
viscosity, and the optimized Iida model also well predicted its subsidiary system
of FeO−SiO2−V2O3−TiO2−Cr2O3 and FeO−SiO2−V2O3−TiO2, with Δ below
13.62% and 11.25%, respectively. For the vanadium slag with Cr2O3 mass% less
than 5, the optimized Iida model could provide theoretical viscosity and it had a
satisfactory agreement with experimentally measured results.

Keywords Vanadium slag · Reduction · Viscosity · Iida model · Optimize

Introduction

The production process of FeValloy fromvanadium slag included oxidizing roasting,
leaching, second roasting and aluminothermic or silicothermic reduction, which was
long and high cost [1, 2]. Therefore, Tang and other researchers tried to directly
produce FeV alloy using vanadium slag as starting materials by a two-step reduction.
Silicothermic pre-reduction was to enrich vanadium, and then the pre-reduced slag
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was finally reduced by aluminothermic reduction [3, 4]. However, during the pre-
reduction using silicon metal as a reductant, the problem with cost and resource
waste was serious.

As well known photovoltaic cutting waste (PCW)was a by-product during silicon
wafer slicing for solar cell fabrication, it mainly consisted of 40.0–61.5% Si and
20.5–27.5% SiC with the price of only a quarter of metal silicon [5]. Therefore,
the selection of PCW as a reductant for the pre-reduction of vanadium slag was a
promising method to solve the above-mentioned problems.

The viscosity of slag influenced the kinetic condition and the separation of hot
metal during pre-reduction, and it was a key aspect of the pre-reduction process
for enrichment of vanadium slag [6]. But till now, there was little work reported on
the viscosity of FeO−SiO2−V2O3−CaO−MnO−Cr2O3−TiO2 system. Besides, the
Iida model was considered as one of the most reliable on estimations of viscosity,
and it worked well for slags including waste disposal slags and synthetic slags [7,
8]. However, the Iida model of the present slag system had not been investigated.
Therefore, the experimental measurement and Iida model estimations of viscosity
were indispensable.

In thepresent study, the viscosity ofFeO−SiO2−V2O3−CaO−MnO−Cr2O3−TiO2

slag system was investigated by the cylinder method, and the Iida model was opti-
mized by fitting experimental viscosity data. Besides, the average error values (Δ)
of the slag system and its subsidiary system of FeO−SiO2−V2O3−TiO2−Cr2O3

and FeO−SiO2−V2O3−TiO2 would also be investigated to further indicate the
prediction effect using the optimized Iida model.

Experimental Procedures

Viscosity Measurement

Based on the typical compositions of the vanadium slag and PCW (as shown in
Tables 1 and 2), the slag samples with composition were shown in Table 3. Reagent-
gradepowders (>99.50wt%) as rawmaterials includingFeC2O4,Cr2O3,V2O3,MnO,
TiO2, SiO2 and CaCO3 were used. After drying and mixing, 180 g of the samples

Table 1 Chemical compositions of vanadium slag, wt%

Compositions FeO V2O3 SiO2 MnO Cr2O3 TiO2

wt% 41.16 14.24 19.35 11.15 4.92 9.18

Table 2 Chemical
compositions of PCW, wt%

Compositions Si SiC SiO2

wt% 59.19 25.85 14.96
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Table 3 Chemical compositions of investigated slag system, wt%

Slag No. Reduction
degree of
FeO [%]

w(FeO) w(V2O3) w(SiO2) w(MnO) w(Cr2O3) w(TiO2) w(CaO)

S1 0 37 13 17 11 5 9 8

S2 20 30 14 22 11 5 9 9

S3 40 24 14 27 11 5 9 10

S4 60 18 15 32 11 5 9 10

S5 80 11 16 37 11 5 9 11

were placed in a Mo crucible (an inner diameter of 45 mm and a height of 110 mm),
and they were soaked at 873 K and 1173 K for 2 h to ensure the decomposition of
FeC2O4 andCaCO3, respectively.Whereafter, to ensure the cations existing in desired
valency, namely in the occurrence state of Fe2+, V3+, Ti4+ and Cr3+, the slag samples
were soaked at 1873 K for 8 h to ensure the above cations reach equilibrium. Finally,
the crucible was rapidly taken out of the furnace and quenched in liquid nitrogen,
after separation of the slag sample and crucible, the pre-melted slag was prepared.

The viscosity of slag at elevated temperature was measured using the rotating
cylindrical method [9, 10], and the experimental apparatus for viscosity measure-
ments was shown in Fig. 1. 180 g of the pre-melted slag sample was put into a Mo
crucible and soaked at 1873 K for 2 h to ensure the sample completely melted. For
each sample, the viscosity was measured from 1873 K with temperature dropping
rate of 2 K/min. Besides, the gas mixture of CO2/CO with the volume proportion
(V (CO2)/V (CO)) of 1:4.124 was as protective gas, and the flow rate was kept at
1.2 L/min to ensure the oxygen partial pressure (atm) at 10–8 during the whole
heating, cooling and the viscosity measurement process.

Fig. 1 Experimental
apparatus for viscosity
measurements
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Iida Model

Based on the Iida model, the viscosity of slag was shown in Eq. (1), where A is
pre-exponential factor, E is activation energy, and Bi is the slag basicity index. Bi is
expressed by Eq. (2), where α is characteristic parameter, ω is mass fraction of the
components, subscript A represents basic oxides, and subscript B represents acidic
oxides.

ln ηmeasure − ln η0 = ln A + E
/
Bi (1)

Bi =
∑

(αiωi)A∑
(αiωi)B

= αCaOωCaO + αMnOωMnO + αFeOωFeO + αTiO2ωTiO2

αSiO2ωSiO2 + αV2O3ωV2O3 + αCr2O3ωCr2O3

(2)

Besides, η0 is the theoretically calculated viscosity of slag as shown in Eq. (3),
where n is the number of slag components, X i is mole fraction of the components,
η0i is the hypothetic viscosities of the components, M i is mole mass, Tm is melting
temperature, andVm ismole volume.Hi ismelting enthalpy of individual components
“i”, which was expressed by Eq. (4). Based on the experimental viscosity data and
theoretical computations of η0 and Bi, the optimized Iida model was established by
fitting technique. The parameters A and E were optimized to make it adequate for a
given temperature range and for a definite group slag.

η0 =
n∑

i

η0iX i =
n∑

i

{

1.8× 10−7

[
Mi(Tm)i

]1/2
exp(Hi/RT )

(Vm)
2/3
i exp

[
Hi/R(Tm)i

] X i

}

(3)

Hi = 5.1× (Tm)1.2i (4)

Results and Discussion

Experimental Measurements of Viscosity of Vanadium Slag
with Different FeO

Figure 2 shows the effect of temperature and FeO mass fraction on the viscosity
behavior of the FeO−SiO2−V2O3−CaO−MnO−Cr2O3−TiO2 slag system. It is
observed from Fig. 2a that the viscosity decreased with increasing temperature from
1723 to 1848 K in the specific slag system, and then the viscosity remained stable
with further increasing temperature to 1873 K. The viscosity of S1, S3 and S5
decreased from 0.655 Pa s, 1.015 Pa s and 1.555 Pa s to 0.125 Pa s, 0.245 Pa s
and 0.475 Pa s when the temperature increased from 1723 K to 1848 K, respectively.
Whereafter, with the temperature further increasing to 1873 K, the viscosity of S1,
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Fig. 2 Effect of temperature and mass fraction of FeO on the viscosity: a temperature; b mass
fraction of FeO in slag

S3 and S5 slowly decreased to 0.120 Pa s, 0.240 Pa s and 0.471 Pa s, respectively. The
viscosity decreased with the increase of temperature due to the depolymerization of
the complex polymers in slag. But when the depolymerization of the complex poly-
mers was finished and the simple structures with stability were regenerated, thereby
the viscosity was closed to a constant value.

In addition, from Fig. 2b it is observed that the viscosity increased with the
decrease of FeO mass fraction at the specific temperature. The viscosity of slag
increased from 0.652 Pa s to 1.549 Pa s and 0.120 Pa s to 0.473 Pa s as the FeO mass
fraction decreased from 37 to 11% at 1723 K and 1873 K, respectively. Therefore,
the viscosity of slag increased gradually with the decrease of FeO mass fraction,
namely with reduction reaction proceeding.

Optimization of Iida Model

Table 4 shows calculation parameters of Iida model in Eqs. (2) and (3), and in
Table 5 there are presented calculation values of basicity index Bi in experimental
slag system.

Based on the above calculation parameters and experimental viscosity data, the
relationship betweenmodel parametersA andE and temperature T is shown in Fig. 3.
The results of curve fitting showed that the parameters A and E were a second-
order function of the temperature and presented in Eqs. (6) and (7). Therefore, an
optimized Iida model was straightforward established for calculating the viscosity
of FeO−SiO2−V2O3−CaO−MnO−Cr2O3−TiO2 slag system.

A = 6.12465× 10−7T 2 − 0.00252T + 2.58385 (6)

E = 8.07453× 10−6T 2 − 0.02925T + 27.2654 (7)
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Table 4 Calculation parameters of Iida model

Component T /K M/10−3 kg/mol V /10−6m3/mol η0i/Pa s α

SiO2 2001 60.08 27.29 0.13170exp (5613.8/T) 1.48

V2O3 2243 149.90 31.23 0.18902exp (6438.1/T) 0.11

TiO2 2108 79.90 21.03 0.18045exp (6027.0/T) 0.36

CaO 2873 56.10 23.49 0.13712exp (8664.9/T) 1.53

MnO 1923 70.90 8.91 0.30212exp (5352.2/T) 1.03

FeO 1642 71.80 12.90 0.24021exp (4428.0/T) 0.96

Cr2O3 2538 151.99 29.12 0.19708exp (7467.1/T) 0.13

Table 5 Calculation value of basicity index Bi in experimental slag system

Slag No. S1 S2 S3 S4 S5

Bi 2.288 1.644 1.255 0.949 0.734

1/Bi 0.437 0.608 0.797 1.053 1.362
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Fig. 3 Relationship between model parameters A and E and temperature T: a parameters A and T;
b parameters E and T

Application of the Optimized Iida Model

The viscosity prediction effects of FeO−SiO2−V2O3−Cr2O3−TiO2 and
FeO−SiO2−V2O3−MnO−TiO2 system were investigated using the optimized Iida
model. The deviation between the experimental data and optimized Iida model was
calculated by the following formula:

� = 1

N

N∑

n=1

|δn|100% = 1

N

N∑

n=1

∣∣∣∣
ηcalculation − ηmeasure

ηmeasure

∣∣∣∣100% (8)
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where δn is the percentage difference of the calculated andmeasured viscosity values
andΔ is an average error which is calculated by taking the summation of all absolute
values of δn and dividing by the number of all data.

The average error Δ for FeO−SiO2−V2O3−CaO−MnO−Cr2O3−TiO2 system
at different temperatures is given in Table 6. For all the calculated viscosities of
S1 to S5, the average error Δ was below 11.40% between 1623 and 1873 K.
Besides, comparisons between measured and estimation viscosity for subsidiary
system are shown in Fig. 4. According to viscosity data from Huang WJ et al.
[11] for FeO−SiO2−V2O3−TiO2−Cr2O3 system, it is observed from Fig. 4a that
for Cr2O3 content of 0–5%, the average error Δ was less than 13.62% with good
prediction effect, while wt(Cr2O3) exceeded 10% with the average error Δ above
50% and poor prediction effect. Furthermore, according to viscosity values about
FeO−SiO2−V2O3−TiO2 system by Liu S et al. [12], the average error Δ was
less than 11.25% and the optimized Iida model had a satisfactory agreement with
experimentally measured results, as shown in Fig. 4b.

Table 6 Δ for FeO−SiO2−V2O3−CaO−MnO−Cr2O3−TiO2 system

T /K 1873 (%) 1823 (%) 1773 (%) 1723 (%) 1673 (%) 1623 (%) Δ (%)

S1 13.01 13.52 12.56 5.47 11.39 6.02 10.33

S2 10.56 6.57 9.04 10.18 7.59 8.23 8.69

S3 12.82 9.56 10.26 8.12 13.05 14.59 11.40

S4 13.21 12.91 7.38 11.80 11.11 10.12 11.08

S5 9.81 5.57 8.25 2.80 8.75 5.89 6.85
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Fig. 4 Comparisons betweenmeasured and estimation viscosity by optimized Iidamodel: aHuang;
b Liu
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Conclusions

The viscosity evolution of vanadium slag during the pre-reduction processwas exper-
imentally measured by the cylinder method, and the Iida model was optimized by
fitting experimental viscosity data. The following results had been obtained.

