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ABSTRACT

Understanding the slag composition-structure-property relationship remains challenging due to the
amorphous nature of slag melts and the difficulty of high-temperature experimental investigations.
Since the Ca0-Al,O3-SiO; slag system is maybe the most important slag system for various high-
temperature metallurgical process, the present research employed high-throughput molecular
dynamics (MD) simulations on the entire composition region of the CaO-Al,03-SiO; slag system to
determine physical properties like molar volume, density, and diffusivity, structural properties such
as distribution of different oxygen types for each simulated slag melt. The obtained slag properties
result from the simulations displayed good consistency with experimental data, underscoring the
reliability of the MD simulation as a novel tool to predict reasonable slag properties and to study slag
behaviour from atomistic insight. The simulated results demonstrate a near-linear relationship
between molar volume changes and composition, highlighting the predominant role of oxygen atoms,
which is attributed to the significantly larger size of oxygen compared to other cations in the slag
melts. This disparity in size leads to oxygen ions occupying most of the space in slags, thereby
playing a major role in determining the overall molar volume. The simulation results of slag density
revealed a decreasing trend with increased SiO. content and identified a local minimum at constant
SiO2 when AlLOs; content increases, also consistent with established slag density models.
Furthermore, the simulated oxygen self-diffusion coefficients reveal a strong composition-structure-
property relationship, where an increase in CaO content enhances slag diffusivity, while a minimum
in diffusivity is observed near a CaO/Al>Os ratio of unity. The diffusivity minimum also corresponding
to the local viscosity maxima, indicating effective simulation of charge compensation effects and
dynamic characteristics of slag melts. The simulated distribution of oxygen types in slag— bridging
oxygen (BOs), non-bridging oxygen (NBOs), free oxygen (FOs), and ftricluster oxygen (TOs)—
reveals a composition-dependent pattern: BOs peak near CaO/Al,Os;=1, NBOs and FOs are
abundant in CaO-rich areas with NBOs peaking near the CasSiOs composition, FOs in the CaO
corner, and TOs predominantly in the Al.Os corner, highlighting the complex interplay of network
formers and modifiers for the charge compensation effects on the slag's structural properties. The
successful application of MD simulations in this study paves the way for a powerful approach to
explore the complex relationships in multicomponent slag systems and bridges the gap between
mathematics modelling and experimental observations in high-temperature metallurgical processes.

INTRODUCTION

The emergence of the “big data” era attracts widespread attention from metallurgical engineering
industry and academia. However, it is notoriously challenging for metallurgists to obtain a complete
materials database for multicomponent slag systems by way of experiments at high temperature.
Nevertheless, in the past decades, considerable attention has been paid to metallurgical slag falling
within the composition-property relations. It is now well-known that slag property is strongly
dependent on its microscopic structure at atomistic level.(Kondratiev et al., 2002; Mills et al., 2011;
Min and Tsukihashi, 2017; Zhang et al., 2014). However, direct structure observation of slag melt
remains an ongoing challenge due to the high temperature in metallurgical process. Therefore,
introducing computational simulations to reveal and predict the slag composition-property relations
is considerably urgent.

Molecular dynamics (MD) simulation has become an effective tool for predicting properties of multi-
component glass and melts, facilitated by the development of high-quality and transferrable force
field for the multi-component systems.(Bouhadija et al., 2013; Cormack et al., 2002; Guillot & Sator,
2007)

The Ca0-Al,Os-SiO, slag system is renowned as the most crucial slag system in various high-
temperature industrial processes. For instance, it is a key constituent in blast furnace slag, ladle
slags, and continuous casting mold fluxes. Additionally, the significance of the CaO-Al,03-SiO; slag
system extends to applications in metallurgical-grade Si refining. Its crucial role also evident in other
fields such as glass science and geology, highlighting its fundamental importance. Moreover, its
importance was also underscored in the recent developed novel SisAl process for silicon and
alumina production. (www.sisal-pilot.eu) In the SisAl process, aluminium is employed as the reducing
agent for the aluminothermic reduction of a CaO-SiO; slag. This innovative approach leads to the
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production of CaO-Al.Os-(low) SiO; slag and a silicon alloy, both of which are subjected to further
processing to produce various grades of silicon and alumina.

