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Abstract: This study was designed to solve the problem of large waste volume from bamboo processing residues in recent years. Using magnesium oxychloride (MO) cementitious material as the main material and bamboo residue (BR) as the reinforcing material, a BR/MO composite material was prepared. The effects of BR amount on the molding properties, mechanical strength, and water resistance of BR/MO composites were examined and discussed. Scanning electron microscopy (SEM), X-ray diffractometry (XRD), and thermogravimetric analysis were used to characterize composite microscopic morphology, crystalline structure, and heat resistance. The results showed that, when the BR content was 1.00% (by wt), the flowability of MO paste was beneficial to composite molding. Composite mechanical properties and water resistance were greatly affected by BR addition. When the BR content was 1.00%, composite compressive and bending strengths and softening coefficient all reached maximum values. Meanwhile, increases in water absorption by 24 h and decreases of contact angle were small. These results suggested that, when the BR content was 1.00%, composite mechanical properties and water resistance were the best and the mechanical strength also improved with extended composite storage time. SEM analysis indicated that BR played the role of a reinforcing phase in MO matrices. However, when the BR content exceeded 1.00%, interfacial bonding between BR and MO became less. XRD analysis showed that, with 1.00% BR content, composites showed more 5-phase crystals with high strength. This further explained the reason why this composite’s mechanical properties were the best and the heat resistance not deteriorated due to BR, which was easily decomposed.
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1  Introduction

China has a vast area of bamboo forests and abundant bamboo resources. New bamboo products have been developed, such as bamboo plywood, laminated timber, reconstituted timber, and winding composite pressure pipe, and the bamboo industry plays a very important role in the national economy [1]. Although researchers continue to improve bamboo processing and application technology, the utilization rate of bamboo remains not ideal [2,3]. Bamboo residues produced in the process of bamboo felling and processing have not been rationally used, which not only causes a serious waste of resources but also causes serious environmental pollution. Therefore, how to use these bamboo residues in high quality and efficiency strategies has become an urgent problem in the field of comprehensive bamboo utilization. At the same time, the efficient use of bamboo residues can increase bamboo added value, which would meet the requirements of green and sustainable development in China.

The most commonly used and most effective method used in research to prepare bamboo scraps wood-based panels is by mixing bamboo residues and adhesives and hot pressing [4]. However, traditional bamboo scraps boards mostly use aldehyde-containing adhesives, such as urea-formaldehyde and phenol-formaldehyde resins [5], which not only release formaldehyde gas harmful to the human body during production and use, but also affect its application areas due to product performance, color, and other issues. In view of this, the use of abundant, safe, nontoxic, and inexpensive inorganic cementing materials as binders to produce bamboo scrap refuse (BR)/inorganic composites has become the focus of many studies [6]. Among the commonly-used inorganic cementitious materials, magnesium oxychloride (MO) cementitious materials have been most studied and their application widespread due to their huge raw material reserves and excellent performance [7]. MO cementitious material has the advantages of green environmental protection, low alkalinity, good heat insulation performance, low corrosion of plant fibers, and good composite properties [8]. However, MO cementitious materials have defects, such as poor water resistance, high brittleness, easy moisture absorption, and easy cracking [9]. In response to these drawbacks, Wang et al. [10] and Wang et al. [11] have used straw and corn fibers to enhance and modify MO inorganic adhesive, demonstrating that plant fibers can indeed enhance the mechanical properties of MO cementitious materials and water resistance. Therefore, bamboo scrap refuse (BR)/MO composites produced by mixing MO cementitious materials and bamboo residues have received increasing attention [12]. This development can not only improve the utilization rate of bamboo resources, but also provide people with green and healthy building materials, thus achieving two goals. However, BR/MO composites have problems, such as poor interface compatibility between BR and MO cementitious material, which affects composite mechanical properties. In this study, the influence of BR content on the properties of BR/MO composites was discussed and the mechanism of performance improvement discussed. The overall purpose was to prepare BR/MO composites with excellent performance and provide technical guidance and theoretical support for product applications.

