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Abstract: Pinus massoniana wood was modified by steam heat-treatment at 160°C, 180°C, 200°C and 220°C respectively and effects of the changes of density, pH, surface wettability and apparent morphology of Pinus massoniana heat-treated wood on its bonding performance were studied in this paper. The results showed that Pinus massoniana wood underwent a series of physical and chemical changes during heat-treatment as the the following: (1) The degradation of hemicellulose and cellulose with low degree of polymerization, degradation and migration of the extract resulting in the decline of density and pH of heat-treated Pinus massoniana wood. (2) Brittle fracture occured on the cell wall surface, and the pit collapse, shrink and deformation, resulting in the formation of roughness and porosity on the wood surface. (3) The surface energy decreased with the improvement of temperature, the surface wettability of Pinus massoniana wood treated at 160°C–180°C was good, while that at 200°C–220°C showed hydrophobicity. (4) Changes of density, pH, surface roughness and porosity, and wettability resulted in a reduction in the bonding strength and reliability of heat-treated Pinus massoniana wood with MUF resin adhesive. (5) When the temperature was at 160°C–180°C, the better wettability of heat-treated Pinus massoniana wood could guarantee the better bonding performance.
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1  Introduction

Pinus massoniana has extremely extensive distributions in China, almost all extensive hills and low mountain areas on the south of Yangtze River. Pinus massoniana wood has aligned tracheid structures, moderate density, harmonious color, clear and natural texture, and approximately similar appearance with high-quality precious wood [1–4]. Furniture made of Pinus massoniana wood are highly appreciated in North America, Western Europe, Japan, and so on. Existing mainly as man-made forests, Pinus massoniana is the pioneer tree species for afforestation in barren mountains and has the most extensive distribution among major afforestation tree species. Nevertheless, fast growing of Pinus massoniana wood has many defects, such as loose texture, small density, low strength, poor corrosion resistance and inflammability [5–8]. Therefore, it is of extremely importance to implement functional modification to fast growing wood of Pinus massoniana.

Among many functional modification methods for wood, heat-treatment can not only improve size stability, corrosion resistance and weather resistance, but also has good environmental protection for no involvement of any chemical reagent [9–13]. Borůvka carried out heat-treatment to Betula platyphylla wood under 170°C and 190°C, finding that temperature rised in heat-treatment may lower strength of wood, but it could improve size stability of wood [14]. Percin treated beech wood for 1 h, 3 h and 5 h under 150°C, 175°C and 200°C, finding that heat-treatment increased weight loss, density loss and size stability of wood [15]. Suleyma carried out a heat-treatment of Rowan wood under different temperatures and different durations. They found that with the increase of heat-treatment temperature and duration, density, swelling degree and surface roughness of wood all decreased [16]. Gokhan found certain relations among density, compressive strength and hardness of hornbeam wood after heat-treatment, finding that reduction of compressive relation and hardness was related with degree of density loss. Both compressive strength and hardness decreased with the increase of temperature and duration of heat-treatment [17]. Kong found that mechanical properties of wood were mainly affected by pyrolysis of cellulose when the temperature of heat-treatment was lower than 200°C, but mechanical strength of wood suffered great losses when the temperature was higher than 200°C [18]. Chu pointed out that wettability on surface of poplar wood decreased after heat-treatment, while surface brittleness increased, and such changes became more obviously with the increase of temperature [19]. But by removing the 1-mm surface layers of heat-treated poplar, wettability and bonding strength heat-treated wood was enhanced [20]. Tiryaki showed that heat treated beech and spruce had lower modulus of rupture (MOR) and modulus of elasticity (MOE) and higher weight loss (WL) [21]. Gérardin demonstrated that heat-treatment changed acidity, wettability, surface free energy and anatomical structures of fir wood and beech wood, but the weather resistance was strengthened [22]. Different colors of heat-treatment wood could be gained and even precious wood could be imitated by adjusting the heat-treatment technologies, thus realizing diversity of product varieties and increasing the value-added [23–25]. Although heat-treatment can increase duration and size stability of wood, it can reduce strength, which might be a barrier against heat-treatment. Heat-treatment time and temperature are the most important factors that influence microstructure and macroscopic performances of wood. Moreover, different species of trees have certain differences.