Therefore, it is vital to gain a comprehensive understanding of the system, especially by determining
its properties and obtaining structural information across the entire composition range. In fact, due
to the lack of an electron in trivalent Al cations to stabilize the Al-O tetrahedron configuration, the
known charge compensation phenomenon widely occurs in the Al,Oz-bearing slag system. This also
results in a series of intriguing phenomena in systems containing Al2O3, such as the viscosity maxima
near the CaO/Al,O3=1 composition line, the amphoteric behavior of Al,Os, the formation of five-
coordinated AlOs structural unit, and three-coordinated tricluster oxygen. Consequently, this makes
the study of the classic CaO-Al,03-SiO- slag system is particularly important in academia. Thus, in
the present work, high-throughput MD simulations were performed on the CaO-Al.O3-SiO; slag
system to obtain the respective high temperature properties and structural information to further
explore the composition-structure-property relationship.

METHODS

High-throughput MD simulations were performed by using the LAMMPS package(Plimpton,
1995).Totally 231 slags were simulated with 5 mol% increment of each component, evenly spanning
the CaO-Al;03-SiO- ternary diagram. The Jakse force field was employed to simulate the entire
ternary slag system, renowned for its capability to well describe the structural and dynamic properties
of the ternary system in good agreement with experimental data and ab initio MD simulations.
(Bouhadja et al., 2013) The force field consists of both long-range Coulombic interaction and short-
range interactions, and is written as follows:

qiq; 1ij0ij\  Cij
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where {i,j} € {Ca, Al,Si, 0}, and r denotes the distance between atom j and j. ¢, represents the
permittivity of vacuum. g; is the effective charge of atom J, with the effective atomic charges for Ca,
Al, Si, O assigned as 1.2, 1.8, 2.4, and -1.2, respectively. 4;;, p;;, 0;;, and C;; are empirical
parameters used to describe the short-range interaction between specific atoms pairs through a
repulsive exponential term and an attractive 1/r® term. All parameters, which are composition-
independent and remain the same for all slag simulations within the entire composition range of the
ternary system, are listed in TABLE 1.

For each slag simulation, approximately 4000 atoms were randomly distributed within a box subject
to periodic boundary conditions. The melt-quench process (Bauchy, 2014) was applied to prepare
the slag simulation samples, where the system was initially equilibrated at 4000 K for 200 ps
relaxation time to form the initial amorphous configuration and then cooled down to 2073 K at a
cooling rate of 2 K/ps in the isothermal-isobaric NPT (Constant Number of particles, Pressure, and
Temperature) ensemble. At 2073 K, the slag systems were further equilibrated in the NPT ensemble.
This stage allowed the system to further adapt its volume according to the preset temperature and
pressure conditions. After reaching equilibrium, the volume fluctuations of the simulated system were
collected and averaged for the calculation of molar volume and density.

For the calculation of slag dynamic properties like self-diffusion coefficient, it is critical that the
volume remains constant to avoid deviation in the diffusivity calculation due to compression or
expansion of the system. Additionally, the canonical ensemble, also known as the NVT (Constant
Number of particles, Volume, and Temperature) ensemble, regulates the temperature by controlling
the velocities of atoms within the system, which may also impact the diffusivity simulation.
Consequently, the NVT ensemble was employed as an intermediate stage for a smooth transition
from the NPT ensemble to the final microcanonical (NVE) ensemble with constant volume and
energy. Each stage of the simulation was conducted over a period of 200 ps during which the
statistical average of system properties reached a steady state. Then, a final simulation run covering
1 ns was conducted in the NVE ensemble for the sampling of slag configurations and atom diffusivity
calculation. It should also be noted that only the results for the composition points located inside the
single liquid phase region according to the phase diagram at 2073 K were considered valid for
analysis.



