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With the proliferation of wet milling and magnetic separation, a huge amount of steel slag
mud has been discharged, waiting to be recycled. To recycle steel slag mud on a largescale,
a possible solution is to prepare steel slag and other industrial solid wastes into mine filling
materials. In this paper, the steel slag mud is activated through mechanochemical activation,
and the mechanical activation laws are explored through X-ray diffraction (XRD) and
Fourier-transform infrared spectroscopy (FT-IR). The results show that mechanochemical
activation can partially excite the activity of steel slag mud, and that the fineness of steel slag
mud is positively correlated with the mechanical performance of the filling material. In
addition, the low field nuclear magnetic resonance (NMR) was adopted to analyze how the
fineness of steel slag mud affects the porosity distribution of the filling material, and disclose
the relationship between fineness and the material strength. The analysis shows that the mine
filling materials prepared from steel slag mud, slag and flue gas desulfurization gypsum
(FGDG) fully satisfy the required working performance. The research findings lay a
theoretical basis for recycling steel slag mud, solves the environmental pollution of this type
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of industrial solid waste and reduces the filling cost of mine enterprises.

1. INTRODUCTION

Steel slag is a by-product of crude steel smelting in steel
mills. Depending on the smelting method, steel slag may come
from converter, electric furnace, or open hearth [1]. In steel
slag, the chemical components are mainly CaO, MgO, SiO»,
Fe;O3, MnO and AlO;, and the main minerals include
dicalcium silicate, tricalcium silicate, calcium forsterite, the
RO phase, free CaO, etc. [2]. The minerals like calcium
silicate give steel slag a certain hydraulicity [3], making it
suitable to be applied in building materials. For instance, steel
slag often serves as a mineral admixture to prepare steel slag
cement and concrete. With good durability and permeability,
the steel slag can replace the traditional gravel aggregate for
road engineering. In addition, steel slag can also be used as a
soil conditioner in agriculture and a heavy metal ion adsorbent
in wastewater treatment.

Despite being a waste product, steel slag still contains a
large amount of metal iron. To recover more magnetic irons
from steel slag, many Chinese enterprises began to separate
iron from steel slag through wet milling and magnetic
separation. The separation creates huge piles of steel slag mud.
Then, the mud is hydrated through water washing, and
becomes less cementitious. The large amount of sludge will
seriously harm the environment and occupy a wide area of
land. This calls for effective technical measures to make
comprehensive use of steel slag mud. However, the relevant
research is far from enough.

The foreign studies on industrial solid wastes like steel slag
started early and produced fruitful results. For example, Chand
et al. [4] evaluated the heavy metal leaching potential of Linz-
Donawitz (LD) slag in steel industry through varied test
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methods. Chaurand et al. [5] examined the leaching behavior
of chromium and vanadium in basic oxygen furnace (BOF)
slag, revealing that: chromium is released in a small amount,
remains in the initial trivalent state, and shows a low toxicity
even if it is leached. Eloneva et al. [6] discussed the suitability
of a carbonization route that produces carbonates with blast-
furnace slag through acetic acid leaching. Huijgen et al. [7]
identified the carbonization costs of wollastonite and steel slag
as 102 and 77 €/ton CO,, and talked about the suitability of the
carbonation route to produce carbonates with steel slag.
Through accelerated carbonization, Polettini et al. [8]
enhanced the ability of the BOF steel slag to capture CO», and
increased the CO, absorption to 12~14 % (wt). Asi[9] found
that the asphalt concrete containing 30 % steel slag has a
greater skid number than any other asphalt mixtures. Focusing
on concrete admixture for pavement, Kourounis et al. [10]
used the steel slag to partially replace natural coarse aggregate,
measured the compressive, flexural and tensile strengths of the
product, and compared the product with traditional concrete.
Manso et al. [11] investigated the compressive strength, water
permeability, ecological safety and antifreeze performance of
the concrete containing electric arc furnace (EAF) slag.
Monshi et al. [12] produced Portland cement with steel slag
and limestone, and found that blending 10 % extra iron slag to
a cement composed of 49 % iron slag, 43 % calcined lime, and
8% steel slag keeps the compressive strength of concrete
above standard values for type I ordinary Portand cement.
Yiiksel [13] explored the strength and durability changes of
concrete or mortar materials in different mix ratios, adopted
these materials as substitutes for aggregate or cement, and
combined them with ground granular blast furnace slag and
steel slag. Maslehuddin et al. [14] discovered that steel slag



aggregate concrete is more durable than gravel concrete. Beshr
et al. [15] compared how the compressive strength, tensile
strength and elastic modulus of high-strength concrete are
affected by four coarse aggregates, namely, limestone,
dolomite, quartzite and steel slag. Chukwudi and Okorie [16]
treated ceramic tiles with kaolinite clay and steel slag,
revealing that the sample tiles containing 20-60wt% steel slag
have good performance.

