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Abstract: The preparation of high-quality inorganic fibers by centrifugation from modified melting-
separated red mud, which is the product of the efficient recovery of pig iron from red mud, is
a new approach to achieve large-scale production of high value-added materials from red mud.
This method has a wide range of application prospects and could contribute substantially to the
comprehensive utilization of bulk industrial solid waste and the development of a circular economy.
In this study, melting-separated red mud was modified with water-quenched blast furnace slag,
quartz sand, and quicklime. The effect of the CaO/Na2O mass ratio on the viscosity, fluidity, and
crystallization performance of the melting-separated red mud was investigated; slag wool was
prepared by centrifugation under laboratory conditions; and the effect of the CaO/Na2O mass ratio
on the morphology and properties of the slag wool was investigated. The viscosity of modified
melting-separated red mud with different CaO/Na2O mass ratios shows a decreasing trend with
increasing temperature, and the fluidity increases with increasing temperature, indicating that the
melt fluidity is improved. The suitable fiber-forming temperature of the melting-separated red mud
shows a trend of increasing–decreasing–increasing with an increasing CaO/Na2O mass ratio, and at
a CaO/Na2O ratio of 3.0, the maximum suitable fiber-forming temperature is 81 ◦C. Considering the
feasibility of slag wool preparation from modified melting-separated red mud, the CaO/Na2O of
the modified raw material system should not be higher than 3.0. The crystallization temperature of
modified melting-separated red mud with different CaO/Na2O mass ratios first increases and then
decreases, with a peak of 1450 ◦C at a CaO/Na2O ratio of 4.0. Slag wool prepared from modified
melting-separated red mud with different CaO/Na2O mass ratios exhibits good properties, with a
diameter of 5.47–6.67 µm and a slag ball content of 2.7–8.4%.

Keywords: melting-separated red mud; slag wool; CaO/Na2O mass ratio; modification; centrifugal
fiber formation

1. Introduction

Red mud is a strongly alkaline industrial solid waste generated by alumina extraction
in the aluminum industry; its output volume varies with ore grade, production process,
and technology level, and at present, most manufacturers produce 0.8–1.5 t of red mud
for every 1 t of alumina produced [1–3]. At present, the annual global output of red
mud exceeds 100 million tons, and it is estimated that the current stockpile of red mud
in China is approximately 800 million tons. As a typical bulk solid waste in the alumina
industry, red mud has a comprehensive utilization rate of 20% or less [4,5]. The large
amount of accumulated red mud not only occupies land resources but also can cause
embankment failure in red mud reservoirs and soil and water pollution if not properly
managed [6,7]. Melting-separated red mud is a slag byproduct of red mud after iron
extraction; specifically, it is obtained after pig iron is extracted from Bayer red mud through
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pretreatment with a coal-based reducing agent, reduction roasting, melting reduction, and
separation. Melting-separated red mud is a byproduct of the extraction of valuable metal
iron from red mud and is a form of solid waste remaining after primary resource use of
red mud. Its main chemical components are Al2O3, SiO2, Fe2O3, CaO, Na2O, TiO2, and
MgO, with characteristic low iron, high aluminum, and high silicon contents, and it is a
high-quality silicate material [8–10].

Slag wool is a cotton-like inorganic fiber material made by melting and fiberizing
various types of industrial slag and other wastes [11,12]. It is lightweight, durable, non-
combustible, noncorrosive, mold-resistant, and insect-resistant, and is an excellent thermal
insulation and sound-absorbing material. Slag wool is mostly used for composite panels on
the inner and outer walls of buildings, thermal and acoustic insulation for roofs, floor slabs
and ground structures, and thermal insulation for industrial thermal equipment and re-
frigeration facilities [13–16]. The chemical composition of slag wool is generally as follows:
SiO2 (36–42%), Al2O3 (9–17%), CaO (28–47%), MgO (3–12%), Fe2O3 (1–5%), and small
amounts of TiO2, K2O, and Na2O [17]. The chemical composition of melting-separated
red mud is similar to that of typical slag wool, and therefore, melting-separated red mud
could be used as a raw material to prepare slag wool. Some studies have investigated
the preparation of high-quality inorganic fibers from red mud. A methodology for car-
bothermically treating iron-bearing slags and by-products has been developed and tested
on a semi-industrial scale by Balomenos et al. [18,19]. Thermodynamic modelling and
conceptual design for processing bauxite residues (red mud) from the primary aluminium
industry and ferro-nickel production slags are presented as examples. Furthermore, the
results of semi-industrial-scale experiments for processing bauxite residues are illustrated,
along with a preliminary financial analysis and an exergy flowsheet of the new conceptual
alumina refinery, all confirming the financial viability as well as the resource-efficient
utilization of the proposed technology. Kim Y et al. [20] used iron tailings, limestone,
red mud, and nickel-iron slag to produce glass fibers at 1193–1230 ◦C, and the Young’s
modulus of the obtained fibers was 60–80 GPa. Chen ZW et al. [21] used thermodynamics
calculations, a molecular dynamics simulation, and experiments to study the smelting
reduction process, fiberization ability, and properties of mineral wool prepared from red
mud; the results showed that the iron recovery rate exceeded 87%, the fiber formation rate
from the slag was 73–92%, the average diameter of the obtained fiber was 1.57–5.62 µm,
and the tensile strength of the fibers was 1520~6700 MPa. On the basis of a comparison
of the composition of slag obtained from red mud after iron reduction and that of glass
fibers, Bernd F et al. [22] designed a batch material for the production of glass fibers from
iron-reduced slag and found that with the addition of 20–30% SiO2, the prepared inorganic
fibers were bright in color and had good mechanical strength, with a shape and appearance
resembling those of mineral wool. The existing studies are mostly focused on theories and
experiments on the preparation of inorganic fibers from red mud and additives, and there
are relatively few studies on the preparation of inorganic fibers from melting-separated
red mud. Our previous studies found that to prepare slag wool from melting-separated
red mud, the composition of the slag wool should be reconstructed based on the principle
of “silicon extraction, aluminum reduction, and calcium addition” [23]. Moreover, the
bonding force between Ca2+ and non-bridging oxygen is different from that between Na+