(1) The viscosity of FeO−SiO2−V2O3−CaO−MnO−Cr2O3−TiO2 slag system
increased from 0.652 Pa s to 1.549 Pa s and 0.120 Pa s to 0.473 Pa s as the FeO
mass fraction decreased from 37 to 11% at 1723 K and 1873 K, respectively.

(2) For FeO−SiO2−V2O3−TiO2−Cr2O3 and FeO−SiO2−V2O3−TiO2 system,
the average error was below 13.62% and 11.25% using estimations viscosity by
the optimized Iida model, respectively.

(3) For the vanadium slag with Cr2O3 mass% less than 5, the optimized Iida model
could provide theoretical viscosity and it had a satisfactory agreement with
experimentally measured results.
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Influence of Cr2O3 Content on Phase
of Chromium-Containing High-Titanium
Blast Furnace Slag

Ding Yang, Hanghang Zhou, Jian Wang, and Guibao Qiu

Abstract The presence of high content of Cr2O3 introduces a major impact on the
smelting reduction and slagging processes in the blast furnace process. Therefore,
the effect of Cr2O3 content on the phase of chromium-containing high-titanium blast
furnace slag has been investigated in this work via XRD. The results show that when
the added amount of Cr2O3 was aminimumof 1.5wt.%, perovskite and spinel phases
were formed in slag, resulting in increased viscosity. For good fluidity and thermal
stability of blast furnace slag, the content of Cr2O3 in blast furnace slag should not
exceed 0.5 wt.%.

Keywords Cr2O3 · Blast furnace slag · Phase · Perovskite phase · Spinel phase

Introduction

Panzhihua-Xichang area is the largest vanadium-titanium magnetite base in China
[1], and vanadium-titanium magnetite is the main iron-bearing raw materials for
smelting molten iron in Panzhihua Iron & Steel Co. Ltd., China [2], which is divided
into high-chromium vanadium-titanium magnetite and ordinary vanadium-titanium
magnetite according to the content of chromium. The ordinary vanadium-titanium
magnetite has been rapidly consumed because of its use in smelting for many years,
thus the high-chromium vanadium-titaniummagnetite will be developed and utilized
in the future. The Hongge ore found in the Panzhihua-Xichang area (China) is a
typical high-chromium vanadium-titanium magnetite [3]. However, the presence of
a high content of TiO2 and Cr2O3 has a major impact on smelting reduction and slag-
ging processes, which are part of the blast furnace process. Therefore, it is of great
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significance to fully understand the physical and chemical properties of chromium-
containing high-titanium blast furnace slag for the large-scale development and
utilization of Hongge ore.

The research on the viscous flow characteristics of TiO2-bearing blast furnace slag
has been relatively mature. Gao et al. [4] found that a certain degree of reduction was
beneficial to the viscosity of the slag, and the viscosity of the slag was the smallest
when the degree of reduction was 0.2–0.3, which also indicated that TiO2 reduction
could reduce the viscosity of the slag in the case of a small amount of TiO2 reduction.
Zhang et al. [5] proved that Ti2O3 can also reduce the viscosity of the slag and achieve
a better effect. If the reduction continues and Ti(C,N) is generated, the viscosity will
be greatly increased. Bai et al. [6], Xu et al. [7] found that Ti-bearing blast furnace
slag is formed as a kind of high-temperature hydrophilic colloid in the blast furnace,
which leads to the sharp increase of slag viscosity. Due to the presence of Cr2O3, the
slag system will become more complicated, and the viscous flow characteristics of
the slag will directly affect the normal production of blast furnace smelting, which
has not been investigated so far. In the present work, the effect of Cr2O3 content
on the phase structure of chromium-containing high-titanium blast furnace slag was
further investigated via XRD, which may provide guidance for the utilization of
high-chromium vanadium-titanium magnetite ore.

Experimental

To perform this study, the rotating cylinder method was used tomeasure the viscosity
of slag samples, the rotating viscosity test system comprises a Si-Mo furnace, a
Brookfield viscometer, temperature control system and a computer. Figure 1 is the
schematic diagram of the device. The molybdenum crucible (D: 46, H: 120 mm) and
molybdenum bob (D: 15, H: 20 mm) used in the experiment are shown in Fig. 2.
A total of six slag samples were prepared by the external distribution method in
the laboratory, which are listed in Table 1. A pure chemical reagent was used to
prepare the samples. Before preparation, the reagent was dried for 5 h at the 130 °C
to remove any moisture. The chemical composition of the plant slag of Panzhihua
steel was obtained through the composition analysis of the plant slag, as presented
in Table 2. Experimental slag samples were prepared based on the plant slag. Group
A focused on the effect of Cr2O3 while keeping the proportions of other components
constant, which fixed the basicity(CaO/SiO2)of 1.10, TiO2 content of 22 mass pct.

In this study, the experimental slag sample should be kept at 1500 °C for 2 h
to ensure the slag composition and temperature uniformity. After that, the slag was
quickly taken out of the viscosity furnace for water quenching. The glassy slag after
water quenching was ground into a fine powder of more than 200 mesh.
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Fig. 1 Experimental
apparatus for the slag
viscosity measurements.
(Color figure online)
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Results and Discussion

The formation of phase with high-melting point will seriously affect slag viscosity
and make slag thicken. X-ray diffraction (XRD) is a common means to detect the
slag. XRD was used to detect its phase and Jade 6.5® software was used to analyze
the test results. Figure 3 shows the XRD test results. It can be seen from Fig. 3 that
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Table 1 Chemical composition of experimental slags, wt.%

Slag CaO SiO2 MgO Al2O3 TiO2 Cr2O3 C/S

A1 28.29 25.71 9.00 15.00 22.00 0.00 1.10

A2 28.26 25.69 8.99 14.99 21.98 0.10 1.10

A3 28.20 25.64 8.97 14.96 21.93 0.30 1.10

A4 28.14 25.59 8.96 14.93 21.89 0.50 1.10

A5 27.87 25.33 8.87 14.78 21.67 1.50 1.10

A6 27.46 24.97 8.74 14.56 21.36 3.00 1.10

Table 2 Chemical composition of BF slag from Panzhihua Iron and Steel Corporation, wt.%

CaO SiO2 MgO Al2O3 TiO2

25.88 24.91 9.25 14.69 21.58

Fig. 3 XRD pattern of slag
system (CaO–SiO2–AlO3–
MgO–TiO2–Cr2O3) with
different content of Cr2O3.
(Color figure online)

when the addition amount of Cr2O3 is less than 0.5 wt.%, the test result shows the
steamed bread peak, there was no obvious crystallization peak, which indicates that
no solid phase is formed in the slag; when the addition amount of Cr2O3 is greater
than 0.5 wt.%, an obvious crystallization peak begins to appear, indicating that solid-
phase particles begin to form in slag; with the increase of Cr2O3 content, the strength
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of crystal peak increases and the peak position changes, which indicate that Cr2O3

has an obvious effect on slag phase.
According to Fig. 3, when the content of Cr2O3 increased to 1.5 wt.%, the

crystallization peak of the perovskite (CaTiO3) was strong, which indicates that
perovskite has been precipitated out of the slag at 1500°C. When the content of
Cr2O3 was increased to 3.0 wt.%, high-melting point solid particles of magnesia-
chrome-aluminum spinel phase were formed in slag. The test results also showed
that olivine phase (CaMgSiO4) precipitated from slag, and it was the precipitation
of these solid-phase particles that led to the rise in slag viscosity.

Conclusions

The effect of Cr2O3 on the phase of chromium-containing high-titaniumblast furnace
slag has been investigated in this work via XRD. No solid phase was generated in
the slag when the added amount of Cr2O3 was less than 0.5 wt.%. When the addition
of Cr2O3 was greater than 0.5 wt.%, solid particles began to form in the slag.
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Influence of Natural Convection Caused
by Slag Density Difference
on Temperature and Solidification
of Molten Slag

Chunming Zhang, Nan Wang, and Min Chen

Abstract The temperature and heat loss of molten slag during transportation has
guiding significance for molten slag heating and heat preservation. In the present
work, the effects of the thickness of a solidified slag layer and heat-dissipating
caused by natural convection were numerically simulated. The results showed that
the temperature of molten slag decreased and the slag density increased near the pot
wall. Slag with higher density flowed down the pot wall and the slag with lower
density flowed up to the slag surface, respectively. Circulation was formed between
the pot wall and the center, which caused the higher temperature by ~200 K in the
middle part of pot wall than the bottom. The maximum thickness of the slag layer
~28 mm appeared at the bottom, much higher than the thicknesses of 16.6 mm on the
side. The slag upper surface is the main path of the energy dissipation and accounts
for 81% of the total.

Keywords Molten slag · Slag pot · Temperature distribution · Heat loss

Introduction

A huge amount of solid waste is generated in the process of steel production, among
which high-temperature molten slag accounts for a relatively high proportion, which
is about 12–20% of steel output [1]. The molten slag temperature up to 1600 °C,
which carries a great deal of high-grade heat accounting for 10% of waste energy in
steel industry and 35% of high-temperature waste heat. However, the waste heat is
not effectively used and a lot of high-value energy is wasted. Therefore, the waste
heat recovery and resource utilization of molten slag are of great significance to the
energy saving of China’s steel industry, which attracts intense attention of researchers
worldwide to develop various heat recovery technologies form molten slag [2–6].

The slag pot is an important device for storing and holding heat for molten slag
during the waste heat recovery process of molten slag. In the actual production of
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steel plants, the temperature of molten slag decreases rapidly. Generally, it takes 10–
20min to transport molten slag from steel mills to slag dumps. During this period, the
heat loss is very serious and the slag surface forms a layer. The thicker solidified layer
may even stick on the slag pot, causing difficulty in the slag dumping process. More
importantly, the heat loss from high-temperature slag is substantial [7, 8]. There are
two main reasons for the heat loss from molten slag: one is the large temperature
difference between molten slag and external environment; the other reason is the
structure of slag pot, and the heat loss of molten slag occurs mainly through the
outlet of slag pot. Metallurgists have done a lot of research on the utilization of
slag waste heat. Using waste heat to generate electricity is considered an effective
way to increase energy efficiency [9]. At present, some waste-heat power generation
technologies have been applied in steel manufacturing process and play an energy
saving effect [10–12]. These technologies aremainly by steam expanding to generate
electricity [13], which means they need relatively large and complex equipment
and can only make use of high-temperature heat [14]. Therefore, in order to make
better use of the waste heat of molten slag, it is necessary to make heat preservation
before transported. The temperature change ofmolten slag during natural cooling has
guiding significance for molten slag surface heating and heat preservation process.

The heat transfer of molten slag is a complicated and composite process that
includes convection and heat transfer ofmolten slag, fluid–solid coupled heat transfer
between molten slag and wall, heat conduction of slag pot, and convection and radi-
ation of surfaces. There have been many numerical studies on heat transfer of molten
slag, but few researchers have considered coupled heat transfer of wall and molten
slag, and they neglected the flow of molten slag or assumed that there is no natural
convection inside the molten slag [15]. The impact degree of these assumptions is
not evaluated. So, to more accurately represent heat dissipation behavior of molten
slag, the overall heat transfer of slag pot with molten slag and the natural convection
inside the molten slag needs to be considered.

On the basis of above analysis, a mathematical model that describes the natural
convection and heat transfer of molten slag as well as the heat dissipation from pot
wall and slag is established in this paper. In addition, the effect of natural convection
on temperature change during molten slag cooling process and the heat-dissipating
behavior of surfaces were obtained. The results lay the foundation for the adjustment
of heat preservation and preheating slag pot process parameters.

Research Method

Geometrical Description

The study takes the actual slag pot of the factory as the prototype. The slag pot is
made of cast iron. The total capacity of the slag pot is 75t. 25t molten slag is added
to the slag pot and used as the research object. The height of the slag pot is 3.65 m,
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Table 1 Physical properties of the molten slag and pot

Parameters Pot Slag

Density/kg m−3 7700 −0.36 T + 3567

Thermal expansion coefficient/K−1 – 1 × 10–5

Viscosity/Pa s – 0.1

Thermal conductivity/W m−1 K−1 25 −2.71 × 10−3 T + 5.18 T ≥ 1173 K

2 T < 1173 K

Specific heat capacity/J kg−1 K−1 460 1600

Emissivity/– 0.8 0.8

Solidus temperature/K – 1573

Liquidus temperature/K – 1673

with an outside diameter of 4.31 m at the top. The pot is filled with molten slag up
to the height of 1.7 m from the inside bottom wall, equivalent to 25t. The side wall
of the pot with the thickness of 0.11 m. The physical properties of the molten slag
and pot used in calculation are listed in Table 1.

