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In order to study the bending properties of tropical tree species rich in organic extracts, the effects of temperature and time on the bending performance of hydrothermal treatment were investigated. The effects of power and time on bending performance under microwave heating conditions were investigated. It is found that the chemical composition does not undergo obvious degradation at 80°C–100°C, and the bending performance gradually becomes better with the increase in heating time; when the hydrothermal time exceeds 4 h, the bending performance varies with heating time. The growth is better than the difference, reaching the maximum at 4 h. When the water temperature is 140°C, the bending performance is negatively correlated with the heating time. When the hydrothermal treatment time is the same, the bending property becomes better as the temperature increases. The most reasonable process for microwave softening heating is with a power of 480 W and a heating time of 4 min. A softening treatment method combining water heat and microwave can achieve a better softening effect. When the final moisture content is controlled to 8%, the bending setting effect is the best. The optimum drying time is 6 h, and the optimum drying temperature is 50°C.
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1 INTRODUCTION
In the wood industry, there are three common ways to obtain wooden curved parts: glue veneer to bend, saw solid wood, and solid wood bending. In the mid-19th century, Micheal Thonet used the cooking softening pretreatment, heat drying, and fixing processes to make solid wood curved members, making the world’s first curved wood chair (Peck, 1957; Stevens and Turner, 1970; Barros et al., 2011). At the beginning of the 20th century, Japan introduced, explored, and enriched solid wood bending technology (Norimoto, 1979; Norimoto et al., 1980; Norimoto, 1983; Norimoto and Gril, 1989; Norimoto et al., 1993; Makinaga et al., 1997; Uhmeier et al., 1998; Kweonhwan Hwang and Lee, 2012). In China, in the early days, the softening of wood was mainly achieved by the method of fire roasting. After that, the industrial production of curved wood began, and many scholars enriched the wood bending technology (Dong et al., 2021; Hiroshi and Makoto, 2021; Suo-ling, 2021; Wu et al., 2022; Mikšik et al., 2023; Schober et al., 2023; Nop et al., 2024; Qin et al., 2024; Zh and Sakhvadze, 2024). The main process of solid wood bending is softening, bending, and shaping. It is usually made of wood with no defects on the surface, straight texture, and uniform material (Peck, 1957; Kweonhwan Hwang and Lee, 2012).
Softening methods are mainly divided into physical and chemical methods. The former mainly includes boiling (Matsuo-Ueda et al., 2023; Zhang et al., 2023), steaming (Cao et al., 2023; Yao et al., 2023), microwave (Norimoto, 1979; Norimoto et al., 1980; Norimoto and Gril, 1989; Ganguly et al., 2021; Mascarenhas FJR. et al., 2023; Mascarenhas F. et al., 2023; Mascarenhas et al., 2024), and high-frequency heating methods (Norimoto and Gril, 1989). The latter mainly utilizes alkaline reagents such as liquid ammonia, sodium hydroxide, and strong potassium oxide degrade or wet wood (Broda and Hill, 2021; Yona et al., 2021; Graf et al., 2024). The boiling and steaming methods mainly make water molecules enter the non-crystalline area of the wood and combine with the free hydroxyl groups, increasing the gap between the molecules and providing sufficient space for the thermal motion of the molecules (Zhang et al., 2023). The glass transition temperature of wet wood will decrease (Cao et al., 2023), which means that in hydrothermal softening, the higher the medium temperature and the longer the holding time, the better the softening effect of the wood. However, when the threshold value is exceeded, the chemical composition of the wood will be degraded, resulting in the deterioration of mechanical properties of wood. Therefore, the hydrothermal softening method requires the control of treating temperature and time. The microwave heating softening method enables the wood to generate heat from the inside in a short time; the steam pressure inside the wood increases, and the moisture moves from the inside to the outside in the form of steam (Norimoto, 1979). Compared with hydrothermal softening treatment, the microwave softening method has low energy consumption and high economic efficiency. Although the permeability, chemical composition, and microstructure of the wood after microwave irradiation treatment are affected to some extent, the permeability and the density of wood are increased, and there has been a decline. Liu et al. (2009) considered that the elastic recovery of curved wood was positively correlated with the final moisture content (MC) (Sharma et al., 1988). When bending rubber wood, the 100 °C hydrothermal treatment for 2 h was the most suitable, and the optimal placement time was 2 h. The best final MC was 9.8%. Jiang and Lv (2014) believed that increasing the temperature or increasing the MC of wood could shorten the time required to soften hemicellulose and lignin (Wardrop, 1946). Microwave heating occurs inside the sample, the rate of complete softening is very fast, the temperature is easy to control, and the effect is more obvious for samples with longer pretreatment time and longer cooking time (Norimoto and Gril, 1989). The wood surface temperature increases with the heating time under different microwave heating powers, and the wood MC decreases with the prolongation of the heating time (Zh and Sakhvadze, 2024). Li (1998) believed that the optimum softening effect could be achieved with ash at 60% MC, a microwave heating power of 400 W, and a microwave heating time of 2.5 min. (Wardrop, 1951). Immersing wood in 20%–50% ammonia water at a temperature of 18°C–20°C for a period of time can increase the plasticity (Broda and Hill, 2021). Sharma (1988) considered that it is not appropriate to use water-heat-softened and curved tree species, which can be successfully bent by softening treatment using gas ammonia (Krech, 1960). The chemical softening method has higher requirements on equipment, a higher compounding cost, and a greater environmental impact.