Chinese scholars have also made some progress on the
research of steel slag and other industrial solid wastes. For
instance, Ortiz et al. [17] probed into the Ni?" in the wastewater
of converter slag treatment. Hou et al. [18] evaluated the
adsorption performance of water-cooled steel slag on Pb?" in
wastewater. Ma et al. [19] prepared a clinker-free solid waste
concrete with a composite cementitious material, containing
steel slag, slag and flue gas desulfurization gypsum (FGDG),
and concluded that the clinker-free concrete has the optimal
content of steel slag powder, and meets the 3d strength
(22.56MPa) and 28d strength (55.97MPa) required for C50
grade concrete when the ratio of steel slag to slag in the
cementitious material is 1: 2.5. Wu et al. [20] screened iron
tailings from Minyun District, Beijing, reserved coarse tailings
for the preparation of coarse aggregate, and mechanically
ground or calcinated fine tailings, creating a cementitious
material for high-strength concrete. Under a certain water-to-
binder ratio, the concrete samples with 70 % tailings reached
the 28d strength of 89MPa or 99MPa.

To sum up, the recycling of steel slag is increasing mature.
However, there is little report on the mud produced from steel
slag through wet milling and magnetic separation. In this case,

it is very meaningful to explore the largescale recycling of
steel slag mud. Drawing on the existing studies at home and
abroad and the similar hydraulicity between steel slag mud and
steel slag, this paper tentatively explores the preparation of
mine filling materials with steel slag mud and multiple solid
wastes, using the steel slag-slag-FGDG cementitious material.
Besides, the hydraulicity evolution of steel slag mud was
studied through mechanochemical activation, laying a
theoretical basis for largescale recycling of steel slag mud.

Firstly, the physicochemical properties of the raw materials
were analyzed in details. Next, the steel slag mud was
activated mechanochemically and examined in depth. After
that, the steel slag mud samples ground for different periods
were analyzed through X-ray diffraction (XRD), Fourier-
transform infrared spectroscopy (FT-IR), etc. Moreover, the
low field nuclear magnetic resonance (NMR) was adopted to
analyze the internal pore evolution of the prepared filling
materials. Finally, the recyclability of steel slag mud was
confirmed based on the results.

2. MATERIALS AND METHODS
2.1 Raw materials

The steel slag mud was obtained from Shougang Qian’an
Iron and Steel Co., Ltd. The slag (micro powder) was provided
from Hebei Jinxi Iron & Steel Co., Ltd. The FGDG was
collected from Qian’an Thermal Power Plant. The chemical
components of the three materials are listed in Table 1.

Table 1. Chemical components of raw materials

Raw materials CaO SiO: ALO3

MgO Fe;03 TiO2 MnO  SO3

Slag 4645 21.69 1551
Steel slag mud 35.68 10.65 2.51
FGDG 39.64 1.87 0.52

842 250 1.86 0.70  0.85
441 3851 080 435 0.15
0.72 0.51 0.06 0.01 33.57

(1) Steel slag mud. The XRD pattern of the steel slag mud
is shown in Figure 1. It can be seen that the highly alkaline
steel slag mud mainly contains B-dicalcium silicate
(2Ca0-Si0,, BCsS), y-dicalcium silicate (2Ca0-Si02, yCs,S),
tricalcium silicate (3CaO-SiO2, C3S) and dicalcium ferrite
(2Ca0-Fe 03, CoF), the RO phase of iron-bearing solid
solutions, Ca(OH); and a few amount of CaCOs3. The various
minerals in the steel slag mud result in the multiple
overlapping diffraction peaks in the XRD pattern.
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Figure 1. XRD pattern of the steel slag mud
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(2) Slag and the FGDG. The XRD patterns of slag and the
FGDG are presented in Figures 2 and 3, respectively. In Figure
2, there is no obvious crystallization peak but a bulge at around
30°, indicating that the main content of slag is gehlenite (Ca,Al
[AISiO7]). Meanwhile, the FGDG is mainly composed of
calcium sulfate dihydrate (CaSO4:2H,0).
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Figure 2. XRD pattern of slag
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Figure 3. XRD pattern of the FGDG
2.2 Instruments

The X-ray fluorescence (XRF) spectrometry was performed
on an XRF-1800 Sequential X-ray Fluorescence Spectrometer
(Shimadzu Corp., Japan). The XRF spectrometry data were
analyzed in the chemical analysis lab of University of Science
and Technology Beijing (USTB).

