sesl materials by

Article
Preparation of Imitation Basalt Compound Based on
Thermodynamic Calculation

Shaohan Wang, Xian Luo and Huixin Jin *

School of Materials and Metallurgy, Guizhou University, Guiyang 550025, China
* Correspondence: hxjin@gzu.edu.cn

check for
Received: 18 September 2019; Accepted: 17 October 2019; Published: 22 October 2019 updates

Abstract: In this paper, imitation basalt compounds using red mud, fly ash or coal gangue as raw
materials were designed and prepared with the help of thermodynamic calculations. Thermodynamic
calculations were used to obtain the suitable chemical composition. Then, the imitation compounds
were prepared and their phase/compositions were analyzed. Finally, their high-temperature melting
performance and crystallization ability were evaluated. The results show that the characteristic
temperature and crystallization ability of the imitation basalt compounds were similar to those of
basalt. Moreover, the viscosity of red mud imitation basalt compound approached the viscosity of
basalt with the increase in temperature. This work suggests that red mud, fly ash and coal gangue
can be mixed with quartz and other source materials to produce imitation basalt fiber. Therefore,
thermodynamic calculation is an effective method to design and prepare high-performance imitation
basalt compounds.

Keywords: high-temperature melting performance; crystallization ability; imitation basalt compound;
thermodynamic calculation

1. Introduction

Continuous basalt fiber is formed by drawing the basalt melt (at a melting temperature of
1450-1500 °C) with a wire drawing machine. The production process of basalt fiber determines that
the production process produces less waste and less environmental pollution. The product is directly
degradable in the environment without any hazard and is therefore an environmentally friendly
material. Due to its excellent mechanical properties, resistance to chemical erosion, resistance to high
temperature and environmental resistance [1], continuous basalt fiber and its composite materials
have been extensively used in high-tech fields such as in military materials, transportation, chemical
industry, and construction [2]. However, domestic basalt production is in short supply according to
available data [3].

Basalt is a natural volcanic rock mainly consisting of SiO,, Al,O3, CaO, Fep O3 and MgO; its detailed
composition is shown in Table 1. Variations in the chemical composition of basalt lead to an instability
of basalt fiber performance, which is not conducive to the industrial production of high-performance
basalt fiber. Moreover, the content of iron oxide in basalt ore is generally high, which is unfavorable for
the melting of basalt ore and also easily causes the oxidation of the platinum-bismuth alloy leakage
plate. As a result, the industrial production of basalt fiber cannot be achieved in a stable and consistent
manner [4]. Therefore, it is necessary to prepare high-performance imitation basalt compounds which
are suitable for the production of basalt fiber to help the development of the basalt fiber industry.
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Table 1. The chemical compositions of basalt (wt.%) [5-7].

Component SiO, AlLLbO; CaO MgO K>O + Na,O FeO + Fe; 03 TiO, Others

Maximum 69.0 19.0 13.0 13.0 10.0 16.0 4.0 3.5
Minimum 41.0 10.0 6.0 3.0 2.0 5.0 0.8 2.0

Red mud is a toxic waste that is discharged from the alumina production process. It cannot be
disposed easily due to its alkali content which can contaminate the environment. Its main components
are Al,O3, 5i0,, CaO and Fe;O3. During the past century of alumina production, about 2.7 billion tons
of red mud was produced [8]. However, the comprehensive utilization rate of red mud was only about
15% [9], which led to a large accumulation of red mud. At present, the cumulative quantity of red mud
in China has reached 350 million tons.

Coal gangue is a solid waste generated during coal mining and coal washing, while fly ash is a
solid waste generated during thermal power generation. The main components of both coal gangue
and fly ash are Al,O3 and SiO;. At present, the cumulative amounts of fly ash and coal gangue in
China have reached 1.1 billion tons and 7 billion tons, respectively [10,11]. Such large amounts of
waste residues have created tremendous pressure on the environment and have also affected the
development of these industries. In recent years, with the improvement of people’s living standards,
the state has paid increasing attention to the protection of the natural ecological environment. Thus,
the social problems caused by industrial waste such as red mud, fly ash and coal gangue are becoming
increasingly acute. In order to alleviate the pressure of red mud, fly ash and coal gangue on the
environment and improve their utilization, domestic and foreign researchers have conducted a large
number of studies.

