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Abstract: Basic oxygen furnace (BOF) slag is a main byproduct produced during the converter steel-
making process. The poor grindability of BOF slag limits its added-value application. In this paper,
the grinding characteristics of unmodified and reconstructed BOF slag were compared. Additionally,
the grinding property of reconstructed steel slag was also studied after SiC foaming. The results
show that the solid solution of divalent metal oxides’ RO phase, considered as the hardly grinding
phase, discomposes after lime-bauxite reconstruction. The characteristics of BOF slag were tested
through particle size analysis, XRD, SEM and MIP. The SSA (specific suface area) and the particle
diameter of unmodified BOF slag could reach 303.1 m2/kg and 51.75 µm after 10 min of grinding,
but that of reconstructed BOF slag could reach 354.5 m2/kg and 18.16 µm after the same grinding
time, respectively. The grinding efficiency of steel slag was obviously increased and the particle
characteristics were improved after foaming modification. BOF formed as a porous structure after
SiC foaming; its porosity, SSA, and particle diameter can reach 31.79%, 424.4 m2/kg, and 24.36 µm
and increased by 10.31%, 19.72%, and 39.04%, compared with the reconstructed steel slag of undoped
foaming agent, respectively, and the grindability was further improved. A theoretical basis for
large-scale BOF slag utilization is provided.

Keywords: reconstruction; grindability; SiC; foaming agent; particle size analysis; mercury intru-
sion porosimetry

1. Introduction

Portland cement production is known to be highly energy intensive (5.3 MJ/kg em-
bodied energy for ordinary silicate cement production [1]) and is a significant contributor to
greenhouse gas emissions (0.97 t CO2/t OPC [1]). It is estimated that Portland cement pro-
duction accounts for nearly 7% of the total global CO2 emissions annually [2,3]. Therefore,
CO2 gas emissions from cement and concrete production are becoming a global concern,
and many researchers are working on the development of silicate cement substitutes to
produce less environmentally damaging cementitious materials.

In recent years, increasing attention has been paid to the use of waste and by-products
from industrial production as a partial solution to environmental and ecological problems.
Basic oxygen furnace (BOF) slag is an industrial solid waste generated in the steelmaking
process [4,5]. It is rich in CaO, SiO2, Al2O3, Fe2O3 in chemical compositions, and the mineral
phases of steel slag are mainly composed of C3S, C2S, C2F, C4AF, and the solid solution
of divalent metal oxides RO phase. Based on its chemical and mineral compositions, BOF
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slag has potential hydration activity [4]. Much research has shown that finely milled (BOF)
slag can be used as a cement replacement in mortars and concretes [6–8]. However, BOF
has poor grindability. BOF slag requires a longer grinding time than cement clinker [5],
due to its high content of iron oxide and RO phase and the relatively high absolute density
(about 3.7 g/cm3 on average). The iron and manganese ions have a great affinity for
oxygen because of their strong polarization ability. These ions combine with oxygen in the
silicon–oxygen tetrahedron; its tetrahedral structure is destroyed and the interconnection
of the silicon–oxygen tetrahedrons is promoted, thus a complex and huge island chain of
silica groups is formed. These interconnected silica-oxygen groups are hard to destroy
under the impact of mechanical force. What’s more, the surface energy of the fine BOF
slag particles increases obviously, as the SSA increases to a certain extent, and the particles
show a trend of agglomeration [6], resulting in BOF slag being difficult to be ground. So
that the grinding efficiency of BOF slag is low and the energy consumption is great [9,10].

For this reason, some studies were done to improve the grindability and grinding
efficiency of BOF slag. At present, the research on improving the grinding efficiency of
steel slag is mainly focused on the optimization of grinding equipment such as vertical
mill and ball mill, but there are few studies on other measures such as removing the hard
grinding phase (HGP) or using chemical admixtures [11]. Although vertical mill has been
used in the grinding of steel slag, many application studies show that the shape of steel slag
powder prepared by vertical mill is poor, and presents as flat, needle, and irregular shapes.
Therefore, the preparation of steel slag powder in China is still dominated by a ball mill. At
the same time, some studies show that the metal iron in steel slag is one of the main reasons
for the poor grindability of steel slag [11]. However, in different milling stages, the factors
affecting the milling efficiency usually vary with different milling characteristics [12].

