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ABSTRACT 
The main reason for the underutilization of steelmaking slags is their instability, which is influenced 
by their complex phase structure. Recycling and sustainable steelmaking slag face challenges due 
to the presence of magnesium oxide (MgO), a crucial component in steelmaking slag. This study 
investigates the phase evolution of steelmaking slag during the cooling process with different MgO 
contents, using high-temperature experiments and FactSage thermodynamic equilibrium 
calculations. XRD and SEM-EDS analyses identified main phases in steelmaking slag, including 
Ca2SiO4 (C2S), RO (MgO-FeO solid solution), Ca2Fe2O5 (C2F), and Ca3SiO5 (C3S). The study reveals 
that RO phase increases as the MgO content increases. C3S precipitates from steelmaking slag with 
a 12 mass% MgO content at a reduced temperature of 1400°C. It is important to note that C3S 
remains in the steelmaking slag even after slow cooling. This may be due to the substitution of Ca2+ 
in C3S by Fe2+ and Mg2+ ions. Intriguingly, the precipitation of f-CaO in steelmaking slag with 10 
mass% of MgO content occurred after one year, while there was no manifestation of f-CaO 
precipitation in the steelmaking slag with 12 mass% of MgO content even after one year. This 
discrepancy suggests a potential stabilizing effect of an appropriate amount of MgO in steelmaking 
slag. However, it is crucial to emphasize that this inference lacks supporting data, necessitating 
further research to validate this hypothesis. The significance of this work is in uncovering the 
complexities of steelmaking slag behavior, providing essential insights for optimizing recycling 
processes. The research sheds light on the factors that influence the phase composition and stability 
of steelmaking slag, contributing to the utilization of steelmaking slags, promoting environmental 
sustainability, and enhancing the overall efficiency of metallurgical processes in the current industrial 
landscape. 
 

INTRODUCTION  
In China, the steel industry annually generates a substantial 130-160 million tons of steelmaking 
slag, yet its utilization rate is less than 30%(Carvalho et al., 2017; Guo et al., 2018; Oge et al., 2019). 
Utilizing steelmaking slag in building materials can alleviate disposal challenges and reduce reliance 
on natural resources. However, its application has been hindered by characteristics such as volume 
expansion during storage(Park et al., 2019; Ruan et al., 2022; Zhao et al., 2017). The expansion in 
volume is attributed to the hydration of free lime (f-CaO) and dusting resulting from the conversion 
of α'-Ca2SiO4 (α'-C2S) to γ-Ca2SiO4 (γ-C2S) within the slag(Benarchid et al., 2005; Brand and 
Roesler, 2018). 
A comprehensive understanding of the chemical, mineralogical, and morphological properties of 
steelmaking slag is crucial, as these properties directly impact its cementitious and mechanical 
attributes, influencing its utilization potential. Given the significant variability in chemical composition 
among different sources of steelmaking slag, substantial differences in mineralogical composition 
are expected(Deng et al., 2020; Kim and Azimi, 2022; Shen et al., 2004; Yu et al., 2022). To enhance 
steel/slag reactions and dephosphorization kinetics during the steelmaking process, considerable 
amounts of dolomite are introduced into the converter (Tayeb et al., 2015). The addition of dolomite, 
coupled with the loss of MgO refractory in the BOF lining, results in a slag containing 0.4-14% MgO, 
resulting in a stability issue for steelmaking slag (Yildirim and Prezzi, 2011). 
The decomposition of Ca3SiO5 (C3S) during the cooling process of steelmaking slag is a major 
source of f-CaO(Li et al., 2022; Shim et al., 2016; Tossavainen et al., 2007). However, Ca3SiO5 is 
also a vital component in Portland cement clinker. Consequently, the stability steelmaking slag 
directly influences its suitability for civil engineering and building materials. Research indicates that 
MgO content affects the crystal structure of C3S, with low MgO stabilizing the triclinic polymorph, 
while high MgO favors the formation of the monoclinic(Chen et al., 2014; Liu et al., 2002; Ma et al., 
2015). This study investigates the phase evolution of steelmaking slag with varying MgO content 
during the cooling process, employing thermodynamic equilibrium phase calculations and molten 
steelmaking slag cooling experiments. The aim is to understand the influence of MgO content on the 
formation of phases and stability, optimizing the mineral phase of steelmaking slag and enhancing 
its stability. This research will contribute a theoretical foundation for the treatment of steelmaking 
slag. 
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MATERIALS AND METHODS  
Steelmaking slags with different magnesium oxide (MgO) contents were prepared using analytical 
reagents, and their chemical composition is detailed in TABLE 1. The raw mixtures, weighing 40 g, 
were dried and then subjected to burning at 1500°C for 40 minutes. The temperature decrease 
occurred at a rate of 5°C/min, as shown in FIG 1. After the sample reached the target temperature, 
a connected quartz tube and pipette are used to extract the steelmaking slag sample for analysis of 
the precipitate phases during the steelmaking slag cooling process. Upon reaching 1000°C, the 
molten steelmaking slag had completely solidified. Subsequently, the slags were cooled to room 
temperature at a rate of 30°C/min. The experimental process was conducted under an argon (Ar) 
atmosphere to prevent the oxidation of the steelmaking slag, and all samples were rapidly cooled 
with water. The phases and microstructure of slag samples were analyzed by scanning electron 
microscopy, SEM-EDS, (VEGA 3 LMH, TESCAN, Brno, Czech) and X-ray diffraction (PANalytical 
X’Pert Power, PANalytical B.V., Netherlands).  