The wood is softened, and then, a load was applied to bend. When bent, the convex surface of the test piece was pulled, and the concave surface was pressed. The use of a thin steel plate in the convex surface helps neutralize the convex and concave forces and improve the bending properties of the wood. Dadswell considered the microstructure of wood affected by mechanical strain. When the wood is subjected to minor compression damage or impact with lower impact strength, the sliding surface of the wood cell wall will cause the cell wall to lose its connection (Takahashi, 1968; Bekhta and Niemz, 2003). Krech (1960) believes that the maximum stress of wood is proportional to the logarithm of the bending rate (Hillis and Rozsa, 1985). The degree of deflection is independent of the bending speed and increases slightly with the increase in the load duration.
The shaping of wood is the process of releasing the residual stress inside the wood during bending (Zh and Sakhvadze, 2024), which is mainly divided into conventional drying (Hill et al., 2021; Yona et al., 2021; Nop et al., 2024), high temperature treatment (Balfas, 2019) and chemical setting (Johana et al., 2019), and conventional drying and setting. The method mainly includes direct drying, hydrothermal drying, microwave drying, and high-frequency drying. High-temperature treatment shaping use high-pressure superheated steam to treat wood. Although high-temperature treatment can eliminate the bending stress inside in a short time, it is easy to reduce the mechanical properties of the wood. The chemical setting mainly refers to the stereotypic resin styling and phenolic resin shaping: the cost is large, the time is long, and the finished product is dark in color. Inoue studied organic liquids such as ethylene glycol and glycerin under the pressure of wet heating to fix the compression deformation of wood and optimized the chemical shaping process (Fang et al., 2019). Microwave drying has the best shaping effect, and the time required for heat setting is also the least (Schober et al., 2023).
At present, wood bending technology is rich, mature, and perfect. The tree species that researchers pay attention to are mainly ash, eucalyptus, walnut, oak, rubber wood, etc., with less specialized research on tropical tree species such as teak (Johana et al., 2019). In recent years, China’s plantation teak has entered the cutting and utilization period (Fang et al., 2019; Liang et al., 2011), and the bending process of the artificial forest teak has been studied, which is beneficial to the rich teak product manufacturing technology.
2 MATERIALS AND METHODS
2.1 Materials and equipment
2.1.1 Materials
The plantation teak samples were collected from Lazagu Mountain, Yingjiang County, Dehong Dai and Jingpo Autonomous Prefecture, Yunnan Province, China. It is in a 20-year-old forest stand, where the annual average temperature is 22°C, the altitude is 892 m, the teak tree’s average diameter at breast height is 26 cm, and the average height is 19 m. The mean values of basic density, air-dry volumetric shrinkage, full-dry volumetric shrinkage, breaking load, modulus of elasticity, flexural strength, and maximum deformation of the specimens were 0.65 g/cm3, 5.63%, 8.39%, 2.02 MPa, 9175 MPa, 90.85 MPa, and 6.22 mm, respectively. In this experiment, the teak trees’ diameter was about 30 cm, and its height was approximately 20 m. It was harvested on 13 January 2017. After the sample is dried by local air for 1 month, it is steam dried to a moisture content of 10%. Based on the GB/T1927.9-2021 method of testing in bending strength of wood, heartwood was selected with uniform material and straight texture. To minimize the effect of wood variability, all boards were mature lumber, and sawn specimens were heartwood without blemishes and with a radial angle of no more than 10° in the cross section. The experimental sample specifications were set to 20 mm × 20 mm × 300 mm, which were used to prepare four different experiments, such as the mechanical property test, hydrothermal treatment, microwave softening treatment, and drying and shaping. Wood with the same straight texture and no defects was sawn into samples of 10 mm × 20 mm × 300 mm specifications for preparation for hydrothermal and microwave combined softening effect verification experiments.
The same straight, defect-free wood was taken and sawed into a 10 mm × 20 mm × 300 mm test piece for the water–heat–microwave-combined softening effect verification experiment. A number of test pieces of 20 mm × 20 mm × 30 mm were prepared, and 20 pieces were used to test the basic density; separate 30 pieces were taken for testing the air-drying MC. In addition, the number of specimens for all mechanical property tests was 20. For the accuracy of the test, all the samples used this time were obtained by preferential selection, including the size and basic density errors less than 0.1%.
Additionally, a polyethylene film was utilized to wrap the test piece to prevent the loss of heat when the moisture of the wood evaporates quickly.
2.1.2 Experimental instruments and equipment
A DHG-type electric blast drying oven (model: 101-00B, manufactured by Yuyao Yatai Instrument Co., Ltd.) was used to determine the MC of the sample. The main specifications are as follows: the input power is 800 W, the timing range is 1–9,999 min, the temperature control range is RT+10°C–250°C, and the constant temperature fluctuation is ±1°C. An electronic universal testing machine (UTM5105, manufactured by Shenzhen Sansi Vertical and Horizontal Technology Co., Ltd.) was adopted to measure the mechanical properties of the treated specimens. Electronic balance (model: DTT-A+200, accuracy: 0.001, manufactured by Wenzhou Huazhi Scientific Instrument Co., Ltd.) was introduced as a measuring equipment to weigh the wet and dry weights of the MC test piece and determine the water content. In addition, an electronic digital caliper (accuracy ±0.01) was chosen as another measuring equipment to measure the cross-sectional dimensions of the test piece. Pre-treatment and discharge of mechanical test specimens were done by using a circulating water vacuum pump [model: SHZ-D (III) type water circulation vacuum pump, maximum vacuum of 0.098 MPa, manufactured by Gongyi City Yuhua Instrument Co., Ltd.]. Under the help of this pretreatment equipment, the MC could be quickly increased as the air inside the test piece might be discharged. Furthermore, an oil-free air compressor (model: OTS-800, the manufacturer is Taizhou Otto Trade Co., Ltd.) was applied to combine with the use of vacuum pumps to quickly increase the MC of the test piece. A high-pressure steam cooker was used for hydrothermal treatment (0.1 MPa). A homemade pressure steam cooker (power: 6 kW) was used for higher temperature hydrothermal treatment of samples. The microwave softening treatment equipment and the drying and setting equipment adopt the microwave vacuum experimental furnace (model: MZ08S-1). The bending tool is a self-made multi-set bending mold, which is divided into an outer mold (concave surface) and an inner mold (convex surface), and all the surface of the mold is sanded by 800 mesh. The radius of curvature of each set of molds is 6, 8, 10, 14, 16, 20, and 25 cm, respectively, the width is 5 cm, and the height varies according to the radius of curvature, as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Bending molds.