Mathematical Model

Basic Assumptions

The governing equation was formulated based on following assumptions:

(1) the materials of the pot wall are homogeneous and the temperature-dependence
of material parameter is not considered, as shown in Table 1.

(2) The effect of natural convection was considered in the present calculation.
(3) The radiation effect was incorporated as boundary condition in the present

model.
(4) Ignore thermal resistance between slag and wall of the slag pot.

Fluid Flow Model

The continuity equation and transient Navier–Stokes equation for momentum
conservation can be expressed as:

∂ρ

∂t
+ ∇ · (ρν) = 0 (1)

∂

∂t
(ρv) + ∇ · (ρνν) = −∇ p + ∇ · ((μl + μt )∇ · ν) + ρg + S (2)
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where ρ is density of molten slag, v is the flow velocity, p is the static pressure, g is
gravity, μl is the laminar viscosity, μt is the turbulent viscosity, respectively.

S = (1 − fl)
2

(
f 3l + ξ

) Amush
(
v − vpull

)
(3)

where, ξ is a small number (>0), used to prevent zero in the denominator. Amush is a
mushy zone constant.

The turbulence kinetic energy, k, and its rate of dissipation, ε [16], are given as
follows:

ρ
∂k

∂t
+ ∇ · (ρkv) = ∇ ·

[(
μl + μt

σk

)
∇k

]
+ G − ρε + Sk (4)

ρ
∂ε

∂t
+ ∇ · (ρεv) = ∇

[(
μl + μt

σε

)
∇ε

]
+ C1ε

ε

k
G − C2ερ

ε2

k + √
vε

+ Sε (5)

where G represents the generation of turbulence kinetic energy due to the mean
velocity gradients, C1ε, C2ε and Cμ are constants, σ k and σ ε are respectively the
turbulent Prandtl numbers for k and ε. The recommended values for C1ε, C2ε, σ k and
σ ε are, respectively, 1.44, 1.92, 1.0, and 1.3 [17].

Heat Transfer and Solidification Equations

For solidification process, energy conservation equation is given as:

ρ
∂H

∂t
+ ρ∇ · (vH) = ∇ · (keff∇T ) + QL (6)

H = href +
T∫

Tref

cpdT + flL (7)

QL = ρL
∂(1 − fl)

∂t
+ ρLvpull · ∇(1 − fl) (8)

where, keff is effective thermal conductivity. H is total enthalpy, href is the reference
enthalpy, T ref is the reference temperature, cp is the specific heat, f l is the liquid
fraction and L is the latent heat. QL is the source term. The liquid fraction (f l) can
be calculated by determining the temperature as:

fl =

⎧
⎪⎨

⎪⎩

0 T < Tsolidus
T−Tsolidus

Tliquidus−Tsolidus
Tsolidus < T < Tliquidus

1 T > Tliquidus

(9)
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Fig. 1 Structure and
computational mesh of the
molten slag and the pot.
(Color figure online)

Boundary Conditions and Numerical Methods

The convective and radiative heat loss boundary conditionwas considered for outside
surface of molten slag and pot. The initial temperatures of molten slag and pot were
considered to be 1773 K and 300 K respectively. The commercial software ANSYS
FLUENT 16.0 was used in this study. The numerical simulations were carried out
based on around 1.3 million grid cells to guarantee the grid independent solution.
The structural mesh is used to divide the solid and fluid domain, as shown in Fig. 1.

Results and Discussion

Flow Characteristics of Molten Slag

Figure 2 shows the flow field of molten slag at 5 min and 20 min respectively. As
shown in Fig. 2a, the convection of molten slag is significant at 5 min and the natural
convection is fully developed. Due to the larger heat flux of inner side wall, the
temperature of side part falls faster. The low-temperature molten slag flow toward
bottom of pot, so the lower part has a lower temperature. The upper surface of molten
slag has a large heat flux, and the temperature falls faster. The high-temperature
molten slag in the center flows to the upper surface. After the molten slag flows to
the bottom of pot, a part stays at the bottom and the other part flows upward with the
heat flow in the center. A circulation inside the slag pot is formed and the maximum
velocity is about 0.0048m/s. As shown in Fig. 2b, after 20min, the natural convection
is not significant and only little molten slag flows upward the top surface. At the same
time, the internal temperature of molten slag is more uniform, and the flow state and
velocity of molten slag present a steady state.
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(a) 5 minutes (b) 20 minutes

Fig. 2 Flow field of molten slag at different time. (Color figure online)

Temperature Characteristics of Molten Slag and Pot

Figure 3 shows the temperature distribution of molten slag and pot at different time.
It can be observed that the temperature distribution of slag pot and molten slag
varies with time significantly. At the initial stage, such as the time is 5 min, the
slag temperature falls faster near the side wall and the edge corner of slag surface.
The internal temperature of slag pot rises faster. At the same time, there has a large
temperature gradient between the inner and outer surface of slag pot, and the heat is
not conducted to the pot outer surface completely. As heat is dissipated over time,
the temperature of slag pot is gradually uniform. The temperature near the bottom
and edge corner of slag surface falls faster than that near the side wall, as shown at
30 min.

In order to better analyze the temperature distribution of slag pot and molten slag,
which varies with time, different positions are selected as temperature monitoring
points, as shown in Fig. 4. P1 to P3 and P4 to P6 are the monitoring points on the

(a) t=5min          (b) t=30min

Fig. 3 The temperature distribution of molten slag and pot at different time. (Color figure online)
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Fig. 4 Schematic diagram of monitoring points location. (Color figure online)

outer and inner surfaces of slag pot, respectively. S1 to S9 are the monitoring points
inside the molten slag.

Figure 5 shows the temperature of monitoring points at different time. It can be
observed that the temperature at P1-3 is increased consistently and the the tempera-
tures at P4-6first increased, decreased and then increased. The temperature difference
at different points is increased with time. As shown in Fig. 5a, at 30 min, the temper-
ature at bottom of slag pot (P1) is 849 K, which is 169 K higher than that near
the slag surface corner (P3). The temperature at sidewall (P2) is higher than other
parts, about 909 K. The inner surface temperature at bottom and slag surface corner
are 987 K and 839 K, respectively. The temperature at sidewall is about 1115 K.

Fig. 5 The temperature of monitoring points at different time. (Color figure online)
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Figure 5b shows the temperature of monitoring points at different time inside the
molten slag. It can be observed that the temperature of different of monitoring points
are gradually decreased with time. At 30 min, the temperature at bottom of slag (S1)
is 1320 K, which is lower than other parts. The temperature at the slag surface corner
(S9) and the sidewall (S8) are 1467 K and 1592 K respectively. The temperature of
other parts is close, between 1600 and 1650 K.

Solidification Characteristics of Molten Slag

Figure 6 shows the liquid fraction of slag at different time, it is assumed that the slag is
solid when the liquid fraction is less than 0.3. As shown at 5min, a solid layer appears
on the side of slag. The slag layers at surface corner and bottom of slag are thicker
than that at sidewall. However, there is no solidification inside and on the upper
surface of slag. The thickness of slag layers at different positions gradually increase
with time. At 30 min, the upper surface of slag has been completely solidified, and
inside the slag is the solid-liquid phase region. The thickness of solid layers at upper
surface corner and bottom of slag increase significantly. The thickness solid layers
at sidewall increase slowly, as shown in Fig. 6b.

As shown in Fig. 7a, at 5 min, there is no solidification on the slag upper surface,
and the thickness of the bottom slag layer is about 9.6 mm. The thickness of slag
layer gradually increases over time. At 30 min, the thickness of slag layer at bottom
and top is 28.8 mm and 16.0 mm, respectively. At 5 min, the thickness of slag layer
at the sidewall is thinner than the bottom, about 5.5 mm. At 30 min, the thickness of
slag layer at the sidewall is 16.6 mm, as shown in Fig. 7b.

(a) t=5min                      (b) t=30min

Fig. 6 Liquid fraction of slag at different time. (Color figure online)



Influence of Natural Convection Caused by Slag Density … 235

Fig. 7 Liquid fraction of different position of slag at different time. (Color figure online)

Heat Loss of Pot Outer Surface and Slag Upper Surface

Radiation and convection of pot outer surface and slag upper surface is the main
mechanism of heat transfer to the environment. Figure 8 shows the heat flux from
the outer surface of the pot and from the upper surface of the slag respectively. At
the initial stage, the total heat flux from the slag is much bigger than that from the
pot outer surface with the maximum of 3100 kW. The heat flux from the slag upper
surface gradually decreases with time and the heat flux from the pot outer surface
gradually increases, which is due to the conductive heat transfer from the molten slag

Fig. 8 The heat dissipation power on the different surfaces. (Color figure online)
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to the pot. At 1600 s, the heat flux of the two surfaces are equal, at about 600KW. In
the following stage (1600–1800s), the heat flux from the pot outer surface is higher
than that from the slag upper surface. During the whole cooling stage, the total heat
dissipation from the slag upper surface is more significant than that from the pot
outer surface. Their total heat dissipating powers are 5.24 × 105 kW and 1.23 × 105

kW, which account for 81% and 19% respectively. We can find, the heat flux from
the slag upper surface is higher than that from the pot outer wall. So the slag upper
surface is the main path of the energy dissipation and has the greatest heat recovery
potential.

Conclusions

This paper establishes amodel that describes the inner transient flow and heat transfer
of molten slag and the outer heat dissipation of pot wall and slag. The thermal
behavior of molten slag and pot is evaluated for subsequent the waste heat recovery
and resource utilization of molten slag. The major results are as follows:

(1) At the initial stage, the natural convection of molten slag is fully developed.
The slag temperature fell faster near the side wall and the edge corner of slag
surface, and the pot temperature rises faster. After 30 min, the temperature of
slag pot at bottom is 849 K, which is 169 K higher than that near the slag surface
corner. The temperature at sidewall is higher than other parts, about 909 K.

(2) After 30 min, the upper surface of slag has been completely solidified. The
thickness of slag layer at bottom and top is 28.8 and 16 mm, respectively, and
the thickness of slag layer at the sidewall is 16.6 mm.

(3) The heat flux on slag upper surface gradually decreases with time, and the heat
flux on pot outer surface gradually increases which is due to the heat transfer of
themolten slag. The slag upper surface is themain path of the energy dissipation
and accounts for 81% of the total, which has the greatest heat recovery potential.
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Influence of Rotation Speed
and Temperature on Dissolution Rate
of Cr2O3 in Ti-Bearing Blast-Furnace
Slag

Guibao Qiu, Ding Yang, Feng Zhang, and Jian Wang

Abstract The dissolution behavior of chromium ore has severe effects on reduction
rate of blast-furnace slag. Therefore, the study of dissolution behavior of Cr2O3 in the
slag has great significance for accelerating themelting reduction rate of chromiumore
and optimizing the blast-furnace smelting process. The effects of different rotation
speed and temperature on the dissolution rate of Cr2O3 were studied by using the rod
sample rotation method in the temperature range from 1500 to 1540 °C. The results
of the ICP analysis show that the dissolution rate of Cr2O3 in the slag increases with
rotating speed and temperature.

Keywords Cr2O3 · Dissolution behavior · Ti-bearing slag

Introduction

Vanadium, widely used in various engineering fields, is a high-melting metal, such
as machinery manufacturing, aerospace and railway [1]. Vanadium steel products in
China used in the steel industry could account for 99% [2]. In recent years, with the
improvement of Chinese comprehensive national strength, the amount of vanadium
used in industry is also increasing. However, the application level of vanadium in
domestic steel products is still on a low level. The vanadium consumption level in
developed countries reaches 0.08 ~ 0.09 kg/t, while the vanadium consumption per
ton of steel in China is only about 0.03 kg [3]. In the future, China’s iron and steel
production will still be at a high level, improving the application level of vanadium
in iron and steel products and expanding the application of vanadium in other fields
will become inevitable.

