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Abstract

:

The preparation of fiber-reinforced phosphorus building gypsum composite materials (FRPGCs) is an important approach to enlarge the utilization of phosphogypsum resources. Through reinforcing phosphorus building gypsum (PBG) with basalt fiber (BF), this article probes into the effects of the length and fiber content of BF on the working performance and mechanical properties of basalt-fiber-reinforced phosphorus building gypsum composite materials (BRPGCs) and accesses the toughness of BRPGCs under bending loads using residual strength. The results showed that the addition of BF could significantly promote the mechanical properties of BRPGCs. However, due to the adverse effect of fibers on the working performance of BRPGCs, the fiber content was constrained. After adding 1.2% of 6 mm BF, the bending strength and compressive strength of FRPGCs reached maximum values of 10.98 MPa and 29.83 MPa, respectively. Under a bending load, BRPGCs exhibited an apparent ductile behavior. The P-δ curve presented five stages, with an evident phase of strength stability after cracking. A larger fiber content was conducive to the toughness of BRPGCs. When 1.6% of 6 mm BF was added, the residual strength of FRPGCs could reach 6.77 MPa.
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1. Introduction


Phosphogypsum is a solid waste produced by the phosphate chemical industry that can cause soil and water pollution [1,2]. Disposing large amounts of newly generated and stockpiled phosphogypsum is a global challenge [3,4]. This problem is especially severe in China, where more than 500 million tons of phosphogypsum are currently stockpiled and more than 55 million tons of phosphogypsum are generated each year, with a recycling rate of only 40% [5,6]. One important way to recycle phosphogypsum is by preparing phosphorus building gypsum, but its use is limited due to inferior properties compared with cement or natural building gypsum [7,8]. Thus, improving the performance of PBG is a critical research task. The widespread use of PBG can promote the resource utilization of phosphogypsum and help reduce carbon emissions in the construction industry as a low-carbon building material [9].



In contrast with gypsum, fiber-reinforced gypsum composite materials (FRGCs) have better mechanical properties and can be used as paperless gypsum boards, gypsum planks, and molded gypsum [10,11]. Fibers such as polyvinyl alcohol fiber (PVA), polypropylene fiber (PP), and glass fiber are usually adopted to enhance the performance of gypsum [12]. Gonçalves et al. [13] evaluated the feasibility of utilizing recycled glass fibers for the preparation of FRGCs. After adding 6 wt% of recycled glass fibers, the bending strength of FRGCs could increase by 66%. Suarez [14] adopted three polymeric fibers to prepare FRGCs and explored the influence law of fiber length on the fracture performance of FRGCs. Cong [15] prepared FRGCs using PP and PVA and made a thorough evaluation of the processability, bending properties, and toughness of FRGCs.



With the advantages of a low cost, excellent mechanical properties, and good fire resistance, basalt fiber (BF) has a great application potential in the field of building materials [16,17]. Li [18] treated BF with HCl, NaOH, and silane coupling agents, respectively, and analyzed the effects of the three treatment methods as well as fiber length and fiber content on the performance of BF-reinforced natural building gypsum composite materials (BFRGs). An appropriate fiber content can promote the bending strength of BFRGs by more than 50%. Meanwhile, Li [19] studied the effects of the dispersion mode of fibers on the working performance and mechanical properties of BFRGs. The bending strength of BFRGs prepared by the premix method increased by 40.6%. However, there was a decrease in compressive strength. Xie [20] used BF to reinforce desulfurized building gypsum and probed into the effects of BF on the working performance and mechanical properties of desulfurized building gypsum. Under the conditions of a fiber length of 9 mm and a fiber content of 0.7%, the bending strength of the composite material was significantly improved. Given the successful application of BF in reinforcing natural building gypsum and desulfurized building gypsum, BF may be used to improve the mechanical properties of phosphorus building gypsum. Wu [21] studied the effects of BF on the bending strength of phosphorus building gypsum. However, the effects of the fiber dosage and length on the working performance and bending toughness of basalt-fiber-reinforced phosphorus building gypsum composite materials (BRPGCs) were not involved.



To synthetically investigate the influence of BF on the working performance and mechanical properties of BRPGCs, two lengths of BF—6 mm and 12 mm—were adopted in this paper. The effects of fiber length and fiber addition on the fluidity and setting time of slurry from BRPGCs as well as the bending strength, bending toughness, and compressive strength of BRPGCs were explored through experiments. The fracture behavior of BRPGCs was analyzed through the P-δ curve. The mechanism of the influence of fibers on the performance of BRPGCs was preliminarily analyzed. This paper provides an essential research basis for the further application of BRPGCs.