The RO phase with the highest density is the hardest component in the mineral com-
position of steel slag. The higher the molar ratio of FeO/MgO, the higher the hardness
and density of the RO phase are, and the worse the grindability of steel slag is. The higher
the FeO/MgO molar ratio, the stronger the magnetic properties and the higher electrical
conductivity of the RO phase are, so the better beneficiation selectivity of electric separation
and magnetic separation are. The separation of the RO phase from steel slag cannot only im-
prove the grindability of steel slag, but also increase the relative content of silicate minerals
and eliminate the inherent defects of low active minerals in steel slag [13]. A new mineral
phase of wollastonite (CaO·SiO2) and a small number of vitreous phases were generated
by adding fly ash into steel slag before quenching. The proportion of accumulated slag
with particle size less than 75 µm and 250 µm increased from 13.3% and 16.1% to 36.9%
and 83.8%, respectively, when fly ash content changed from 0 wt % to 30 wt % [14], and the
grindability was improved. The previous research of our group took the hot stuffing BOF
slag of Guangxi Liugang Co., Ltd. as the research object, and proposed to separate the RO
phase by adding CaO and Al2O3 based on its characteristics of replacement solid solution,
which may improve the grindability of BOF slag [15].

In other fields, some researchers have carried out research on the influence of pore
structure on grindability, which provides certain ideas for the research of this paper. Wang
Qing et al. [16] studied the influence of microwave drying on the physical and chemical
properties of Liushuhe oil shale on the development of pores due to different heating
mechanisms. Moisture transfer was produced by microwave drying, resulting in a water
vapor pressure gradient between the surface and the inside of the material, and a large
number of micropores (<2 nm) forming mesopores (2 nm–50 nm). Microwave drying has a
40% higher grindability index than ordinary drying. Qin Y.H. et al. [17] proposed a novel
high-voltage pulse discharge (HVPD) pretreatment method to weaken the mechanical
properties of magnetite shale and improve its grinding efficiency. The HVPD pretreatment
product has a large specific surface area, a large total pore volume, many pores, a loose
structure, and a larger porosity than the mechanically crushed product. The mass fraction
of the milled products small than 0.074 mm pre-treated by HVPD is more than that of
mechanical pulverization.



Crystals 2021, 11, 1051 3 of 10

In this paper, a new solution method for slag grinding was introduced. The tempering
component and foaming agent was added to the steel slag, the slag phase composition and
structure was changed, and its grindability was improved.

2. Raw Materials and Methods
2.1. Raw Materials

BOF slag was supplied from Liuzhou Iron & Steel Co., Ltd. (Liuzhou, China), PO42.5
cement clinker was the reference cement obtained from China Building Academy Co.,
Ltd. (Beijing, China), Soft burnt lime and bauxite were used as composition tempering
materials from the factory in Guilin Jinshan Chemical Industrial Co., Ltd. (Guilin, China)
and Hengxian Shaodong Chemical Industrial Co., Ltd. (Nanning, Chna), respectively.
Silicon Carbide (SiC) produced by Xilong Scientific Co., Ltd (Shantou, China). was used
as the foaming agent. In the preprocessing stage, steel slag, Portland cement clinker and
composition adjusting materials were dried at 383 K in a drying cabinet for 8 h at first, and
then were ground to a Blaine SSA of 400 ± 20 m2/kg. The main chemical components of
raw materials tested by chemical titration are shown in Table 1.

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

Raw Materials SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O TiO2 Loss

Steel slag 16.46 6.20 20.11 43.46 6.83 0.34 0.04 0.33 - -
Cement clinker 22.04 5.73 2.86 62.05 1.33 2.91 - - - 1.50

Lime 0.15 1.03 0.49 97.25 0.25 - - - - 1.22
Bauxite - 90 1.5 0.2 0.2 4.64 - - 3 0.46

From Table 1, the contents of CaO, SiO2, and Al2O3 in the original steel slag were not
as high as in cement. The content of CaO in steel slag was about 43.46%, for instance, while
it’s about 62.05% in cement. The C/S (CaO/SiO2) of steel slag was 2.64, but the C/S of
cement was 2.81. It was obvious that the chemical composition of steel slag was different
from cement.