and non-bridging oxygen; the Na+ bonding requires only one-half of the non-bridging
oxygen, while Ca2+ bonding needs one non-bridging oxygen. Furthermore, Ca2+, Si4+,
and Al3+ outcompete Na+ for oxygen ions, while Na2O provides oxygen ions with large
polarization, which can moderate the competition of Ca2+, Si4+ and Al3+ for oxygen ions
and inhibit the destruction of the network structure of the slag wool. Therefore, in this
study, the CaO/Na2O mass ratio was chosen as a variable, and its effect on the viscosity,
fluidity, and crystallization performance of melting-separated red mud was investigated.
The aims were to establish qualitative and quantitative design parameter standards for
the reconstruction of melting-separated red mud components, to improve the theory of
melting-separated red mud modification for the preparation of high-quality inorganic
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fibers, and to provide a theoretical basis for the precise modification of melting-separated
red mud to prepare high-quality slag wool.

2. Materials and Methods
2.1. Experimental Materials

The melting-separated red mud used in the experiments was obtained from the
Aluminum Corporation of China Limited. The particle size was in the range of 3–5 mm,
and the sample was ground to 200 mesh for later use. The melting-separated red mud was
combined with water-quenched blast furnace slag at a ratio of 2:1, after which quicklime
(CaO) was introduced to adjust the CaO/Na2O mass ratio of the system. The water-
quenched blast furnace slag and quicklime were all taken from a steel mill in Tangshan
City, Hebei Province. The chemical components of the melting-separated red mud, water-
quenched blast furnace slag, and quicklime were determined by X-ray fluorescence (XRF)
and are shown in Table 1.

Table 1. Chemical composition of melting-separated red mud, water-quenched blast furnace slag,
quartz sand, and quicklime (mass ratio, %).

Raw Material Al2O3 SiO2 CaO Na2O TiO2 Fe2O3 MgO K2O MnO Other

Melting-separated red mud 32.31 27.26 10.62 11.16 7.23 7.56 2.14 0.30 0.13 1.29
Water-quenched blast

furnace slag 14.47 28.32 38.72 0.32 2.16 -- 11.28 0.46 0.38 3.89

Quicklime -- 1.28 90.0 -- -- -- 1.56 -- -- 7.16

The CaO/Na2O mass ratios of the modified melting-separated red mud obtained after
adding the water-quenched blast furnace slag are 2.6, 3.0, 4.0, and 5.0, with increments of
0.4 and 1.0 between the selected ratios. Table 2 shows the chemical compositions of the
melting-separated red mud samples with different CaO/Na2O mass ratios.

Table 2. Chemical composition of melting-separated red mud samples with different CaO/Na2O
mass ratios (mass ratio, %).

