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Compared with traditional wooden building materials, polyvinyl chloride (PVC)-based wood–plastic composites have advantages of good weather resistance, easy processing capability, energy conservation, and environmental protection and have been popular and widely used in the field of civil construction and garden engineering in recent years. Due to the difference in the thermal expansion coefficient between its component materials, the stress will accumulate in the wood–plastic composites (WPCs) when the temperature changes, which will affect the mechanical properties of the material and structure. In order to explore the changes in mechanical properties of WPCs under different temperatures and achieve a safe and controllable design, the differential scanning calorimetry (DSC) method was used in this study to measure the glass transition temperature of the WPC between 78.45°C and 88.30°C, and the glass transition temperature (Tg) was about 83.54°C. The tensile, compressive, and bending mechanical property tests of PVC-based wood–plastic composite materials under different temperatures were carried out in the ambient temperature chamber to obtain the failure characteristics, the load–displacement curve, and the influence of temperature on their mechanical properties.
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1 INTRODUCTION
Low forest coverage rates and shortage of wood resources are problems faced by many countries in the world. Using renewable crop straw and fast-growing wood to develop green and energy-saving bio-based building materials and build resource-saving and environment-friendly engineering facilities are an urgent need for sustainable and developmental construction of human beings (Wang, 2018; Wang et al., 2010; Liu, 2013; Zahedi et al., 2013; Sudar shan Rangara, 1999; Brandt, 2001; pooler, 2001; Parsons and Bender, 2004). Plastic products can be seen everywhere in modern life. They have the advantages of being lightweight, durability, and low price but also have the disadvantages of environmental pollution and difficult recycling. There is a growing demand for plastic products year by year, and the world plastic industry keeps a trend of rapid development (Pilarski and Matuana, 2005; Goertzen and Kessler, 2006; Soury et al., 2009; Leu et al., 2012; Homkhiew et al., 2014; Zhang, 2014; Zhang et al., 2016; Ghorbani et al., 2019; Vedrtnam et al., 2019; Yu et al., 2020). According to statistics, the annual global plastic usage exceeds 350 million tons, and the main disposal methods of waste plastic include landfill, incineration, and recycling, with an effective recycling rate of less than 20% (Qi, 2011; Xiao et al., 2018; Wang et al., 2019; Feng et al., 2020). The landfill method has a certain effect in the short term, but it is simple and negative. The waste plastic buried in the landfill cannot be exposed to the sun and air, and it is difficult to degrade. Waste plastics in the soil not only damage the permeability of the soil, reduce the water-holding capacity of the soil, and affect the growth of crops but also pollute groundwater. The incineration method will release a large number of harmful gases into the air, polluting the air quality and exacerbating the greenhouse effect. The recycling method can be used through a variety of equipment and processes to recycle plastic decomposition and reuse; the current technology has been very mature and will not cause secondary pollution, but the cost is higher, and the process is more complex. Therefore, it is necessary to seek the disposal method of waste plastics which can protect the environment and improve the efficiency.
The wood–plastic composite (WPC) is a new environment-friendly building material, which is mainly made of high-performance matrix resins such as PVC, reinforced by wood chips, bamboo chips, straw, plant straws, and other waste biomass fiber materials. The water absorption of WPC is much smaller than natural wood. It is less affected by the atmospheric temperature environment, has good dimensional stability, wear resistance, chemical corrosion resistance, and has the excellent characteristics of wood and plastic. It has a beautiful appearance in many kinds of colors, and the manufacturing technique contains extrusion, injection molding, and plastic molding. It satisfies the needs of industrial production of products and has the following characteristics: 1) low requirements for wood materials such as waste wood chips, bamboo chips, and plant straw; 2) with a strong dimensional stability, it can help solve the problems of wooden building materials such as joint, cracking, moth-eaten, and rot; 3) by adjusting the composition of the resin matrix, the strength and functional requirements of WPC products can be improved to achieve the goals of corrosion resistance, aging resistance, and being flame retardant; and 4) solve the problem that plastic products cannot be recycled and crop straw burning environmental pollution. The products can be recycled for reproduction by 100%, which can effectively reduce construction waste and carbon emission, saving energy and conforming to the design concept of green building and sustainable development. PVC-based wood–plastic composite material has the texture and diverse appearance of wood, low price, convenient production and preparation, and can be used as building wall panels, floors, railings, maintenance facilities, etc. Furthermore, it has broad application prospects in the field of civil architecture and garden engineering (Klyosov, 2010; Wang, 2010; Tamrakar et al., 2011; Zahedi et al., 2013; Bai, 2014; Di and Wang, 2016; Pulngern et al., 2016; Liu, 2018; Shi et al., 2019). PVC-based wood–plastic composites are often faced with the dual test of temperature and load in the process of use. The thermal expansion properties of their component materials are quite different, and the resin matrix is a thermal sensitive material; in order to study the mechanical properties of the material at different temperatures, compressive, tensile, and bending tests of PVC-based WPC composites under temperature-load coupling were carried out systematically in this study.