2  Materials and Methods

2.1 Materials

Light/y-burnt magnesia, industrial grade, 200 mesh fineness, 9% sieve residue rate, containing (by % wt) 86.59 MgO, 5.43 SiO2, 1.48 CaO, 0.62 Al2O3, 0.34 Fe2O3, and 5.54 loss on ignition was obtained from Shenyang Teok Chemical Co., Ltd (Shenyang, China). Magnesium chloride hexahydrate, industrial grade, and magnesium sulfate heptahydrate, industrial grade was obtained from Shandong Weifang Jiuzhuo Chemical Co., Ltd. (Shandong, China). Bamboo scraps, including bamboo green and bamboo yellow, 40–80 mesh, was obtained from Hunan Taohuajiang Bamboo Technology Co., Ltd. (Yiyang, China).

2.2 BR/MO Composite Material Preparation

The preparation process of BR/MO composite material is shown in Fig. 1. Magnesium chloride hexahydrate, magnesium sulfate heptahydrate, and ultrapure water made brine were mixed to molar ratio of MgO, MgCl2·6H2O, MgSO4·7H2O, and water in the entire system at 6/1/1/17, respectively. Then, dried BR and magnesium oxide added slowly to the brine and well mixed. The homogenized slurry was then poured into a mold and placed in a constant temperature and relative humidity box (25°C and ~60% R.H.) for curing. After hydration and curing for 24 h, samples were demolded and held a stable R.H. for 3 d after curing to obtain the finished composite. Because BR was loose and had a low density, its volume is relatively large. Therefore, the ratio of BR to MO slurry was treated by volume (Fig. 2).
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Figure 1: Composite material preparation process
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Figure 2: Photos of MO slurry and BR for experiments

2.3 Performance Testing and Characterization

2.3.1 Slurry Viscosity Measurement

Viscosity was measured using a microcomputer-based digital display viscometer (Shanghai Jinghai Instrument Co., Ltd., Shanghai, China). Conditions included a 2# rotor, 12 rev, and sample volume at ~50 mL.

2.3.2 Compressive Strength Test

Referring to Chinese Standard GB/T 5486-2008, test specimens were of 40 × 40 × 40 mm3. After a specimen was dried to absolute dryness, it was pressurized with a universal testing machine at a speed of 20 mm/min and the pressure recorded at specimen destruction.

2.3.3 Bending Strength Test

Referring again to GB/T5486-2008, specimens were 160 × 40 × 40 mm3. After drying to absolute dryness, a universal testing machine was used to apply pressure at a constant rate of 10 mm/min and the pressure at specimen breaking recorded.

2.3.4 Water Absorption Rate Measurement

Referring again to GB/T5486-2008, specimens were of 40 × 40 × 40 mm3, an absolutely dry compression test piece was weighed (M0, g), soaked in water at 20 ± 5°C for 24 h, removed, and wiped dry with a towel, and weighed again (Mg, g). The water absorption rate of a specimen was as follows:


WAR=Mg−M0M0×100%


2.3.5 Scanning Electron Microscope (SEM) Analysis

A Quanta 450 scanning electron microscope (SEM; FEI Co., Hillsboro, OR, USA), at an accelerating voltage 20 kV, was used to obtain and observe SEM images of gold-sputtered specimen fragments.

2.3.6 Thermogravimetric Analysis (TGA)

This analysis was performed on the STA 449 F3 simultaneous thermal analyzer system (NETZSCH Co., Germany) from rm temperature to 600°C, heating rate of 10 °C/min, nitrogen flow rate at 30 mL/min, and sample amount at ~5 mg.

2.3.7 X-ray Diffraction Analysis

An Xd-2 X-ray diffractometer (Beijing General Instrument Co., Ltd., Beijing, China) was used to analyze for composite crystal phase structure and crystal type. The test voltage was 40 kV, current at 35 mA, scanning speed at 8°/min, and scan range of 50°–70°.

2.3.8 Statistical Analysis

The data in this research was statistically evaluated using the Minitab Version 15 statistical software package. It reported with the mean and standard deviation of the number of replicates. A single-factor analysis of variance was used to determine the significance difference between the mean value according to the minimum significance difference criterion of 95% confidence level (p < 0.05).