TABLE 1 -Two-body coefficients for the adopted potential.(Bouhadja et al., 2013)

Pair A;j(eV) pij(&) N Cyj(eV A%)
0-0 0.0120 0.263 3.6430 85.0840
O-Si 0.0070 0.156 2.5419 46.2930
O-Al 0.0075 0.164 2.6067 35.5747
O-Ca 0.0077 0.178 2.9935 42.2556
Si-Si 0.0012 0.046 1.4408 25.1873
Si-Al 0.0025 0.057 1.5056 18.8116
Si-Ca 0.0027 0.063 1.8924 22.9907
Al-Al 0.0029 0.068 1.5704 14.0498
Al-Ca 0.0032 0.074 1.9572 17.1710
Ca-Ca 0.0035 0.080 2.3440 20.9856

RESULTS AND DISCUSSIONS

Evaluation of slag properties simulation

In the MD simulation, the choice of the potential function is of great importance, as it directly
influences the accuracy of the simulation results. Consequently, it is also essential to validate these
results. The accuracy of adopted potential was firstly verified by comparing simulated and
experimentally measured density values of 40wt%CaO-20wt%Al>03-40wt%SiO- slag as seen in FIG
1. The selection of this slag composition is because the slag melt under this composition has a
relatively large amount of experimental data available for comparison.

It is seen that density obtained from MD simulation shows a good agreement by comparing with
measured data, respectively, Exp. 1 (Winterhager et al., 1966) and Exp.2 (Courtial and Dingwell,
1995), and developed density models (Courtial and Dingwell, 1999; Mills et al., 2011). Furthermore,
FIG 1 also clearly demonstrates the significant advantage of using MD simulation to calculate the
properties of the melt, which is the absence of high temperature limitations that often encountered
in experimental measurement. The study range for physical properties can even be extrapolated to
several thousand kelvins, which is extremely difficult to measure experimentally. Furthermore, MD
simulations have demonstrated a very powerful ability to obtain reasonable data in a time-efficient
and labour-saving manner.
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FIG 1 — Comparison of simulated and experimentally measured density of 40wt%Ca0O-20wt%Al>Os-

40wt%SiO, slag system with varying temperature (Exp. 1 (Winterhager et al., 1966) and Exp.2
(Courtial and Dingwell, 1995)).



Another important property for evaluation of the potential function in MD simulations is the accuracy
of diffusivity simulations. We have also assessed the self-diffusion coefficients of all the ions in the
slag system. The results are presented in TABLE 2 and FIG 2. It can be seen that the adopted
potential can effectively reflect the diffusion behaviour of ions in slag melts.

From TABLE 2, it can be seen that the self-diffusion coefficient of Ca ions obtained from simulations
falls within the range of experimental measurements by different researchers. Additionally, the self-
diffusion coefficients of Al and Si ions are also close to experimental results, lying within the same
order of magnitude. Furthermore, the diffusion capabilities of various ions in slag melts are also
clearly observed with the trend: Dca > Da > Dsi. This is in agreement with experiments (Liang et al.,
1996) and clearly demonstrates the structural characteristics of Ca as a network modifier and Al, Si
as network formers, forming the complex tetrahedral networks. Furthermore, the linear relationship
between the self-diffusion coefficient and the reciprocal of temperature also demonstrates the
sensitivity of MD simulations to temperature, specially, the Arrhenius relationship between the self-
diffusion coefficient and temperature.
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FIG 2 — Comparison of simulated and experimentally measured self-diffusion coefficients of
40wt%Ca0-20wt%Al>03-40wt%SiO; slag system with varying temperature.

TABLE 2- Comparison of simulated and measured self-diffusion coefficients of 40wt%CaO-
20wt%Al>03-40wt%SiO, under 1 atm.