Titanium known as “space metal” [4] has excellent physical and chemical proper-
ties. Titanium and its alloys are widely used in various aspects, including aerospace,
military, automobiles, agricultural food, medicine, etc. [5, 6].
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Chromium is a globally recognized strategic materials, including high hardness,
corrosion resistance and high-temperature resistance [7]. Chromium is an impor-
tant alloying element, formed by smelting with iron, nickel, tungsten and other
elements, thus achieving the characteristics of corrosion resistance, wear resistance,
easywelding and low price. Ferrochrome alloy has beenwidely used in coatingmate-
rials due to its excellent corrosion resistance [8]. In addition, chromium compounds
are also widely used. Chromium oxide can be used as a strong oxidant, mordant,
catalyst, biological dye, ceramic glass, etc. [9]. Potassium dichromate can be used in
electroplating, tanning, firewood,medicine andwelding electrodes. By 2018, China’s
stainless steel production will reach about 25.728 million tons, about 29 times that
of the early twenty-first century. Thus, the consumption of chromium resources
increased rapidly [10]. However, due to the lack of chromium resources in China,
the production of chromium products is highly dependent on imports, which will be
more than 98% by 2020 [11].

The Cr2O3 content higher than 0.3% is called high-chromium vanadium-titanium
magnetite. The Hongge mine in Panxi area is a typical high chromium vanadium
titanium-magnetite with Cr2O3 content between 0.49 and 0.82% [11]. It has a poten-
tialmining capacity of 1.829billion tons,Cr2O3 content in the ore is high, the valuable
elements (such as Co, Cu and Ni) content is higher than other mining area, exploita-
tion potential is great, but the mine’s mineral composition is complicated, difficult
to use, and the existence of Cr2O3 smelting reduction of blast furnace in iron ore,
slag properties have a significant impact. Up to now, only preliminary exploration,
ore phase composition characteristics and mineral processing and smelting analysis
have been carried out on the red grid ore [12]. The development and utilization of
the red grid ore have not been carried out, and the relevant basic research is also rare.
Therefore, it is of great significance for the large-scale development of red lattice
vanadium titanomagnetite ore to understand the smelting reduction process of ore
and the viscous property of Cr-containing high titanium blast-furnace slag.

The melting reduction rate of chromium ore largely depends on the solubility,
reduction rate and dissolution rate of MgCrAlO4 in slag. So far, it has been found
that the dissolution behavior of chromium ore seriously affects its reduction rate in
slag. Therefore, it is important to study the dissolution behavior of chromium ore
and Cr2O3 in slag for improving the melting reduction rate of chromium ore and
improving the smelting process of blast furnace.

Experimental

Experimental Materials

The dissolution behavior of Cr2O3 in slag is studied by bar sample rotation method.
The effect of Cr bar speed and temperature on the dissolution rate of Cr2O3 was
studied in Table 1. Vacuum hot-pressing furnace was used for sintering of chromium
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Table 1 Experimental factors and levels

Factors Levels

Dissolution time(min) 30 60 90 120

Rotation speed (r/min) 20 100 120

Temperature (°C) 1500 1520 1540

Table 2 Chemical composition of blast-furnace slag from Pan Steel

CaO SiO2 MgO Al2O3 TiO2 Cr2O3

25.88 24.91 9.25 14.69 21.58 *

Table 3 Chemical composition of experimental slag, wt%

No. Composition C/S Melting temperature(°C)

CaO SiO2 MgO Al2O3 TiO2

C1 28.29 25.71 9 15 22 1.1 1415

oxide bar samples at high temperature under isostatic pressure. According to the
composition of on-site slag at Pangang, pure reagent is used to prepare the slag
samples for the experiment. The composition of on-site slag and experimental slag
samples at Pangang is shown in Tables 2 and 3. To ensure the accuracy of sample
preparation, CaO was kept in muff furnace at 1000 °C for 8 h to remove the water,
and the other components were kept in an incubator at 120 °C for 2 h to remove the
water.

Apparatus and Procedure

The rotating cylinder method was used in the present study. The experimental setup
is schematically shown in Fig. 1. MoSi2 was used as the heating element, and the
tube in the furnace was made of alumina. The bottom of furnace was sealed, and
the argon was blown into the furnace from the bottom to avoid the oxidation of
the molybdenum crucible can be avoided oxidizing. It should be mentioned that the
temperature was constant in the furnace.

The crucible used in the experimental was amolybdenum crucible. The corundum
crucible with molybdenum crucible jacket was used to avoid the oxidation of molyb-
denum crucible. The graphite crucible with corundum crucible jacket can preserve
the molybdenum crucible from oxidation. The size of rod used in the dissolution
experiment was 50 mm long and 15 mm in diameter.
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Fig. 1 Experimental setup. (Color figure online)

Results and Discussion

The water-cooled slag sample was ground to more than 200 mesh, and the ICP
analysis was carried out after the sample was dissolved with the mixture of nitric
acid, sulfuric acid and hydrochloric acid to obtain the mass fraction of Cr2O3 in the
slag. The results of ICP analysis are shown in Table 4.

In this experiment, the rod-like rotation method is adopted to study the dissolu-
tion behavior of Cr2O3 in the slag and to explore the restrictive links affecting the

Table 4 Experimental results of dissolution

No. Rotating
speed(r/min)

Time(min) Content of
Cr2O3(wt.%)

Loss of sample
weight(g)

Temperature °C

1# 20 30 0.020 0.040 1500

2# 100 30 0.060 0.120 1500

3# 120 30 0.100 0.200 1500

4# 120 60 0.290 0.580 1500

5# 120 90 0.479 0.958 1500

6# 120 120 0.530 1.060 1500

7# 120 120 0.560 1.120 1520

8# 120 120 0.650 1.300 1540
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dissolution of Cr2O3 in slag. The whole experimental reaction system is a steady
state, and the mass of the sample loss is equal to the mass of Cr2O3 dissolved in
the slag system. Therefore, a stable state can be established, and according to this
system, the dissolution process of Cr2O3 can be divided into the dissolution reaction
on the interface between the solid sample and the slag liquid and the diffusion of
Cr2O3 in the dissolved liquid in the slag sample. Considering the rotation process
of slag and rod sample, there is relative motion, so Cr3+ diffusion behavior in the
slag can be viewed as a process of convection–diffusion. In the process of convective
diffusion, the Cr2O3 dissolved in slag has not only the molecular diffusion caused by
a concentration gradient, but also the migration of Cr2O3 molecules caused by the
flow of molten slag stirred by the bar. Moreover, the diffusion coefficient caused by
convection is usually far greater than the free diffusion coefficient. The convective
diffusion coefficient of Cr2O3 in slag can be theoretically increased by increasing
the rotation speed of Cr2O3 bar sample. If the dissolution amount of Cr2O3 rod in
slag increases significantly after the increase of rotating speed, it can be considered
that the diffusion process is a restrictive link in the dissolution process.

Effect of Rotation Speed on Dissolution Rate of Cr2O3 in Slag

The chrome rod rotation speed of 20 r/min, 100 r/min and 120 r/min was selected to
dissolve the molten slag C1 sample at 1500 °C for 30 min. The interface of molten
slag sample was found by using grating ruler and density sensor. The bar sample
was immersed in a place 20 mm below the liquid level of the slag sample, and the
rotation speed and rotation time were set by viscosity measuring instrument.

In order quantitatively to analyze the influence of rotating speed on the dissolution
rate of Cr2O3 in slag, the percentage content of Cr element detected by ICP, and the
dissolution mass, mass percentage and dissolution rate of Cr2O3 in slag are obtained
by conversion. The results are illustrated in Fig. 2. As can be seen from the figure,
the dissolution rate of Cr2O3 in the slag increases with the increase in rotation speed.
When the rotation speed increases from 20r/min to 100r/min, the dissolution rate
increases from 0.00133 g/min to 0.004 g/min, an increase of about three times. This
is explained by the fact that the increase of rotation speed enhances the diffusion of
solid–liquid interface, which significantly increases the dissolution rate.

Effect of Temperature on Dissolution Rate

Figure 3 shows the influence of temperature on the dissolution rate of Cr2O3 bar
sample in slag at a rotating speed of 120 r/min and holding time of 120 min. As can
be observed in the figure, the dissolution rate of Cr2O3 increases with the increase
of temperature, which is because the diffusion is a restrictive link. The increase of
temperature will accelerate the vibration of atoms which make atoms recover from
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Fig. 2 Effect of different
rotating speeds on
dissolution rate. (Color
figure online)

Fig. 3 Effect of temperature
on dissolution rate. (Color
figure online)

the energy barrier and become active particles, reducing the viscosity and making
the diffusion of Cr2O3 in slag easier. Therefore, with the same other conditions, the
dissolution rate of Cr2O3 in slag increases as the dissolution amount increases.

Influence of Cr2O3 on Slag Phase

After the dissolution experiment, the high-temperature slag was quenched in the
water quickly. The components in the slag have no time to crystallize, so most of
the slag is glass state, and its structure is very similar to that at high temperature.
Therefore, XRD can use to detect the phase and represent the tissue composition of
the whole liquid at high temperature. Figure 4 shows the XRD results of slag samples
after the dissolution experiment.
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Fig. 4 XRD pattern of slags with different contents of Cr2O3. (Color figure online)
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According to the above XRD patterns, there is no observable diffraction intensity
peak when the Cr2O3 content in the slag is lower than 0.530 wt%. At 1500 °C, the
slag system has become homogeneous, and the influence factors of its viscosity are
only related to the change of silicate structure caused by the composition of the slag.
When the content of Cr2O3 in slag increased to 0.53 wt%, there was no significant
change in the graph line. The characteristic diffraction peaks of perovskite phase
also appeared, indicating that the perovskite phase was precipitated out of the slag.
However, there is no characteristic line of spinel phase containing Cr element in
the XRD diffraction pattern, so no chrome-magnesium or chrome-aluminum spinel
phase was precipitated out of the slag at 1500 °C. On the one hand, the precipitation
of perovskite phase is due to the high crystallization temperature and large amount
of perovskite phase in the five-element slag system. On the other hand, Cr2O3 can
significantly increase the crystallization temperature of perovskite phase in the six-
element slag system and make the crystal become thick and appear as large equiaxial
crystals in the process of perovskite phase precipitation. The reason why spinel
phase is not precipitated is that the content of Cr2O3 is too thin and it is difficult to
generate chrome-magnesium-spinel phase or chrome-magnesium-aluminum-spinel
phase crystal nucleus.

The Solubility of Cr2O3 in Slag Based on FactSageTM

Calculation

In order to continue to explore the influence of different components in slag on
the solubility of Cr2O3, the equilibrium module in the thermodynamic software
FactSageTM was used to calculate the solubility of Cr2O3 in slag under different
temperature, TiO2 content and basicity conditions.

Table 5 shows the slag composition required for calculation. Fig. 5 shows the
solubility of Cr2O3 in the slag of CaO-SiO2-9MgO-15Al2O3-22TiO2 at different
temperatures. It can be observed that the solubility of Cr2O3 increases with the
temperature in the slag. However, the increase was small, from 0.311wt% at 1500
°C to 0.384wt% at 1560 °C.

Table 5 Chemical composition of slag for thermodynamic calculation, wt%

No. Temperature(°C) Chemical composition of slag CaO/SiO2

CaO SiO2 MgO Al2O3 TiO2

1# 1500 28.29 25.72 9 15 22 1.10

2# 1520 28.29 25.72 9 15 22 1.10

3# 1540 28.29 25.72 9 15 22 1.10

4# 1560 28.29 25.72 9 15 22 1.10
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Fig. 5 Solubility of Cr2O3 in slag at different temperatures

Conclusion

In this paper, Cr2O3 bar samples prepared by hot-pressing sintering method were
studied the influence of rotation speed, dissolution time and temperature on the
dissolution behavior of Cr2O3 in the slag by using bar sample rotation method.

(1) With the increase in rotation speed, the dissolution rate of Cr2O3 in five-element
slag system increases. The higher the rotation speed, the higher the increase
of dissolution rate. With the increase of holding time, the dissolution amount
of Cr2O3 in five-element slag system increases, and the dissolution rate first
increases and then decreases. With the increase of temperature, the dissolution
rate of Cr2O3 in five-element slag system increases.