CaO/Na2O Quicklime
Chemical Composition

SiO2 Al2O3 CaO Na2O TiO2 Fe2O3 MgO K2O MnO Other

2.6 0 27.61 26.36 19.98 7.55 5.54 5.04 5.19 0.35 0.21 2.17
3.0 2.88% 26.86 25.60 22.00 7.33 5.38 4.89 5.08 0.34 0.21 2.31
4.0 10.20% 24.92 23.67 27.12 6.78 4.98 4.52 4.82 0.32 0.19 2.68
5.0 16.49% 23.27 22.01 31.53 6.31 4.63 4.21 4.59 0.70 0.29 2.46

2.2. Analysis of Macroscopic Properties of Modified Melting-Separated Red Mud

The viscosity was measured using a comprehensive physical property analyzer (RTW-
13, Northeastern University). The instrument constants were calibrated at room tempera-
ture using silicone oil, and a graphite crucible with molybdenum plates on the inner wall
was used. A sample (140 g) was weighed and loaded into the graphite crucible. The crucible
with the sample was placed in the analyzer and heated. After the temperature reached
1500 ◦C, the mixture was kept at 1500 ◦C for 30 min. Then the viscosity was measured at
varying temperatures, with a temperature drop step size of 3 ◦C·min−1.

According to the obtained chemical composition of the melting-separated red mud,
the SiO2-Al2O3-CaO-Na2O-TiO2 five-element slag system was taken as the research sub-
ject, and the Equilb module and Phase Diagram module in FactSage8.0 thermodynamics
software, the FToxid database, and the Scheil–Gulliver cooling model were used to study
the conversion pattern, the temperature of the onset of crystallization, and the dominant
phase at the temperature of the onset of crystallization during the high-temperature cooling
of modified melting-separated red mud [24]. During the simulation process, the melt
temperature starts to cool from 1500 ◦C, with a cooling rate of 1 ◦C/min.
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X-ray diffraction (XRD) analysis was performed on the water-quenched modified
melting-separated red mud. A small sample with a particle size of less than 200 mesh
was placed in a glass groove for sample preparation. The prepared samples were then
placed into an X-ray diffractometer (D/MAX2500PC03030502, Rigaku Co., Ltd., Tokyo,
Japan) to analyze their mineral phase composition. The working conditions of the X-
ray diffractometer were as follows: CuKα radiation, tube voltage 40 kV, tube current
100 mA, scan speed 10◦ min−1, and scan angle range 10–90◦. Qualitative analysis of the
XRD patterns was performed using Jade 6.5 software.

Field emission scanning electron microscopy (FESEM) was adopted to observe the
micromorphology of the water-quenched modified melting-separated red mud. Before
FESEM analysis, the sample was first prepared with conductive adhesive on a sample
holder and then sprayed with gold using a JEC-3000FC fully automated sputter coater
(JEOL Ltd., Tokyo, Japan.).

2.3. Preparation and Performance Characterization of Slag Wool

The slag wool was prepared by centrifugation under laboratory conditions. The
equipment included a 100 kg DC electric arc furnace, a four-roller centrifuge, and wool
collection equipment. The electric arc furnace lining was made of aluminum magnesium
spinel refractory material, with a rated power of 100 kW. Figure 1 shows a schematic
diagram of the experimental equipment and the fiberization process. Each batch experiment
consisted of a furnace pre-heating stage (add 1.5 kg of coke to the electric furnace, lay the
furnace bottom evenly, lower the electrodes, and start heating, approximately 1 h long),
followed by feeding of the raw material through a feeder tube at the side of the furnace, at
a rate of approximately 5 kg/min. The temperature on the internal of the melt produced
was measured with a pyrometer couple. Then the temperature on the internal of the melt
was set to 1500 ◦C, and it was held for 30 min until it was completely homogenized. Then
the molten slag slowly flowed out from the electric arc furnace to the four-roller centrifuge
for fiber formation [18]. The rotation speeds of rollers #1, #2, #3, and #4 were 4060 r/min,
4640 r/min, 5220 r/min, and 5800 r/min, respectively. The inorganic fibers were collected
in a wool collection room. After the melt drops to the surface of the roller, due to the
viscous force, a melt boundary layer with a large internal velocity gradient is formed, the
melt flows around the roller to form a liquid film layer, and at the same time, bulges are
formed in the liquid film, which are broken into fibers by the centrifugal force generated by
the rotation of the roller.

Over 1 g of inorganic fibers was collected to prepare several samples of suitable
size. A sample of approximately 1 mm was prepared by cutting and placed on a slide,
an appropriate amount of immersion solution was added, and a needle was used to
homogenize the fibers. A total of 100 fibers on the glass slide were measured by the
microscope, and the calculated average diameter of the 100 fibers was used as the diameter
of the inorganic fiber. In the slag ball content tester, the buoyancy effect of water is used to
separate the inorganic fiber from the slag ball; thereby, the slag ball content in the inorganic
fiber can be calculated as shown in Equation (1).

ω =
m
m0

× 100 (1)

where ω is the slag ball content in the inorganic fiber, %; m is the mass of the slag ball, g;
and m0 is the total mass of the sample, g.
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Figure 1. Schematic diagram of the experimental setup and the fiberization process.