2. Results and Discussion


2.1. Working Performance


2.1.1. Fluidity


The addition of BF caused a significant alteration in the fluidity of the slurry from BRPGCs, as shown in Figure 1. As the fiber content increased, the fluidity of the slurry from BRPGCs gradually decreased. For the 6 mm BF, when the fiber content reached 2%, the fluidity of the slurry from BRPGCs was lost and was remarked as fluidity of 60 mm. For the 12 mm BF, when the fiber content reached 1.6%, the slurry from BRPGCs lost its fluidity. With the same BF addition, the influence of the 6 mm BF on the fluidity of the slurry from BRPGCs was less than that of the 12 mm BF. This result was similar to the research on FRGCs, but the influence of BF on fluidity was greater than that of PP [15,18,19,20].



This phenomenon agreed with observations in other FRGCs [12,15]. When BF was added to the slurry of phosphorus building gypsum, the large surface area of the fibers partially adsorbed water, the water films on the surfaces of solid substances in the slurry became thinner, and resistance to particle movement increased, thus lowering the fluidity of the slurry. Meanwhile, fibers distributed in the slurry formed a grid structure, which impeded the flow of the slurry. Longer fibers and larger additions would strengthen this grid effect, leading to a greater decrease in the fluidity of the slurry.




2.1.2. Setting Time


The addition of BF shortened the setting time of the slurry from BRPGCs, as shown in Figure 2. For the 6 mm BF, when the fiber content reached 1.6%, the initial setting time of the slurry from BRPGCs in the blank group decreased from 13 min and 20 s to 10 min and 10 s; the final setting time reduced from 30 min and 10 s to 25 min and 30 s. For the 12 mm BF, when the fiber content reached 1.2%, the initial setting time of the slurry from BRPGCs lessened to 10 min and 30 s and the final setting time decreased to 25 min and 10 s. On the whole, with the same addition, the fiber length hardly affected the setting time of the slurry from BRPGCs. This result was widely observed and was consistent with research on FRGCs [15,18,19,20].



Adding BF enlarged the total surface area of solid substances in the slurry from BRPGCs, thinned the water films on the surfaces of gypsum particles, narrowed the particle spacing, and accelerated the hydration reaction. Therefore, the setting time of the slurry from BRPGCs was shortened. The increase in the fiber surface area of composite materials was mainly relevant to the volume fraction of fibers, which were scarcely affected by fiber length. Therefore, the influence of fiber length on the setting time of the composite slurry was minimal.





2.2. Mechanical Properties


2.2.1. Analysis of P-δ Curve


During bending loading, the P-δ curve of BRPGCs had an apparent consistency. After cracking, BRPGCs possessed a certain residual bearing capacity, as shown in Figure 3. The load curve showed that the addition of BF greatly increased the peak load of BRPGCs. BRPGCs exhibited significant toughness after cracking and the residual strength also varied with changes in fiber length and fiber addition. The specific behavior is discussed in Section 2.2.2 and Section 2.2.3.



The bending fracture behavior of BRPGCs can be summarized into five typical stages, as shown in Figure 4. The first stage (O–A) was the elastic phase, displaying elastic deformation. The phosphorus building gypsum matrix and BF were subjected to joint forces. The second stage (A–B) was the lifting phase. Due to the brittle feature of the phosphorus building gypsum matrix, the matrix cracked first. The crack did not rapidly expand, owing to the bridging effect of the fibers. The BF at the crack underwent elastic deformation under stresses. The bearing capacity of BRPGCs continued to increase until the peak point B. The third stage (B–C) was the declining phase. As the load continued to increase, the crack opening enlarged and BF at the crack began to pull out. The bearing capacity of BRPGCs decreased. The crack rapidly expanded, with more BF participating in bridging the crack. The fourth stage (C–D) was the stable phase. As the crack expanded, more and more BF bridged the crack. During pullout, the fibers at the opening of the crack dissipated energy through the interface as friction behavior between the fibers and the matrix. The fibers at the pointed ends of the crack showed elastic deformation and provided a bearing capacity. At this stage, the bearing capacity of BRPGCs was stable, with a slight decrease. The fifth stage (D–E) was the failure phase. With the continuous expansion of the crack, the fibers at the opening of the crack started to pull out and were no longer able to provide a bearing capacity. The bearing capacity of BRPGCs dropped sharply until complete failure.