Although there are many studies on heat-treatment for wood, different species of trees have certain differences, such as chemical composition, types and contents. Thus, influences of heat-treatment temperature on performances of wood shall be considered by combining tree species. Heat-treatment for Pinus massoniana wood was performed under different temperatures by using steam as the medium in this study. Key attentions were paid to discuss the influences of changes of density, pH, surface wettability and surface morphology of Pinus massoniana wood after heat-treatment on its bonding strength. This study is also expected to provide references for bonding and coating of heat-treated Pinus massoniana wood.

2  Materials and Methods

2.1 Materials

Pinus massoniana (PM) wood with a size of 2200 mm (length) × 130 mm (width) × 10 mm (thickness) and moisture content 10%–14% was purchased from Rongjiang Guizhou, China. Melamine-urea-formaldehyde (MUF) resin was prepared in lab with molar ratio (M + U)/F = 1:1.5, and the melamine accounted for 13% by quality. MUF characteristics included solid content at 52%, viscosity at 12.26 s. The curing agent NH4Cl was mixed with MUF before utilization. Chemical reagents used in this work were all in analysis grade.

2.2 Preparation of PM Heat-treated Wood and Testing

PM wood without cracks, corrosions and allochromatic defects were chosen to this experiment. These wood samples were dried in a drying oven under 95°C for 4 days before the heat-treatment. The dry-bulb temperature was raised to 85°C and kept for 1 h. Next, the temperature was increased to the target temperatures (160°C, 180°C, 200°C and 220°C) at a rate of 10°C/h and then kept for a 1 h, followed by cooling and humidity adjustment. The wet-bulb temperature was adjusted to 70°C firstly and then it was adjusted to and kept at 95°C when the dry-bulb temperature exceeded 100°C. The heat-treated wood was taken out when the temperature was lower than 40°C. During the heat-treatment process, steam was the only medium.

Density of heat-treated wood was tested according to the China National Standard GB/T1933-2009. Heat-treated wood was pulverized into powder and then mixed with water at a mass ratio of 1:9 standing for 24 h, and then measured the pH [26]. Cellulose, hemicellulose and lignin content of PM wood were also tested according to the references [27,28].

2.3 Preparation of Two-layer PM Heat-Treated Glued Wood and Testing

Two-layer PM glued wood with a dimension of 30 mm × 25 mm × 10 mm (thickness) was prepared with MUF resin is shown in Fig. 1. The assembled glued wood were then sent into a XLB type single-layer hot press from Shanghai Rubber Machinery Plant and pressed under a pressure of 1.5 MPa at 120°C for 10 min. A WDS-50KN mechanical testing machine was used to shear strength of the glued specimens. The bonding strength was calculated from equation:
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Figure 1: Size of sample for bonding strength test
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where: P—bonding force, KN; σ—bonding strength, MPa; a—Length of bonding area, mm; b—Width of bonding area, mm.

Water peeling rate of PM glued wood was tested according to the China National Standard GB/T 26899-2011.

2.4 Contact Angle Measurement and Surface Free Energy Calculation

Static droplet method was used to test the contact angle of PM heat-treated wood, and diiodomethane (CH2I2) and water (H2O) were used as the nonpolar wetting liquid and polar wetting liquid, respectively. A droplet of wetting liquid was dropped on a PM heat-treated wood. Then the image of the droplet was immediately taken by JC2000A static drop contact angle measuring instrument. And then the contact angle on the surface of the wood was analyzed by Newjce2000 software.