3. Results and Analysis
3.1. Viscosity and Fluidity

The fiberization of modified melting-separated red mud involves the quenching of a
high-temperature melt, which requires the melt to have good fluidity and low viscosity.
Figure 2a shows the viscosity–temperature curves of modified melting-separated red mud
with different CaO/Na2O mass ratios. Figure 2a shows that the viscosity of the modified
melting-separated red mud samples with different CaO/Na2O mass ratios increases with
decreasing temperature. With increasing CaO/Na2O, the melt viscosity–temperature
curve shows a smooth and slow change trend; this is consistent with the study by E.T.
Turdogan et al. [25] on glass transition temperatures. In the high-temperature region
(temperature > 1446 ◦C), at the same temperature, the melt viscosity gradually decreases
with increasing CaO/Na2O.

Crystals 2023, 13, x FOR PEER REVIEW 5 of 14 
 

 

Figure 1. Schematic diagram of the experimental setup and the fiberization process. 

Over 1 g of inorganic fibers was collected to prepare several samples of suitable size. 

A sample of approximately 1 mm was prepared by cutting and placed on a slide, an ap-

propriate amount of immersion solution was added, and a needle was used to homoge-

nize the fibers. A total of 100 fibers on the glass slide were measured by the microscope, 

and the calculated average diameter of the 100 fibers was used as the diameter of the in-

organic fiber. In the slag ball content tester, the buoyancy effect of water is used to separate 

the inorganic fiber from the slag ball; thereby, the slag ball content in the inorganic fiber 

can be calculated as shown in Equation (1). 

𝜔 =
𝑚

𝑚0
× 100  (1) 

where 𝜔 is the slag ball content in the inorganic fiber, %; m is the mass of the slag ball, g; 

and m0 is the total mass of the sample, g. 

3. Results and Analysis 

3.1. Viscosity and Fluidity 

The fiberization of modified melting-separated red mud involves the quenching of a 

high-temperature melt, which requires the melt to have good fluidity and low viscosity. 

Figure 2a shows the viscosity–temperature curves of modified melting-separated red mud 

with different CaO/Na2O mass ratios. Figure 2a shows that the viscosity of the modified 

melting-separated red mud samples with different CaO/Na2O mass ratios increases with 

decreasing temperature. With increasing CaO/Na2O, the melt viscosity–temperature 

curve shows a smooth and slow change trend; this is consistent with the study by E.T. 

Turdogan et al. [25] on glass transition temperatures. In the high-temperature region (tem-

perature > 1446 °C), at the same temperature, the melt viscosity gradually decreases with 

increasing CaO/Na2O. 

1340 1360 1380 1400 1420 1440 1460 1480 1500

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

V
is

co
si

ty
/P

a
·s

Temperature/℃

 C/N=2.6

 C/N=3.0

 C/N=4.0

 C/N=5.0

1446℃

（a）

 
1340 1360 1380 1400 1420 1440 1460 1480 1500

0.0

0.5

1.0

1.5

2.0

2.5

1
/h

Temperature/℃

 C/A=2.6

 C/A=3.0

 C/A=4.0

 C/A=5.0

（b）

 

Figure 2. Viscosity–temperature curves and 1/𝜂-temperature curves of modified melting-separated 

red mud with different CaO/Na2O ratios. (a) Viscosity–temperature curves; (b) 1/𝜂-temperature 

curves. 

According to the continuous random network (CRN) model [26], in modified melt-

ing-separated red mud, the effect of Na+ on the polarization of bridging oxygen and weak-

ening of the Si(Al)-O bond is stronger than that of Ca2+, and the Na2O in the melt provides 

more polarized oxygen ions to alleviate the competition of Ca2+ with Si4+ and Al3+ for oxy-

gen ions. With an increasing CaO/Na2O ratio, the CaO content in the melt increases, the 

Na2O content decreases accordingly, the concentration of oxygen ions with high polariza-

bility decreases, the complex silicate network structure in the melt are destroyed [27], the com-

petition of Ca2+ with Si4+ and Al3+ for oxygen ions intensifies, and the network structure breaks 

down to form the “small molecule” polymer Si(Al)-O-Ca(Na). Moreover, the Ca2+ has a certain 

Figure 2. Viscosity–temperature curves and 1/η-temperature curves of modified melting-separated
red mud with different CaO/Na2O ratios. (a) Viscosity–temperature curves; (b) 1/η-temperature
curves.