2.2.2. Bending Strength


The addition of BF had a significant impact on the bending strength of BRPGCs, as shown in Figure 5. The bending strength of BRPGCs increased with the fiber content. When the content of 6 mm BF reached 1.2%, the oven-dry bending strength of BRPGCs was up to the peak value of 12.14 MPa, 85.4% higher than the blank group. However, further increasing the fiber content caused a decrease in the bending strength of BRPGCs. This was mainly because when the fiber content was exceptionally high, the fluidity of the slurry from BRPGCs was quite low and a large number of pores appeared during the forming of BRPGCs, resulting in a decrease in the strength of the matrix. When the content of the 12 mm BF was added to 1.2%, the oven-dry bending strength of BRPGCs reached the maximum of 10.98 MPa, 67.7% higher than that of the blank group. With the same fiber addition, the reinforcement effect of the 6 mm BF was better than the 12 mm BF, which was also due to more defects generated by the 12 mm BF during the forming process of BRPGCs. Compared with other studies of FRGCs, the bending strength improvement of BRPGCs in this paper was more significant (see Table 1).




2.2.3. Bending Toughness


The residual strength of BRPGCs was calculated according to the P-δ curve obtained in the bending test of BRPGCs, and the result is shown in Figure 6. It could be seen that the residual strength of BRPGCs increased with the fiber content, exhibiting a better toughness performance. The reason may be that when the fiber content was higher, after BRPGCs cracked, more fibers were distributed at the crack and provided a better bridging effect. However, the rise in fiber length had adverse effects on the residual bending strength of BRPGCs. It was mainly because the addition of 12 mm BF negatively affected the strength of BRPGCs and resulted in more defects in BRPGCs, which accelerated the expansion of the crack in the bending test. Expressing the contribution of the 12 mm BF to the toughness of BRPGCs solely through residual strength is still not comprehensive. From Figure 1, we could see that although the 12 mm BF had slight effects on peak load and residual strength, with the same addition, BRPGCs with 12 mm BF achieved greater ultimate deformation and exhibited a better deformation ability. This was because the 6 mm BF was easier to completely pull out from the matrix; in comparison, the 12 mm BF had a larger extraction length during the production process, resulting in a better energy dissipation capacity.



When observing the micromorphology of BRPGCs after fracture through SEM, it could be seen that there was no significant plastic deformation of the BF during the fracture of BRPGCs, indicating that the BF was not a factor that consumed the energy of the fracture during the fracture. After being pulled out, BF left smooth marks and the interface between the hydration products of PBG and BF was neat. It could be inferred that BF and PBG hydration products did not form chemical coupling, but were combined through mechanical coupling. During the fracture process of BRPGCs, the energy of the fracture was mainly dissipated through sliding and friction between the BF and hydration products (see Figure 7).




2.2.4. Compressive Strength


The oven-dry compressive strength of BRPGCs remarkably increased with the addition of BF, as shown in Figure 8. Overall, the compressive strength of BRPGCs was enhanced with the fiber content. However, an excessive fiber content also caused a decrease in strength. When the content of 6 mm BF was 1.2%, the compressive strength of BRPGCs reached the maximum value of 29.83 MPa, 69.0% higher than that of the blank group. When the content of 12 mm BF was 1.2%, the compressive strength of BRPGCs reached a maximum value of 27.33 MPa, 54.8% higher than that of the blank group. With the same fiber content, the reinforcement effect of 6 mm BF was superior to that of 12 mm BF. Compared with other studies of FRGCs, the compressive strength improvement of BRPGCs in this paper was more significant (see Table 1).



As the elastic modulus of BF was much higher than that of phosphorus building gypsum, the addition of BF promoted the elastic modulus of BRPGCs. Under the action of a compressive load, a higher elastic modulus could lessen the transverse deformation of BRPGCs and delay material failure, thus enhancing the compressive strength of BRPGCs. The adverse effects of a larger fiber content and length on the compressive strength of composite materials were chiefly due to the defects in BRPGCs and the decrease in matrix strength during the forming process caused by the decline in the fluidity of the slurry from BRPGCs.






3. Materials and Methods


3.1. Raw Materials


The phosphogypsum used in this study was provided by Yunnan Yuntianhua Co., Ltd. (Kunming, China). After being washed in the laboratory to remove impurities, it was then calcined at 145 °C for 6 h to prepare phosphorus building gypsum (light yellow powders), as shown in Figure 9. Its chemical compositions are shown in Table 2. The XRD analysis of PBG is shown in Figure 10.