2.2 Methods
2.2.1 Softening effect evaluation
2.2.1.1 Evaluation index of the softening effect
In order to explore the softening process parameters of the artificial teak, it is necessary to carry out different combination tests on the experimental parameters, evaluate the softening effect through the experimental results, and then obtain better technical parameters through comparative analysis. The softening effect can be evaluated by the modulus of elasticity (MOE) and the modulus of rupture (MOR). The softening effect of the curved parts is directly reflected by the minimum radius of curvature. The MOE and the MOR can be directly measured by experiments. The minimum radius of curvature is not easy to measure quickly but can be obtained by bending deflection. The transformation of the bending deflection and the minimum radius of curvature is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Test schematic diagram of MOR.
The minimum radius of curvature R has a geometric relationship with the span l and the bending deflection L, which is calculated according to Eq. 1:
[image: image]
where L is the maximum deflection for bending and l is the distance between two seats.
The minimum radius of curvature is the most effective parameter for evaluating the bending effect. The bending deflection is geometrically related to the minimum radius of curvature. Therefore, the bending deflection can also be used as an index to evaluate the softening effect. This method of converting the radius of curvature by bending deflection is simple and easy to operate and is suitable for calculating the radius of curvature of a three-point bending test piece.
2.2.1.2 Determination of MOR and MOE
According to the GB/T1938-2009 test method for the tensile strength of wood grain and the GB/T1936.2-2009 experimental method for the determination of flexural modulus of wood, the MOR and MOE of the tested specimens with different softening conditions are measured, together with the maximum bending deflection. Figures 2, 3 show the test diagram of the MOR and MOE, respectively.
[image: Figure 3]FIGURE 3 | Test schematic diagram of MOE.
The variations in MOR and MOE were analyzed by measuring displacement and stress. The elastic modulus E and the flexural strength σ can be calculated from the static equation, and the MOE value when the wood’s MC is W% is calculated according to Eq. 2:
[image: image]
where EW is the MOR when the sample’s MC is W%, P is the upper and lower limit load value difference, l is the span value between seats, b is the width of the specimen, h is the length of the specimen, and ƒ is the sample deformation value between the low and high loads (in other words is differences of dial reading at low and high loads).
The bending strength when the wood’s MC is W% is calculated according to Eq. 3:
[image: image]
where σw is the bending strength of the sample when MC is W, Pmax is the limit load, l is the span value between two seats, b is the width of the specimen, and h is the height of the specimen.
2.2.1.3 Determination of the wood softening effect
The bending deflection in the experiment can directly reflect the degree of the softening effect. When the bending deflection is large, the softening effect is good. However, the softening effect is not good. Since the bending deflection of the wood has a geometric relationship with the minimum radius of curvature of the bending, the bending deflection after the softening treatment can be used as the measurement result of the test according to the method described in Section 2.2.1.
2.2.2 Physical and mechanical property determination experiments
Wood density, water content, MOE, and MOR are all important factors in wood that affect the bending properties.
2.2.2.1 Determination of density
According to the national standard GB/T1933-2009 wood density determination method, the density of the sample is measured, and the air-dried density at the MC of W% is calculated according to Eq. 9:
[image: image]
where ρw is the air-dried density when the sample’s MC is W%, MW is the weight of the sample at an MC of W%, and VW is the volume of the sample at an MC of W%.
2.2.2.2 MC determination
According to the national standard GB/T1931-2009 measurement method of wood MC, the MC of the sample and the MC of the test piece obtained after each group treatment are determined according to Eq. 10. For each set of test specimens, two specimens of approximately 20 mm × 20 mm × 30 mm in size were cut near the bending failure to test MC, with a total of 40 per group.
[image: image]
where W is the MC, m1 is the weight of the sample in the wet state, and m2 is the weight of the sample in the dry state.
2.2.2.3 Determination of the MOE
According to the GB/T1936.2-2009 method, the MOE value of teak in plantation is determined according to Eq. 2.
2.2.2.4 Determination of the MOR
According to the GB/T1936.1-2009 method, the MOR value of teak in plantation is determined according to Eq. 3.
2.2.3 Determination of chemical composition
According to the national standard GB/T 2677.6-1994 determination of the content of organic solvent extracts of papermaking raw materials, the samples before and after the treatment are extracted using the benzene–alcohol organic solvent, and the content of the organic solvent extract is determined. The calculation equation is shown in Eq. 6:
[image: image]
where X is an organic solvent extract content in wood, m1 is the weighing bottle and total mass of the extract after drying, m2 is the quality after drying wood, m0 is the quality of the weighing bottle after drying, and W is MC.
