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Abstract: Magnesite-bonded wood wool panel (MWWP) is an inorganic-bonded panel product in which wood excelsior is bonded with magnesite. Lowering the hygroscopicity is one of the key measures to improve the quality of the panel. In this study, moisture absorption mechanism of MWWP and measures generally applied to lower its hygroscopicity were reviewed. Three methods were then experimented to improve the dimensional stability of the panel, including adjusting the molar ratio of raw materials, adding additives and optimizing the conditioning process. The results showed that satisfying dimensional stability could be achieved when the molar ratio of MgO to MgCl2 was 5:1, the No.2 composite additive (aluminum powder + NH4H2PO4 + ferric alum) was adopted and a constant temperature and humidity treatment was applied in the first stage of conditioning.

Keywords: Magnesite-bonded wood wool panel (MWWP); hygroscopicity; steam pressing; additive



1  Introduction

With the development of social economy and the improvement of people’s living standard, people’s environmental concern is gradually increasing and the requirement of new building material is also continuously getting higher every year [1]. In recent years, the interest in the environmental-friendly new building material is growing, possessing favourable thermal insulation, acoustics resistant properties and modern decorative appearance simultaneously. Nowadays, wood-cement composites are widely applied as construction materials for interior and exterior applications, mostly in school buildings, gyms, parking garages [2–4]. This is attributed to their both excellent strength properties for building materials and acoustic properties for sound barriers. Low density magnesite-bonded wood wool panel (MWWP) is a panel product made of wood excelsior bonded with magnesite. In recently, wood wool panel is mostly utilized as a decorative and sound absorbing material in many countries for its good sounding absorbing and thermal insulation properties [5–7]. However, the incompatibility between wood and cement is the main factor leading to the quality of the wood-cement composites and it could compromise the final stability of panels. This is due to the presence of some soluble chemicals in the wood. Its presence might have a negative impact on the composites by hindering the hydration of cement in the alkaline environment and scattering into the cement paste. Therefore, the mechanical performance of wood-cement composites lower than the neat cement.

Magnesia (main chemical component: MgO) is the ground product of calcined magnesite. It can react with MgCl2 to form magnesium oxychloride cement. Magnesium oxychloride cement is mainly composed of two alternate salt crystals of 5Mg (OH)2 • MgCl2 • 8H2O and 3Mg (OH)2 • MgCl2 • 8H2O produced by the reaction of magnesium oxide and magnesium chloride, which is characterized by quick hardening, high strengths, abrasion resistance and easy forming. However, changes of temperature and humidity will greatly affect the surface stability of magnesium oxychloride cement, causing excessive moisture absorption, back to halogen, efflorescence and so on, and deteriorating physical and mechanical properties of magnesium oxychloride cement products. When excessive MgCl2, a highly hydrophilic material, exists, it exhibits poor water resistance, limiting its application as an inorganic binder [8,9].

The fundamental reason for moisture absorption of MWWP is the existence of free MgCl2 or NaCl, both of which are highly hydrophilic, in the board. Industrial-class MgCl2 inevitably contains some impurities. That’s where NaCl comes from. NaCl does not participate in the reaction, causing its contribution to the moisture absorption. As regards to the free MgCl2, two factors are considered the main causes of its existence. The first is the improper molar ratio of raw materials. Studies on the formation of magnesium oxychloride cement can be summarized as follows: It was first believed that both 5-phase crystal and 3-phase crystal were formed by reaction between Mg (OH)2 and MgCl2 solution. It has been found that the molar ratio of MgO to MgCl2 should be at least 5:1 to form the stable reaction product of 5Mg (OH)2·MgCl2·8H2O (hydrated phases: 5.1.8) and avoid excessive MgCl2 [10]. But some experimental studies suggested that the hydrated phases of the magnesium oxychloride cement were rather complex, with even unknown phases existing. So, the molar ratio of more than 5 cannot guarantee the exact reaction product of 5Mg (OH)2·MgCl2·8H2O, making some unreacted MgCl2 left. Second, to guarantee complete mix of wood excelsior with magnesia, proper liquid to solid ratio should be obtained, i.e., enough MgCl2 solution should be used. With its concentration unchanged (Otherwise, incomplete reaction will occur, followed by low strengths of the board.), this quantity requirement makes MgCl2 excessive in the reaction system.

Another reason for moisture absorption of MWWP is due to the property of 5Mg (OH)2·MgCl2·8H2O. Although it exhibits high stability and strengths in the air [11,12], it is unstable in the water and will be decomposed to MgCl2. That means, when the board is long exposed in high humidity environment or water, free MgCl2 will be formed.