BF was produced by Shanghai Chenqi Chemical Technology Co., Ltd., Shanghai, China, in the shape of bronze-colored coarse sand, as shown in Figure 11. The specifications adopted in this article were 6 mm- and 12 mm-long chopped sand. The physical properties are shown in Table 3.



The water reducer used in this experiment was a polycarboxylic-acid-type water reducer prepared in the laboratory and was a light yellow oily liquid with a solid content of 40%.




3.2. Experiment Design


For the blank group in the experiment, the mixture ratio was 1200 g phosphorus building gypsum, 6 g water reducer, and 370 g water; the fluidity was 180 mm. The volume fractions for the BF of each length were 0.4%, 0.8%, 1.2%, 1.6%, and 2.0% (see Table 4). When the fluidity of the composite slurry could not be tested, the fiber content no longer increased. When the fluidity of the experimental group was unable to be tested, indicators such as the fluidity and mechanical properties stopped being tested.




3.3. Experiment Methods


3.3.1. Working Performance


The fluidity and setting time of the slurry from BRPGCs were primarily determined indicators and referred to the “Determination of Physical Properties of Building Gypsum Net Slurry”. (GB/T 17669.4-1999) Chinese national standard [22].



The flow spread of different groups of PBG was tested using a cylinder with specifications of φ 50 × 50 mm. According to the mix proportions for the PBG plaster in Section 3.2, BF was added to the water and stirred until homogeneous. The PBG was then added and mixed for 60 s to obtain the plaster. The plaster was quickly poured into a clean, moist cylinder and excess plaster was scraped off. The cylinder was lifted to measure the vertical diameter of the disk formed by the expansion of the PBG plaster and calculate the average value as the flow spread of the test group.



The setting time was assessed using Vicat apparatus. The initial setting time was the time when the needle did not touch the glass floor and the final setting time was the time when the depth of the needle inserted into the slurry was not greater than 1 mm.




3.3.2. Mechanical Properties


The specification of the specimen of BRPGCs used for mechanical property testing was 40 mm × 40 mm × 160 mm. After forming, the specimen was naturally cured for 24 h and dried to a constant weight at 40 ± 4 °C. A microcomputer-controlled universal material testing machine was used for four-point bend loading, as shown in Figure 12. The P-δ curve of the specimen was collected. Displacement control was adopted in the loading process, with a loading rate of 0.5 mm/min and a sampling frequency of 10 Hz.



According to the obtained bending P-δ curve, the peak load of the curve was regarded as the maximum load (P) of the specimen. The flexural strength (Rf) of the specimen was obtained by the following equation:


Rf = PL/bh2








where P represents the maximum load, L denotes the span of the specimen, and b and h are the width and height of the specimen, respectively.



The bending toughness was evaluated using the residual strength method [23], as shown in Figure 13. The deformation corresponding with the peak load of the P-δ curve was remarked as δ. Loads of P1, P2, P3, P4, and P5 corresponding with deformations of 1.5 δ, 2 δ, 3 δ, 4 δ, and 5 δ were found, respectively. Due to the remarkable fluctuation in the bearing capacity of BRPGCs after cracking, the average value of the load in the range of [−0.005 mm, 0.005 mm] before and after the corresponding deformation was taken as the load, as shown in Figure 13.



The residual load (Pr) was obtained by the following equation:


   P r  =    α 1   P 1  +  α 2   P 2  +  α 3   P 3  +  α 4   P 4  +  α 5   P 5     α 1  +  α 2  +  α 3  +  α 4  +  α 5     








where α1, α2, α3, α4, and α5 are weighted coefficients; the values were 0.25, 0.50, 0.75, 1, and 1, respectively.



The residual strength (Rr) could be obtained by the following equation:


Rr = PrL/bh2











Three half-cut parts from different specimens after the bending test were used for the test of compressive strength. A microcomputer-controlled universal material testing machine was adopted for loading through displacement control, with a loading rate of 0.5 mm/min and a sampling frequency of 10 Hz. We recorded the maximum compressive load (Pc) and calculated the flexural strength of the specimen as follows:


Rc = Pc/S








where Pc represents the maximum compressive load in units of N and S denotes the compression area of the specimen, with a value of 40 mm × 40 mm.