For example, Luan, Li et al. [12] used fly ash and CaO as source materials to prepare high-density
glass—ceramics with a compressive strength of 328.92 MPa. Liu, Qu et al. [13] prepared aluminosilicate
glass with Bayer red mud as the main source material and found that the presence of TiO; and Fe;O3 in
Bayer red mud enhanced the chemical resistance of the glass. Furthermore, Li, Luo et al. [14] prepared
foam ceramic glass using coal gangue, quartz, and a sintering agent and found that foamed ceramic
glass containing 40% coal gangue exhibited the best performance. In a related study, Chang et al. used
red mud to produce imitation basalt fiber and investigated the effects of crystallization and iron oxide
on the performance of the material [15,16]. They found that the interaction between iron oxide and
titanium dioxide caused the phenomenon of crystallization.

Numerous studies have shown that red mud, fly ash, and coal gangue can be used to produce
aluminosilicate glass, which is significant because basalt fiber is a type of aluminosilicate glass [17-21].
Furthermore, Chang et al. have explored the use of red mud to produce imitation basalt fiber [15,16].
However, the use of fly ash and coal gangue for the production of imitation basalt fiber has rarely
been reported.

Considering the above background, this paper attempts to make full use of red mud, fly ash,
and coal gangue to develop high-performance imitation basalt compounds. For this purpose,
thermodynamic calculations were employed to obtain the chemical compositions of imitation basalt
compounds with excellent high-temperature melting performance and low crystallization ability. Then,
red mud, fly ash, and coal gangue were mixed with quartz, Al,O3, and other raw materials to prepare
the imitation basalt compounds. Finally, experiments were conducted to investigate the differences in
the high-temperature melting performance and crystallization ability of basalt and imitation basalt
compounds. This research extends the application of red mud to produce basalt fiber and also provides
guidance for the production of imitation basalt fiber from fly ash and coal gangue.
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2. Thermodynamic Calculations

2.1. Calculation of Ternary Phase Diagram

The main chemical components of basalt are SiO,, Al,O3, CaO, Fe;O3 and MgO, with small
amounts of KO, NayO and TiO,. However, Fe;O3 and TiO; play a key role in the crystallization
process of basalt, which strongly affects the performance of continuous basalt fiber [16]. Therefore,
the Phase Diagram module of FactSage7.2 software (Thermfact/CRCT, Montreal, QC, Canada
and GTT-Technologies, Achen, Germany) was used to obtain the ternary phase diagram of
5i0,-Al,03-Ca0-FepO3-MgO-TiO;,-O,, as shown in Figure 1. Here, the content of MgO, Fe,; O3,
and TiO, was the same as that in the basalt sample. Since the points near the phase boundary are
not easily crystallized during the cooling process, three points a (0.679 0.106 0.215), b (0.681 0.121
0.198), and ¢ (0.698 0.085 0.217) near the phase boundary in the ternary phase diagram were selected
according to the chemical composition of basalt. The sum of the mass ratios of SiO,, Al;O3, and CaO in
the imitation basalt compounds is the same as that of the basalt sample. According to the coordinates
of the three points a, b, and c in the ternary diagram of SiO;-Al,O3-CaO-Fe;O3-MgO-TiO-O,, the
chemical compositions of the imitation basalt compounds were calculated. Table 2 shows the calculated
chemical compositions of the obtained imitation basalt compounds, with the same content of K,O and
NayO as that in the basalt sample.
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Figure 1. Ternary phase diagram of 5iO,-Al,O3-CaO-Fe;O3-MgO-TiO,-O,.

Table 2. Calculated chemical compositions of imitation basalt compounds (wt.%).