2 EXPERIMENTAL PROGRAM
2.1 Specimens
WPCs can be prepared through pressing, extrusion, and other processes with resin matrix materials such as polyvinyl chloride (PVC), polypropylene (PP), and polyethylene (PE) at one time. The main material components of specimens are the poplar wood powder, PVC resin, foaming agent, stabilizer, coupling agent, combustive agent, etc. The plating density is 0.82 g/cm3. According to the national standards GB/T 29418-2012, 2012 and GB/T 1040.4-2006, 2006, the dimension of the specimens in the linear thermal expansion coefficient test, compressive test, tensile test, and bending test is as shown in Table 1.
TABLE 1 | Details of specimens.
[image: Table 1]2.2 Experimental instrumentation and results
2.2.1 Glass transition temperature test
The glass transition temperature (Tg) is a very important physical parameter of the crystalline polymer, referring to the temperature of the amorphous polymer (including an amorphous component in the crystalline polymer) transitioning from the glassy state to the high elastic state. The temperature is the highest temperature of plastic products, which directly affects the functional performance and process performance of the material (Harris., 2004).
The experiment was carried out in the laboratory of the physical and chemical properties of composites. Before the mechanical property test of WPC under temperature-load coupling, the glass transition temperature (Tg) of WPCs should be measured by DSC to determine the maximum temperature of the test. The WPC was ground into powder, weighed on the electronic scales, and then put into the differential scanning calorimeter to measure the glass transition temperature.
Figure 1 shows the glass transition temperature curve of WPCs measured by DSC; as shown in the figure, the temperature interval of glass transition of PVC-based WPCs is 78.45°C–88.30°C, and Tg is about 83.54°C. It is suggested to set 70°C as the upper limit of the application temperature environment of WPCs.
[image: Figure 1]FIGURE 1 | Curve of the glass transition temperature.
2.2.2 Linear thermal expansion coefficient test
Before the test, we should ensure that the section of the specimen is smooth and flat, and a center line should be drawn on the surface of the specimen along the direction of the length. According to the specification, the test was divided into three groups, with 10 specimens in each group; the size of which is 300 mm × 20 mm × 18 mm. Each group of specimens was placed in a temperature-controlled environment of 10°C, 30°C, and 60°C for 48 h, and then, the length of the marking line was measured quickly after taking out the specimens one by one. The test temperature Ti (i = 1, 2, and 3) and the arithmetic mean value Li (i = 1, 2, 3) of the line length of each group of samples were recorded in 30 s after the specimens were taken out, as quickly as possible.
According to the results, the average linear thermal expansion coefficient of PVC-based WPC is about 55.49 × 10−6/°C and that of PVC is about 80 × 10−6/°C in the temperature range of 10°C–60°C. The thermal expansion coefficient of WPC is reduced by 30.64% compared with that of PVC resin matrix material. It is related to lignocellulose in WPCs. Lignin in lignocellulose has a stable three-dimensional spatial structure and can cross-link with cellulose and hemicellulose through the hydrogen bond and covalent bond to inhibit the thermal expansion of cellulose and hemicellulose (Sain et al., 2005). Also, the wood powder fiber in the WPC can be closely connected with the resin molecules to inhibit the expansion of the resin matrix (PVC), thus reducing the thermal expansion phenomenon of the WPC system.