According to the standard GB/T 2677.8-1994 (1995) determination of acid-insoluble lignin content of papermaking raw materials, the acid-insoluble lignin content of the samples before and after treatment is determined, and the calculation equation is shown in Eq. 7:
[image: image]
where X is the acid-insoluble lignin content in raw materials, m1 is the acid-insoluble lignin content after drying, and m0 is the quality of the sample after it has dried.
According to the national standard GB/T 2677.10-1995 determination of the cellulose content of papermaking raw materials, the samples before and after treatment were tested for hemicellulose content, and the calculation equation is shown in Eq. 8:
[image: image]
where X is the synthetic cellulose content in raw materials, m1 is the unstained cellulose content after drying, and m0 is the quality of the sample after it has dried.
The cellulose content was determined by the nitric acid–ethanol method (Norimoto and Gril, 1989). The chemically pure nitric acid and 95% ethanol solution were mixed at a volume ratio of 1:4. During mixing, the nitric acid was slowly added to the ethanol solution and uniformly stirred using a glass rod. The principle was that the lignin in the wood raw material would become nitrified lignin and oxidized lignin under the action of nitric acid and dissolve in the ethanol solution. At the same time, the semi-fibers were also hydrolyzed and oxidized by nitric acid and dissolved in the ethanol solution. Finally, nitrocellulose insoluble in the ethanol solution was obtained. The cellulose content is calculated, as shown in Eq. 9:
[image: image]
where X is the cellulose content in wood, m0 is the weight of the glass filter after drying, m1 is the total mass of the glass filter and cellulose, m2 is quality after drying wood, and W is MC.
2.2.4 Dry setting process effect determination
To measure the advantages and disadvantages of the dry setting effect, the chord length change rate can be used as an indicator of the dimensional stability of the curved part. The chord length change rate is calculated according to Eq. 10:
[image: image]
where l0 is the length of the curved piece chord and l1 is the chord length after the bending of the bending piece is stabilized.
3 HYDROTHERMAL–MICROWAVE SOFTENING TEST
3.1 Test of the effect of hydrothermal temperature and time on the softening effect
3.1.1 Hydrothermal treatment
The air-dried test sample was placed in a vacuum tank, and the pressure was maintained at 0.5–1 h under a negative pressure of 0.08 MPa. Enough water was added under negative pressure, and quickly, the pressure was increased to 0.4 MPa using an air compressor for 1–2 h. The test sample is wrapped using a polyethylene cling film to prevent moisture loss. Thereafter, the sample was placed in a steam heating apparatus for heating and softening and then subjected to the mechanical property test. During the test, the dimensional information on the specimen was accurately recorded, and the bending deflection was tested by radial pressurization at a loading rate of 10 mm/min.
3.1.2 Chemical composition change assay
The untreated and treated teak wood treated at 140°C for 4 h was made into 60–80 mesh wood powder, and then, the sample was dried in a 103°C drier to dryness and then chemically processed according to the corresponding national standards.
3.1.3 Experimental design
As shown in Tables 1, 2.
TABLE 1 | Value of the hydrothermal treatment temperature.
[image: Table 1]TABLE 2 | Value of hydrothermal treatment time.
[image: Table 2]According to the GB/T 2677.6-1994 method, the samples were subjected to benzene–alcohol organic solvent extraction before and after the treatment, and the content of the organic solvent extract was determined.
The acid-insoluble lignin content of samples before and after the treatment was determined according to the GB/T 2677.8-1994 method.
According to the GB/T 2677.10-1995 method, the samples before and after the treatment were tested for hemicellulose content. With weighing paper, 1,000–1,050 g of each dried sample from each group was weighted accurately and transferred to a clean conical flask, 25 mL of a nitric acid–ethanol mixed solution was added, and it was connected using a condenser. It was placed in a water bath to conduct boiling for 1 h, and 25 mL of a nitric acid–ethanol solution was added to the Erlenmeyer flask at intervals of 1 h. At any time, the conical flask was shaken to prevent splashing. The total treatment time was 4 h. After the treatment, the conical flask was taken out and allowed to cool to room temperature. The nitric acid–ethanol solution and the residue were poured into a sand funnel having a constant weight, and the suction filter bottle was connected and suction filtered using a vacuum pump. The conical flask was rinsed several times using distilled water so that no residue remains in the conical flask, and repeatedly, the residue was rinsed in the sand funnel using distilled water until the filtrate of the sand funnel is not acidic using the pH test paper and then rinsed twice using 10 mL of absolute ethanol each time. The sand funnel was taken out and dried in an oven at 100°C–105°C until it reached at a constant weight, and then it was weighed. The residue collected was cellulose.
3.1.4 Determination of final MC and chemical composition of hydrothermal treatment
The test samples after the mechanical tests of each group were taken using two wooden pieces of length 30 mm on the left and right sides where the damage occurred, weighed separately, dried in an oven at 103°C until dried, and then placed for the test. The desiccant was cooled to room temperature in a drying dish and then weighed, and the final MC of the hydrothermal treatment was measured. The dried samples were placed in a drying dish and cooled to room temperature, and the chemical components were weighed.
3.2 Test of the effect of microwave power and time on the softening effect
3.2.1 Experimental procedure
The test sample was wrapped using a polyethylene cling film to prevent moisture loss and then placed in a microwave heating device for heating and softening. The dimensions of the test piece were recorded, and the processed test piece was quickly tested for mechanical properties. The radial compression was performed by radial pressurization at a loading speed of 10 mm/min.
3.2.2 Experimental protocol
The value of microwave power P is shown in Table 3, and the value of microwave time t2 is shown in Table 4.