Component SiO, Al,Os3 CaO MgO KO NaO FeyO3 TiO,
Imitation basalt 49.91 1582 774 527 195 333  7.96 0.75
compound a
Imitation basalt 50.06 1453 888 527 195 333  7.96 0.75

compound b

Imitation basalt 51.28 1595 624 527 195 333 796 0.75
compound ¢
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2.2. Calculation of High-Temperature Viscosity

The high-temperature viscosities of basalt and three imitation basalt compounds were calculated
by FactSage software. First, the Equilb module of FactSage software was adopted in order to obtain the
uniform chemical compositions of the liquid phase in the system under thermodynamic equilibrium
conditions. Then, the viscosity module of the FactSage software was applied to calculate the liquid
phase chemical compositions obtained from the Equilb module to determine the liquid phase viscosity
under the corresponding conditions. If a solid phase existed in the system, the Einstein-Rosce equation
was adopted in order to calculate the liquid phase viscosity obtained from the viscosity module, and
the solid phase content obtained from the Equilb module was used to obtain the viscosity of the
solid-liquid mixture. The calculated viscosities were plotted as a function of temperature, as shown in
Figure 2.
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Figure 2. The calculated viscosities of basalt and imitation basalt compounds as a function of
temperature: (A) basalt; (B) imitation basalt compound a; (C) imitation basalt compound b; (D)
imitation basalt compound c.

The high-temperature viscosity of fly ash imitation basalt compound and coal gangue imitation
basalt compound were calculated, and the obtained viscosities were plotted as a function of temperature,
as shown in Figure 3.
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Figure 3. The calculated viscosities of imitation basalt compounds plotted as a function of temperature:
(A) fly ash 1 imitation basalt compound; (B) fly ash 2 imitation basalt compound; (C) coal gangue
imitation basalt compound.
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3. Materials and Method

3.1. Preparation of Imitation Basalt Compound

The basalt used in the present study was collected from Shandong Juyuan Basalt Fiber Co., Ltd.,
Zhanggiu, China; the red mud was obtained from Zunyi Alumina Plant, Zunyi, China; the fly ash and
coal gangue were from Lingshou County Soil and Mineral Products Processing Factory, Shijiazhuang,
China; quartz (AR), alumina (AR), ferric oxide (AR), magnesium oxide (AR), calcium carbonate (AR),
sodium carbonate (AR), potassium hydroxide (UR), and titanium dioxide (AR) originated from Baihua
Mall (Shanghai, China). In order to remove residual moisture, the raw materials were dried at a
temperature of 393 K for 24 h. Following the drying processes, red mud, quartz, alumina, ferric oxide,
magnesium oxide, calcium carbonate, potassium hydroxide, and sodium carbonate were, respectively,
mixed in a weight ratio of 22.1:48.1:8.8:3.1:5.0:10.0:1.2:3.0 to prepare the red mud imitation basalt
compound. Fly ash 1, quartz, alumina, ferric oxide, magnesium oxide, calcium carbonate, potassium
hydroxide, sodium carbonate, and titanium dioxide were, respectively, mixed in a weight ratio of
33.0:41.6:0.1:6.1:5.1:11.1:1.4:5.6:0.3 to prepare the fly ash 1 imitation basalt compound. Fly ash 2, quartz,
ferric oxide, magnesium oxide, calcium carbonate, potassium hydroxide, sodium carbonate, and
titanium dioxide were, respectively, mixed in a weight ratio of 35.0:33.6:6.4:5.2:14.3:1.5:5.6:0.3 to prepare
the fly ash 2 imitation basalt compound. Coal gangue, quartz, ferric oxide, magnesium oxide, calcium
carbonate, potassium hydroxide, sodium carbonate, and titanium dioxide were, respectively, mixed in
a weight ratio of 36.2:34.8:6.5:5.2:15.5:1.5:5.6:0.4 to prepare the coal gangue imitation basalt compound.
The prepared imitation basalt compounds have the same chemical composition as the imitation basalt
compound b in Table 2. The mixture was ground in a ball mill for 1 h to obtain a homogeneous mixture.

3.2. Analysis of Chemical Compositions and Components

The chemical compositions of basalt, red mud, fly ash 1, fly ash 2, coal gangue, quartz, alumina, and
the resulting imitation basalt compounds were analyzed by a Zetium X-ray fluorescence spectrometer
(Holland Panalytical, Almelo, The Netherlands).

The phase components of basalt red mud, fly ash 1, fly ash 2, and coal gangue were analyzed by
X'Pert PRO MPD X-ray diffractometer (Holland Panalytical, Almelo, The Netherlands).