2.2.3 Tensile property test under temperature-load coupling
The tensile strength of WPC is always lower than that of wood because of the high proportion of resin components; the more the resin matrix is contained, the lower the tensile strength is. In order to study the mechanical properties of PVC-based WPCs under the influence of temperature, six kinds of temperature test conditions were set as 10°C, 20°C, 30°C, 40°C, 50°C, and 60°C, with five specimens in each group. The size of the specimens was 250 mm × 25 mm × 8 mm, and both ends were reinforced with aluminum sheets 50 mm in length and 3 mm in thickness. The test was carried out on the MTS universal testing machine, and the ambient temperature is provided by the temperature control test box matching the testing machine.
During the process of the test, there was no obvious change in the specimens in the early loading stage, but when the loading was close to the failure load, the specimens suddenly broke, showing the characteristics of brittle fracture. As shown in Figure 2, the fracture surface of the specimen is rough, and the roughness of the fracture surface increases with the increase of temperature. The higher the temperature is, the longer it takes for the specimen to fracture, and the elongation of the specimen before brittle fracture is also increasing. After the fracture, observing the fracture surface of the specimen, the middle part of the specimen produces more particle debris, while the upper and lower surfaces have less particle debris. It shows that there is good continuity between the outer layers of PVC-based WPCs produced by the co-extrusion process.
[image: Figure 2]FIGURE 2 | Typical tensile failure mode of WPC specimens: (A) 10°C, (B) 30°C, and (C) 60°C.
According to the results, the maximum tensile load at different temperatures was obtained, and then the tensile strength, tensile modulus, and Poisson’s ratio at different temperatures were calculated, as shown in Figure 3.
[image: Figure 3]FIGURE 3 | Maximum tensile load, tensile strength, Poisson’s ratio, and tensile modulus of WPCs at different temperatures: (A) maximum load, (B) tensile strength, (C) Poisson’s ratio, and (D) tensile modulus.
As shown in Figure 3, the tensile strength of the specimen is between 7 MPa and 10 MPa. When the temperature rises from 10°C to 40°C, the tensile strength decreases from 9.94 MPa to 7.97 MPa, decreasing by 19.82%. When the temperature rises from 40°C to 60°C, the tensile strength drops from 7.97 MPa to 7.43 MPa, decreasing by 5.43%. With the rising of the temperature, the tensile strength decreased by 25.25%. The closer the temperature is to Tg, the lower the tensile strength will be, but the dispersion of tensile strength will increase with the increase of temperature.
Poissons ratio is an elastic constant of the material, reflecting the proportion of elongation (or shortening) deformation of material along the direction of the load and perpendicular to the direction of the load (Zhang et al., 2018). As shown in Figure 3C, the Poisson’s ratio of WPC increases with the temperature rising from 10°C to 60°C, and the Poisson’s ratio increases from 0.236 to 0.312, with an increase of 30.2%.
The tensile modulus decreased with the increase in the test temperature and decreased from 1,004.94 MPa to 654.46 MPa in the whole temperature range, decreasing by 34.87%. It can be seen that with the increase in temperature, the tensile modulus is most sensitive to temperature change and decreases the most.
The increase in temperature will cause the movement of the polymer chain segment, leading to the reorganization of the micro-molecular chain segment, thus affecting the macroscopic mechanical properties of the material (Isa et al., 2016). With the increasing temperature of the test, the motion amplitude of the polymer chain segment becomes larger and larger, eventually changing the original solid state. The weakening of van der Waals forces between molecules, coupled with the difference in thermal expansion properties of the material itself and the action of external loads, damages the state of the material itself to a greater extent. Many microscopic cracks appear inside the specimen, and damaged cracks accumulate continuously at the interface between the material structure resin and wood powder particles, leading to the reduction of the mechanical properties of WPCs (Aklonis and MacKnight, 1983).