The X-ray diffraction analysis (XRD) was conducted on a
D/Max-RC X-ray powder diffractometer (Rigaku, Japan)
using Cu-Ka X-ray (wavelength: A=1.5418A). The tube
voltage and tube current are 40kV and 100mA, respectively.

The Fourier-transform infrared spectroscopy (FT-IR) was
implemented on an FTIR-8400s Fourier transform infrared
spectrometer (Shimadzu Corp., Japan).

The nuclear magnetic resonance (NMR) was carried out on
a MesoMR23-060H-I NMR analysis and imaging system
(Niumag Corp., China), using permanent magnets. The
magnetic field strength, main instrument frequency, probe coil
diameter and effective detection ranges are 0.5+0.05T,
21.3MHz, 60mm and @60mmxH60mm, respectively.

2.3 Test methods

The steel slag mud, slag and the FGDG were placed in an
oven and dried to less than 1% of water. The dried materials
were ground by an SM@500x500 cement test grinder. The slag
was ground until its specific surface area (SSA) reached
550m*/kg, and the FGDG was ground until its SSA reached
450m?/kg. The steel slag mud was ground for different
durations, i.e. 20min, 40min, 60min, 80min, 100min and
120min. The SSA and particle size of the steel slag mud
ground for each duration were analyzed in details.

The steel slag tail mud with different fineness was mixed
with the ground slag and the ground FGDG into the
cementitious material at the mix ratio of 55: 30: 15. The slurry
content was 72% and the binder-to-sand ratio was 1:4. The
materials were mixed evenly in a cement mortar mixer, poured
in a 40mmx40mmx160mm mold, and cured to the preset age.
Then, the specimens of mine filling materials were subjected
to compressive strength measurement.
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3. ANALYSIS OF TEST RESULTS

3.1 Particle size distributions of steel slag muds at different
grinding durations

In the grinding process, the particle size of steel slag mud
gradually decreases and falls into an increasingly small
distribution interval. The particle size distributions of steel
slag mud after being ground for 20min, 40min, 60min, 80min,
100min and 120min are presented in Figures 4(a)~(f),
respectively. As shown in Figure 4, the particle size of steel
slag mud being ground for different durations obeyed
polarized distribution, rather than lognormal distribution. With
the growth in grinding duration, the polarization of particle
size distribution gradually increased and then decreased. This
trend is mainly attributable to the significant difference in
grindability between the varied minerals of steel slag mud. In
addition, the longer the grinding duration, the lower the peak
particle size of steel slag mud, indicating that the dominance
of medium-coarse particles in steel slag mud is gradually
replaced by medium-fine particles through the mechanical
grinding.

As shown in Figures 4(a)~(b), in the first 20min of grinding,
the particle size of steel slag mud started to decrease rapidly,
but more than half of the mud particles were still larger than
10um; after 40min of grinding, the number of greater-than-
10um particles gradually reduced. As shown in Figures
4(c)~(d), many submicron particles appeared in the steel slag
mud, and their proportion in the mud continued to increase. As
shown in Figures 4(e)~(f), further extension of the grinding
duration slowed down the growth in the number of smaller-
than-10um particles in the steel slag mud, and stabilized the
distribution interval of particle size. The above results show
that the longer the grinding duration, the smaller the particle
size of steel slag mud. However, many submicron and
nanosized particles will emerge and agglomerate after
continued grinding. As a result, there was no significant
increase in the number of fine particles, after the grinding
lasted more than 100min.