3.3. Investigation of High-Temperature Melting Performance

The softening temperature, hemispherical temperature and flow temperature of the samples
were tested by a MTLQ-RD-3 melting point meter (Chongqing University of Science and Technology,
Chongging, China), and the morphology changes of the samples were recorded.

The high-temperature viscosity of basalt and red mud imitation basalt compound were measured
by RSV-1600 high-temperature viscosity tester (Orton, Los Angeles, CA, USA), and measured viscosity
values were plotted as a function of temperature.

3.4. Investigation of Crystallization Ability

To study their crystallization ability, the samples were first heated from room temperature to
1500 °C by a GSL-1700 high-temperature tube furnace (Hefei Kejing Material Technology Co., Ltd.,
Hefei, China); then, the temperature was maintained at 1500 °C for 1 h and then cooled to 700 °C at a rate
of 5 °C/min. Finally, the samples were cooled to room temperature in the furnace. The crystallization
degree of samples was analyzed by X'Pert PRO MPD X-ray diffractometer. The microstructures of
the samples after high-temperature treatment were characterized by EM-30 Pluse scanning electron
microscope (COXEM, Daejeon, Korea).
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4. Results and Discussion

Figure 2 shows that the viscosity values of imitation basalt compound b and basalt were
relatively close. Therefore, the imitation basalt compound b was prepared.

Figure 4 shows that red mud was mainly composed of serpentine, hematite, gibbsite,
hydrogrossular, cancrinite, and biotite. Fly ash 1 was mainly composed of calcite, mullite, and gypsum,
while fly ash 2 was mainly composed of mullite and quartz. Coal gangue mainly consisted of muscovite,
kaolinite, and quartz. Basalt was mainly composed of diopside, anorthoclase, amphibole, and albite.
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Figure 4. X-ray diffraction patterns of minerals: (a) fly ash 1; (b) fly ash 2; (c) basalt; (d) red mud; (e)

coal gangue.

Table 3 shows the chemical composition of some raw materials.
Table 4 shows the chemical composition of the imitation basallt compounds.
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Table 3. The chemical compositions of samples (wt.%).

Component SiO, Al,O3 CaO MgO K;O NaO FeO3 TiO,
Basalt 50.78 13.59 9.10 5.27 1.95 3.33 7.96 0.75
Red mud 18.00 21.78 14.91 1.06 1.15 6.91 19.79 3.38
Fly ash 1 30.76 40.98 7.94 0.41 0.42 0.1 1.84 1.37
Fly ash 2 50.83 39.55 247 0.33 0.63 0.16 2.93 1.22
Coal gangue 45.98 38.06 0.53 0.16 041 0.11 0.47 0.86
Quartz 95.45 1.99 0.07 0.00 1.43 0.00 0.83 0.00
Alumina 0.05 98.75 0.05 0.00 0.00 0.55 0.04 0.00

Table 4. The chemical compositions of imitation basalt compounds (wt.%).

Component SiO, Al,O3 CaO MgO K;O Na,O Fey03 TiO,

Red mud imitation 4547 1320 893 672 214 267 741 0.76
basalt compound

Fly ash 1 imitation 4526 1300 888 739 200 159 557 0.83
basalt compound

Fly ash 2 imitation 4534 1342 893 797 198 231 665 0.82
basalt compound

Coal gangue imitation - 1223 874 678 198 280 668 0.71

basalt compound

Figure 5 shows the high-temperature microscopic images and characteristic temperatures of the
samples. Characteristic temperatures of fly ash, red mud and coal gangue were much higher than that
of basalt, which may be related to their phase components and chemical compositions. Compared with
fly ash, red mud, and coal gangue, the characteristic temperatures of the imitation basalt compounds
were significantly lower. The characteristic temperature of imitation basalt compounds approached that
of basalt, which can be explained by their similar chemical compositions. This indicates that, when the
chemical compositions of imitation basalt compounds were similar, the influence of phase components
on their characteristic temperature was very limited. Therefore, the characteristic temperatures of
imitation basalt compounds prepared by red mud, fly ash, and coal gangue were strongly dependent
on their chemical compositions.
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Figure 5. High-temperature microscopic images and characteristic temperatures of the samples: (A) fly
ash 1 imitation basalt compound; (B) coal gangue imitation basalt compound; (C) fly ash 2 imitation
basalt compound; (D) basalt; (E) red mud imitation basalt compound; (F) red mud; (G) fly ash 1;
(H) coal gangue; (I) fly ash 2.