2.2. Method

The steel slag powder, limestone, bauxite, and SiC were prepared according to different
test ratios. The mixture was then homogenized for 2 h in the mixing bucket to make it fully
uniform, then pressed into the test tablet by a powder tablet machine. The test tablet was
calcined at 1290 ◦C in a muffle furnace. After sintering to the specified holding time, it was
quenched to make the required steel slag.

The density of pretreated raw materials was determined according to Chinese National
Standard GB/T 208-2014 [18], and SSA was tested according to Chinese National Standard
GB/T 8074-2008 [19]. The mineralogical phase of raw materials and reconstructed steel
slag were determined by powder XRD, using a PANalytical (Almelo, Netherland) X’Pert
Pro diffractometer with nickel-filtered Cu Kα1 radiation, a scanning speed of 12◦/min,
and a scanning range of 10◦ to 80◦. The steel slag mineral morphology was observed by a
Hitachi (Tokyo, Japan) S4800 scanning electron microscope (SEM). The Pore structure of
BOF slag was tested by a Micromeritics AutoPore IV 9510 Mercury Intrusion Porosimeter
under 60000 psi.

3. Results and Discussion
3.1. Reconstruction

Lime and bauxite were selected as tempering components to reconstruct the BOF slag
at a high temperature of 1290 ◦C according to previous study [20], in order to increase
the content of C2S and C4AF as the main mineral components of BOF slag and reduce the
content of the RO phase. The specific mixing ratio is shown in Table 2.
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Table 2. Mix ratio of BOF slag reconstruction.

Sample BOF Slag Lime Bauxite

RS 75 21 4

The X-ray diffraction of reconstructed BOF slag (RS) and original BOF slag (OS) is
shown in Figure 1. The main mineral phases of BOF slag are α-dicalcium silicate (α-C2S),
β-dicalcium silicate (β-C2S), dicalcium ferrite (C2F), tetracalcium ferroaluminate (C4AF),
and other cementitious mineral phases, as well as non-gelling magnetite (Fe3O4) and the
RO phase. It can be seen that the characteristic peaks of C2S and C4AF in the reconstructed
BOF slag increase with the addition of tempering components, indicating that the addition
of tempering components promotes the increase of the C2S and C4AF content. C2S and
C4AF exhibit good hydration activity and grindability in cement clinker, and the properties
of BOF slag will be improved with the increase of their contents. At the same time, the
characteristic peak of the RO phase disappeared, and the characteristic C4AF peak appeared.
It shows that with the addition of tempering and tempering components, the RO phase in
the steel slag is precipitated and decomposed; partly converted into MgFe2O4, and partly
converted into iron phases.
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Figure 1. X-ray diffraction of BOF slag before and after reconstruction.

Unmodified BOF slag and reconstructed BOF slag were ground for 10 min by vibrating
mill, respectively, the SSA and particle distribution of BOF slag are tested, and the results
are as follows. It can be seen from Figure 2. that the small-size particles in the BOF slag
increase, while the large-size particles are less after high-temperature reconstruction. The
average particle size of the BOF slag is reduced from 51.75 µm to 39.96 µm as plotted in
Figure 2. Meanwhile, the SSA of the fine powders prepared by the reconstructed slag and
the unmodified steel slag under the same grinding time was studied. It is found that the
SSA of the reconstructed steel slag powder increased from 303.1 m2/kg of the unmodified
steel slag to 354.5 m2/kg as shown in Table 3, which fully shows that the grindability of
the reconstructed steel slag modified by the calcium-aluminum composition is better than
that of the unmodified converter steel slag.
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Figure 2. Particle distribution of steel slag before and after reconstruction. (a) Original BOF slag; (b) Reconstructed BOF slag.

Table 3. SSA of original steel slag powder and reconstructed steel slag powder.

Sample SSA (m2/kg)

OS 303.1

RS 354.5

As the XRD analysis mentions above, a mass of C2S and other silicate phases with
good grindability are newly formed, with the addition of the tempering components. Fe
also transforms from a metal oxide solid solution-RO phase, and combines with calcium
ferrite into a combined state of C4AF. The content of calcium ferrite and the RO phase in
BOF slag is reduced in the process of high-temperature reconstruction. The content of
the calcium ferrite phase and the RO phase in BOF slag decrease in the process of high
temperature modification, and these two phases are also the most difficult to grind from the
perspective of mineral hardness [12]. Therefore, the grindability of steel slag is improved
after high-temperature reconstruction treatment due to the changes of these two factors.