TABLE 3 | Value of microwave treatment power.
[image: Table 3]TABLE 4 | Value of microwave treatment time.
[image: Table 4]3.2.3 Microwave treatment test piece MC determination
The measurement method is the same, as shown in Section 3.1.1.
3.3 Hydrothermal–microwave-combined softening process
3.3.1 Experimental procedure
Vacuum pressure treatment according to the same method is shown in Section 3.1.1. Thereafter, the test sample was wrapped using a polyethylene cling film and then placed in a steam heating apparatus for hydrothermal softening, and microwave softening was performed immediately after the completion of the hydrothermal softening. Then, the dimensional specifications of the test piece were recorded, and the radial compression was performed by a radial pressurization method at a loading speed of 10 mm/min.
3.3.2 Experimental protocol
Based on the hydrothermal softening process and microwave softening process, the optimal softening process of the two softening methods was combined, and the hydrothermal–microwave combined softening effect was verified by verification experiments. The parameters of the hydrothermal–microwave-combined softening process are as follows: hydrothermal temperature at 120°C, hydrothermal time at 4 h, microwave power at 480 W, and microwave irradiation time at 4 min. The verification experiments were carried out via hydrothermal-microwave softening parameters before and after a step size change for single-variable experiments, and the experimental parameters are shown in Supplementary Table S1.
3.3.3 MC determination
The measurement method is the same, as shown in Section 3.1.1.
3.4 Hydrothermal–microwave-combined softening effect verification
Through the comparative analysis of the experiments mentioned above, the process parameters of the hydrothermal–microwave-combined softening treatment of plantation teak were obtained. In order to better combine the actual production, it is necessary to make a confirmatory experiment on the actual bending performance of the plantation teak verification, that is, the minimum curvature of the plantation teak is measured halfway. The tests after hydrothermal–microwave-combined treatment were, respectively, bent and shaped with different specifications of the mold to determine the minimum radius of curvature.
4 BENDING SHAPING
4.1 Effect of final MC on dimensional stability
The test piece of 10 mm × 20 mm × 300 mm was first subjected to hydrothermal treatment at 120°C for 4 h and then rapidly subjected to microwave treatment under the conditions of 480 W and 4 min. Thereafter, the obtained test piece was manually fixed on a mold having a radius of curvature of 100 mm, and the chord length was calculated to be 190 mm according to the curvature. Next, the bending test piece and the mold are placed in a constant temperature and humidity chamber, the adjustment of different MC step sizes is performed, and each set of test pieces is 10. Among them, based on 14%, with a step size of −2%, the MC was adjusted, as shown in Table 5. Finally, the chord length of the test piece after the dry setting treatment was measured, and the cause of the change was analyzed.
TABLE 5 | Value of final MC.
[image: Table 5]4.2 Effect of drying temperature on dimensional stability
The test piece was prepared according to the treatment method of 4.1; the bent test piece was put into the oven together with the mold, and then the temperature step size was adjusted to 10 sets of each test piece. Among them, the temperature is set at 80°C, with a step size of −10°C. Finally, the chord length of the test piece after the dry setting treatment was measured, and the cause of the change was analyzed.
4.3 Effect of deposited time on dimensional stability
The test piece was prepared according to the method of 4.1, and then the test piece which has been molded by hydrothermal–microwave treatment was placed in a natural environment under the holding of the mold. Based on 0 and 2 h as the step size of variation, the time adjustment of the deposited time is carried out.
5 RESULTS
5.1 Test results of the effect of hydrothermal temperature and time on the softening effect
5.1.1 Bending deflection measurement
In order to more intuitively reflect the softening effect of hydrothermal softening treatment, the bending deflection is directly used as a measure of the softening effect. The experimental results take the average value of the bending deflection values measured by each group of test pieces, 20 experimental specimens per group. The results of the bending deflection of the hydrothermal treatment are shown in Supplementary Table S2 and Figure 4.
[image: Figure 4]FIGURE 4 | Bending deflection value of hydrothermal softening treatment.
It can be seen from Figure 4 that when the hydrothermal temperature is 80°C and 100°C, the bending deflection increases with the increase in hydrothermal time, but the maximum increase is at 4 h, and the increase is gentle after 4 h. When the temperature is 120°C, the bending is performed. The deflection shows a parabolic change, that is, the change in the first increase and then decrease, reaching the maximum at 4 h and then starting to decrease. When the temperature is 140°C, the change in bending deflection decreases with time. On all time step sizes, the deflection values of the specimens treated at 140°C were minimum on the same time step size; the maximum value was obtained at 120°C on the time step size of 2 h, followed by 100°C and 80°C.
The bending deflection of hydrothermal treatment temperature was fit at 120°C, and the fitting equation of bending deflection y and heating time x was obtained, as shown in Eq. 11.
[image: image]
If the coefficient of the quadratic term in the equation is negative, it means that the function has a maximum value. By fitting the equation simulation, the hydrothermal treatment time is within 4.5–5 h, and the bending deflection reaches the maximum.
5.1.2 Final MC measurement
Due to the influence of the mineral content of teak on the moisture, it is difficult to control the MC by the constant temperature and humidity chamber. Therefore, the MC is controlled by the vacuum-pressing method, and the initial MC is controlled within the range of 60%–70%. The final MC measurement results of the experimental group are shown in Supplementary Table S3 and Figure 5.
[image: Figure 5]FIGURE 5 | MC of hydrothermal softening treatment.