The characteristic particle sizes of steel slag mud being
ground for different durations were analyzed. The results were
recorded in Table 2, and observed to disclose the change laws
of the particle sizes at Do, Dso and Dgo, respectively, the
cumulative particle size distribution of 10 %, 50 % and 90 %
in volume percentage [21]. Dio and Doy describe the
cumulative distributions of fine particles and large particles,
respectively. The Djo value is negatively correlated with the
number of fine particles, while the Dy value is positively
correlated with the number of large particles. D5y reflects the
mean particle size of steel slag mud.

It can be seen in Table 2 that the characteristic particle sizes
of steel slag mud were not always negatively correlated with
the grinding duration. Specifically, the Dso value dropped from
16.41um to 6.77um, revealing that the mean particle size of
steel slag mud gradually declined with the extension of
grinding duration. This means the number of fine particles
increased while that of large particles decreased. Both Do and
Dyy plunged deeply before 100min and slightly rebounded
after that time point: the Do value firstly decreased from
2.40um to 1.33pm, and then grew to 1.35um; the Doy value
firstly dropped from 55.01pm to 33.16um, and then rose to
34.20pum. The slight increase in Dio and Dyg after 100min
occurs due to the agglomeration of steel slag mud particles
after excessively long grinding.
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Figure 4. Particle size distributions of steel slag mud at different grinding durations
Table 2. Characteristic particle sizes of steel slag mud being surface. This is because the grinding energy is partially
ground for different durations converted into the internal energy and surface energy of the
particles, with the growing SSA of steel slag mud [22].
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broken bonds appear in the crystal structure. The crystal lattice
is thus distorted, forming an amorphous structure on particle
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Figure 5. XRD patterns of steel slag mud at different
grinding durations
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Figure 5 displays the XRD patterns of steel slag mud at
different grinding durations. Obviously, the diffraction peaks
at different angles did not change with the grinding duration.
Thus, increasing the grinding duration cannot promote the
formation of new phase in steel slag mud. On diffraction peak
intensity, after 100min of grinding, the diffraction peaks on the
(102) and (110) crystal planes of CH almost disappeared, those
on the crystal planes of y-C,S and B-C.S were greatly
weakened, and those of CaO, C3S and RO phase also became
shorter, wider and flatter. These phenomena indicate that,
under mechanical activation, some minerals of steel slag mud
witnessed the distortion of crystal lattice and amorphous
change in crystal structure.

3.3 FT-IR analysis on steel slag mud at different grinding
durations

The steel slag mud was subjected to infrared analysis after
being ground for 20min, 60min and 100min. Figure 6
compares the FT-IR patterns of steel slag muds with different
fineness. It can be seen that, despite the difference in fineness,
the steel slag muds were basically the same in the positions of
bands and characteristic peaks.

In Figure 6, the absorption characteristic peaks at 516¢m™!
are resulted from the bending vibration of the Si-O-Si bond.
The bands between 800 cm™ and 1,100 cm™! belong to the Si-
O vibration band. The typical C-S-H characteristic peaks here
are caused by the asymmetric tensile vibration of Si-O. The
bands between 1,412cm™ and 1,477cm™' represents the
asymmetric vibration band of COs%, which come from the
carbonization of the steel slag mud during the hydration
process. The bands at 3,645cm! are produced by the stretching
vibration of the O-H bond in the Ca(OH),, which is the
hydration product of steel slag mud.

In Figure 6, the typical characteristic peaks became sharper
with the increase of the fineness of steel slag mud. A possible
reason lies in the soaring number of nano-sized particles in the
mud and the continued growth in the number of surface atomic
groups, which both occurred with the extension of the grinding
duration.
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Figure 6. FT-IR patterns of steel slag mud at different
grinding durations

221

3.4 Mechanical analysis on steel slag mud at different
grinding durations

Figure 7 illustrates the compressive strengths of the
prepared filling material at different grinding durations. It can
be seen that, with the growth in grinding duration, the steel
slag mud became increasingly fine. For the prepared
specimens, their compressive strengths were all positively
correlated with fineness, whichever the curing age.

After 80 minutes of mechanical grinding, the steel slag mud
was fully activated, which greatly enhances the specimen
strength. This is because a long grinding excites the active
components (e.g. C>S and CsS) not yet hydrated in steel slag
mud. Steel slag mud is the product of wet milling and
mechanical separation. The active components originally in
the steel slag have already been partially hydrated. Hence, the
steel slag mud is less active than the steel slag, leading to the
low weak strength of the mud system. Therefore, an important
way to prepare mine filling material from steel slag mud is to
fully activate the cementitious property of the mud through
mechanochemical activation.