4. Conclusions


This article explored the influence law of the length and addition of BF on the working performance and mechanical properties of BRPGCs, emphasizing the fracture behavior of BRPGCs in a bending test and evaluating the bending toughness of BRPGCs through residual strength. The following conclusions were drawn:




	(1)

	
The addition of BF had a negative impact on the working performance of the slurry from BRPGCs. As the fiber content and length increased, the fluidity of the slurry from BRPGCs decreased and the setting time shortened.




	(2)

	
Adding BF significantly improved the mechanical properties of BRPGCs. With the increase in fiber content, the bending strength and compressive strength of BRPGCs were markedly promoted. However, the increase in fiber length had adverse effects on the mechanical properties of BRPGCs. When adding 1.2% of 6 mm BF, the bending strength and compressive strength of BRPGCs reached the maximum values of 10.98 MPa and 29.83 MPa, 67.7% and 69.0% higher than the blank group, respectively.




	(3)

	
The P-δ curve of BRPGCs exhibited a typical characteristic of five stages. BRPGCs could reserve a good residual strength after cracking. As the fiber content increased, the toughness of the composite material increased. When 1.6% of 6 mm BF was added, the residual strength of FRPGCs reached the maximum value of 6.77 MPa.
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Figure 1. Influence of BF on the fluidity of the slurry from BRPGCs. 
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Figure 2. Influence of BF on the setting time of the slurry from BRPGCs. 
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Figure 3. The P-δ curve of BRPGCs in the bending test. 
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Figure 4. The typical P-δ curve of BRPGCs. 
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Figure 5. The effect of BF on the oven-dry bending strength of BRPGCs. 
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Figure 6. The influence of BF on the residual strength of BRPGCs. 
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Figure 7. Microstructure of BRPGC. 
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Figure 8. The impact of BF on the oven-dry compressive strength of BRPGCs. 
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Figure 9. Phosphorus building gypsum. 
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Figure 10. Results of XRD analysis. 
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Figure 11. Basalt fiber. 
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Figure 12. Schematic diagram of the test of four-point bend loading. 
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Figure 13. Schematic diagram of the calculation of bending toughness. 
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Table 1. Performance comparison with other research results.
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	Fiber
	Bending Strength/Flexural Strength
	Compressive Strength





	This paper
	6 mm, 17.4 μm, and 1.2% BF
	Increased by 85.4%
	Increased by 69%



	Gonçalves [13]
	10 mm; 6 wt% E-glass fiber
	Increased by 66%
	-



	Suarez [14]
	12 mm, 31 μm, and 10 Kg/m3
	-
	Decreased by 6.7%



	Cong [15]
	12 mm, 12 μm, and 1.2% PVA
	Increased by 48%
	Decreased by 6.6%



	Li [18]
	10 mm; 10% PVA
	Increased by 78.3%
	-



	Li [19]
	10 mm, 13 μm, and 0.5% BF
	Increased by 40.6%
	Decreased by 11.1%



	Xie [20]
	6 mm, 17 μm, and 0.7 wt% BF
	Increased by 36.53%
	Increased by 10.31%
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Table 2. Chemical compositions of phosphogypsum.






Table 2. Chemical compositions of phosphogypsum.





	Component
	SiO2
	Al2O3
	Fe2O3
	MnO
	MgO
	CaO
	K2O
	P2O5
	SO3
	Organism





	Content (%)
	14.52
	1.66
	0.15
	0.005
	0.17
	31.94
	0.22
	0.94
	45.38
	0.25










[image: Table] 





Table 3. Physical properties of BF.






Table 3. Physical properties of BF.





	Density
	Tensile Strength
	Elongation Rate
	Maximum Working Temperature
	Diameter
	Tensile Modulus of Elasticity





	2.65 g/cm
	≥2000 MPa
	≥2.5%
	650 °C
	17.4 μm
	100 GPa
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Table 4. Mix proportions.






Table 4. Mix proportions.





	No.
	PBG/g
	Water Reducer/g
	Water/g
	Length of BF/mm
	Volume Fractions for BF/%





	1
	1200
	6
	370
	-
	-



	2
	1200
	6
	370
	6
	0.4



	3
	1200
	6
	370
	6
	0.8



	4
	1200
	6
	370
	6
	1.2



	5
	1200
	6
	370
	6
	1.6



	6
	1200
	6
	370
	6
	2.0



	7
	1200
	6
	370
	12
	0.4



	8
	1200
	6
	370
	12
	0.8



	9
	1200
	6
	370
	12
	1.2



	10
	1200
	6
	370
	12
	1.6
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