3.2. SiC Foaming Modification

In the research of the previous chapter of this article, it can be found that the grindabil-
ity of BOF slag is improved to a certain extent by high-temperature reconstruction, but it is
still not ideal. This chapter describes a method by which a high-temperature foaming agent,
SiC, is added to a high-temperature slag reconstruction process for further improvement of
the grindability of slag from the structure. SiC begins to react at about 1000 ◦C, which is
mainly the oxidation reaction as Equation (1), and the reaction continues with the increase
in temperature. This reaction will result in a weight gain of the solid phase, and result in
a weight increase of 50 wt % theoretically, when the SiC is completely converted to SiO2.
In practice, however, SiC begins to gain weight at around 1000 ◦C, but it increases slowly,
and its weight gain is only 2.2 wt % at 1300 ◦C, which means that only 4.4% of SiC has
undergone oxidation. Studies have found [21] that SiO2 formed by the oxidation of SiC
will form a dense oxide layer on the surface of SiC, blocking the continued reaction of SiC.

SiC(s) + 2O2(g)→ SiO2(s) + CO2(g) ∆G = −801.23 kJ ·mol−1 (1)

In this chapter, 0.4%, 0.8%, 1.2%, 1.6%, and 2% of the SiC foaming agent micro powder
is added to the basic ratio of BOF slag reconstruction to further improve the grindability of
the BOF slag. The sintering temperature is set to 1290 ◦C, the holding time is set to 90 min,
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and the cooling system adopts air-cooling and rapid quenching. The specific configuration
is shown in the Table 4 below.

Table 4. Mix ratio of SiC foaming porous reconstructed steel slag.

Sample
wt %

BOF Slag Lime Bauxite SiC

PRS1

75 21 4

0.4
PRS2 0.8
PRS3 1.2
PRS4 1.6
PRS5 2

Since SiC is surrounded by silicate forming components or liquid phases under high-
temperature alkaline molten salt conditions, the silica protective layer reacts with the
alkaline molten salt to form a silicate liquid phase, causing corrosion or cracking of the
protective layer. The rapid diffusion of oxygen through the protective layer causes the
chemical reaction between SiC and oxygen to increase greatly, and a large amount of CO2
and CO gas is generated [20]. The oxidation was schematic as shown in Figure 3. The
generated gas was not discharged to the outside in time, remained in the test cake, and
caused closed cells. In turn, the test cake was deformed, the pressure of the blocked pore
gas was higher than the capillary pressure, and the test cake swelled as a result. The
sintering process of this material is expressed by the following equation [22], in which ε is
porosity, ηs is the effective viscosity of the system, Pc is the capillary pressure produced in
the fine pores of the piece, and Pg is the pressure that the gas inside the pores exerts.

−dε
εdt

=
3

4ηs
(Pc− Pg) (2)
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The SEM micrographs of the reconstructed steel slag and the porous restructured steel
slag containing 1.6% SiC produced by sintering at 1290 ◦C are shown in Figure 4. The recon-
structed steel slag not doped with SiC presents a relatively dense microstructure with fewer
pores, while those structure with the addition of SiC as a high-temperature foaming agent
become looser, and the pore size increases. The sample contains many isolated spherical
closed pores with an average pore diameter of about 10 µm, and there are also long and
narrow open pores, when the SiC mass fraction is 1.6%, as shown in Figure 4b.

In fact, SiC particles are easily oxidized at high temperatures when they are exposed
to O2 [23]. Nevertheless, the formation of a dense SiO2 protective film on the surface
of SiC particles can effectively prevent their further oxidation [24]. Flux oxides (ie, K2O,
Na2O, and CaO, etc.) have been found that have a significant corrosive effect on the SiO2
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protective film. The addition of quenching and tempering components such as CaO and
Al2O3, meanwhile, reduces the viscosity of the system and makes the BOF slag in the
molten liquid phase form at a lower temperature. The formation of more liquid phases
reduces the expansion resistance of the pores, and accelerates the chemical reaction between
SiC and O2, thereby increasing the level of SiC oxidation [24,25].
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The reconstructed steel slag and SiC foamed porous reconstructed steel slag are tested
through MIP. The relationship between the amount of non-wetting liquid entering pores
and the continuously increasing pressure are tracked basing on the Washburn equation [26],
and the results are shown in Table 4. P is the pressure of the liquid level, γ is Surface
tension, θ is contact angle, and r is radius of curvature.