3  Results and Discussion

3.1 Mechanical Property Analysis

BR is a hydrophilic material and contains a large number of hydrophilic groups. BR addition affected the viscosity of MO and affected the molding performance of BR/MO composites, thereby affecting the strength of the composites. The viscosities of BR/MO slurry prepared with different BR content were measured (Fig. 3a). When the BR content did not exceed 1.00% (by wt), increased BR gradually led to increased slurry viscosity. On one hand, hydrophilic groups in BR absorbed moisture from the MO slurry, which made the slurry thicker and, on the other hand, after BR was mixed with MO, entanglement occurred in the slurry, which decreased slurry fluidity. At 1.00%-point, slurry viscosity was improved, which improved composite molding performance. However, when the BR content exceeded 1.00%, slurry viscosity rapidly increased, resulting in a sharp drop in slurry fluidity. This caused a large amount of BR to aggregate and unevenly distribute, and the composite molding performance was reduced, which also affected composite mechanical properties.

The compressive and bending strengths of the MO without BR was low while these strengths in BR/MO composites significantly increased (Figs. 3b and 3c). On one hand, these results were mainly due to BR being a tough material (Fig. 3d). When tough BR was added to form a composite in an appropriate amount, there were interfacial bonding and mechanical meshing forces between BR and the MO matrix, which made the composite form a mechanical interlocking chaotic support system [13]. When the composite was subjected to external forces, BR in the system transmitted and absorbed a certain amount of energy, which increased the compressive failure load. On the other hand, lignin and semifibers in BR were hydrolyzed into sugar acids and monosaccharides in the MO alkaline environment and resulting decomposition products had a protective effect on composite crystals (Fig. 6c). At the same time, BR addition increased slurry viscosity, which was then more conducive to composite molding, thus significantly improving composite toughness and strength (Fig. 3a). However, when BR content increased to 1.00%, composite compressive and bending strengths decreased with increased BR. On one hand, slurry fluidity deteriorated, which made BR dispersibility in the MO system worse and the BR distribution not uniform, resulting in void defects in the composite, which led to a decrease in composite compressive strength [14]. On the other hand, excessive BR addition made the negative effects of debonding at interfaces between BR and the MO matrix in the composite system greater than the positive enhancement effect, resulting in decreased compressive strength. Composite compressive and bending strengths after storage for 7 and 28 d were similar to the strength measured at 3 d and increased with prolonged storage time (Figs. 3b and 3c). This showed that the BR/MO composites had a long-term hydration process, which was thus suitable for long-term use, and the mechanical properties did not decrease with time. The above analysis showed that the addition of a certain amount of BR significantly improved composite bending strength, which confirmed that BR increased the toughness of brittle MO materials.
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Figure 3: Mechanical properties of BR/MO composites. slurry viscosity with different BR content (a), bending strength of composites with different BR content (b), compressive strength of composites with different amount of bamboo scraps (c), and BR mechanism (d)

3.2 Water Resistance Analysis

BR is a hydrophilic material and its addition directly affected water absorption by BR/MO composites, then affecting composite water resistance. The water absorption and contact angle of composites prepared with different BR content were assessed (Figs. 4a and 4b). As a general trend, the more BR added, the higher the composite water absorption and the smaller the contact angle. This was because there was a large number of hydrophilic hydroxyl groups on BR, such that the more BR added, the more water-absorbing hydroxyl groups present. When the BR content increased from 0.00% to 1.00%, increases in composite water absorption were small and decreases in surface contact angle small. This was because, with less added BR, MO cementitious material wrapped BR better and water molecules had difficulty entering the composite and H-bonding with BR. However, when the BR content exceeded 1.00%, composite water absorption rate rapidly increased and reduction in surface contact significantly increased. As the BR content increased, slurry fluidity became lower and BR uniformity in the MO system also lower (Fig. 3a). At the same time, as BR increased, the ability of MO material to wrap BR deteriorated. These two reasons led to more hydrophilic BR being exposed, which significantly increasing composite water absorption rate material and reducing the surface contact angle.
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Figure 4: Water resistance. Water absorption and softening coefficient of composites with different amount of bamboo scraps (a) and contact angle of composites with different BR content (b)