The final MC of each experiment was affected by the initial water content, and the initial MC of each group also had some differences, but they were all maintained at about 60%. At 80°C, the heating temperature does not allow the free water in the cell cavity to boil, so the MC of the sample at different treatment times at 80°C is always maintained at a high level. When the temperature reaches or exceeds 100°C, the water begins to boil, the vapor pressure in the lumen of the wood cells increases, a part of the water enters the cell wall, and most of the water diffuses outward, so that the MC begins to decrease and tends to be stable, that is, the fiber is reached. The MC tends to be stable after the saturation point.
5.1.3 Changes in major chemical components
The main chemical constituents were analyzed by the control, 120°C, and 140°C hydrothermal treatment for 4 h, and the results are shown in Supplementary Table S4 and Figure 6. It can be seen that the relative contents of cellulose, lignin, and organic extracts in the samples after the high temperature treatment have increased to varying degrees, while the content of hemicellulose decreased significantly after hydrothermal treatment at 140°C. This is due to the degradation of hemicellulose in high-temperature environments.
[image: Figure 6]FIGURE 6 | Chemical components of the tea plantation control group and different temperature treatment materials.
5.2 Effect of microwave power and time on softening
5.2.1 Microwave softening treatment experiment results
As with the hydrothermal softening treatment, the bending deflection was used as a measure to evaluate the softening effect. The experimental results take the average value of the bending deflection values measured by each group of test pieces, with 20 experimental specimens per group. The results of the bending deflection of the microwave softening treatment are shown in Supplementary Table S5 and Figure 7. It can be seen from Supplementary Table S5 and Figure 7 that at 320 W, 480 W, and 640 W, the bending deflection and heating time show nonlinear changes (Norimoto et al., 1980; Norimoto and Gril, 1989), the bending deflection reaches the maximum when heating for 4 min, and the bending deflection of 480 W reaches all temperature levels at 4 min. The maximum value. In the time step size 2 min, the bending deflection increases with the increase in the microwave power. However, when the heating time reaches 4 min, the bending deflection of the experimental group with the higher power step size is smaller than that of the lower power level. The bending deflection of each subsequent heating time is the maximum bending deflection when the power is 480 W.
[image: Figure 7]FIGURE 7 | Bending deflection of microwave softening treatment.
5.2.2 Final MC measurement result
The MC measurement results of each experimental group of microwave treatment are shown in Supplementary Table S6 and Figure 8. It can be read that the final MC measurement of the experimental group at the power level of 800 W also decreased first and then increased, indicating that the power of 800 W can degrade the chemical components of the wood, resulting in a decrease in quality.
[image: Figure 8]FIGURE 8 | Final MC of microwave softening treatment.
5.2.3 Data fitting
There are non-linear changes in the test results of the same microwave power level, and there is also a nonlinear change at the time level. 3D surface rendering was performed using the response surface analysis software Design-Expert 13.0.1, as shown in Figure 9.
[image: Figure 9]FIGURE 9 | 3D curved surface of microwave power, time, and bending deflection.
By regression analysis of the test results using software, the softening model binary regression equation of bending deflection y and microwave time x1 and microwave power x2 is obtained, as shown in Eq. 12. The analysis of variance is shown in Table 6.
[image: image]
TABLE 6 | Regression model analysis of variance.
[image: Table 6]From the variance analysis of the model, the coefficient of determination R2 = 0.9891 is very close to 1, indicating that the model is basically consistent with the actual experimental situation; the model p-value is < 0.0001, which is very significant; the p-value of the AB term is 0.0185, which is less than 0.05. It shows that there is a significant interaction between microwave time and microwave power. The p-value of A2 is < 0.0001, and the p-value of B2 is 0.0761, which is greater than 0.05, indicating that the microwave treatment time has a significant effect on the softening effect of wood, while the microwave power has a softening effect on wood. In addition, the significant order affecting the microwave softening effect of wood is A > B; that is, under the conditions of this test, the microwave treatment time has the greatest influence on the microwave softening treatment effect. The model values obtained according to Eq. 12 are shown in Supplementary Table S7. Results showed that the maximum deflection is obtained when the microwave power is 480 W and the microwave time is 4 min.
5.3 Hydrothermal–microwave-combined softening process
5.3.1 Deflection measurement results
The bending deflection results of each group of confirmatory experiments determined by mechanical experiments are shown in Supplementary Table S8.
The results of group 0 experiments can show that the bending deflection value of teak wood is the largest when the hydrothermal temperature is 120°C, hydrothermal time is 4 h, microwave power is 480 W, and microwave heating time is 4 min.
5.3.2 Final MC measurement result
The final MC measurement results of each experimental group are shown in Supplementary Table S9.
5.4 Verification of the hydrothermal–microwave-combined softening effect
In the bending experiment, although there is a geometric conversion relationship between the minimum radius of curvature R and the span of the three-point bending and the bending deflection L, as shown in Eqs 13, 14, the bending deflection can only qualitatively reflect the minimum radius of curvature.
[image: image]
[image: image]
5.5 Effect of final MC on dimensional stability
It was found through preliminary experiments that the chord length of the bent test piece hardly changed after the mold was removed for 24 h. This is because the drying process reduces the moisture content of the bending component and increases the degree of correlation between the wood’s own main chemical components by reducing the moisture content, e.g., cellulose and hemicellulose. After the loss of water, the intermolecular gap narrows and the increase in their own bonding forces can be used to balance the bending stresses. When the drying time is too long, the bending parts will lose water seriously, resulting in the bonding force being weakened, the bending stress being weakened, and the formation of a new residual stress, causing new changes in chord length. Therefore, the bending specimen is best shaped when the final moisture content is controlled at 8%. Therefore, each set of bent test samples under different MC step size conditions was removed after drying the mold for 24 h, and the chord length was measured. The measurement results of the chord length of each group are shown in Table 7 and Figure 10.