Temperature Dca Dai Dsi Do
[K] x 107 2m2s1 | x 107 2m?s™ 1 | x 107 ?m?2s 1 | x 107 12m?s~1

1673 K MD 65.54+3.0 8.11+0.6 4.2+0.5 7.25+0.7
1673 K Exp. 62, 68, 69°

1723 K MD 106.6+3.5 15.04+3.1 7.4+1.8 12.242.9
1723 KExp. | 95, 100, 130°

1773 KMD 153.6+11.4 21.842.5 11.340.3 18.3140.6
1773 K Exp. 230+100° 67° 25°. 38.0+6.8¢

21073 39.2+11.0¢
131.0+4.1¢

@ from Goto et al. (Goto et al., 1977)
b from Towers and Chipman (Towers & Chipman, 1957)
¢ from Henderson et al.(Henderson et al., 1961)
4from Liang et al. (Liang et al., 1996)




Furthermore, the structure of the melt can be accurately described with changes in its composition.
As illustrated in FIG 3, the basicity has a noticeable impact on the slag structure. In slags with high
basicity, B=1.2 of 50wt%Ca0-10wt%Al.03-40wt%SiO,, there are more depolymerized areas, and
the network structure formed by network formers is mainly in simple chain forms. However, with the
reduction of slag basicity, B=0.8 of 40wt%CaO-10wt%Al.03-50wt%SiO,, the melt structure becomes
more complex, resulting in a higher number of complex polyhedral ring configurations.
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FIG 3 — Structural visualization of depolymerized slag (left) and polymerized slag (right) with
varying basicity (CaO/SiO; ratio).

High-throughput simulation results

The results of molar volume obtained through high-throughput MD simulations are shown in FIG 4.
It can be observed that the molar volume changes of slag melts exhibit almost linear relationship
with the composition. This indicates that the changes in the melt structure have a minor impact on
the molar volume. In fact, this is because the radii of O%, which is about 1.40 A, are much larger than
those of other cations, such as Si**, which is only 0.40 A, almost 3.5 times smaller. This means that
the space occupied by one oxygen anion is about 40 times that of a Si** cation. In other words,
although the ball-stick model is often used to describe the structure of slag melts, in fact, nearly 90%
of the space in slag melts is occupied by oxygen anions. As for the cations, they are more like fillers
in the gaps between the oxygen anions. Therefore, we can see that the primary influencing factor of
molar volume is the number of oxygen atoms, particularly the content of Al,Os, because 1 mol of
alumina provides 3 mol of oxygen anions. Additionally, an empirical rule can also be proposed: the
contribution of 2 mol% SiO, to the molar volume is equivalent to the sum of 1 mol% CaO and 1 mol%
Al;O; due to the oxygen atomic stoichiometric coefficients are identical. Certainly, it's undeniable
that due to the non-ideality of the melt structure, deviations from the near-linear relationship can
occur in regions with strong structural interactions. For instance, the presence of tricluster oxygen in
areas with low SiO, and low CaO content can lead to a molar volume that is smaller than the ideal
scenario. However, it can be ascertained that the most significant contribution to the molar volume
comes from the oxygen ions, which are not only the most abundant ion but also occupy the largest
volume in the melt. This explains why numerous models for calculating slag molar volume are
effective when they employ a simple linear additive function based on the partial molar volumes of
individual slag components.



FIG 5 shows the simulation results of slag density for the CaO-Al.O3-SiO, system. The calculation
of density is obtained by dividing the molar mass of the slag melt by its molar volume. A clear trend
can be seen that slag density decreases with increasing SiO» content. In addition, at constant SiO-
content, slag density exhibits a minimum with increasing Al.O3 content. This trend in density variation
is also consistent with the reported slag density model(Xin et al., 2017). The observed minimum in
density at compositions with maximum charge compensation reflects the complex effects of charge
compensation on the network structure; although Ca?* ions bond closely with Al-tetrahedra to form
more stable structural units, this interaction also facilitates the formation of a more complex spatial
network structure, resulting in an acceleratingly increased molar volume and results in a decreased
density. As the content of Al,O; increases to the peraluminous area where Al,O;>CaO, Ca®
becomes insufficient for charge compensation, leading to the formation of smaller and denser
network, which consequently raises the density. The slag density local minimum phenomenon
becomes more pronounced with the reduction in SiO;, content and is particularly evident in the CaO-
Al2O3 binary system where the charge compensation effect is the most intensive.