Materials 2019, 12, 3458 8of 11

Figure 6 indicates that the measured viscosity of red mud imitation basalt compound gradually
approaches that of basalt with the increase in temperature. When the temperature range was
1450-1460 °C, the difference in viscosity between the red mud imitation basalt compound and basalt
was less than 9 poise. Comparing the calculated viscosities of the imitation basalt compounds in
Figure 3 with the measured viscosities of basalt in Figure 6, it can be seen that the calculated viscosities
of the imitation basalt compounds decreased rapidly with the increase in temperature, which was
consistent with the measured viscosities of the red mud imitation basalt compound. Thus, it can
be deduced that the high-temperature melting performance of the imitation basalt compound was
strongly dependent on its chemical composition and that imitation basalt compound with excellent
high-temperature melting performance can be obtained by thermodynamic calculations.

L =
500 A

\ —=—B

400 - !-

300

Visc / pois

200 -

100 -

1 1 1 1

0
1250 1300 1350 1400 1450

T/°C

Figure 6. The measured viscosities of basalt and imitation basalt compounds as a function of temperature:
(A) basalt; (B) red mud imitation basalt compound.

X-ray diffraction patterns of the samples are shown in Figure 7, which shows that the crystallization
behavior of samples cooled from 1500 °C to room temperature. It can be seen that kamaishilite, pyroxene,
and merwinite crystals were precipitated out of the red mud melt. However, fly ash and coal gangue
were in a solid state at 1500 °C. Therefore, mullite and quartz in the fly ash, anorthite, and alumina in the
coal gangue may not be produced by crystallization. It was observed that there was no crystallization
during the cooling of basalt and imitation basalt compounds from 1500 °C to room temperature,
indicating that both the basalt complex and the basalt have a lower crystallization ability. However,
the area of the basalt diffraction peak is smaller than that of the basalt complex, which indicates that
the basalt has a lower crystallinity. Similarly, the crystallinity of the red mud-like basalt compound is
lower than that of other imitation basalt compound, and the fly ash-like basalt compound has similar
crystallinity to the gangue-like basalt compound, which indicates that the crystallization ability of
the imitation basalt compound was strongly dependent on its chemical composition. Thus, imitation
basalt compounds with low crystallization ability can be obtained by thermodynamic calculations.
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Figure 7. X-ray diffraction patterns of imitation basalt compounds and raw materials after treatment at
1500 °C: (A) red mud imitation basalt compound; (B) fly ash 1 imitation basalt compound; (C) fly ash 2
imitation basalt compound; (D) coal gangue imitation basalt compound; (E) basalt; (F) coal gangue; (G)
fly ash 2; (H) fly ash 1; (I) red mud.

Figure 8 indicates that the basalt compound has a uniform matrix composition after
high-temperature treatment, and the results of the X-ray diffraction analysis indicate that the basalt
compound is amorphous. Therefore, the imitation basalt compound after high-temperature treatment
is a uniform amorphous matrix. This indicates that the prepared basalt compound is suitable for the

production of basalt fiber.
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2019-10-11

Figure 8. Scanning electron microscope (SEM) image of imitation basalt compound: (a) red mud
imitation basalt compound; (b) fly ash 1 imitation basalt compound; (c) fly ash 2 imitation basalt
compound; (d) coal gangue imitation basalt compound (after high-temperature treatment).

5. Conclusions

(1) The as-prepared imitation basalt compounds exhibited excellent high-temperature melting
performance and low crystallization ability, indicating that red mud, fly ash, and coal gangue with
different chemical compositions and phase components can be used to produce imitation basalt fiber.

(2) Using thermodynamic calculations to obtain the chemical composition of imitation basalt
compounds with desired properties is an effective method for the preparation of high-performance
imitation basalt compounds.

(3) The high-temperature melting performance and crystallization ability of the imitation basalt
compounds are strongly dependent on their chemical compositions.