TABLE 7 | Chord lengths of specimens in each group with different MC.
[image: Table 7][image: Figure 10]FIGURE 10 | Relationship between final MC and chord length.
It can be seen from Table 7 that the rate of change in the chord length decreases first and then decreases with the decrease in the dry water content and reaches the minimum value when the MC is 8%. The fitting of the chord length change rate y and the MC x is obtained by fitting, as shown in Eq. 15.
[image: image]
where the decision coefficient R2 = 0.9707 indicates that the model has a very high degree of fit to the actual, and the model takes the minimum at x = 7.8.
5.6 Effect of drying temperature on dimensional stability
The measurement results of the chord lengths of each group are shown in Table 8 and Figure 11. As shown in Figure 11, the chord length change rate decreases first and then increases with temperature and reaches a minimum at 50°C. By fitting, the fitting equation of the chord length change rate y and the temperature x is shown in Eq. 16.
[image: image]
where the decision coefficient R2 = 0.9818 indicates that the model has a very high degree of fit to the actual.
TABLE 8 | Chord lengths of specimens in each group with different temperatures.
[image: Table 8][image: Figure 11]FIGURE 11 | Relationship between the temperature and chord length.
5.7 Effect of deposited time on dimensional stability
It was found that the chord length of the bending specimens hardly changed after the mold was removed for 24 h. Therefore, the chord lengths of each group of bending specimens with different moisture content gradients were measured after removing the molds and drying for 24 h. The results are shown in Table 9 and Figure 12. The chord lengths decreased with time during the first 4 h. When the time was between 4 and 6 h, the rate of change began to level off and then decreased between 6 and 8 h. The chord lengths of the bending specimens were also found to decrease with time. The rate of change in chord length begins to level off between 4 and 6 h and stabilizes between 6 and 8 h.
TABLE 9 | Chord lengths of specimens in each group with different deposited time.
[image: Table 9][image: Figure 12]FIGURE 12 | Relationship between deposited time and the chord length.
6 DISCUSSION
6.1 Analysis of the effect of hydrothermal temperature and time on the softening effect
Several scholars have investigated the changes in the chemical composition of teak after heat treatment, and the results showed that the hemicellulose of teak was significantly degraded from 120°C, and intense thermal degradation reactions began at 140°C and 160°C [45]. Similarly, cellulose and lignin are more thermally stable than hemicellulose in the temperature range of this study. There was no significant degradation of the chemical constituents of teak in the temperature range of 80°C–100°C. Therefore, the bending deflection increases with the increase in heating time for a given range of heating time in the temperature range of 80°C–100°C. When the temperature reaches 120°C, although hemicellulose begins to show obvious degradation, the influence of the hydrothermal temperature on the bending deflection is dominant in 4 h, and the influence of the two on the bending deflection reaches the dynamic equilibrium at 4 h. When the hydrothermal time exceeds 4 h, the effect of the degradation of mechanical properties caused by the degradation of hemicellulose on the bending deflection begins to dominate, so the bending deflection will increase first and then decrease with the increase in heating time at 4 h. The maximum phenomenon is reached; when the hydrothermal temperature is 140°C; the effect of hemicellulose degradation exceeded the temperature effect at the beginning, so the bending deflection is negatively correlated with the heating time. Aside from the temperature of 140°C, at the same time level, the change in bending deflection increases with the increase in temperature. On the other hand, it indicates that the influence of temperature on the bending deflection is dominant in the early stage of hydrothermal softening. When the influence of hemicellulose’s degradation is far beyond the influence of temperature, the phenomenon shows that the bending deflection increases first and then decreases at the same time level. In other words, the bending deflection of hydrothermal treatment at 120°C for 6 h decreases.
Hemicellulose is the chemical component with the lowest thermal stability of the main chemical components of wood, and other major chemical components are stable relative to hemicellulose. Therefore, the decrease in hemicellulose content after high temperature treatment leads to an increase in the relative content of cellulose, lignin, and organic extracts. At the same time, the residue after hemicellulose degradation remains in the wood and is extracted as an organic extract so that the organic extract content is significantly increased.
6.2 Data analysis of the influence of microwave power and time on softening
From the experimental results, the bending deflection of the power level of 800 W decreased with the increase in time. The bending deflection has reached the highest level when heated for 2 min. In addition, the downward trend is obviously increased at 4 min, which indicates that the microwave power of 800 W is too high to be suitable for softening. At the power levels of 320 W, 480 W, and 640 W, the bending deflection and the time of microwave irradiation both change nonlinearly, that is, the bending deflection increases first and then decreases with time. Likewise, at each time level, the bending deflection and the microwave power also change non-linearly [26–28]. At the power level, the bending deflection reached the maximum at 4 min in each set of experiments, indicating that the microwave treatment at 4 min was the demarcation point of the bending deflection change. For shorter microwave irradiation time, the temperature inside the test piece is difficult to reach the glass transition temperature, and the softening effect is not achieved. The long-term microwave treatment will enhance the evaporation movement of water, and the internal moisture will spread out in the form of steam, resulting in serious internal moisture loss and increased internal stress.
6.3 Discussion on hydrothermal–microwave-combined softening
By comparing the bending deflection values of each group of verification experiments with a single hydrothermal method or microwave method, it is verified that the bending deflection ratio of each group has increased greatly, which is due to the increase in softening parameters and the interaction between multiple factors. The softening effect is significantly improved.