FIG 6 shows the results of obtained oxygen self-diffusion coefficients. A strong composition-
structure-property relation can also be seen. No matter whether with constant SiO. or Al,O3 content,
the network de-polymerization caused by an increase in CaO content leads to a higher slag
diffusivity, and also, a lower viscosity. Therefore, it can be observed that near the Ca-rich corner,
oxygen diffusivity becomes higher, which also reflects a lower viscosity at high basicity region.
However, with constant SiO; content, it can be seen that with the increase in Al.O3 content, oxygen
diffusivity initially decreases and then increases, indicating the presence of a diffusivity minimum.
This also aligns with the maxima in slag viscosity obtained in experiments(Matsushita et al., 2005).
Moreover, it can be seen that this diffusivity minima occurs near the composition line of CaO/Al,O3=1,
which clearly suggests that the potential function used in this work is capable of effectively simulating
the occurrence of charge compensation effects and reflects the dynamic characteristics of the slag
melt.
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FIG 4 — Simulated molar volume values of CaO-Al.O3-SiO; slag system at 2073K. Note that the
region outside liquid slag area corresponds to the amorphous state.
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FIG 5 — Simulated density values of CaO-Al.03-SiO: slag system at 2073K. Note that the region
outside liquid slag area corresponds to the amorphous state.
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Note that the region outside liquid slag area corresponds to the amorphous state.

It is known that the slag structure could be described as a 3D amorphous network topology

composed by a number of [SiO4] and [AlO4] tetrahedral units which connect with each other through
bridging oxygen (BO). Other cations behave as a network breaker to depolymerize the chains and
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to create non-bridging oxygen (NBO). The rest parts oxygen atoms are known as free oxygen (FO)
and the tricluster oxygen (TO) where one oxygen is coordinated with three network formers. In this
work, we have also obtained the distribution of various types of oxygen, as shown in FIG 7.

It can be observed that the distribution of these four types of oxygen shows sensitivity to the slag
composition. For BOs, their local maxima appear near the compositional line of CaO/Al,O3 = 1, fully
reflecting the impact of charge compensation effects on the melt structure. Under the fully charge
compensation, the melt structure is the most polymerized, and also corresponding to the occurrence
of the maximum viscosity. For NBOs and FOs, they are more enriched in the CaO corner, as this
area contains more Ca?* acting as a network modifier. Additionally, it can be seen that the peak
region for NBOs appears around CaO/SiO- = 3, which corresponds to the binary compound CasSiOs,
the closest binary compound to CaO in the Ca0O-SiO, system. As for the distribution of TOs, it is also
evident that they are predominantly concentrated in the Al.Os corner due to the lack of Ca cation
charge compensation.
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CONCLUSIONS

In the present work, high-throughput MD simulations were performed on the CaO-Al>03-SiO- system
to obtain high temperature properties and decipher the composition-structure-property relationship.
The simulated density and diffusivity show a good agreement with experimental results and
demonstrate the promising feature of MD simulations for the slag database development. The
distribution of different oxygen types further illuminated the structural characteristics of the slag,
showcasing the critical role of Ca as a network modifier and charge compensator, Si and Al as
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network formers. This study not only provide a wealth of slag properties data on the CaO-Al,03-SiO-
ternary system, but also highlights the effectiveness of MD simulations in bridging the gap between
theoretical predictions and experimental observations in high-temperature metallurgical processes.
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