(2) With the increase of temperature and TiO2 content, the solubility of Cr2O3

in slag increases. With the increase of basicity, the solubility of Cr2O3 in the
slag decreases first and then is usually stable. Under different TiO2 content and
basicity, the solubility of Cr2O3 in the slag is less than 1 wt%.
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Numerical Simulation of Microscale
Metallic Particle Impact Using Eulerian
Approach

Cal Vin Wong and Jonghyun Lee

Abstract Anumber of finite element (FE)modelswithLagrangian formulation have
been developed to simulate the high-speed particle impact. Although the Lagrangian
formation-based FE models developed so far contributed significantly to unveiling
the important questions on the mechanics of particle impact, they have a critical
weakness. The Lagrangian models often diverge under large deformation due to
mesh distortion. Recently, FE models based on Eulerian formation have been devel-
oped. This research describes a part of such efforts. A thin three-dimensional finite
element model of high-speed impact of a micron-sized metallic particle was devel-
oped using Eulerian formulation. The meshes of a finite element model based on
Eulerian formulation do not deform and therefore allow for dealing with a case with
extreme plastic deformation. The two cases from the literature were reproduced to
evaluate the validity of the developed model. After comparison, the model was used
to simulate the impact of a stainless steel particle on a stainless steel substrate at an
impact speed of 1000m/s, which could not be readily simulated using the Lagrangian
model.

Keywords Cold spraying · Lagrangian formulation · Eulerian formulation · Jetting

Introduction

Cold spraying (CS) is a high-speedmaterial deposition process. Itwas first discovered
at the Institute of Theoretical and Applied Mechanics of the Siberian Branch of the
RussianAcademy of Sciences [1]. Powder particles, typically 15–50µm in diameter,
are accelerated to a high velocity by a supersonic jet of nitrogen or helium gener-
ated through a converging–diverging de Laval nozzle. The particles with velocities
ranging from200 to 1200m/s impact on a substrate at a temperature below themelting
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point of the particle materials undergo extensive plastic deformation and bond with
the surface. Successive impacts form a dense and strain-hardened coating layer on
the substrate surface with negligible adverse thermal effects and minimal oxidation.
Therefore, cold spray possesses unique properties compared to conventional thermal
spraying processes such as high-velocity oxy-fuel spray or plasma spray. The high
deposition efficiency of cold spray attracted attention from industry and military.
Applications of cold spray range from simple corrosion or wear resistance coatings
to the repair of expensive metallic parts such as magnesium gear housing for military
helicopters and skins of B-1 bomber [2]. The impact phenomenon of cold-sprayed
particles has been studied extensively to understand the bonding mechanism during
particle impact. However, the experiments provide limited description of the impact
event due to the short impact duration. Therefore, a number of research groups devel-
oped numerical models to simulate the moment of particle impact. The Lagrangian
model, where the mesh deforms along with the boundaries of materials, has been
dominantly used in the field. The Lagrangian models have served well to help better
understand the impact and bonding mechanism of cold spray. However, due to the
nature of themesh formulation, the Lagrangianmodels cannot deal with the casewith
high deformation. Recently, the Eulerian models were developed to address the issue
of divergence of the model due to mesh distortion caused by high deformation. This
paper describes our recent efforts on the development of a pseudo-three-dimensional
model of high-speed particle impact using Eulerian mesh formulation on a commer-
cial finite element analysis software, Abaqus. The developed model predicted the
impact of a copper particle on a copper substrate, and the results were compared to
those from the literature. The impact of a stainless steel particle at 1000 m/s was
simulated using the developed model to show the capability of the model to deal
with a case with large deformation of high-strength materials.

Lagrangian and Eulerian Formulations

For the last few decades, a number of finite element (FE)models based onLagrangian
formulation were developed to predict the high-speed impact behavior of metallic or
polymeric particles [3–10]. For example, Li et al. have developed a three-dimensional
Lagrangianmodel onAbaqus to simulate the impact of a cold-sprayed particle impact
[8]. A copper particle of 20 µm in diameter impacted onto a copper substrate
with a diameter and height of 80 µm and 30 µm, respectively, with an impact
velocity of 500 m/s. An 8-node thermally coupled brick element with hourglass
control capability (C3D8RT) was used for both particle and substrate. The mesh size
used was 1 µm (1/20 of the particle diameter). Gravitational effects were neglected,
and surface-to-surface contact algorithm was used with a friction coefficient of 0.2.
The particle and substrate were assumed to be at room temperature (25 °C) before
impact. Non-adiabatic conditions were assumed, meaning heat conduction between
the particle and the substrate was considered while they were in contact. It was
assumed that 90% of plastic work and 100% friction work were to be dissipated as
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Fig. 1 Boundary conditions for Li’s model [8]

heat. The FE models based on Lagrangian formulation have a critical weakness—
they cannot deal with large deformation effectively. This is because Lagrangian
meshes deform as the particle and substrate deform. In the regions, especially along
the particle–substrate interface where severe plastic deformation occurs, the meshes
distort and the FE model diverges (Fig. 1).

Such weakness demanded the emergence of Eulerian model in which the meshes
are fixed. Wang et al. developed an Eulerian FE model to simulate the high-speed
impact of a single particle [7]. As a full 3D FE model with Eulerian formulation is
computationally expensive, they used a thin 3D slice to simulate the axisymmetric
surface (a half circle) of the particle and the substrate. The particle diameterwas set as
20µm. The substrate wasmodeled with a cylinder with a dimeter of 160µm. Particle
velocities right before impact were between 350 and 1450 m/s. The ECRD8RT, 8-
node thermally coupled linear brick element was used as it provided the capability
of Eulerian formation, reduced integration, and hourglass control. Thermal coupling
capability of the element is allowed for considering the heat generation due to severe
plastic deformation, heat conduction between the particle and the substrate, and
thermal softening of the material simultaneously during impact [11]. Wang’s model
imposed boundary conditions on the bottom and lateral surface of the model. The
particle and substrateweremeshedwith amesh size of 0.2µmfor simulation stability.
Gravitational and frictional effects were ignored. Eulerian-to-Eulerian contact was
defined by default in the Eulerian analysis. The model had an initial temperature
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Fig. 2 Boundary conditions for Wang’s model [7]. (Color figure online)

of 25 °C. Non-adiabatic conditions were assumed, and material damage option was
not used in the simulation. Linear Mie–Gruneisen equation of state was used to
describe the elastic behavior of the impact. The boundary conditions of the model
are shown in Fig. 2. Wang’s results showed a good correlation with the observation
from the experiments reported by Schmidt et al. [6]. Yin et al. also mentioned that
the Eulerian formulation described the particle and substrate deformation better than
the Lagrangian formulation [12].

Development of an Eulerian FE Model

Recently, our group had a divergence issue which came from mesh distortion, when
we attempted to simulate the impact of a stainless steel particle on a substrate of the
samematerial at impact velocities higher than the critical impact velocities (>850m/s)
using our Lagrangian FEmodel. In order to circumvent the issue, we have developed
an Eulerian FEmodel to predict the high-speed impact of a single particle onAbaqus.
Inspired by Wang’s model, an axisymmetric model with a thin slice (1 µm) of the
entity model is created. The two difference cases were reproduced to validate the
developed model—one case with Eulerian formulation from Wang et al. [7] and the
other with Lagrangian formulation from Li et al. [8].

First, copper was used for the particle and substrate with material data provided
in Wang’s paper [7]. The geometry of the particle and substrate was modeled
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following Wang et al. as described above. The particle had a velocity of 400 m/s
before impacting on the substrate. The ECRD8RT element was used for the model
to obtain transient mechanical and thermal responses simultaneously. The particle
and substrate were meshed with a mesh size of 0.2 µm for simulation stability.
Gravitational and frictional effects were ignored. Eulerian analysis defined Eulerian-
to-Eulerian contact by default. The initial temperature of the particle and substrate
was set as 25 °C, and non-adiabatic conditions were assumed. Heat conduction equa-
tion was used to consider thermal conduction between the particle and the substrate.
Material damage was not used in the simulation. A linear Mie–Gruneisen equa-
tion of state was used to describe the elastic behavior during the impact. Boundary
conditions are shown in Fig. 3. The bottom and lateral surfaces were applied with
fixed boundary conditions, and extra boundary conditions were also introduced on
all except the top surface of the model.

Fig. 3 Boundary conditions for our model. Lateral and bottom surfaces are fixed. (Color figure
online)
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Comparison Between the Developed Model and Other
Eulerian Model

Figures 4 and 5 display the equivalent plastic strain (PEEQ) and temperature results
from both models. Both models yield similar contour distribution. Particle flattening
and jetting are observed after the impact. The models have approximately the same
size for the area of strain and heat-affected zones. The maximum strain and temper-
ature occurred at the particle–substrate interface and jetting region rather than at
the bottom center of the particle where the particle–substrate interaction initiated.
This observation indicates plastic deformation intensifies as the particle–substrate
interface is closer to the jetting region due to the extreme plastic deformation caused
by adiabatic shear instability. PEEQ is mainly contributed by shear strain. As the
particle–substrate interface moves closer to the jetting region, more materials are
squeezed outward to form the jetting, increasing the PEEQ at the interface region.
Weaker jetting and the difference in the strain and temperature distribution are
observed from our model. Our model has a slightly larger heat-affected zone and

Fig. 4 Simulated results of equivalent plastic strain (PEEQ) fromWang (left) and our (right) model
[7]. (Color figure online)

Fig. 5 Simulated results of temperature (°C) from Wang (left) and our (right) model [7]. (Color
figure online)
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higher temperature at the particle and the particle–substrate interface due to the
boundary conditions at the model boundary restricting particle movement, reducing
heat conduction at the boundary. Based on the observation above, our model agrees
well with Wang et al.

Comparison Between the Developed Model
and the Lagrangian Model

Ideally, there must be no or negligible difference in the simulation results between
Eulerian and Lagrangian models if both models simulate the same physical
phenomenon. However, the results could be different due to the difference in numer-
ical treatment and solution processes. In order to check the difference between the
developedmodel and a Lagrangianmodel, the PEEQand temperature from the devel-
oped model are compared to those from the Lagrangian model from the literature
[8]. Figures 6 and 7 show the PEEQ and temperature (°C) comparisons between
Li’s and our model. Our model has a slightly larger but still comparable strain and
heat-affected zone. The maximum strain is concentrated along the particle–substrate
interface for both models. The maximum temperature is distributed at the edge of
the particle with the substrate having a significantly lower temperature. It is different
from our model in which the maximum temperature is distributed evenly at the
particle–substrate interface. This phenomenon can be explained with the difference
in formulation and surface interaction used for the simulation. Li’s model is a 3D
Lagrangian model, and general surface-to-surface contact is used to define the inter-
action between particle and substrate. The presence of friction also contributes to

Fig. 6 Simulated results of equivalent plastic strain (PEEQ) from Li (left) and our (right) model.
Grey contours are region with strains above 2.94 [8]. (Color figure online)
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Fig. 7 Simulated results of temperature (°C) from Li (left) and our (right) model. Grey contours
are region with temperatures above 165.38 °C [8]. (Color figure online)

this behavior. In contrast, materials behave in a sticky fluid-like behavior in Eulerian
formulation [11]. Therefore, particle and substrate bonded at the moment of impact.
Jetting is observed from both models with our model having a larger jetting. It is
interesting to note that individual jetting from both the particle and the substrate
is seen from Li’s model. Li pointed out that the Lagrangian model experienced
excessive mesh distortion during simulation. Large shear strain gradient associated
with extensive plastic deformation present in the impact created the mesh distortion
mentioned above, decreasing the accuracy of the model. The model failed prema-
turely for impact velocity above 500 m/s when Johnson–Cook material damage and
adaptive Lagrangian–Eulerian meshing are not used in the simulation. Although
Eulerian formulation greatly reduces the mesh distortion, some researchers prefer
the Lagrangian formulation due to the highly visible boundary of particle, substrate,
and their respective behaviors during the impact. Limentioned severemesh distortion
present in the model decreasing the accuracy of the model, and more data is required
for model verification [8]. Although there are some minor differences, it can be
mentioned that the developed model showed a good agreement with the Lagrangian
model from the literature.