According to the continuous random network (CRN) model [26], in modified melting-
separated red mud, the effect of Na+ on the polarization of bridging oxygen and weakening
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of the Si(Al)-O bond is stronger than that of Ca2+, and the Na2O in the melt provides
more polarized oxygen ions to alleviate the competition of Ca2+ with Si4+ and Al3+ for
oxygen ions. With an increasing CaO/Na2O ratio, the CaO content in the melt increases,
the Na2O content decreases accordingly, the concentration of oxygen ions with high polar-
izability decreases, the complex silicate network structure in the melt are destroyed [27],
the competition of Ca2+ with Si4+ and Al3+ for oxygen ions intensifies, and the network
structure breaks down to form the “small molecule” polymer Si(Al)-O-Ca(Na). Moreover,
the Ca2+ has a certain cumulative effect on the structure, causing violent motion of the
“small molecule” polymer, and the viscosity of the modified melting-separated red mud
decreases continuously.

The reciprocal of the viscosity ϕ = 1/η is used to characterize the ease of melt flow
and is called the melt fluidity. The higher the fluidity is, the better the melt fluidity. The
variation curves of the fluidity (ϕ = 1/η) of modified melting-separated red mud samples
with different CaO/Na2O ratios with temperature are shown in Figure 2b. Figure 2b shows
that the fluidity of modified melting-separated red mud with different CaO/Na2O ratios
increases as the temperature increases, indicating that the fluidity is improved; in the high-
temperature region (temperature > 1446 ◦C), at the same temperature, the melt fluidity
increases with an increasing CaO/Na2O ratio, indicating that the fluidity is improved.
With an increasing CaO/Na2O ratio, the increase in Ca2+ in the modified system makes the
viscous flow unit of the melt change from the Si(Al)-O-Si(Al) ionic group to the Si(Al)-O-Ca
ionic group, and the melt network structure breaks into shorter chains of smaller size; at
high temperatures, the motion of the Ca2+ and Si(Al)-O-Ca ionic groups in the voids of
the melt structure is intense, and the melt fluidity increases, indicating that the fluidity
is improved.

According to our previous research results [28], considering the energy consumption
of the process, the raw materials used for slag wool preparation generally have a melt
viscosity of 1 Pa·s or higher and have good fluidity; that is, the melt temperature should be
above the melting temperature (the temperature at which the melt can freely flow, Tm). The
melting temperature of melting-separated red mud can be obtained from the tangent point
of the viscosity–temperature curve and the 45◦ tangent line. Figure 3a shows the melting
temperature and the temperature at a viscosity of 1 Pa·s of modified melting-separated
red mud with different CaO/Na2O ratios, and the suitable fiber-forming temperature
intervals are shown in Figure 3b. The temperature corresponding to a viscosity of 1 Pa·s
is higher than the melting temperature, and in the temperature range corresponding to a
viscosity greater than 1 Pa·s, the suitable fiber-forming temperature interval for modified
melting-separated red mud shows a trend of increasing–decreasing–increasing with an
increasing CaO/Na2O ratio. The maximum suitable fiber-forming temperature interval
was obtained at a CaO/Na2O ratio of 3.0, with a value of 81 ◦C. When the CaO/Na2O
increases from 3.0 to 4.0, the suitable fiber-forming temperature interval suddenly decreases
to 10 ◦C, and when the CaO/Na2O is 5.0, the suitable fiber forming formation increases to
61 ◦C. Considering the feasibility of preparing slag wool from modified melting-separated
red mud, the CaO/Na2O ratio of the modified raw material system should not be higher
than 3.0.

Within the suitable temperature range for fiber formation from modified melting-
separated red mud, the movement of each particle in the melt is controlled by its surround-
ing particles, and only when a particle has enough energy (∆E) to overcome the attraction
by surrounding particles can it effectively migrate, exhibiting macroscopic fluidity. The
more activated particles there are, the higher the fluidity. The relationship between the
viscosity and temperature of modified melting-separated red mud can be characterized by
the Arrhenius Equation (2) [29].

η = η0e
∆E
kT (2)
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In Equation (2), ∆E is the viscous-flow activation energy of the particles in the melt,
J·mol−1; η0 is a constant related to the melt composition; k is Boltzmann’s constant, J·K−1;
and T is absolute temperature, K.

Taking logarithms on both sides of Equation (2):

ln η = ln η0 +
∆E
k

1
T

(3)

From Equation (3), lnη and 1/T are linearly related, and the slope of the line is ∆E/k.
According to the suitable fiber-forming temperature intervals of modified melting-

separated red mud samples with different CaO/Na2O ratios, the relationship between lnη
and 1/T was fitted. As shown in Figure 4, the slopes of the fitted lines are 0.27108, 0.2884,
0.46813, and 0.36374. Table 3 shows the calculated activation energy of particle movement
in the modified melting-separated red mud with different CaO/Na2O ratios in the high-
temperature range. As the CaO/Na2O increases from 2.6 to 5.0, the activation energy
of particle movement in the melt shows a trend of slowly increasing–sharply increasing–
decreasing, with a peak of 389.20 kJ·mol−1 at a CaO/Na2O ratio of 4.0. The increase in
the activation energy of particle movement in the melt is greatest when the CaO/Na2O
increases from 3.0 to 4.0, which is consistent with the variation trend of the modified melting-
separated red mud samples with different CaO/Na2O ratios; i.e., the internal determinant
of melting temperature changes. The decrease in the activation energy of particle movement
in the modified melting-separated red mud when the CaO/Na2O increases from 4.0 to
5.0 is mainly due to the fact that the activation energy of particle movement is related
to the degree of binding of anionic groups (SixOy