The tensile load–displacement curves of WPCs at different temperatures are shown in Figure 4. It can be seen from the figure that at the initial stage of loading, load displacement changes linearly, and the elastic stage is gradually shortened with the increase of temperature. The PVC-based WPC shows good ductility when it is close to the failure load. The tensile failure load decreases with the increase in the test temperature, when it rises from 10°C to 60°C, the failure load drops from 1908.43 N to 1,429.68 N, with a total decrease of 25.08%. The maximum tensile displacement increases with the increase in the test temperature, from 3.97 mm to 6.93 mm, showing an increase of 74.56%. It shows that the higher the temperature, the better the tensile failure ductility is. The effect of temperature on mechanical properties of WPC is mainly through changing the motion state of the polymer. In the range of 10°C–20°C, the displacement of the maximum load increases by 0.31 mm. An increase of 0.85 mm in the range of 30°C–40°C and 0.9 mm in the range of 50°C–60°C. It indicates that the ductility of the material will continue to increase when the temperature is dropped below the glass transition temperature, and the higher the temperature (the closer to the glass transition temperature), the better the ductility of the specimen is.
[image: Figure 4]FIGURE 4 | Load–displacement curves of WPCs in the tensile test at different temperatures.
According to the tensile property test data on WPCs at six different temperatures, the influences of temperature on the maximum load (Ft), tensile strength (σt), and modulus (Et) of WPCs were obtained, and Ft, σt, and Et were variables related to temperature (T). The origin fitting method was used to obtain the function relations of Ft, σt, and Et, as shown in Eqs. 1–3. The fitting results are shown in Figure 5.
[image: Figure 5]FIGURE 5 | Fitting of tensile mechanical properties of WPCs at different temperatures: (A) maximum tensile load, (B) tensile strength, and (C) tensile modulus.
The following shows the fitting results of tensile mechanical properties:
[image: image]
[image: image]
[image: image]
Also, the correlation coefficients (R2) of Ft, σt, and Et are 0.973,0.960, and 0.880, respectively.
2.2.4 Compressive property test under temperature-load coupling
The test temperature condition was set the same as the tensile test, and the size of the specimen was 108 mm × 40 mm × 36 mm. The compressive test equipment is shown in Figure 6. The specimen was placed between two pressure plates to ensure that the center of the specimen and the center of the pressure plate coincide to avoid eccentricity when loading. The thermocouple was tightly pasted on the specimen, and an identical reference specimen was also placed. The WRNT-01 thermocouple was inserted into the specimen, and the temperature inspection instrument was connected. When the specimen temperature displayed by the temperature inspection instrument was consistent with the temperature inside the temperature box, the compressive test was carried out at the rate of 5 mm/min, and the data acquisition frequency is 1 Hz.
[image: Figure 6]FIGURE 6 | Specimen and instruments for the compressive test of WPCs: (A) compressive specimen, (B) temperature inspection instrument, and (C) temperature control instrument.
There was no obvious change in the specimens in the early loading stage. However, with the progress of the test, lateral bending began to occur in the middle of the specimen, a white area gradually appeared on the surface of the specimen side, and cracks appeared in the middle of the specimen along the loading direction longitudinally. With the increase of load, side bending occurred in the middle part of the specimen, and cracks occurred at the interface between the middle layer and the inner and outer layers of the bent part. The crack from the middle to the surface expanded diagonally until it passed through the entire cross section of the component; then, the specimen failed, reaching the preset displacement range of 10 mm. Failure modes at 10°C, 30°C, and 60°C are shown in Figure 7.
[image: Figure 7]FIGURE 7 | Typical compressive failure mode of WPC specimens: (A) 10°C, (B) 30°C, and (C) 60°C.
The results of the maximum compressive load and compressive strength in compressive tests at different temperatures are shown in Figure 8.
[image: Figure 8]FIGURE 8 | Maximum compressive load and compressive strength of WPCs at different temperatures: (A) maximum compressive load and (B) compressive strength.