The surface free energy of the heat-treated wood was calculated according to the Young-Good- Girifalco-Fowkes equation (Eqs. (1) and (2)) [29].
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where: γ[image: images] and γ[image: images] is the surface free energy of liquid and solid respectively. γ[image: images] and γ[image: images] is dispersion force and polar force on solid surface, respectively. γ[image: images] and γ[image: images] is dispersion force and polar force on liquid surface, respectively. γ[image: images] and γ[image: images] of H2O is 21.8 × 10–7 J/cm2 and 51.0 × 10–7 J/cm2, and those of CH2I2 is 48.5 × 10–7 J/cm2 and 2.3 × 10–7 J/cm2.

2.5 Scanning Electron Microscope Test

Surface of PM heat-treated wood was examined using a Hitachi S-3400N emission scanning electron microscope (SEM, Tokyo, Japan) operated at 12.5 kV for investigating the morphological features.

3  Results and Discussion

3.1 Effects of Heat-Treatment on Cellulose, Hemicellulose and Lignin Content of PM Wood

Effects of heat-treatment temperature on cellulose, hemicellulose and lignin content of PM wood are shown in Fig. 2. At 160°C, content of cellulose, hemicellulose and lignin changed unconspicuously. When the temperature was 220°C, content of cellulose and hemicellulose decreased by 31% and 92% respectively, and lignin increased by 57%. The degradation degree of hemicellulose was the largest, mainly because galactoglucomannan was the main component of hemicellulose, and its main chain had multiple acetyl-based groups, which broke off from the main chain to produce acetic acid and promote the degradation of its amorphous region.
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Figure 2: Effects of heat-treatment on cellulose, hemicellulose and lignin content of PM wood

3.2 Effects of Heat-Treatment on Density of PM Wood

Density is the most important property of wood. Most mechanical properties of wood are closely related with density. Effects of heat-treatment temperature on density of PM wood are shown in Fig. 3. With the increase of heat-treatment temperature, density of PM wood declined gradually. Density of PM wood before heat-treatment was 0.4836 g/cm3. However, it decreased by 3.60% to 0.4662 g/cm3 after heat-treatment under 160°C, decreased by 5.46% to 0.4572 g/cm3 after heat-treatment under 180°C, decreased by 8.91% to 0.4405 g/cm3 after heat-treatment under 200°C, and decreased by 12.80% to 0.4217 g/cm3 after heat-treatment under 220°C. The results reflected that heat-treatment temperature had significant influences on density. When temperature ranged between 160–200°C, density loss reached nearly 70%. In particular, the pyrolytic reaction of PM wood at 180°C was relatively violent.
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Figure 3: Effects of heat-treatment on the density of PM wood

Wood is mainly composed of cellulose, hemicellulose and lignin. Cellulose serves as the skeleton support in cell walls and it gives elasticity and strength of wood. Lignin mainly serves as the shell and it gives hardness and rigidity of wood. Hemicellulose mainly serves for bonding and it gives shearing strength and certain toughness of wood. After heat-treatment, density of PM wood decreased gradually and it was mainly related with contents change of cellulose, hemicellulose and lignin. Chemical structures of cellulose, hemicellulose and lignin determine that the hemicellulose has the poorest thermal stability, while lignin has the highest thermal stability. In the process of heat-treatment, hemicellulose develops pyrolysis firstly, accompanied with pyrolysis of few celluloses with low polymerization degree. Nevertheless, lignin is difficult to have pyrolysis. Besides, extracts might be volatized, degraded and migrated in the process of heat-treatment. Consequently, component substances in wood decreased and thereby density declined. Moreover, in the process of heat-treatment, hemicellulose and cellulose on wood cell walls continue to degrade, thus resulting in thinning of cell walls and expansion of cell cavities which reflects decrease of density. Density of wood is closely related with mechanical properties of wood.