TABLE 1. Chemical compositions of steelmaking slags (mass%) 

No. MgO CaO FexO SiO2 Al2O3 P2O5 MnO TiO2 
1 8.00 44.53 28.63 12.72 2.04 2.04 1.02 1.02 
2 10.00 43.56 28.00 12.44 2.00 2.00 1.00 1.00 
3 12.00 42.59 27.37 12.16 1.96 1.96 0.98 0.98 

 

 

FIG 1 –.Scheme of the heat patterns in this experiment 

 

RESULT AND DISCUSSION  

Equilibrium phase of steelmaking slag 
The thermodynamic equilibrium calculation results depicted in FIG 2 illustrate the predominant 
phases in steelmaking slags with 8 mass% and 12 mass% MgO. These phases encompass RO, 
C2S, C3S, C2S-C3P (solid solution of Ca2SiO4 and Ca3(PO4)2), C2F, and f-CaO. Notably, RO emerges 
as the initial precipitation phase in molten steelmaking slag, with its content at 1600°C escalating 
from 5.46 mass% to 10.91 mass% with an increase in MgO content from 8 mass% to 12 mass%. 
Correspondingly, the RO contents in fully solidified steelmaking slag exhibit a range of 35.84 mass% 
to 38.32 mass%. The findings in the figure unequivocally establish the RO phase as the exclusive 
form of MgO post-solidification of the steelmaking slag. 
As shown in FIG 2, the increase of MgO content results in a reduction of the liquid phase in molten 
steelmaking slag. Consequently, there is an elevation in the concentration of CaO in the liquid phase, 
facilitating the precipitation of C3S. At an MgO content of 8 mass%, C3S precipitates in the 
steelmaking slag at 1375°C. With a further increase in MgO content to 12 mass%, the precipitation 
temperature of C3S rises to 1405°C. As the temperature decreases, the C3S content increases to 
7.50 mass% and 12.19 mass%, respectively, before ultimately decomposing into C2S and f-CaO at 
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1300°C. The data in FIG 2 conclusively suggests that the increasing in MgO content does not exert 
a significant influence on the f-CaO content in steelmaking slag. 

 
FIG 2 – Thermodynamic calculation based on a normal equilibrium calculation model for 

steelmaking slag with different MgO content. Fe2O3 content is 10 mass% of iron oxides in all 
steelmaking slags. 