With the rising test temperature, the compressive strength of WPC decreases from 14.07 MPa to 8.70 MPa, and the maximum compressive load decreases from 20.27 kN to 12.53 kN. Compared with the tensile strength, the compressive strength decreases more, so the compressive strength of WPCs is affected by temperature more easily. The compressive strength at each temperature is higher than the corresponding tensile strength, and the maximum compressive load is about 10 times the maximum tensile load. This indicates that WPC material has stronger compressive resistance. As can be seen from Figure 9, the compressive strength decreases by 34.39% from 20°C to 50°C and by 5.65% from 50°C to 60°C. In the range of 20°C–50°C, the compressive strength of WPCs shows some discreteness, and the discreteness decreases when the temperature exceeds 50°C. The compressive properties are relatively stable, and the compressive strength will not decrease significantly and tends to be stable. When the temperature is very close to the range of Tg, the stiffness begins to decrease obviously. This is consistent with the effect of temperature on the tensile strength and modulus of WPCs.
[image: Figure 9]FIGURE 9 | Load–displacement curves of WPCs in the compressive test at different temperatures.
Load–displacement curves of the wood–plastic composite under compressive tests at different temperatures are shown in Figure 9. The maximum compressive load of PVC-based WPCs decreases with the rising test temperature, and the displacement increases with the rising test temperature under the maximum compressive load. In the temperature range of 10°C–60°C, the peak load displacement increased from 3.02 mm to 4.81 mm, increasing more than 37.21%.
Considering the influence of temperature on the maximum compressive load ([image: image]) and compressive strength ([image: image]) of wood–plastic composite material, [image: image]are variables related to temperature ([image: image]). The fitting results are shown in Figure 10.
[image: Figure 10]FIGURE 10 | Fitting of compressive mechanical properties of WPCs at different temperatures: (A) maximum compressive load and (B) compressive strength.
The following equations show the fitting results of compressive mechanical properties:
[image: image]
[image: image]
Also, the correlation coefficients (R2) of Fc and σc are 0.925 and 0.922, respectively.
2.2.5 Bending property test under temperature-load coupling
The bending property test was carried out according to the national standard GB/T 29418-2012. The set temperature condition of the test was the same as that of the tensile and compressive tests. The size of the specimens was 340 mm × 40 mm × 18 mm, with five specimens at each temperature condition. The test was carried out on an MTS micro-controlled electronic universal testing machine. The ambient temperature was controlled by high- and low-temperature control testing instruments, and the thermocouple was tightly glued on the specimen to measure the surface temperature of the specimen. The span of the two supports was adjusted to 16 times (288 mm) the nominal thickness of the sample. The two-point loading test method is shown in Figure 11. During the test, the loading roller axis line is parallel to the supporting roller axis line and perpendicular to the center line of the long axis of the sample, which is placed at 1/3 of the span.
[image: Figure 11]FIGURE 11 | Four-point bending load test.
The main components of WPC are wood or various plant fibers. Low temperature has less influence on the wood or plant fibers in WPCs, and temperature mainly affects the bending performance of WPCs by affecting the plastic. With the increase in temperature, the molecular movement in the plastic is intensified, and the intermolecular van der Waals force is reduced, which leads to the decrease in the bending resistance of WPCs.
The bending failure pattern of the specimens is shown in Figure 12. There was no crack on the side of the specimen before failure, and it suddenly broke from the tension zone below the loading point. The fracture surface of the lower part of the specimen is rough, which is similar to the tensile failure of WPCs. The fracture surface of the upper compressive zone is very smooth and flat, which is very different from the form of compressive failure of WPCs. There is no rough section caused by irregular crack development. This indicates that in the bending test, the lower tensile side of the specimen belongs to tensile failure, while the upper part does not have compressive failure. The stress whitening phenomenon occurs at the loading point and becomes more obvious with the increase in temperature, which is consistent with the compressive characteristics of WPCs.
[image: Figure 12]FIGURE 12 | Typical bending failure mode of WPC specimens: (A) 10°C, (B) 30°C, and (C) 60°C.
The bending failure load under different temperatures was obtained, and the bending strength and bending modulus were calculated. The results are shown in Figure 13.
[image: Figure 13]FIGURE 13 | Bending behavior of WPCs at different temperatures: (A) maximum bending load, (B) bending strength, and (C) bending modulus.