3.3 Effects of Heat-Treatment on pH of PM Wood

Effects of heat-treatment on pH of PM wood are shown in Fig. 4. With the increase of heat-treatment temperature, pH of PM wood declined gradually. pH before heat-treatment was 4.91, which decreased to 4.83, 4.71, 4.62 and 4.51 after heat-treatment under 160°C, 180°C, 200°C and 220°C, respectively. There are three points to explain the reduction of pH of PM wood after heat-treatment: (1) Pyrolysis of wood components. Branch structures of hemicellulose are mainly amorphous, so that hemicellulose has poor thermal stability and it is easy to be decomposed in the process of heat-treatment. As a kind of coniferous wood, polyo-acetyl galactose glucose mannose and polyarabinose—4-o-methyl glucuronic xylose are main components of the hemicellulose of PM wood. On the one hand, the acetyl at the end is transformed into acetic acid in the process of heat-treatment. On the other hand, the acetyl will be degraded into acetic acid and propionic acid in the process of heat-treatment. These acids, in turn, can promote decomposition of cellulose, thus resulting in fierce degradation of chemical components in wood and further decreasing density gradually. In addition, cellulose with low polymerization degree and non-crystalline region of cellulose are degraded, dehydrated and oxidized to produce carboxylic acids under high temperature, which also increases acidity of wood. (2) Pyrolysis and migration of extracts. There are many types of extracts in PM wood, including resin, essential oil, tannin, etc. Among them, the faintly acid rosin is the most significant extract. In the process of heat-treatment, extracts degrade and oxidize to produce acid substances, which might migrate onto wood surface due to collaborative effect of high temperature and moisture. This also increases acidity of wood. (3) Reduction of free hydroxyl. The non-crystalline region of cellulose contains a lot of –OH and it will be crystalized due to crosslinking reactions among molecular chains of cellulose during heat-treatment under high temperature, which can decrease free –OH significantly and thereby increasing concentration of hydrogen ions in wood indirectly [27].
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Figure 4: Effects of heat-treatment on the pH of PM wood

Some studies pointed out that thermal degradation temperature of hemicellulose during heat-treatment mainly falls between 140–200°C. The most violent thermal degradation was observed at 180°C and the thermal degradation basically finished under 200°C. Cellulose was degraded less obviously until reaching 180°C and lignin was difficult to degrade under 220°C [30]. It was seen from Fig. 4 that pH of PM wood decreased the mostly between 160–200°C, especially at the temperature of 180°C. The reduction amplitude of pH decreased gradually when temperature exceeded 200°C, indicating that pyrolysis of hemicellulose was the main cause of reduction of pH.

3.4 Effects of Heat-Treatment on Apparent Morphology of PM Wood

The apparent morphology of PM wood is shown in Fig. 5. PM wood had smooth surface, perfect structures and clear and dense textures before heat-treatment. However, apparent morphology of PM wood changed significantly after heat-treatment, which was mainly manifested in the following three aspects: (1) Surface became rough. The surface roughness was positively related with temperature of heat-treatment. There were fiber fractures (A) on the surface at 200°C and 220°C. (2) Pine oleoresin (B) decreased. Pine oleoresin scattered around on surface of PM wood before heat-treatment, but it degraded or dissolved and migrated after heat-treatment. (3) Porosity increased. PM wood before heat-treatment and after heat-treatment under low temperatures, pits of cell walls were basically perfect and looked approximately round (C). With the increase of treatment temperature, the pit border collapsed and shrank gradually. The pit membrane was exposed under 200°C and 220°C, accompanied with cracking (D). The pit became hollow and narrow, with decreasing diameter.
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Figure 5: SEM of PM heat-treated wood, (a) Scale 1 mm, (b) Scale 200 um

By combining changes of density and pH of PM wood in the process of heat-treatment, there was very significant degradation of hemicellulose during heat-treatment. Hemicellulose serves for bonding in cell wall, so loss of hemicellulose undoubtedly decreased toughness and increased brittleness of PM wood [31,32]. Besides, migration of water and extracts might trigger release of stresses from inside the wood, thus causing brittle fractures on the surface of cell wall. On the one hand, brittle fracture could cause microcracks on cell walls. With the increase of heat-treatment temperature, the number and size of cracks increased, which caused relatively macroscopic fiber peeling and increased roughness of geometric morphology. On the other hand, pit border of cell wall collapsed and shrinked, and pit membrane was exposed and cracked gradually with the increase of temperature. The pit become hollow and narrow, accompanied with reduction of diameter. Degradation of component substances on cell wall, including hemicellulose and cellulose with low-polymerization degree also might cause loosening and pores of cell wall, thus making diffusion, wetting and penetration of adhesive into wood more unobstructed and making it easier to form enough glue nails.