2−) in the melt. The greater the degree
of binding, the greater the activation energy of particle movement, and the degree of
binding of anionic groups depends on the viscosity of the melt. The higher the viscosity, the
greater the degree of binding of anionic groups. When the CaO/Na2O increases to 5.0, the
suitable fiber-forming temperature range for modified melting-separated red mud is 1385 to
1446 ◦C. Within this temperature range, the viscosity of modified melting-separated red
mud with CaO/Na2O = 5.0 is lower than that of modified melting-separated red mud
CaO/Na2O = 4.0. Therefore, the phenomenon of reduced activation energy for melt particle
movement occurs when the CaO/Na2O increases to 5.0.
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Table 3. Activation energy of particle movement of melting-separated red mud by different
CaO/Na2O (kJ·mol−1).

CaO/Na2O 2.6 3.0 4.0 5.0

Activation energy of particle movement 225.38 239.78 389.20 302.4

3.2. Crystallization Performance

The formation of slag wool is a process in which modified melting-separated red mud
is rapidly solidified from the long-range disordered melting state and becomes a glassy
amorphous solid with long-range structural disorder; the temperature of the raw mate-
rial melt during the preparation process should be above the crystallization temperature.
Figure 5 shows the FactSage simulation results of the crystallization behavior of modified
melting-separated red mud with different CaO/Na2O ratios during the cooling process.
Figure 5 shows that during the cooling process of modified melting-separated red mud
with different CaO/Na2O ratios, the precipitated mineral phases mainly include nepheline
(NaAlSiO4), anorthite (Ca2AlSi2O7, CaAl2Si2O8), perovskite (CaTiO3), melilite (Ca2Al3O7),
and albite (Na2CaAl4O8, NaAlSi3O8). When the CaO/Na2O is 1.0, the dominant pre-
cipitated mineral phase of the modified melting-separated red mud during the cooling
process is nepheline (NaAlSiO4), followed by anorthite (Ca2AlSi2O7), some perovskite
(CaTiO3), and a small amount of melilite (Ca2Al3O7) and anorthite (CaAl2Si2O8); when
the CaO/Na2O is 3.0, the precipitated mineral phases during the cooling of the melt are
similar to those obtained with a CaO/Na2O ratio of 1.0, but the precipitation of nepheline
(NaAlSiO4), anorthite (Ca2AlSi2O7), perovskite (CaTiO3), and melilite (Ca2Al3O7) de-
creases, and anorthite (CaAl2Si2O8) no longer precipitates; when the CaO/Na2O increases
to 4.0, during the cooling process, the dominant precipitated mineral phase is still nepheline
(NaAlSiO4), but the precipitation of nepheline (NaAlSiO4), anorthite (Ca2AlSi2O7), per-
ovskite (CaTiO3), and melilite (Ca2Al3O7) further decreases; anorthite (CaAl2Si2O8) no
longer precipitates; and a new albite phase (Na2CaAl4O8) precipitates and becomes the
phase second in dominance only to nepheline (NaAlSiO4); when the CaO/Na2O increases
to 5.0, the dominant precipitated mineral phase is albite (Na2CaAl4O8), followed by a new
albite phase (NaAlSi3O8) and a small amount of anorthite (Ca2AlSi2O7), and nepheline
(NaAlSiO4) and perovskite (CaTiO3) no longer precipitate. With an increase in CaO/Na2O,
the precipitation of nepheline (NaAlSiO4) in which half of the Si4+ is replaced by Al3+

during the cooling process gradually decreases. When the CaO/Na2O is above 4.0, the
dominant precipitate is no longer nepheline (NaAlSiO4) but albite (Na2CaAl4O8), which
means that with an increase in CaO/Na2O, in the modified melt system, the CaO increases,
the SiO2 and Al2O3 decrease, and the tetrahedral network structure of [SiO4] and [AlO4]
in the melt is broken, with a gradual transition to single short-chain Si-O and Al-O bonds
filled by Na+ and Ca2+ in the network voids.
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Figure 6. Distribution of the onset temperature of mineral phase precipitation in the cooling process 
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Figure 5. FactSage simulation results of precipitated mineral phases during the cooling process of
modified melting-separated red mud with different CaO/Na2O ratios. (a) CaO/Na2O = 2.6, 1420 ◦C;
(b) CaO/Na2O = 3.0, 1430 ◦C; (c) CaO/Na2O = 4.0, 1450 ◦C; (d) CaO/Na2O = 5.0, 1400 ◦C.