The results showed that the interaction of multiple factors improved the softening effect. Therefore, the softening effect of the combined hydrothermal–microwave softening treatment was more desirable than the single hydrothermal treatment or microwave treatment. In addition, the best softening effect was obtained under the softening process of 120°C hydrothermal temperature, 4 h hydrothermal time, 480 W microwave power, and 4 min microwave heating time, which is the best softening process for the combined hydrothermal–microwave softening treatment of teak.
6.4 Discussion on verification of the hydrothermal–microwave-combined softening effect
The thickness of the bending specimen is reduced to half the thickness of the standard specimen for mechanical properties. As a result, the radius of curvature of the thinner specimen is smaller under the same softening conditions. The minimum radius of curvature without the addition of the steel tape for cushioning was only 12 cm, and the probability of no breakage was about 60%. With the addition of steel tape and controlled molding speed, the minimum radius of curvature was 10 cm, and the probability of no breakage was approximately 80%.
In bending, the tensile stress on the convex surface is the most important cause of bending failure. Therefore, by adding a steel strip to both ends of the curved test piece, the steel strip is used to resist a part of the tensile stress, and the probability of damage can be reduced. In addition, controlling the pressurization speed while molding could also improve the success rate of the bending.
6.5 Discussion on final MC and dimensional stability
Figure 10 shows that the chord length changes sharply when the MC is 14%–12%, and the downward trend from 12% to 8% slows down, reaching a minimum at 8% and starting to increase gently from 8% to 6%. This is because internal stress is generated inside the wood during bending deformation, and the elimination of internal stress can fix the bending deformation. The elimination of internal stress can also be achieved by reducing the water content. Because the water molecules are released from the wood, the space that was originally occupied by the water molecules and the swelling began to shrink, and the cellulose molecules began to re-engage so that the internal binding force of the wood began to increase. From 14% MC to 12%, the MC is high, the amount of heat is released more, and the fixed bending deformation could be higher. Currently, the internal bonding force of the wood is not enough to resist the bending internal rate. From the MC value at 12%, the amount of water molecules moving begins to decrease, and the amount of immobilization begins to decrease. Until the MC reaches at 8%, the bonding force and the bending stress just reach the equilibrium, and the wood chord length does not change. As the MC continues to decrease, the internal binding force of the wood begins to produce a tighter bond between the molecules inside the wood, causing the deformation to increase in reverse, which can be analogized to the shrinkage deformation of the wood.
Therefore, reducing the MC of the curved test piece can effectively reduce the bending springback. When a certain MC is reached, the bending stress is balanced, and the wood will no longer undergo rebound deformation. The MC of the plantation teak no longer rebound deformation is 8%.
6.6 Discussion on the effect of drying temperature on dimensional stability
It can be seen from Figure 11 that the chord length change rate reaches a minimum at a temperature of 50°C. When the temperature decreases from 80°C to 50°C, the rate of change in the chord length decreases with decreasing temperature, and the rate of change in the chord length reaches a minimum at 50°C.
6.7 Discussion on the dimensional stability of deposited time
The chord length change rate decreases with the increase in the deposited time and finally tends to be gentle, indicating that the bending stress inside the curved test piece can reach a uniform distribution state in a relatively short time, and the chord length change exceeds the equilibrium point test piece. The rate is no longer changing, and it is meaningless to continue to extend the time. As can be seen from Figure 12, the optimum deposited time is 6 h.
7 CONCLUSION
The plantation teak specimens were hydrothermally treated by controlling a single variable of hydrothermal temperature and heating time. The bending deflection result was fit at 120°C with the heating time to obtain the fitting equation y = −0.325x2 +3.1x + 11.225 (R2 = 0.9791) and the maximum value at x = 4.8. The optimal hydrothermal treatment parameters for plantation teak are 120°C of hydrothermal temperature and 4.5 h of hydrothermal time. Furthermore, the microwave softening treatment of the plantation teak specimens was carried out by controlling the single-heating variables of microwave heating power and heating time. The softening model of bending deflection y and the microwave time x1 and the microwave power x2 is obtained by fitting the following model: y = −10.45 + 8.378*x1 + 0.079*x2−2.66*(10−4)*x1*x2−1.6*x12-1.37*(10−4)*x22−4.68*(10−)*x12*x2+1.01*(10−6)*x1*x22 + 0.093*x13 + 6.94*(10−8)*x23. The most reasonable process for microwave softening heating is a power of 480 W and heating time of 4 min. By fitting the microwave softening model, the model equation of bending deflection y and microwave power x1 and microwave heating time x2 is obtained: the optimal parameters of microwave softening are simulated by using the following expression: y = −10.45 + 8.378*x1+0.079*x2−2.66*(10−4)*x1*x2−1.6*x12-1.37*(10−4)*x22−4.68*(10−5)*x12*x2+1.01*(10−6)*x1*x22 + 0.093*x13 + 6.94*(10−8)*x23 and R2 = 0.9891. During the molding process, the steel belt can be used reasonably, and the speed at the time of molding can be increased to improve the bending success rate. The chord length change rate y and MCx are obtained by fitting. The fitting equation is y = 0.0521 x 2 - 0.81x + 4.1992 (R2 = 0.9707), the coefficient of determination R2 = 0.9707 indicates that the model has a very high degree of fit, and the model takes the minimum value at x = 7.8. Eventually, when the final MC is controlled to 8%, the bending test piece has the best shaping effect. The optimum demolding time and drying temperature were 6 h and 50°C, respectively.
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