Degradation products of pine oleoresin in the process of heat-treatment might have the effect of the adhesive to increase the bonding strength. Moreover, pine oleoresin dissolved and migrated onto wood surface to form a weak interface layer with a lower surface energy, which was against the bonding performance.

3.5 Effects of Heat-Treatment on Surface Wettability of PM Wood

Wettability is an important parameter to study surface characteristics of wood. It is often expressed by the contact angle. If the contact angle is smaller, the wettability is better. The results of surface contact angle of PM wood after heat-treatment are shown in Tab. 1. The contact angle of PM wood was smaller than 90° when the wetting liquid was non-polar CH2I2. The contact angle before heat-treatment was 29.5°. With the increase of temperature between 160–220°C, the contact angle declined gradually. When the wet liquid was polar H2O, the contact angle was generally positively correlated with temperature. The surface contact angle of PM wood was 59.83°, which changed to 50.63° and 86.33° after heat-treatment at 160°C and 180°C, respectively. The contact angle was smaller than 90°. However, the contact angles after heat-treatment under 200°C and 220°C were higher than 90°, reaching 97.44° and 99.37°, respectively. Effects of heat-treatment on contact angle when PM wood was wet by polar liquid were stronger than those when it was wet by non-polar liquid. Different polar liquids had different surface tension, resulting in different contact angle between liquid and wood surface. After high-temperature heat-treatment, polar groups on surface of PM were decreased, and polar water molecules were difficult to spread, resulting in the large contact angle and deteriorating wettability.

Table 1: Effects of heat-treatment on contact angle of PM wood
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Generally speaking, the solid surface has poor wettability and liquid cannot wet the solid when the contact angle is larger than 90° [33]. On contrary, the liquid can wet the solid when the contact angle is smaller than 90°. Therefore, surface of PM wood could be wet by water when the temperature was between 160–180°C, while the surface was difficult to be wet in the temperature range of 200–220°C. In other words, surface of PM wood changed from hydrophilia to hydrophobicity during heat-treatment. MUF resin was hydrophilic adhesive, which was disadvantageous for bonding PM wood during 200–220°C.

Surface free energy is another important parameter to study surface characteristics of wood. Generally speaking, the liquid can spread completely on wood surface when the wood surface energy is higher than or equal to surface tension of liquid, which is manifested by a smaller contact angle. The surface energy is larger and the liquid is easier to wet the wood surface. The results of surface energy on PM wood are shown in Tab. 2. The surface energy of unprocessed PM wood was 50.02 × 10–7 J/cm2, but it changed slightly to 47.02 × 10–7 J/cm2 and 48.31 × 10–7 J/cm2 after heat-treatment under 160°C and 180°C, respectively. However, surface energies of PM wood decreased significantly to 40.49 × 10–7 J/cm2 and 33.51 × 10–7 J/cm2 after heat-treatment under 200°C and 220°C, respectively. When the contact angle is smaller than 90°, a rougher solid surface was more conducive to wetting of the liquid. When that is larger than 90°, a rougher solid surface is more against wetting of the liquid [11–12,26]. When the temperature of heat-treatment was 160–180°C, the contact angle of water was smaller than 90°. Although roughness of wood in this stage increased, it is beneficial to wetting of water, thus changing surface energy slightly. When the temperature of heat-treatment was 200–220°C, the contact angle of water was larger than 90°. Although roughness of wood also increased in this stage, it was not beneficial for wetting of water, thus decreasing surface energy significantly. In addition, changes of surface energy were mainly caused by reduction of polar components during 160–180°C. The changes of surface energy during 200–220°C was mainly attributed to reduction of dispersion components, in which the temperature was relatively high and there were serious brittle fractures of cell walls, accompanied with high degree of fiber peeling, uneven surface force field, increasing distance between adjacent mass points and decreasing dispersion force on rough surface.