Author Contributions: Conceptualization, H.]. and S.W.; methodology, S.W.; software, S.W.; validation, H.J., S.W.
and X.L.; formal analysis, X.L.; investigation, S.W.; resources, H.]J.; data curation, S.W.; writing—original draft
preparation, S.W.; writing—review and editing, X.L.; visualization, X.L.; supervision, H.J.; project administration,
H.J.; funding acquisition, H.J.

Funding: The authors are very grateful to the School of Materials and Metallurgy of Guizhou University and the
National Natural Science Foundation of China for their support of this research (No. 51564003).

Conlflicts of Interest: We declare that we have no financial and personal relationships with other people or
organizations that can inappropriately influence our work, there is no professional or other personal interest of
any nature or kind in any product, service and/or company that could be construed as influencing the position
presented in, or the review of, the manuscript entitled, “Preparation of Imitation Basalt Compound Based on
Thermodynamic Calculation”.

References

1. Deng, L; Zhang, X.; Zhang, M.; Jia, X. Effect of CaF, on viscosity, structure and properties of
Ca0-Al,03-MgO-SiO; slag glass ceramics. |. Non Cryst. Solids 2018, 500, 310-316. [CrossRef]

2. Marini, D.; Valente, M. Basalt short fibers dispersion and fabric impregnation with magnesium alloy (AZ63):
First results. Materials 2019, 12, 2960. [CrossRef] [PubMed]

3. Gribniak, V.; Arnautov, A.K.; Kaklauskas, G.; Tamulenas, V.; Timinskas, E.; Sokolov, A. Investigation on
application of basalt materials as reinforcement for flexural elements of concrete bridges. Balt. ]. Road Bridge
Eng. 2015, 10, 201-206. [CrossRef]


http://dx.doi.org/10.1016/j.jnoncrysol.2018.08.018
http://dx.doi.org/10.3390/ma12182960
http://www.ncbi.nlm.nih.gov/pubmed/31547296
http://dx.doi.org/10.3846/bjrbe.2015.25

Materials 2019, 12, 3458 11 of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Zykaite, R.; Purgleitner, B.; Stadlbauer, W.; Burgstaller, C. Microdebond test development and interfacial
shear strength evaluation of basalt and glass fibre reinforced polypropylene composites. J. Compos. Mater.
2017, 51, 4091-4099. [CrossRef]

Ercenk, E.; Guven, B.; Yilmaz, S. Crystallization kinetics of machinable glass ceramics produced from volcanic
basalt rock. J. Non Cryst. Solids 2018, 498, 262-271. [CrossRef]

Deak, T.; Czigany, T. Chemical composition and mechanical properties of basalt and glass fibers: A
comparison. Text. Res. J. 2009, 79, 645-651. [CrossRef]

Kuzmin, K.L.; Gutnikov, S.I.; Zhukovskaya, E.S.; Lazoryak, B.I. Basaltic glass fibers with advanced mechanical
properties. J. Non Cryst. Solids 2017, 476, 144-150. [CrossRef]

Liu, D.Y,; Wu, C.S. Stockpiling and comprehensive utilization of red mud research progress. Materials 2012,
5,1232-1246. [CrossRef]

Biswas, S.; Satapathy, A. Tribo-performance analysis of red mud filled glass-epoxy composites using Taguchi
experimental design. Mater. Des. 2009, 30, 2841-2853. [CrossRef]

Jamieson, E.; Kealley, C.; Van Riessen, A.; Hart, R. Optimising ambient setting Bayer derived fly ash
geopolymers. Materials 2016, 9, 392. [CrossRef] [PubMed]

Li, D.; Wu, D.; Xu, E; Lai, J.; Shao, L. Literature overview of Chinese research in the field of better coal
utilization. J. Clean. Prod. 2018, 185, 959-980. [CrossRef]

Luan, J.; Li, A.; Su, T.; Cui, X. Synthesis of nucleated glass-ceramics using oil shale fly ash. J. Hazard. Mater.
2010, 173, 427-432. [CrossRef] [PubMed]