Impact of AISI304 Steel Particle at 1000 M/S

In order to test the large deformation capability of the developed model, a simulation
was run to predict the impact behavior of an AISI304 steel particle on a substrate
made of the samematerial at 1000m/s. This casewas attempted using our Lagrangian
model [10], but the simulation was ceased due to numerical instability. Material
data was obtained from the literature [7, 13, 14]. Other parameters were kept the
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Fig. 8 Simulated results of equivalent plastic strain (PEEQ) and of temperature (°C) at t = 60 ns.
(Color figure online)

same as in our previous simulations. Figure 8 displays the results of our model
with AISI304 as the material for the particle and the substrate. The formation of
strong jetting is observed starting at 2.8 ns. Jetting elongation is visible during the
impact. At 5 ns, material loss by jetting was predicted at the front end of the jetting,
breaking away from the jet, and jetting was no longer continuous. Deformation and
reflection waves were observed on the entire substrate surface due to high-speed
impact and high-strength material used. The particle has deformed and flattened
more extensively compared to the lower velocity shown in Figs. 4 and 5. Figure 9
shows the impact evolution from 2.8 ns (where jetting begins) until 60 ns. The
particle reached maximum displacement, and strain contour development slowed

Fig. 9 Evolutions of equivalent plastic strain (PEEQ) at the impacting times: a 2.8 ns, b 5 ns,
c 10 ns, d 20 ns, e 30 ns, f 40 ns, g 50 ns, and h 60 ns. (Color figure online)
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Table 1 Parameters for simulations

Wong Wang et al. [7] Li et al. [8]

Formulation Eulerian Eulerian Lagrangian

Particle impact speed
(m/s)

1000 400 500

Particle diameter (µm) 20 20 20

Substrate diameter (µm) 160 160 80

Substrate height (µm) 60 60 30

Mesh size (µm) 0.2 0.2 1

Coefficient of friction 0 0 0.2

Material AISI304 Copper (Cu) Copper (Cu)

Density (kg/m3) 7800 8960 8960

Thermal conductivity,
W/(m/°C)

16.3 386 386

Specific heat, J/(kg °C) 450 383 383

Melting point (°C) 1527 1083 1083

Johnson–Cook parameters and equation of state

A (MPa) 310 0 90

B (MPa) 1000 292 292

n 0.65 0.31 0.31

C 0.034 0.025 0.025

m 1.05 1.09 1.09

Equation of state Linear Mie–Gruneisen Linear Mie–Gruneisen –

C0(m/s) 4940 3940 –

S 1.49 1.49 –

γ0 1.93 2.02 –

down at 30 ns. Impact behavior changed rapidly at the beginning of the impact and
slowed down exponentially. Although the changes of strain contours and particle
displacement are small after 40 ns, jetting was observed to fluctuate upwards and
downwards, indicating thermal softening without reaching melting temperature. The
parameters used for the Eulerian model developed in this research and the two results
from the literature—Wang et al. [7] and Li et al. [8]—are listed in Table 1.

Summary

Through this research, an Eulerian FE model was developed to simulate the high-
speed impact behavior of a micron-sized metallic particle. In order to circumvent
the chronic divergence issues of the Lagrangian formulation, Eulerian approach
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was employed. The two cases—one with Eulerian and the other with Lagrangian
models—from the literaturewere reproducedusing the developedEulerianFEmodel.
In both cases, the developed model showed a good agreement with the models from
the literature. Using the validatedmodel, the impact of an AISI particle on a substrate
of the samematerial at 1000m/s was simulated without divergence issues. The simu-
lation predicted severe jetting even with material erosion due to high impact energy.
The developed model is being extended to a full 3D Eulerian model.
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Optimal Design of the Submerged Entry
Nozzle Structure and Modification
of Technology for ASP Continuous
Casting

Mingtao Xuan, Min Chen, Xiaojie Hua, and Kaizhu Zhang

Abstract To increase on both of the capacity and defectless thin slab production,
the submerged entry nozle (SEN) structure design and technology parameters of
continuous casting were modified by studying the fluid flow and temperature distri-
bution characteristics using physical and numerical simulation method. The results
showed that the mold level fluctuation was strongly dependent to caster speed, and
the average wave height exceeded 7 mm while the casting speed increased from 2.0
to 2.2 m/min for the section of 150 mm × 1540 mm. Compared to increase the angle
of side-outlet or submerged depth of the SEN, the increase of the bottom port diam-
eter of the three-port SEN was more effective on modification of level fluctuation
although the maximal surface temperature was slightly decreased. Practical appli-
cation also showed the effective performance of SEN design on improvement of the
slab surface quality.

Keywords Thin slab · Fluid flow · Temperature distribution · Three-port SEN

Introduction

As well known, the flow pattern and temperature distribution in continuous casting
molds plays a key role on the steel quality, the breakout and the productivity [1–3].
Therefore, many studies investigated the characteristics of the flow fluid and temper-
ature distribution and operating parameters for the continuous casting of different
types mold based on specific production conditions [4–7]. Specifically, SEN struc-
tures and the submergence depth play an important role in the continuous casting
mold.

Compared to the thin slab continuous casting, the normal slag continuous casting
cost more investment and space on the equipment, and the throughput is lower.
However, the quality of normal slab continuous casting is usually higher than that of
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thin slab continuous casting. Combined with the advantages of normal slab contin-
uous casting and thin slab continuous casting, the ASP continuous casting mold
with the thickness of 150 mm has been used in China. For the purpose of low-cost
manufacturing, the throughput was increased to 3.96 t/min by increasing casting
speed. However, surface defects and breakout accidents often occurred in practical
production, and it is considered that the flow field and temperature distribution has
been worsened in the mold after increasing casting speed. Till now, little researchers
[8, 9] focus on the flow field and temperature distribution in the medium-thin slab
continuous casting mold, but they do not focus on such high throughput.

Based on the previous studies, physical and numerical simulations were estab-
lished to study the flow field and temperature distribution in the medium-thin slab
continuous casting mold. Especially, the effect of SEN structure and operating
parameters was studied.

Water-Model Experiments

Based on the similarity principle, [5, 10] a 0.5: 1 scale water model was fabricated
and visible tracer ink was used for investigating the flow field, as shown in Fig. 1. In
addition, the mean wave height in the mold was measured by DJ800 multifunctional
hydraulic monitoring system.

Fig. 1 Schematic of the water model. (Color figure online)
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Figure 2 shows the schematic drawing of the 3P SEN. Table 1 lists structure
parameters of SENs in this work, and the 3P-0 SEN is presently used ones. Table 2
shows operating parameters of prototype for simulation.

¶¡

D
L

W
W

D

Wm Tm

Fig. 2 Schematic of typical SENs investigated. (Color figure online)

Table 1 Parameters of SENs
structure

SEN Side port Bottom port

L × W (mm × mm) α(°) D (mm)

3P-0 L0 × W0 15 38

3P-1 L0 × W0 18 38

3P-2 L0 × W0 18 40

Table 2 Parameters of
prototype for simulation

Parameter Value

Mold width, mm 1540

Casting Speed, m/min 2.0 ~ 2.2

Mold thickness, mm 150

Effective length of mold, mm 1100

Throughput, t/min 3.60 ~ 3.96

SEN submergence depth, mm 80 ~ 140
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Mathematical Model

Governing Equations

Conservation equations governing the mass and momentum are given as follows:

∂(ρui )

∂xi
= 0 (1)

∂(ρuiuj)

∂xj
= −∂P

∂xi
+ ∂

∂xj
[μeff(

∂ui
∂xj

+ ∂uj
∂xi

)] + ρg + F (2)

where the ρ is the density of molten steel, the ui is the velocity, the xi is the location
of i direction, the μeff is the effective viscosity, and the F is the source term.

The standard k-epsilon equation, as shown in Eqs. (3) and (4), was used in
simulated the turbulence phenomenon in the mold.

∂(ρ uik)

∂xi
= ∂

∂xi
(
μeff

σk

∂k

∂xi
) + G − ρ ε + SK (3)

∂(ρ uiε)

∂xi
= ∂

∂xi
(
μeff

σε

∂ε

∂xi
) + C1

ε

k
G − C2

ε2

k
+ Sε (4)

To describe the flowandheat transfer phenomenon in themushy zone, the enthalpy
method was used as shown in Eq. (5).

∂
(
ρujH

)

xj
= ∂

∂xj

(
keff

∂T

∂xj

)
+ SH (5)

Boundary Conditions and Numerical Details

Although the effective length of mold is 1100 mm, the computational domain is
extended to 3000 mm to decrease the effect of circulation flow at the outlet of the
mold. The specific boundary conditions are given as follows:

(1) The inlet velocity is calculated by the inlet area and flow rate, the initial and
inlet temperature are both assumed to the sum of the liquidus temperature and
the superheat;

(2) The free surface is defined as the adiabatic surface with zero-shear force;
(3) The outlet velocity is casting speed;
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(4) The heat transfer boundary condition applied in mold is simplified as mean heat
flux, and it is expressed as follows:

q = a − b
√
t (5)

a = Q̄2 + Q̄1 − Q̄2(
1 −

√
V2
V1

) (6)

b = 3
(
Q̄1 − Q̄2

)

2
(√

hm
V2

−
√

hm
V1

) (7)

where q is the local heat flux down the mold length, and t is the residence time
(seconds) of the strand below the meniscus in the mold. Q̄1 and Q̄2 are the average
heat flux from casting speed V 1 and V 2, respectively.Hm is the effective mold length.

The heat transfer coefficients hspray loaded into secondary cooling zone is constant
[5].

Due to the complexity of the nozzle structure, tetrahedralmesheswere used around
the nozzle. To reduce the amount of calculations, other regions used hexahedral
meshes. The SIMPLE algorithm was applied to discrete the governing equations.
When the residual for energy equation was smaller than 10−6 and others were smaller
than 10−4, the converged solution was assumed to be achieved. The thermo-physical
properties of steel used for simulation are listed in Table 3.

Table 3 Thermo-physical
properties of steel used for
numerical simulation

Parameter Value

Density, kg m−3 7000

Dynamic viscosity, kg m−1 s−1 0.0055

Specific heat, J kg−1 K−1 680

Thermal conductivity, W m−1 K−1 34

Liquidus temperature, K 1804

Solidus temperature, K 1769

Superheat, K 25

Latent heat, J kg−1 270000
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Results and Discussion

Free Surface Characteristics While 3P-0 SEN Used

The experimental results showed that the mean wave height in the ASP continuous
casting mold was decreased from narrow face to the SEN, so the result of position
3# was used to evaluate the meniscus status. Figure 3 shows the mean wave height of
different casting speed and submergence depths with the 3P-0 SEN. For the casting
speed of 2.0 m/min, the mean wave height increased from 5.0 mm to 5.8 mm when
the submergence depths decreased from 140 mm to 80 mm. For the casting speed
of 2.2 m/min, the mean wave height increased from 6.5 mm to 8.0 mm when the
submergence depths decreased from 140 mm to 80 mm. According to the practical
experience, while the mean wave height was higher than the critical value of 5.0 mm,
the meniscus status would be too active and oscillatory. Though the mean wave
height decreased with the increasing of the submergence depth, but it could not
reach a reasonable level. Thus, it is consider that the 3P-0 SEN is not suitable to the
commercial operation even under the present casting speed.

Figure 4 shows the maximal surface velocity and temperature with the 3P-0 SEN
using at the casting of 2.2 m/min. With the increase of the SEN submergence depth,
the flow field and temperature distribution moved downward. So the velocity on
the surface decreased from 0.49 m/s to 0.43 m/s, which indicated that the risk of
slag entrapment was reduced. However, the surface temperature also decreased from
1805.3K to 1804.3K,whichwould affect themelting ofmold powder. Thus, improve
the meniscus by increasing the SEN submergence depth is not an ideal solution.

Fig. 3 Mean wave height of
different casting speeds and
submergence depths with the
3P-0 SEN. (Color figure
online)
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Fig. 4 Maximal surface velocity and temperature with the 3P-0 SEN using at the casting speed of
2.2 m/min. (Color figure online)

Effect SEN Structure Parameters on Free Surface
Characteristics

Figure 5 shows the mean wave height while different SENs using at the casting speed
of 2.2 m/min. It is indicated that the mean wave height could be effectively decreased
from 7.1 mm to 5.7 mm by increasing the angle of side port from 15° to 18°, but it
was still higher than empirical value. While increasing the diameter of bottom port
based on the 3P-1 SEN, the mean wave height could be decreased to 4.7 mm, which
was considered to be a reasonable level.