28d

Compressive strength/MPa
)

I =3

60 80 100

Grinding duration/min

20 40

Figure 7. Effects of steel slag mud fineness on mechanical
performance of the filling material

3.5 NMR-based analysis on the effects of steel slag mud
fineness on the porosity distribution law of the prepared
filling material

The NMR analysis and imaging system was employed to
measure the spin echo amplitude of the Carr-Purcell-
Meiboom-Gill (CPMG) sequence, aiming to detect the
attenuation of transverse magnetization vector and the
unrecoverable dispersed phase. The time constant of
transverse magnetization attenuation is called the transverse
relaxation time T,. The porosity distribution of each type of
pores can be characterized based on the ratio of the signal
intensity of the water in each pore to that in all the pores and
the porosity of the specimen. The amplitude of the spin echo
attenuation can be accurately fitted by adding up a set of
exponential attenuation curves, each with a unique attenuation
constant. The set of all attenuation constants is the T
distribution.

In this paper, the T distribution maps of the filling materials
prepared from steel slag muds ground for different durations
are obtained through CPMG tests, which intuitively display
the porosity distribution of mine filling materials. Then, the



porosity distribution law was explored to disclose the effects
of grinding duration on the mechanical performance of the
filling materials.

Figures 8~11 show the T, distribution maps of steel slag
mud at different grinding durations. It can be seen that the T
distribution map of the filling material prepared from steel slag
mud ground for whichever duration had two clear relaxation
peaks. The primary peak was relatively large and worthy of
detailed analysis. Therefore, the author explored the primary
peak distribution law of the filling materials prepared from
steel slag muds ground for different durations and cured for
different ages. In general, the primary peaks in the T> maps of
these filling materials fell between 0.5ms and 8ms, and their
areas decreased with the growth in the curing age. These trends
can be explained by the nature of the hydration of the filling
materials: the physically-bound water is converted to
chemically-bound water.

With the increase of curing age, the T, distribution of the
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Figures 12~14 present the T, distribution maps of the filling
materials prepared from steel slag muds ground for different
durations and cured to the same age. It is obvious that these
filling materials had similar T, distributions: two relaxation
peaks appeared between 0.1ms and 10ms and covered similar
areas. At the age of 3d, the filling materials prepared from steel
slag muds ground for different durations saw insignificant
changes in T, distribution. However, the longer the grinding

filling materials prepared from steel slag muds ground for
different durations shifted to the left. For the filling materials
prepared from muds ground for 20min, the area and
displacement of the T, primary peaks were not obvious,
indicating that the mud activity is not fully released and the
filling material is not highly hydrated in the early phase of
grinding. When the grinding duration increased to 40min, the
T, primary peaks were clearly displaced from those after
20min of grinding. Thus, the increase of grinding duration
improves the activity of steel slag mud. At the grinding
duration of 80min, the displacement of T, primary peaks were
even more significant. This means the mud fineness continues
to grow through grinding, which fully activates the mud and
speeds up the hydration. After the grinding lasted 100min, the
T, primary peaks of the filling materials at all curing ages had
significant displacement, an evidence of effective
mechanochemical activation and accelerated hydration rates
for all filling materials.
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duration, the closer the T, was to the relatively small relaxation
time. The same laws were observed for the filling materials at
the age of 7d and 28d. The results show that, with the growth
in curing age, the longer the grinding duration, the more
thorough the hydration of steel slag mud, the smaller the
particle size and the better mechanical performance of the
filling material.
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4. CONCLUSIONS

(1) Due to the weak cementitious property of steel slag mud,
the active components like C,S and CsS in steel slag mud can

be effectively stimulated through mechanochemical activation.
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This treatment makes steel slag mud a major raw material for
mine filling material, laying the basis for largescale recycling
of steel slag mud.

(2) The filling material enjoys the best mechanical
performance, when the steel slag mud is ground for
80~100min to the SSA of 520m?kg. The grinding duration
should not surpass 100min, because more and more micron
and nanosized particles appear and agglomerate in the mud.

(3) The NMR-based analysis shows that, the longer the
grinding duration, the finer the steel slag mud, the faster and
more thorough the hydration of the filling material. Thus, a
long grinding of steel slag mud helps to reduce the particle size
and enhance the better mechanical performance of the filling
material.
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