The variation in the liquidus temperature with an increasing CaO/Na2O ratio during
the cooling process of the modified melting-separated red mud is shown in Figure 6.
Figure 6 shows that with increasing CaO/Na2O, the liquidus temperature first increases
and then decreases during the cooling process, and the increase in the liquidus temperature
is not significant when the CaO/Na2O increases from 2.6 to 4.0. When CaO/Na2O is greater
than 4.0, the liquidus temperature decreases significantly. The highest liquidus temperature
is reached when the CaO/Na2O is 4.0, with a value of 1450 ◦C. With increasing CaO/Na2O,
the CaO content in the modified melting-separated red mud increases. CaO, as a typical
non-network oxide, aggravates the melt network fracture and increases the possibility of
crystallization in the melt. As a result, with increasing CaO/Na2O, the liquidus temperature
of the modified melt during the cooling process gradually increases. CaO has a significant
effect on reducing the high-temperature viscosity of the melt, which improves the fluidity
of the melt, causes smoother movement of the broken short-chain complexed anion groups,
speeds the development of the long-range ordered structure, and makes the melt more
prone to crystallization. This is also the reason that the liquidus temperature increases
with increasing CaO/Na2O during the cooling process of the modified melting-separated
red mud. When CaO/Na2O increases to 5.0, the main precipitated mineral phase during
the cooling process of the modified melting-separated red mud changes from nepheline
(NaAlSiO4) to albite (NaAlSiO4), resulting in a decrease in the energy difference between
the energy of the modified melt and the main precipitated mineral phase, a weakening of
the tendency to crystallize, and a decrease in the liquidus temperature [30].
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Figure 6. Distribution of the onset temperature of mineral phase precipitation in the cooling process
of modified melting-separated red mud with different CaO/Na2O ratios.

The modified melting-separated red mud samples with different CaO/Na2O ratios
were gradually heated up to 1500 ◦C in the tube furnace, and then the sample was kept at
1500 ◦C for 30 min. Then the samples were cooled in the furnace to the onset temperature of
mineral phase precipitation obtained from the FactSage simulation, and the resulting melts
were taken out and placed in cold water for quick cooling. The water-quenched samples
were subjected to XRD analysis, and the results are shown in Figure 7. Figure 7 shows
that as the CaO/Na2O increased from 2.6 to 5.0, the temperatures of the corresponding
modified melting-separated red mud samples were 1420 ◦C, 1430 ◦C, 1450 ◦C, and 1400 ◦C,
respectively. The XRD patterns of the water-quenched samples show diffuse and broad
peaks and no sharp diffraction peaks, and at this time, no crystals appear, which means that
at CaO/Na2O ratios of 2.6, 3.0, 4.0, and 5.0, the crystallization temperature of the modified
melt was no higher than 1420 ◦C, 1430 ◦C, 1450 ◦C, and 1400 ◦C, respectively.
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Figure 7. XRD spectra and micromorphology of water-quenched samples of modified melting-separated
red mud with different CaO/Na2O ratios. (a) CaO/Na2O = 2.6, 1420 ◦C; (b) CaO/Na2O = 3.0, 1430 ◦C;
(c) CaO/Na2O = 4.0, 1450 ◦C; (d) CaO/Na2O = 5.0, 1400 ◦C.

The water quenching temperatures for the modified melting-separated red mud
samples with CaO/Na2O ratios of 2.6, 3.0, 4.0, and 5.0 were 1420 ◦C, 1430 ◦C, 1450 ◦C.
and 1400 ◦C, respectively, and the samples were subjected to microscopic examination.
The FESEM images show that the micromorphology of the water-quenched samples of
modified melting-separated red mud with different CaO/Na2O ratios is very smooth, and
no crystals appear, which is consistent with the XRD results.

3.3. Morphology and Properties of Slag Wool

The properties of slag wool prepared by centrifugation were analyzed. Figure 8
shows the macroscopic images and micromorphology of slag wool prepared from modified
melting-separated red mud with different CaO/Na2O ratios. Figure 8 shows that the slag
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wool has a smooth surface, the fibers are arranged in a crosswise fashion, the color is
grayish yellow, and a small number of slag balls are inside the fibers.
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the melt liquid filaments, surface tension causes the liquid filaments on the surface of the 
liquid film to retract to form a slag ball. Except for some slag wool products that have 
special requirements for bulk density, the existence of slag balls can greatly reduce the 

Figure 8. Macroscopic images and micromorphology of slag wool prepared from modified melting-
separated red mud with different CaO/Na2O ratios. (a) CaO/Na2O = 2.6, 1420 ◦C; (b) CaO/Na2O = 3.0,
1430 ◦C; (c) CaO/Na2O = 4.0, 1450 ◦C; (d) CaO/Na2O = 5.0, 1400 ◦C.