Fig. 5 Mean wave height
while using different SENs.
(Color figure online)
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Fig. 6 Maximal surface velocity and temperature while using different SENs. (Color figure online)

Figure 6 shows themaximal surface velocity and temperaturewhile using different
SENs at the casting speed of 2.2 m/min. The surface velocity and temperature was
decreased from 0.47 m/s and 1804.8 K to 0.41 m/s and 1804.3 K by increasing the
angle of side port. The mechanism of decreasing mean wave height by increasing the
angle of side port is the same as that by increasing the SEN submergence depth, which
move the molten jet downward. But increasing the angle of side port is an effective
way to solve it. Moreover, increasing the diameter of bottom port could decrease
the surface velocity and temperature to 0.40 m/s and 1804.1 K. Thus, increasing the
diameter of bottom port could effectively decrease surface velocity and have small
effect on the temperature distribution, which means optimal structure is the most
effective way to improve the meniscus status.

Practical Application Performance

The optimal SEN had been applied in practical production, with the throughput of
3.96t/min and the picture of the slab was shown in Fig. 7. The shape of the slab was
regular, and there was no obviously defect on the slab. The statistics data of three
months shows the surface quality defect decreased from 0.54% to 0.32%. In a word,
the 3P-2 SEN could satisfy the steady production at high throughput of the ASP
caster.
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Fig. 7 Photos of slab.
(Color figure online)

Conclusion

1. The meniscus status in medium-thin slab mold was active and the mean wave
height was 5.8 mm at the casting speed of 2.0 m/min. While the casting speed
increased to 2.2m/min, themeanwave height is up to 7.1mmand it is not suitable
to the commercial operation.

2. Compared to increasing the angle of side port and the SEN submergence depth,
the increase of the bottom port diameter could decrease the mean wave height
and the surface velocity to 4.7 mm and 0.4 m/s, and the surface temperature with
smaller decrease.

3. Practical application showed that the shape of slab was regular and the surface
quality defect decreased from 0.54% to 0.32% with the optimal SEN used at the
casting speed of 2.2 m/min, and indicated that the 3P-2 SEN could satisfy the
steady production at high throughput of the ASP caster.
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Thermodynamic Examination
of Quaternary Compounds
in the Ag–Fe–(Ge, Sn)–Se Systems
by the Solid-State EMF Method

Mykola Moroz, Fiseha Tesfaye, Pavlo Demchenko, Myroslava Prokhorenko,
Bohdan Rudyk, Lyudmyla Soliak, Daniel Lindberg, Oleksandr Reshetnyak,
and Leena Hupa

Abstract The equilibrium phase space of the Ag–Fe–X–Se (X: Ge, Sn) systems
in the parts Ag8XSe6–XSe–FeSe2–AgFeSe2–Ag8XSe6 consists of four quaternary-
phase regions formed with the participation of low-temperature modifications of the
Ag2FeGeSe4 and Ag2FeSnSe4 compounds. The kinetic barriers of the formation
of equilibrium four-phase regions that are observed under conditions of vacuum
ampoule synthesis below 600 Kwere overcome by synthesis of phases at the positive
electrodes of electrochemical cells (ECCs): (−)C |Ag | SE | R (Ag+) | PE | C(+), where
C is graphite, Ag is left (negative) electrode, SE is the solid-state electrolyte, PE is the
right (positive) electrode, and R (Ag+) is the region of Ag+ diffusion into PE. Silver
cations Ag+ that shifted from the left to the right electrode of ECCs acted as the seed
centers of an equilibrium set of phases. Based on the temperature dependences of the
EMF of the cells in the temperature range 430–485 K, the standard thermodynamic
functions of the Ag2FeGeSe4 and Ag2FeSnSe4 compounds were calculated for the
first time. The observed experimental results and thermodynamic calculations are in
good agreement.
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Introduction

Quaternary chalcogenides with a general formula is A2BYZ4 (A: Cu, Ag; B: Zn, Cd,
Hg, Mn, Fe, Co, Ni; Y: Si, Ge, Sn, Pb; Z: S, Se, Te) are representative of a group of
compounds, that mostly crystallize in the tetragonal stannite or in the orthorhombic
wurtzite-stannite structures [1–9]. These compounds can be defined as tetrahedral
chalcogenides, because all of the anions or cations are fourfold surrounded by their
neighboring [10]. Many publications in recent decades are focused on study of these
tetrahedral chalcogenides due to their potential application as economic functional
materials in the solar cells, thermoelectric, photocatalytic, and photovoltaic devices
[6, 10–12]. Moreover, tetrahedral chalcogenides with transition metal ions such as
Ni2+, Fe2+, Co2+, andMn2+ exhibit large magneto-optical effects. According to some
researchers [10, 13, 14], the Cu2FeGeSe4 and Cu2FeSnSe4 compounds are antifer-
romagnetic with a Neel temperature at TN = 20 K and TN = 19 K, respectively. The
Cu2FeGeTe4 is ferromagnetic with TN ~ 160.1 K [13]. The Ag-containing magnetic
tetrahedral chalcogenides have been rarely discussed until now due to difficult condi-
tion of synthesis of a homogeneous material and narrow thermal stability range [2,
11, 15]. Nevertheless, physical properties of the Ag2FeGeSe4 compound have been
investigated by several authors [3, 16, 17]. Wooley et al. [3] established the high field
magnetic properties of the Ag2FeGeSe4 in the range of T = (2–300) K. It was found
that at TN = 240 K quaternary compound shows mainly antiferromagnetic behavior,
with a weak superimposed ferromagnetic component down to T = 60 K. Below T =
60 K, the ferromagnetic component becomes much bigger. The magnetic spin-flop,
critical-fields, and magnetic saturation in the Ag2FeGeSe4 were reported in [16, 17].
Information on the Ag2FeSnSe4 compound is limited by data on the temperature of
formation during cooling of the melt, the crystal structure of its high-temperature
modification [2]. No information on the thermodynamic properties of quaternary
compounds of the Ag–Fe–X–Se (X: Ge, Sn) system was found in the open literature.

The purpose of this work was to demonstrate the capabilities of solid-state
synthesis from elements of equilibrium set of compounds in the Ag–Fe–X–Se
systems in the range of T = (400–500) K, where the energy of the thermal motion
of atoms is insufficient for the formation of the nucleation centers of phases; and to
determine thermodynamic properties of the quaternary compounds in the investigated
systems by applying the electromotive force (EMF) method.
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Experimental

Synthesis and Analysis

The starting materials for synthesis were high-purity elements (99.99 wt% Ag,
99.9 wt% Fe, 99.999 wt% Ge, 99.999 wt% Sn, 99.99 wt% S, and 99.99 wt% Se).
The samples of the formula compositions ‘Ag2FeGeSe4’ and ‘Ag2FeSnSe4’ forX-ray
diffraction (XRD) were synthesized by two methods:

1. Solid-state synthesis of the calculatedmixture of elements in evacuated (p ~ 10−2

Pa) quartz ampoules at T = 630 K during 5 days. The samples were cooled to
room temperature at the rate of 2Kmin−1 and ground to particle size of ~ 5.0μm.
Vacuum homogenization of the fine phase mixture was held at T = 580 K for
5 days.

2. Vacuum melting of the calculated mixture of elements at T = 1100 K followed
by vacuum annealing of the finely disperse mixture at T = 580 K for 5 days.

The synthesis of an equilibrium set of phases for the study of the thermodynamic
properties of low-temperature modifications of the Ag2FeGeSe4 and Ag2FeSnSe4
compounds was performed in the positive electrodes (PE) of electrochemical
cells (ECCs).

XRD patterns were collected on an STOE STADI P diffractometer equipped
with a linear position-sensitive detector PSD, in a modified Guinier geometry
(transmission mode, CuKα1 radiation, a bent Ge (111) monochromator, 2θ /ω scan
mode). Preliminary data processing and X-ray phase analyses were performed using
STOE WinXPOW 3.03 [18] and Powder Cell 2.4 PC programs [19], using data on
crystal structures for the phases taken from the database [20].

TheAg2GeS3 glass [21–23] was obtained bymelt quenching of the corresponding
elements from T = 1200 K in ice water.

Electromotive Force Measurements

For the EMF measurements, the following ECCs were assembled:

(−)C|Ag|SE∣
∣R

(

Ag+)∣
∣PE|C(+), (A)

where C is graphite, Ag is left (negative) electrode, SE is the solid-state electrolyte,
PE is the right (positive) electrode, R (Ag+) is the region of Ag+ penetration into PE.
Pure silver powder was used as a left electrode. Ag2GeS3 glass was used as SE with
purely Ag+ ionic conductivity [21, 24].

PE at the stage of the cell preparation is awell-mixed composition of finely ground
mixtures of elements Ag, Fe, Ge (Sn), and Se, with particle size ~5μm. The ratios of
the elements were determined from the equations of the potential-forming reactions
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in respective phase fields. ECC components in powder form were pressed at 108 Pa
through a 2 mm diameter hole arranged in the fluoroplast matrix up to density ρ =
(0.93 ± 0.02)·ρ0, where ρ0 is the experimentally determined density of cast samples
[25].

EMF measurements were performed in a horizontal resistance furnace, similar
to that described in [26]. As protective atmosphere, we used a continuously flowing
highly purified (0.9999 volume fraction) Ar(g) at P = 1.2 × 105 Pa, with a flow rate
of 2× 10−3 m3 h−1 from the left to right electrode of the ECCs. The temperature was
maintained with an accuracy of ±0.5 K. The EMF (E) of the cells were measured
by high-resistance (input impedance of >1012 �) universal U7-9 digital voltmeter
and MTech PGP-550 M device. The heating and cooling rates were 2 K min−1. The
equilibrium in ECCs at each temperature was achieved within ≤1 h. The criterion of
achieving the equilibrium state in the PE was the reproducibility of the E versus T
dependences in the heating–cooling cycles. The scheme of ECCs and procedure of
the EMF measurements have been described in our previous works [27–29].

Results and Discussion

The Ag2FeGeSe4 and Ag2FeSnSe4 compounds have not been obtained by vacuum
ampoule melting and annealing of the components described in Sect. 2. The diffrac-
tion patterns of both samples are shown in Figs. 1 and 2. The presence of the phases
(Ag8GeSe6, Fe2GeSe4, and GeSe2) in the sample ‘Ag2FeGeSe4’ and (Ag8SnSe6,
Ag2Se, AgSnSe2, and Fe3Se4) in the sample ‘Ag2FeSnSe4’ has been established by
XRD method. Increasing the annealing time to 20 days in the range of T = (450–
600) K does not change the diffraction pattern of the samples. Thus, no signs of the

Fig. 1 Comparison of the experimental XRD pattern of the sample ‘Ag2FeGeSe4’ with those
theoretical patterns of the compounds. (Color figure online)
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Fig. 2 Comparison of the experimental XRD pattern of the sample ‘Ag2FeSnSe4’ with those
theoretical patterns of the compounds. (Color figure online)

formation of the Ag2FeGeSe4 and Ag2FeSnSe4 compounds were detected under the
described conditions of vacuum ampoule synthesis and annealing of the samples.

Our work on synthesis and study thermodynamic parameters of low-temperature
modifications of the Ag2FeGeSe4 and Ag2FeSnSe4 compounds, as in case of
Ag2FePbSe4 [15], are based on the following:

1. Identified by XRD method the phase compositions of the ‘Ag2FeGeSe4’ and
‘Ag2FeSnSe4’ samples is considered metastable for kinetic reasons at T < 600 K;

2. The validity of the proposed division of the equilibriumconcentration space of the
Ag–Fe–X–Se systems in the parts Ag8XSe6–XSe–FeSe2–AgFeSe2–Ag8XSe6
into separate four-phase regions;

3. Possibility of the solid-state synthesis of equilibrium set of phases in the PE of
ECCs.

In type (A) ECC, self-motion of Ag+ cations from the left to the right electrode
takes place due to differences in the chemical potentials of silver in these areas [30].
The consequence of such a movement is the appearance of a potential difference at
the electrodes of the ECC. Solid-state synthesis of the equilibrium set of phases was
performed in the PE of ECC at the penetration depth of Ag+ ions, i.e., the R (Ag+)
region. It was found that EMF values in the newly assembled ECCs change over time
at T = const. This is as a result of the diffusion processes and intermediate reactions
in the metastable set of phases of the R(Ag+) region. The positive charge localized
in the R(Ag+) region reduces the Coulomb repulsive forces between the components
of the PE to the values of ≤ 0. This is a condition for non-activation synthesis of the
equilibrium set of phases. Ag+ cations are not a phase, do not chemically interact
with a metastable set of elements, but act as a catalyst for non-activation synthesis.
In the R(Ag+) region, the spatial grouping of individual phases of the equilibrium
set is carried out by diffusion of atoms and is a function of temperature. The process
of forming an equilibrium set of phases ends in ≤5 h for the particle size of the
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Fig. 3 The phase equilibria
of the Ag–Fe–X–Se (X: Ge,
Sn) systems in the
Ag8XSe6–XSe–FeSe2–
AgFeSe2–Ag8XSe6 parts,
below 500 K. The solid and
dashed tie lines (1 and 2)
indicate two-phase
equilibria, the open circle (3)
indicate compounds, and the
red closed circle (4) indicate
compositions of positive
electrodes of ECCs. (Color
figure online)

heterogeneous phase mixture ~5 μm at T = 500 K. It was not possible to isolate the
equilibrium mixture of phases for XRD due to its negligible amount, similarly to the
case in [31]. An example of solid-state synthesis of the rather simple phase AgTe in
the ECC is presented in [32].