After the composite absorbed water, its strength was reduced to a certain extent and thus it was necessary to investigate the strength retention rate after water absorption, that is to measure the softening coefficient. Here, the composite water resistance was further verified by examining the softening coefficient of the BR/MO composites prepared with different BR content (Fig. 4a). The softening coefficient of MO was only 0.386 when without BR, because MO material had poor adhesion after water molecule erosion and there were many pores in the MO matrix, which easily allowed water molecule invasion and hydrolysis from ion migration [15]. When the BR content was <1.00%, the composite softening coefficient gradually increased. First, one reason for this was that BR addition made the composite form a more chaotic support system and BR could have absorbed and transmitted a certain amount of energy. Thus, increasing BR content increased the composite strength retention rate after water absorption. Second, there was a large number of H-bonds in BR that could have absorbed some of the invading water molecules, thus reducing resulting erosion of MO. Third, BR produced hydrolysates, which protected the 5-phase crystallization and prevented it from decomposing under water molecule erosion (Fig. 6c). However, when BR content exceeded 1.00%, the composite softening coefficient rapidly decreased. On one hand, excessive BR addition caused BR accumulation in the MO system, resulting in uneven dispersion, easy production of bubbles and cracks, and likely entrance of water molecules into the composite, resulting in reduced water resistance. On the other hand, if the BR content was too great, the number of hydrophilic groups in the composite increased, resulting in a significant increase in composite water absorption. The present analytical results of water absorption, contact angle, and softening coefficient all showed that BR was the reinforcing phase in the composite, which was beneficial for improving composite strength. However, BR is also a hydrophilic material, which caused the composite to absorb water, thus changing the mechanical properties.

3.3 Interface Topography Analysis

BR played a supporting role in this composite system and MO a gelling role, but there were cracks and air bubbles at junction of BR and MO, thereby affecting various performances. Therefore, the influence mechanism of BR on the properties of BR/MO composite was explored by SEM to observe morphological characteristics of surfaces and interfaces in BR/MO composites (Fig. 5).
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Figure 5: Electron micrograph of a composite surface. Surface of MO without BR (a and b); surface of composite with 1.00% BR), with interface between BR and MO (c); bonding interface between BR and MO in composite with 0.50% content (d); bonding interface between BR and MO in composite with 1.00% BR (e); and bonding interface between BR and MO in composite with 1.5% BR (f)

There were more bubbles and cracks observed in MO without BR (Figs. 5a and 5b). This was because MO slurry without BR had a low viscosity and large slurry water content, which caused a large number of bubbles to be generated by water evaporation in MO during the molding process. At the same time, MO was a brittle inorganic material, which was prone to cracks during the molding process. Bubbles and cracks in the composite with 1.00% BR were significantly reduced (Fig. 5c). BR contains hydrophilic hydroxyl groups, which can absorb slurry water, thereby, here, reducing bubbles generated by water evaporation in the composite. At the same time, BR played a reinforcing role in the composite system, which effectively reduced MO cracking and improved molding stability. There were smaller cracks at the junction of BR and MO in composite with 0.50% BR, but MO next to BR showed certain cracks and a few holes (Fig. 5d). With composite BR content at 1.00%, cracks and holes at the bonding interfaces between BR and MP matrix were smaller, which showed that composite with 1.00% BR had better molding stability (Fig. 5e). When the BR content was increased to 1.50% large cracks occurred at bonding interfaces between BR and MO in the composite (Fig. 5f). On one hand, when BR content was too large, BR in the composite aggregated and caused bubbles, with interface matrix collapse at gathering places. On the other hand, there was a stratum corneum on BR surfaces and interfaces between organic BR and inorganic MO were incompatible [16]. When the BR was too much, BR and the MO matrix exhibited a clear phase separation. This showed that, when BR content was too much, interface compatibility between BR and MO matrix was poor, which seriously affected composite strength and water resistance.