P =
−2γ cos θ

r
(3)

The pore size distribution diagram and the cumulative mercury intrusion curve of
BOF slag are shown in Figure 5a,b respectively. The total area of the mercury intrusion
curve equals the total volume of the unit mass pores according to the graph. The pore
size distribution presents multiple peaks, and the coarse pores increase slightly after SiC
foaming, which may be because some small pores combine to form larger pores due to
the large dosage of SiC. The total pore volume per unit mass of steel slag increases from
0.1228 mL/g to 0.1872 mL/g, the porosity increases from 21.48% to 31.79%, the total pore
area increases from 14.554 m2/g to 26.724 m2/g, the medium pore diameter increases from
48.4 nm to 52.4 nm, and the average pore size is reduced from 33.7 nm to 28 nm, as plotted
in Table 5. The reconstructed steel slag after SiC foaming has a porous structure, which is
consistent with the results of the microscopic morphology analysis.

The FBT-5 SSA diameter is used to test the ground steel slag powder separately, and
the results obtained are as shown in Table 6: The SSA of the reconstructed BOF slag powder
increases with the increase of the SiC content, when the SiC content is less than 1.6%. The
SSA of the PRS4 group BOF slag powder with a SiC content of 1.6 and a porosity of 31.79%
reached 424.4 m2/kg. The pore structure of the porous reconstituted steel slag deteriorates
and the SSA begins to decrease when the SiC content continues to increase, but it is still
higher than that of the unfoamed reconstructed steel slag. The porosity of the reconstructed
steel slag after SiC high-temperature foaming increases, its mechanical strength decreases,
and the grinding efficiency is improved. The grindability of the reconstructed steel slag is
improved to varying degrees.

The average particle size of the fine powder ground from the PRS4 porous recon-
structed steel slag is reduced to 24.36 µm compared to 39.96 µm of the reconstructed steel
slag as shown in Figure 6, which is basically consistent with the SSA test result, and further
confirms that the grindability of reconstituted steel slag is improved after high-temperature
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foaming of SiC. This method, which can improve the grindability of BOF slag, is carried out
industrially using the residue heat of high temperature molten steel slag. Despite the fact
that the foaming process of SiC releases CO2, it is still relatively environmentally friendly
compared to the manufacturing process of conventional cement materials.
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Table 5. Pore structure changes of reconstructed steel slag before and after SiC foaming.

Sample Porosity (%) Average Pore Size (nm) Medium Pore Size (nm) Total Pore Volume (mL/g) Total Pore Area (m2/g)

RS2 21.48 33.7 48.4 0.1228 14.554
PRS4 31.79 28 52.4 0.1872 26.724

Table 6. SSA of porous reconstructed steel slag with different content of SiC.

Sample SSA (m2/kg)

PRS1 356.2
PRS2 367.7
PRS3 389.1
PRS4 424.4
PRS5 395.6

RS 354.5
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Figure 6. Particle distribution changes of SiC foaming. (a) Unfoamed reconstructed BOF slag; (b) Porous reconstructed BOF slag.
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4. Conclusions

1. The RO phase in the BOF slag was decomposed when the tempering components
were incorporated, and the precipitated FeO reacts to form C2F and C4AF, while MgO
partly dissolves in the silicate phase and the ferro-aluminate phase, and partly exists in the
form of iron-magnesium spinel.

2. The grindability of the BOF slag was improved, as the content of the RO phase was
reduced. The SSA of reconstituted steel slag increased from 303.1 m2/kg of unmodified
steel slag to 354.5 m2/kg after 10 min of vibratory grinding, and the average particle size
decreased from 51.75 µm to 39.96 µm.

3. The porosity of the reconstructed BOF slag increased after SiC was added, and
reached 31.79% when the SiC content was 1.6 wt %. The grindability of the reconstructed
BOF slag was significantly improved. The SSA of the reconstructed BOF slag without
a foaming agent was increased by 69.9 m2/kg, and the average particle diameter was
reduced by 15.60 µm. Excess gas was generated when the content of SiC was too high, the
pore structure was destroyed, and an unfavorable impact on grindability was exerted.

4. The findings of this study can be used to inform the development of BOF slag,
which can be used in place of cement to reduce the consumptions of natural resources
associated with the production of cement clinker.
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