The phase equilibria of the Ag–Fe–X–Se systems in the parts Ag8XSe6–XSe–
FeSe2–AgFeSe2–Ag8XSe6 are shown in Fig. 3.

Division of the concentration space into separate regionswas performed according
to the results of Refs. [15, 33–37] and the present study by the EMF method. The
presence of four four-phase regions has been established: Ag8XSe6–Ag2FeXSe4–
XSe–AgFeSe2 (I), Ag8XSe6–Ag2FeXSe4–XSe–FeSe2 (II), Ag8XSe6–Ag2FeXSe4–
AgFeSe2–FeSe2, and XSe–Ag2FeXSe4–AgFeSe2–FeSe2. The correctness of the
suggested limits of four-phase regions is confirmed by the following calculations
of thermodynamic quantities for the Ag2FeGeSe4 and Ag2FeSnSe4 compounds.

The position of the phase regions (I) and (II) relative to Ag was used to write the
equations of the overall potential-forming reactions of decomposition and synthesis
of the quaternary compounds:

3Ag + 5Ag2FeGeSe4 = Ag8GeSe6 + 5AgFeSe2 + 4GeSe, (R1)

2Ag + Ag8GeSe6 + 4GeSe + 5FeSe2 = 5Ag2FeGeSe4, (R2)

3Ag + 5Ag2FeSnSe4 = Ag8SnSe6 + 5AgFeSe2 + 4SnSe, (R3)

2Ag + Ag8SnSe6 + 4SnSe + 5FeSe2 = 5Ag2FeSnSe4. (R4)
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In accordance with reactions (R1)–(R4), the compositions of the positive elec-
trodes in the phase regions (I) and (II) were determined by element ratios
Ag: Fe: Ge: Se of 23:10:10:20 and 9:5:5:20 for the Ag–Fe–Ge–Se system, with
the element ratios Ag: Fe: Sn: Se of 23:10:10:20 and 9:5:5:20, for the Ag–Fe–Sn–Se
system, respectively.

The measured EMF values of the ECCs at various temperatures in the range of T
= (430–485) K are shown in Fig. 4 and can be expressed by Eqs. (1)–(4):

E(R1)/mV = (110.15 ± 0.87) + (380.26 ± 1.90)

× 10−3T/K, R2 = 0.99973 (1)

E(R2)/mV = (160.58 ± 0.79) + (350.15 ± 1.72)

× 10−3T/K, R2 = 0.99973, (2)

E(R3)/mV = (207.50 ± 1.22) + (225.17 ± 2.67)

× 10−3T/K, R2 = 0.99846, (3)

E(R4)/mV = (225.07 ± 0.60) + (262.78 ± 1.32)

× 10−3T/K, R2 = 0.99972 (4)

where R2 is the coefficient of determination. The upper and lower limits of the
temperature range of the measurements were determined by the linear part of the E
versus T dependences that were reproducible in the heating-cooling cycles.

The Gibbs energies, entropies, and enthalpies of the reactions (R1)–(R4) can
be calculated by combining the measured EMF values of each ECCs and the
thermodynamic Eqs. (5)–(7):

Fig. 4 EMF values of the
ECCs as a function of cell
temperature. (Color figure
online)
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Table 1 Standard
thermodynamic quantities of
the reactions (R1)–(R4) in the
ECCs

Reaction −�rG◦ −�rH◦ �rS◦

kJ mol−1 J (mol K)−1

(R1) 64.70 ± 0.86 31.88 ± 0.25 110.07 ± 0.55

(R2) 51.13 ± 0.52 30.99 ± 0.15 67.57 ± 0.33

(R3) 79.49 ± 1.44 60.06 ± 0.35 65.18 ± 0.77

(R4) 58.55 ± 0.47 43.43 ± 0.12 50.71 ± 0.25

�rG = −n · F · E, (5)

�rH = −n · F · [E − (dE/dT ) · T ], (6)

�rS = n · F · (dE/dT ), (7)

where n is the number of electrons involved in the reactions (R1)–(R4), F =
96485.33289 C mol −1 is Faraday constant, and E in V is the EMF of the ECCs.

Standard thermodynamic quantities of the reactions (R1)–(R4) at T = 298 Kwere
calculated using Eqs. (5)–(7) in the approximation

(
∂�rH
∂T

)

p
= 0 and

(
∂�rS
∂T

)

p
= 0

[32, 38]. The results of the calculations are presented in Table 1.
In the phase region (I), standard Gibbs energy and entropy of reaction (R1) are

related to theGibbs energy of formation and entropy of compounds and pure elements
the following equations:

�r(R1)G
◦ = �fG

◦
Ag8GeSe6

+ 5�fG
◦
AgFeSe2

+ 4�fG
◦
GeSe − 5�fG

◦
Ag2FeGeSe4

, (8)

�r(R1)S
◦ = S◦

Ag8GeSe6
+ 5S◦

AgFeSe2
+ 4S◦

GeSe − 3S◦
Ag − 5�fG

◦
Ag2FeGeSe4

. (9)

It follows from Eqs. (8) and (9) that:

�fG
◦
Ag2FeGeSe4

= 0.2
(

�fG
◦
Ag8GeSe6

+ 5�fG
◦
AgFeSe2

+ 4�fG
◦
GeSe − �r(R1)G

◦
)

,

(10)

S◦
Ag2FeGeSe4

= 0.2
(

S◦
Ag8GeSe6

+ 5S◦
AgFeSe2

+ 4S◦
GeSe − 3S◦

Ag − �r(R1)S
◦
)

. (11)

The entropy of formations of the Ag2FeGeSe4 compound can be calculated as:

�fS
◦
Ag2FeGeSe4

= S◦
Ag2FeGeSe4

− 2S◦
Ag − S◦

Fe − S◦
Ge − 4S◦

Se. (12)

The corresponding reactions to determine �fG◦, S◦, and �fS◦ for the
Ag2FeGeSe4 in the phase region (II) and for the Ag2FeSnSe4 in the phase regions (I)



Thermodynamic Examination of Quaternary Compounds … 279

and (II) can be written similar to Eqs. (10)–(12) with their appropriate stochiometric
numbers.

Combining Eqs. (5)–(7) and (10)–(12), using thermodynamic data of the pure
elements [39], and compounds GeSe [39], SnSe [39], FeSe2 [40], AgFeSe2 [15],
Ag8GeSe6 [30], Ag8SnSe6 [30], the standard Gibbs energy of formations of quater-
nary compounds of the Ag–Fe–X–Se systems in the phase regions (I) and (II)
were calculated. A comparative summary of the calculated values together with
the available literature data is presented in Table 2.

The temperature dependences of theGibbs energies of formation of the quaternary
compounds in the phase regions (I) and (II) are described as:

�fGAg2FeGeSe4,(I)/
(

kJmol−1
) = −(228.7 ± 27.5) + (5.7 ± 0.2) · 10−3 T/K, (13)

�fGAg2FeGeSe4,(II)/
(

kJmol−1
) = −(221.1 ± 31.2) − (14.6 ± 0.3) · 10−3 T/K,

(14)

�fGAg2FeSnSe4,(I)/
(

kJmol−1
) = −(251.8 ± 30.9) + (5.9 ± 0.2) · 10−3 T/K, (15)

�fGAg2FeSnSe4,(II)/
(

kJmol−1
) = −(252.4 ± 36.3) − (2.1 ± 0.1) · 10−3T/K. (16)

Table 2 Standard thermodynamic quantities of selected phases in the Ag–Fe–X–Se systems

Phases −�fG◦ −�fH◦ S◦ [References]

kJ mol−1 J (mol K)−1

Ag 0 0 42.677 [39]

Fe 0 0 27.280 [39]

Ge 0 0 31.087 [39]

Sn 0 0 51.195 [39]

Se 0 0 42.258 [39]

GeSe 70.496 69.036 78.241 [39]

SnSe 87.533 88.701 89.538 [39]

FeSe2 101.3 ± 15.0 108.7 ± 15.0 86.8 ± 1.0 [40]

AgFeSe2 125.9 ± 15.0 128.8 ± 15.0 144.7 ± 3.3 [15]

Ag8GeSe6 288.0 ± 2.3 255.0 ± 2.8 734.6 ± 30.4 [30]

Ag8SnSe6 350.3 ± 1.8 320.4 ± 8.1 746.4 ± 23.8 [30]

Ag2FeGeSea4 227.0 ± 34.6 228.7 ± 27.5 307.0 ± 9.9 This work

Ag2FeGeSeb4 225.5 ± 36.3 221.1 ± 31.2 327.3 ± 6.5 This work

Ag2FeSnSea4 250.1 ± 38.6 251.8 ± 30.9 327.0 ± 10.4 This work

Ag2FeSnSeb4 253.0 ± 40.9 252.4 ± 36.3 334.9 ± 6.0 This work

aphase region (I)
bphase region (II)
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It follows from Eqs. (13)–(16) that the enthalpy and entropy values of the Gibbs
energy of formation of the quaternary compounds differ in phase regions (I) and
(II), with entropy of the reaction differing not only in magnitude but also in sign.
These differences are due to the different nature of the crystal lattice defects in the
solid solutions of the compounds that is in equilibrium in these phase regions. At
the same time, the convergence within the experiment error of the calculated �fG◦
values for the Ag2FeGeSe2 and Ag2FeSnSe2 compounds in the phase regions (I),
(II) (the relative differences are ~1%) serves as the validation to correctness:

1. Phase composition and division of the equilibrium concentration space of the
Ag–Fe–X–Se systems in the parts Ag8XSe6–XSe–FeSe2–AgFeSe2–Ag8XSe6;

2. Calculated values of the thermodynamic quantities of the quaternary compounds;
3. Reliability of the literature values of the thermodynamic properties of compounds

GeSe, SnSe, FeSe2, Ag8GeSe6, Ag8SnSe6, and AgFeSe2; and
4. Negligible homogeneity region of theAg2FeGeSe4 andAg2FeSnSe4 compounds.

Conclusions

Division of the equilibrium concentration space of the Ag–Fe–X–Se (X: Ge, Sn)
systems in the partsAg8XSe6–XSe–FeSe2–AgFeSe2–Ag8XSe6 into four quaternary-
phase regions was established. The positions of the phase regions Ag8XSe6–
Ag2FeXSe4–XSe–AgFeSe2 andAg8XSe6–Ag2FeXSe4–XSe–FeSe2 versus the point
of Ag were used to write the equations of overall potential-forming reactions. Solid-
state synthesis of the equilibrium set of phases, including the quaternary compounds,
was performed in the positive electrodes of electrochemical cells. Ag+ cations that
shifted from the left electrode are catalysts for the formation of nucleation centers
of individual phases.

Linear dependences of theEMFversusT of theECCswere used for calculations of
the standardGibbs energies, enthalpies, and entropies of formations of the quaternary
compounds. Calculations were performed in two fundamentally different potential-
forming processes: the decomposition and synthesis of the quaternary compounds.
The agreement of the determined�fG◦ values in the two potential-forming processes
confirm that: the division of the concentration space of the Ag–Fe–X–Se systems
and the phase composition of the positive electrodes in the ECCs used to calculate
the thermodynamic properties of the Ag2FeGeSe4 and Ag2FeSnSe4. Furthermore,
the reproducibility of the determined �fG◦ confirms the accuracy of the literature
Gibbs energy data for GeSe, SnSe, FeSe2, Ag8GeSe6, Ag8SnSe6, and AgFeSe2.
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