To reduce the MgCl2 content in the board, the following methods have been tried [13,14]: First, optimize the molar ratio of MgO to MgCl2. The molar ratio was adjusted so that less MgCl2 was used while the strengths of the boards were not affected. Second, add suitable additives. Several additives, such as ferric alum and phosphate, were added in to react with free MgCl2 to form precipitates. They would stay on the face of the panel and reduce the hygroscopicity of the panel. Third, condition the panel properly. The hydration reaction is an intensive exothermic process. Stress due to thermal expansion and crystal growth will concentrate in the panel when proper control is absent. The stress concentration can damage the internal structure of the panel and induce the moisture absorption. It was recommended that the panel should be sealed and placed in an environment with the temperature of 18~35°C and relative humidity of 60~70% for 28 days.

Low density magnesite-bonded wood wool panel has been utilized widely in industrial and residential buildings as soundproofing and thermal insulating material. However, its poor performance of the moisture resistance has limited application as an inorganic binder because of excessive MgCl2. Therefore, the aim of this study is how to improve the Hygroscopicity of Magnesite-bonded Wood Wool Panel. Thus, this experimental study was conducted to identify the improvement of Hygroscopicity of Magnesite-bonded Wood Wool Panel by adjusting the molar ratio of raw materials, adding additives and optimizing the conditioning process. This paper could provide a theoretical basis for improving the hygroscopicity of MWWP.

2  Materials and Methods

Magnesia with MgO (120 mesh) content of 60% was supplied by Shandong Laizhou Hongda Building Material Factory. Wood excelsior was prepared from poplar veneer, and the dimension was 200 × 2 × 0.5–1 mm (length × width × thickness). MgCl2 solution was prepared from analytically pure MgCl2 crystal. The additives chosen were talc, aluminum powder, NH4H2PO4, ferric alum (NH4Fe (SO4)2·12H2O) (FeSO4) and milky-white glue [15–22]. Talc was marked as additive No.1. Aluminum powder + NH4H2PO4 + ferric alum was marked as additive No.2. Additive No.3 was the mixture of all the 4 additives, and additive No.4 was milky-white glue.

Magnesia, wood excelsior, MgCl2 and additives were weighted and mixed together. They were then moved in a wooden mould with the dimension of 350 × 350 × 16 mm. The mould was put in a hot press and pressed for 30 min. The heat was generated by a steam generator another 5 min. Then, it was conditioned in a climate chamber (Shanghai Minyi, SPX-150C) at a temperature of 25°C and relative humidity of 60% for 3 days, after which, it was sealed and placed in a room for 28 days.

The density of the final product was 0.45–0.55 g.cm−3 g/cm2, and its dimension was 350 × 350 × 16 mm.

2.1 MWWP Testing

2.1.1 Mechanical Properties

Mechanical properties were tested on a universal test machine (SANS, SMT6104). Modulus of rupture (MOR) of the samples was tested carefully.

2.1.2 Thickness Swelling (TS)

Samples were cut to the dimension of 50 × 50 × 16 mm and vertically immersed into pure water with their tops 20 mm below the surface of the water. After 24 h, they were taken out and wiped. The thickness of every sample was measured before and after the test. For each sample formulation, five replicated samples were tested. The TS was calculated according to Eq. (1):


TS=e1−e0e0×100%
(1)

where: e0 and e1 were the thickness of the sample before and after the test, respectively.

2.1.3 Hygroscopicity

The samples were dried at 85°C first, and then they were conditioned at 20 ± 2°C and 95% relative humidity for 28 days. Weights of the samples were measured on the 3rd, 5th, 7th, 14th, 21st and 28th day before and after the moisture absorption test. For each sample formulation, five replicated samples were tested. The moisture absorption rate (W) was calculated according to Eq. (2):


W=G1−G0G0×100%
(2)

where: G0 and G1 were the mass of the sample before and after the test, respectively.

2.2 Statistical Analysis

The experimental design consisted of three methods (including adjusting the molar ratio of raw materials, adding additives and optimizing the conditioning process) and their single effect on the hygroscopicity of MWWP. Data for each treatment were statistically studied by analysis of standard deviation. When standard deviation was more than 10% in the case, the significant difference among these formulations could be considered.