Table 2: Effects of heat-treatment on surface energy of PM wood
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3.6 Effects of Heat-Treatment on Bonding Performance of PM Wood

Effects of heat-treatment on bonding performance of PM wood is shown in Fig. 6. It can be seen from Fig. 6 that with the increase of heat-treatment temperature, the bonding strength of PM wood decreased gradually. This was because (1) Density of wood is closely related with mechanical properties of wood. Generally speaking, the bonding strength generally declines with the reduction of density when the density of wood is smaller than 0.8 g/cm3 [28]. Therefore, the decrease of density of PM wood will also lead to the decrease of its bonding strength. (2) In this study, adhesive was MUF resin and its curing generally occurs under weak acid conditions. Reduction of pH of PM wood leaded to weakening spreadability and permeability of MUF resin on wood surfaces. The disadvantage such as excessive quick curing, shortening curing time, uneven and incomplete curing, and concentration of stresses in the glue layer, and so on, might cause low bonding strength and poor glue reliability. (3) Degradation of hemicellulose and some cellulose of PM wood during heat-treatment led to comprehensive consequences of density decrease, acidity increase, and surface free energy decrease. Bonding strength of unprocessed PM wood was 5.08 MPa, while bonding strengths after heat-treatments under 160°C, 180°C, 200°C and 220°C were 4.60 MPa, 3.78 MPa, 3.28 MPa and 2.89 MPa, respectively. The reduction level of bonding strength after heat-treatments under 160–180°C was larger than that under 200–220°C, which conformed to the change trend of surface energy. Therefore, the temperature of heat-treatment was chosen within the range of 160–180°C and the good wettability of the bonding interface could assure relatively high bonding strength.
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Figure 6: Effects of heat-treatment on bonding strength of Pinus massoniana wood with MUF resin

Water peeling rate reflects bonding stability of glued wood. Effects of heat-treatment on water peeling rate of PM glued wood are shown in Fig. 7. The total peel rate of unprocessed PM was 18.77%, and the single layer maximum peel rate was 37.62%. The total peel rate and the single layer maximum peel rate of single layer after heat-treatments under 160°C, 180°C, 200°C and 220°C increased gradually, and they even reached 100% after heat-treatment under 220°C. This reflected that bonding stability of PM glued wood deteriorated after heat-treatment especially at high temperature.
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Figure 7: Effects of heat-treatment on water peeling rate of PM glued wood

4  Conclusions

Pinus massoniana wood was modified by steam heat-treatment under 160°C, 180°C, 200°C and 220°C respectively. The results revealed that (1) The degradation of hemicellulose and cellulose with low degree of polymerization, degradation and migration of the extract resulting in the decline of density and pH of Pinus massoniana heat-treatment wood. (2) Brittle fracture occured on the cell wall surface, and the pit collapse, shrink and deformation, resulting in the formation of roughness and porosity on the wood surface. (3) The surface energy decreased with the improvement of temperature, the surface wettability of Pinus massoniana wood treated at 160°C–180°C was good, while that at 200°C–220°C showed hydrophobicity. (4) Changes of density, pH, surface roughness and porosity, and wettability resulted in a reduction in the bonding strength and reliability of Pinus massoniana heat-treatment wood with MUF resin adhesive. When the heat-treatment temperature was at 160°C–180°C, the better wettability of Pinus massoniana heat-treatment wood could guarantee the better bonding performance. (5) The results of this paper will provide references for the bonding and coating of heat-treated Pinus massoniana wood.
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