Mineral phase structure  
The XRD patterns for steelmaking slags containing 12 mass% MgO at different temperatures are 
depicted in FIG 3. It can be deduced that the primary phases in the steelmaking slag include C2S, 
RO, C2F, and C3S. FIG 3 illustrates the precipitation of C3S from the steelmaking slag with 12 mass% 
MgO content at a reduced temperature of 1400°C.  

 
FIG 3 – XRD patterns of steelmaking slags of 12 mass% MgO during cooling 

 
FIG 4 displays SEM images of slowly cooling steelmaking slag with different MgO contents, revealing 
C3S in bulk structures. Interestingly, the increase in MgO content has an insignificant impact on the 
composition and phases of the steelmaking slag. After cooling, steelmaking slag maintains phases 
such as C2S, RO, C2F, and C3S, with no precipitation of C3S in the case of 8 mass% MgO content. 
The persistence of C3S in steelmaking slag after slow cooling, as observed, indicates that, under the 
experimental conditions, the kinetics required for the decomposition of C3S have not been achieved. 
As shown in FIG 4, EDS results demonstrate the presence of Mg and Fe in C3S, suggesting the 
possibility of Fe2+ and Mg2+ substituting for Ca2+ in the C3S crystal lattice. Notably, Mg serves not 
only as a substitutional atom but also as an interstitial atom. The addition of an appropriate amount 
of MgO to steelmaking slag has the potential to alter the formation kinetics of C3S, influencing its 
crystal structure. 
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FIG 4 – SEM of the slowly cooled steelmaking slags with different MgO mass% (The table shows 

the EDS results for points 1 and 2 in the figure) 
 

Stability of steelmaking slag  
As already mentioned, steelmaking slag has been of limited use due to its characteristics of volume 
expansion during storage. The volume expansion is caused by the hydration of free lime (f-CaO) in 
the slag, which exhibits around 10 % swelling (Bazzoni et al., 2014; Stephan and Wistuba, 2006). 
Samples were polished and placed in air to investigate the stability of steelmaking slag at room 
temperature. The steelmaking slag surface starts to precipitate some black phase, as shown in FIG 
5. Based on the SEM-EDS results in FIG 6, the black phase is considered to be gradually precipitated 
f-CaO. As shown in FIG 5 and FIG 6, the MgO in the slag was 10 mass% and a large amount of f-
CaO precipitated from the slag surface after one year. However, when the MgO content was 
increased to 12 mass%, there was no significant change in slag surface after one year. It suggests 
a potential stabilizing effect of an appropriate amount of MgO in steelmaking slag. Nevertheless, it 
is crucial to emphasize that this inference lacks empirical support, and additional studies are 
imperative to validate this hypothesis and provide a more comprehensive understanding of the 
underlying mechanisms. 

 
FIG 5 – SEM of steelmaking slag after one year for different MgO contents 
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FIG 6 – SEM and EDS of steelmaking slag with 10 mass% MgO after one year 

CONCLUSIONS  
The investigation systematically examined the evolution of mineral phases and microstructures 
during the cooling of steelmaking slag with varying MgO contents, aiming to enhance the efficient 
recycling of steelmaking by-products. The principal findings are outlined as follows: the dominant 
phases in steelmaking slag encompass C2S, RO, C2F and C3S. RO phase, representing the main 
form of MgO in steelmaking slag, exhibited an increase from 35.84 mass% to 38.32 mass% with the 
MgO content rising from 8 mass% to 12 mass%. Simultaneously, an increasing in MgO content also 
heightened the C3S precipitation content in steelmaking slag. Cooling experiments revealed that C3S 
in steelmaking slag did not decompose into C2S and CaO with decreasing temperature, possibly 
attributed to the ability of certain Fe2+ and Mg2+ to substitute Ca2+ in C3S. Interestingly, the 
precipitation of f-CaO in steelmaking slag with 10 mass% of MgO content occurred after one year, 
while the precipitation of f-CaO in steelmaking slag with 12 mass% of MgO content did not manifest 
even after one year. This discrepancy implies a potential stabilizing effect of an appropriate amount 
of MgO in steelmaking slag. However, it is essential to note that this inference lacks supporting data, 
and further research is required to validate this hypothesis. 
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