3.4 Crystal Structure Analysis

The effects of BR content on the crystalline structure of BR/MO composite were explored by performing XRD analyses on these composites (Fig. 6a). In composites, 5Mg (OH)2·MgCl2·8H2O (5 phase) and 3 Mg(OH)2·MgCl2·8H2O (3 phase) were the main crystal phases, but 3 and 5 phases can be interconverted [17]. Among these, needle-like 5-phase is the strength phase of MO. The more 5-phase present, the better the material strength [18]. Here, when the BR content increased from 0.00% to 1.00%, the 3-phase crystallization of the composite at 2θ angles of 19, 37, and 58° weakened and at 2θ angles of 32.5°, 43°, and 62.5°, 5-phase crystal enhanced (Fig. 6a). This showed that BR addition was beneficial to the nucleation of 5-phase crystallization, which was then beneficial to the conversion of 3-phase crystallization to 5-phase. This also explained that, when BR increases from 0.00% to 1.00%, composite mechanical properties gradually increased. This was because lignin, hemicellulose, and other components in BR were hydrolyzed into monosaccharides and sugar acids under the alkaline conditions of MO cementitious material (Fig. 6c). The 5-phase crystals in MO were wrapped on BR, which was conducive to the existence of 5-phase crystals [19]. However, when the BR content was increased to 1.50%, 3-phase crystallization in the composite at 2θ angles of 19°, 37°, and 58° was enhanced and 5-phase crystallization at 2θ angles of 24°, 43°, and 62.5° weakened. This was because with too much BR, water and sugar exudates retarded the cement, which was not conducive to the existence of 5-phase crystallization. The above analysis showed that BR addition changed composite crystalline structure. Addition of a proper amount of BR was conducive to MO nucleation, which increased the 5-phase crystallization of the composite.
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Figure 6: Material characterization. XRD diffraction pattern of BR/MO composites (a), TGA curves of composites (b), and crystal protection mechanism (c)

3.5 Thermal Performance Analysis

The heat resistance of BR/MO composite is an important indicator for evaluating the usable temperature range of the product, reflecting its thermal stability. At the same time, changes in composite crystalline structure inevitably affects its thermal decomposition, such that it is very important to analyze composite thermal stability. Here, the thermal stability of BR/MO composites was explored by thermogravimetric analysis to characterize composites prepared with different BR content. The resulting TGA curve showed that the thermal weight loss curve of the composite could be divided into three stages, with room temperature to ~250°C the first stage of weight loss (Fig. 6b). This stage was mainly evaporation of free water in the composite and thermal decomposition of hemicellulose and magnesium chloride in BR. Temperatures of 250°C–480°C was the second weight loss stage, including the decomposition of crystal water in MO and pyrolysis of cellulose and lignin in BR. Above 480°C, the third weight loss stage included complete decomposition of BR and complete expulsion of the remaining crystal water in MO. There was a significant difference in the thermal decomposition weight loss rate of composites in the first and third stages, with both showing a trend in which increased BR and composite thermal weight loss rate increased. This was mainly due to the fact that the thermal decomposition rate of organic BR was significantly higher than that of inorganic MO, and BR addition, with faster thermal decomposition, resulted in greater thermal decomposition of the composites. However, the thermal weight loss rate of composites when BR increased from 0.00% to 0.05% was significantly greater than that of BR from 0.05% to 1.50%. This was affected by changes in composite crystalline structure. After BR addition, 5-phase crystals with better heat resistance in MO increased, which yielded the composite thermal decomposition rate slower.

4  Conclusions

When the BR content was 1.00% (by wt), MO slurry fluidity was conducive to composite molding, the mechanical properties and water resistance of composites were better, and the mechanical strength improved as composites were stored longer. SEM analysis showed that BR played the role of a reinforcing phase in the MO matrix but, when the BR content exceeded 1.00%, interfacial bonding between BR and the MO matrix decreased. This explained that, with changes in BR content, composite mechanical properties first increased and then decreased. XRD analysis showed that, when BR was 1.0%, there were more 5-phase crystals in the composites. This further explained the reason for this BR content exhibiting the best composite mechanical properties and, at the same time, composite heat resistance did not deteriorate due to this BR content, which was easily decomposed by heat.
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