3  Results and Discussion

3.1 Influence of Molar Ratio of MgO to MgCl2

From Fig. 1, it could be found that, with the increase of molar ratio of MgO to MgCl2, the TS of the samples continued to improve with a standard deviation of 1.06%. Higher molar ratio means relatively low MgCl2 content, which results in uncompleted reaction of MgO. Mg (OH)2 cannot be totally converted to crystal. With the evaporation of water, some crystals/particles will move to the panel face as white precipitate. Such panels have low hardness and strengths and are easy to swell when immersed in water. However, if the molar ratio is too low, i.e., the MgCl2 content is high, intensive reaction will occur, leaving some MgCl2 unreacted. This part of MgCl2 will be transferred to the panel face and absorb moisture during the hardening, making the panel face covered with drops of moisture. So, when the proportion of MgO and MgCl2 is appropriate, the 5 phases and Mg (OH)2 with high content and stability, magnesia-bonded wood-wool panel will have a better performance of the moisture resistance accordingly. Therefore, proper molar ratio of MgO to MgCl2 should be chosen to guarantee good dimensional stability of the board. According to the experimental data in this study, the ratio of 5:1 is the optimal value.
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Figure 1: Influence of molar ratio of MgO to MgCl2 on TS of MWWP (24 h)
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Figure 2: Influence of molar ratio of MgO to MgCl2 on MOR of MWWP

Fig. 2 shows the influence of molar ratio on MOR (standard deviation of 0.244 Mpa) of the panels. The lowest MOR could be observed when the molar ratio was 6:1. Magnesium oxychloride cement is mainly composed of two alternate salt crystals of 5Mg (OH)2 • MgCl2 • 8H2O (phase 5) and 3Mg (OH)2 • MgCl2 • 8H2O (phase 3) produced by the reaction of magnesium oxide and magnesium chloride. Compared with phase 3, phase 5 is preferred because of its more excellent physical and mechanical properties [17]. As for MgO-MgCl2-H2O system, the composition of hydration product is determined by MgCl2 concentration and the relative amount of MgO to MgCl2. That is most probably due to the low chemical activity of MgO. When the molar ratio reaches 5:1, the 5-phase crystal becomes the main reaction product. But it is not stable. With the increase of the molar ratio and the MgCl2 concentration more than 2.25 mol·kg−1 [18], it turns from 5-phase crystal to 3-phase crystal, lowering the MOR of the board. Mg (OH)2 is hydration product at low MgCl2 concentration. When the molar ratio becomes even higher, the excessive MgO turns to Mg (OH)2, which to some extent increases the strength of the board. Therefore, the improvement of the panel’s water resistance heavily depended on the molar ratio of MgO to MgCl2.That may explain the highest MOR at the molar ratio of 7:1.

3.2 Influence of Additives

The additives chosen were talc, aluminum powder, NH4H2PO4, ferric alum (FeSO4) and milky-white glue. Fig. 3 shows the influence of additives on the TS of the panel (standard deviation of 2.64%). It was found that panels with additive No.2 exhibited the lowest TS, while those with additive No.4 had the highest. The ferric alum, aluminum powder and NH4H2PO4 in additive No.2 are water-resistant agents. They can react with MgCl2 to form precipitates, preventing the penetration of water. On the contrary, MgO was wrapped by talc and milky-white glue in additive No.1 and No.4 and it cannot react with MgCl2 to form a protective membrane, making the dimensions of the panel less stable.
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Figure 3: Influence of additives on TS of MWWP

According to Fig. 4, further analyze showed that panels with additive No.1 have the highest MOR, while those with additive No.4 have the lowest (standard deviation of 0.28 Mpa). Additive No.2 and No.3 exhibit similar influence on MOR. The talc in additive No.1 blocks the capillary channels in the wood, preventing free MgCl2 from absorbing moisture in the air. Meanwhile, it can also act as adhesive. Both of the above significantly improve the MOR of the panel. Similarly, ferric alum, aluminum powder and NH4H2PO4 in additive No.2 and No.3 can react with MgCl2 to form precipitates, which can partly act as adhesive and improve the value of MOR. Milky-white glue in additive No.4 has no influence on MOR because it only has the function of water resistance and can’t cannot glue wood excelsior. Thus, the impact of additives on the hygroscopicity of magnesite-bonded wood wool panel came mainly from the blocking of the capillary channels in the wood and adhesion.
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Figure 4: Influence of additives on MOR of MWWP
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Figure 5: Influences of additives on hygroscopicity of MWWP