Liu, H; Qu, Y; Lu, Y.; Chang, Z.; Yue, Y. Structural, thermal properties and chemical durability of
aluminosilicate glasses prepared by Bayer red mud. Ionics 2017, 23, 2091-2101. [CrossRef]

Li, Z,; Luo, Z.; Li, X,; Liu, T.; Guan, L.; Wu, T.; Lu, A. Preparation and characterization of glass—ceramic
foams with waste quartz sand and coal gangue in different proportions. J. Porous Mater. 2016, 23, 231-238.
[CrossRef]

Chang, Z.; Yue, Y,; Qu, Y,; Li, S.; Wu, E; Liu, H. Properties of aluminosilicate glasses prepared by red mud
with various [Al,O3]/[CaO] mass ratios. J. Wuhan Univ. Technol. Mater. Sci. Ed. 2018, 33, 363-367. [CrossRef]
Chang, Z. Study on Preparation of Imitation Basalt Fiber by Red Mud. Master’s Thesis, Jinan University,
Jinan, China, 2016.

Kim, Y.; Kim, M.; Sohn, J.; Park, H. Applicability of gold tailings, waste limestone, red mud and ferronickel
slag for producing glass fibers. J. Clean. Prod. 2018, 203, 957-965. [CrossRef]

Appels, EV,; Camere, S.; Montalti, M.; Karana, E.; Jansen, K.M.; Dijksterhuis, J.; Krijgsheld, P.; Wosten, H.A.
Fabrication factors influencing mechanical, moisture-and water-related properties of mycelium-based
composites. Mater. Des. 2019, 161, 64-71. [CrossRef]

Li, Q.; Dong, X.; Zhu, Z.; Dong, Y. Environment-oriented low-cost porous mullite ceramic membrane
supports fabricated from coal gangue and bauxite. J. Hazard. Mater. 2014, 273, 136-145. [CrossRef] [PubMed]
Zhu, M.; Ji, R.; Li, Z.; Wang, H.; Liu, L.; Zhang, Z. Preparation of glass ceramic foams for thermal insulation
applications from coal fly ash and waste glass. Constr. Build. Mater. 2016, 112, 398-405. [CrossRef]

Ponsot, I.; Bernardo, E.; Bontempi, E.; Depero, L.; Detsch, R.; Chinnam, R.K.; Boccaccini, A.R. Recycling of
pre-stabilized municipal waste incinerator fly ash and soda-lime glass into sintered glass-ceramics. . Clean.
Prod. 2015, 89, 224-230. [CrossRef]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1177/0021998317697810
http://dx.doi.org/10.1016/j.jnoncrysol.2018.06.041
http://dx.doi.org/10.1177/0040517508095597
http://dx.doi.org/10.1016/j.jnoncrysol.2017.09.042
http://dx.doi.org/10.3390/ma5071232
http://dx.doi.org/10.1016/j.matdes.2009.01.018
http://dx.doi.org/10.3390/ma9050392
http://www.ncbi.nlm.nih.gov/pubmed/28773513
http://dx.doi.org/10.1016/j.jclepro.2018.02.216
http://dx.doi.org/10.1016/j.jhazmat.2009.08.099
http://www.ncbi.nlm.nih.gov/pubmed/19740599
http://dx.doi.org/10.1007/s11581-017-2045-6
http://dx.doi.org/10.1007/s10934-015-0074-y
http://dx.doi.org/10.1007/s11595-018-1830-y
http://dx.doi.org/10.1016/j.jclepro.2018.08.230
http://dx.doi.org/10.1016/j.matdes.2018.11.027
http://dx.doi.org/10.1016/j.jhazmat.2014.03.026
http://www.ncbi.nlm.nih.gov/pubmed/24727016
http://dx.doi.org/10.1016/j.conbuildmat.2016.02.183
http://dx.doi.org/10.1016/j.jclepro.2014.10.091
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Thermodynamic Calculations 
	Calculation of Ternary Phase Diagram 
	Calculation of High-Temperature Viscosity 

	Materials and Method 
	Preparation of Imitation Basalt Compound 
	Analysis of Chemical Compositions and Components 
	Investigation of High-Temperature Melting Performance 
	Investigation of Crystallization Ability 

	Results and Discussion 
	Conclusions 
	References