When slag wool is finer, the surface stress is reduced, which can reduce the possibility
of fracture, and the tensile strength of the slag wool is increased. The distributions of the
diameters of slag wool obtained from modified melting-separated red mud with different
CaO/Na2O ratios are shown in Figure 9a. Figure 9a shows that the diameter of the slag
wool decreases with increasing CaO/Na2O, from 6.67 µm (CaO/Na2O = 2.6) to 5.47 µm
(CaO/Na2O = 5.0). This trend occurred because with increasing CaO/Na2O, the CaO
content in the modified melting-separated red mud system increases, which reduces the
viscosity of the modified melt, making liquid filaments in the melt easy to stretch and
resulting in a thinner fiber diameter [31].
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Figure 9. The diameters and slag ball content of slag wool obtained from modified melting-separated
red mud with different CaO/Na2O ratios. (a) The diameters; (b) Slag ball content.

The slag ball content refers to the ratio of the mass of slag balls with a particle diameter
greater than 0.25 mm to the mass of slag wool. Slag balls are generally formed in two ways.
First, during the elongation process of the filaments of the raw material melt, due to the flow
of the melt from the surface of the liquid film to the heads of the liquid filaments, there is
more melt at the heads of the liquid filaments; due to surface tension, the heads of the liquid
filaments can shrink inward into a ball and separate from the liquid filaments, thus forming
slag balls. Second, when the centrifugal force is not enough for the melt liquid filaments,
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surface tension causes the liquid filaments on the surface of the liquid film to retract to form
a slag ball. Except for some slag wool products that have special requirements for bulk
density, the existence of slag balls can greatly reduce the quality of slag wool. The slag ball
content in the slag wool obtained from modified melting-separated red mud with different
CaO/Na2O ratios is shown in Figure 9b. Figure 9b shows that the slag ball content in the
slag wool shows an increasing trend as the CaO/Na2O increases. When the CaO/Na2O is
5.0, the slag ball content in the slag wool increases to 8.4%. With increasing CaO/Na2O,
the viscosity of the modified melting-separated red mud is effectively reduced, the time for
achieving an orderly arrangement of the melt structure is shortened, the possibility of melt
crystallization during the formation of the slag wool is increased, and the heads of the melt
liquid filaments are increased, which increases the sites for slag ball formation; therefore,
the slag ball content in the slag wool increases with increasing CaO/Na2O.

4. Conclusions

(1) For CaO/Na2O ratios from 2.6 to 5.0, the viscosity of the modified melting-separated
red mud decreases with increasing temperature; the activation energy of the parti-
cle movement of the modified melting-separated red mud shows a trend of slowly
increasing–sharply increasing–decreasing with increasing CaO/Na2O, which is con-
sistent with the trend of the melting temperature of modified melting-separated
red mud.

(2) The suitable fiber-forming temperature interval of modified melting-separated red
mud shows a trend of increasing–decreasing–increasing with increasing CaO/Na2O.
Considering the feasibility of preparing slag wool from modified melting-separated
red mud, the CaO/Na2O ratio in the modified raw material system should not be
higher than 3.0.

(3) For CaO/Na2O ratios from 2.6 to 5.0, the precipitated mineral phases of modified
melting-separated red mud during the cooling process mainly include nepheline
(NaAlSiO4), anorthite (Ca2AlSi2O7, CaAl2Si2O8), perovskite (CaTiO3), melilite
(Ca2Al3O7), and albite (Na2CaAl4O8, NaAlSi3O8), and the crystallization temper-
ature first increases and then decreases. When the CaO/Na2O is 4.0, the maximum
crystallization temperature of the modified melting-separated red mud during the
cooling process is 1450 ◦C, and the increase in the crystallization temperature of
the melt is not significant when the CaO/Na2O increases from 2.6 to 4.0. When
the CaO/Na2O is greater than 4.0, the onset crystallization temperature of the melt
decreases significantly.

(4) The slag wool prepared from modified melting-separated red mud with different
CaO/Na2O ratios has a smooth surface and a grayish yellow color, and the fibers
are arranged crosswise and contain a small amount of slag balls. The diameters
of the slag balls are all less than 7 µm, with an average diameter of 5.93 µm, and
the slag ball content is 5.83%. With increasing CaO/Na2O, the diameter of the slag
wool gradually decreases, but the variation is insignificant, and the slag ball con-
tent gradually increases, with a significant increase when the CaO/Na2O is greater
than 3.0.
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