According to Fig. 5, panels with additive No.3 exhibit the lowest hygroscopicity, while panels with additive No.1 show the highest. The hygroscopicity difference caused by additive No.3 and additive No.2 is modest. During the experiment, the faces of the panels with additive No.2 and No.3 were dry, while those with additive No.1 and No.4 were wet. That demonstrated good moist resistance of boards with additive No.3 and No.2. The main reason is that, as mentioned above, the talc (particle size = 325 mesh) in the additive shows small particle size and span factor. The micron-sized talc may fill voids within the wood. It implied that the performance of the moisture resistance can be improved for the hydrophobicity and the high adsorption of talc [19]. Therefore, the talc in the additive can block the capillary channels in the wood and prevent free MgCl2 from absorbing moisture in the air. Another reason is that the ferric alum, aluminum powder and (NH4) H2PO4 in the additives reacted with MgCl2, forming minor amount of unknown substances and preventing moisture absorption.

3.3 Influence of Conditioning

Conditioning environment influences the hygroscopicity of MWWP significantly. That is because the hydration reaction between magnesia (main content: MgO) and MgCl2 solution is a very complex physicochemical process and its products are the binder of the panel, which is an intensive exothermic process. Stress concentration may occur due to thermal swelling and crystal growth, and damage the internal structure of the panel. Besides, incomplete hydration of MgO and changes of internal structure may also cause dehalogenation and efflorescence. The conditioning temperature is commonly between 20~40°C [20]. So, the hydration reaction between magnesia (main content: MgO) and MgCl2 directly influences the performance of the product, and is therefore the key factor to the improvement of MWWP quality. It is of great importance to choose an appropriate conditioning environment.
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Figure 6: Influence of conditioning on TS of MWWP

Fig. 6 illustrates thickness swelling rate (TSR) of the samples in different conditioning environment (standard deviation of 1.34%). The lowest TSR was found when the samples were conditioned in climate chamber at the temperature of 20 ± 2°C and relative humidity of 60% for 3 days, and then sealed for 26 days (condition 2-1). Higher TSR was observed when the samples were conditioned in sealed condition (2-2). The highest TSR occurred when the samples were conditioned in the air (2-3). Climate chamber created a condition favoring complete hydration, making it hard for moisture to penetrate into the board. That’s why lowest TSR was found in condition 2-1.

According to Fig. 7, the highest MOR was found when the samples were conditioned in sealed condition, while the lowest was observed when climate chamber conditioning was adopted (standard deviation of 0.25 Mpa). Sealed condition kept the moisture content unchanged, which minimized the phase transition and was beneficial to higher MOR. In climate chamber condition, however, higher moisture content made the phase transition easier and also resulted in lower MOR. With respect to conditioning in the air, it can be concluded that water in the samples evaporated in this case, which made the hydration incomplete, causing relatively low MOR.
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Figure 7: Influence of conditioning on MOR of MWWP
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Figure 8: Influence of conditioning on hygroscopicity of MWWP

According to Fig. 8, the results showed that hygroscopicity of the panels was the lowest when conditioned in condition 2-1. The highest hygroscopicity was found in air condition. In the early stages of conditioning, sample hygroscopicity in each condition was quite different. But the differences were reduced later and standard deviation was less than 5%.

The reason is that with increased conditioning time, free MgCl2 was formed as a result of moisture absorption, causing dehalogenation. Higher MgCl2 content also resulted in lower heat release. That is because higher MgCl2 content caused higher MgCl2-to-MgO ratio, which in turn resulted in unstable reaction products and retarded the hydration process. Both the climate chamber and air condition provided enough moisture to boost the hydration reaction, while the sealed condition prevented moisture absorption and resulted in incomplete hydration. Consequently, it was condition 2-1 that brought the best dimensional stability.

4  Conclusions

When the molar ratio of MgO to MgCl2 was 5:1, thickness swelling rate of MWWP could be reduced significantly. The corresponding MOR was not as high as the one when the molar ratio was 7:1, but it could still meet the demand of the application.

Both additive No.2 and No.3 showed significant influence on hygroscopicity and MOR of MWWP. Additive No.2 is superior to additive No.3 given that it can make the thickness swelling rate of the panel even lower, only 1.41% in our experiment.

All the 3 conditioning environments guaranteed adequate MOR of the panel (all above 1.2 MPa). The best dimensional stability was obtained when the samples were conditioned in a climate chamber for 3 days and then subjected to a sealed condition. The hygroscopic rate was only 1.42% according to the experiment, the lowest in all the 3 conditioning environments.
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