As can be seen in Figure 13, when the temperature rises from 10°C to 60°C, the bending property of the four-point bending specimen decreases gradually. The bending strength decreased from 22.87 MPa to 14.15 MPa, decreasing by 38.13% with a linear downward trend. The bending modulus decreased from 3,851.91 MPa to 1,172.8 MPa, decreasing by 69.55%. The bending modulus is more susceptible to the temperature environment. Decline modes of the bending strength and bending modulus show an obvious characteristic of the two stages. At the early stage of a low temperature (10°C–40°C), the bending strength decreased from 22.87 MPa to 17.28 MPa, accounting for 64.11% of the total strength. The bending modulus decreased from 3,851.91 MPa to 1933.31 MPa, decreasing about 1918.6 MPa, accounting for 71.61% of the total modulus. At the second stage of high temperature (40°C–60°C), the bending strength decreased from 17.28 MPa to 14.15 MPa, decreasing about 3.13 MPa, accounting for 35.89% of the total strength decreased. The bending modulus decreased from 71.91% to 71.61%, decreasing by 760.51 MPa, accounting for 28.09% of the total modulus. The trend is consistent with the decreasing law of tensile strength and modulus.
Load–displacement curves of the four-point bending test of WPCs at different temperatures are shown in Figure 14. The maximum bending load of the specimen decreases with the rising test temperature, from 1,021.2 N to 624.80 N, decreasing by 38.82%. The maximum midspan displacement increases with the rising test temperature, from 15.18 mm to 20.49 mm, increasing by 34.98%. The bending failure load of WPCs decreases and ductility increases with the rising temperature.
[image: Figure 14]FIGURE 14 | Load-midspan displacement curves of the four-point bending test of WPCs at different temperatures.
2.2.6 Theoretical analysis of the bending property
Based on the theory of first-order shear deformation, the deflection formula of WPCs in the four-point bending test is presented as follows:
[image: image]
where a is the net distance between the loading point and the support, and l is the net span of the beam. Based on the test results with the theoretical results, the deflection can be deduced as follows:
[image: image]
According to the Euler beam theory, the deflection of the four-point bending test of WPCs is shown as follows:
[image: image]
where E is fitted from the bending test results as
[image: image]
Also, the inertia moment (I) of the rectangular cross section is
[image: image]
By substitution into Eq. 3, the deflection is obtained as follows:
[image: image]
If the load is 300 N, when the temperature increases, compared with the test value, the calculation error of the Euler beam theory is stable within 2.2 mm, and the minimum error is 0.22 mm. As the temperature rises, the error increases. Although the first-order shear deformation theory considers the shear deformation, the accuracy of its calculation results is not significantly improved, and the error is similar to that of the Euler beam theory. In the initial low-temperature environment, the error between the theoretically calculated value and the test value of the Euler beam and first-order shear deformation is within 0.7 mm, and the fitting result is good. However, when the temperature exceeds 40°C, the error between the calculated value and the test value is larger, and the fitting result is poor.
The failure modes of the WPC beam in the four-point bending test are mainly 1) tensile failure and 2) buckling failure. The calculation formula of the ultimate bearing capacity is as follows:
Tensile failure is expressed as follows
[image: image]
Buckling failure is expressed as follows
[image: image]
In Eq. 5, b is the width of the beam, l is the calculated length of the beam, and dt1 is the thickness of the panel. According to the test data, dt1 is 0.8 and d is the thickness of the beam. Et is the tensile modulus, σt is the tensile strength, and a is the net distance between the loading point and the support. In Eq. 6, when dt2 is close to 0.76, the fitting results are more accurate. E is the elastic modulus, and G is the shear modulus.
3 CONCLUSION
The compressive, tensile, and bending properties of PVC-based WPCs were studied under the influence of temperature. The main conclusions are summarized as follows:
(1) The glass transition temperature of PVC-based WPCs is measured by means of DSC; the results are in the range of 78.45°C and 88.30°C, which is about 83.54°C. The designed application temperature environment for PVC-based WPC is suggested to be lower than 70°C.
(2) The average linear thermal expansion coefficient of WPC is about 55.49 × 10−6/°C, and PVC is about 80 × 10−6/°C in the temperature between 10°C and 60°C. The thermal expansion coefficient is related closely to lignocellulose in WPC.
(3) The tensile and compressive tests of WPCs were carried out, and the tensile failure load decreased with the rising test temperature. When the test temperature rose from 10°C to 60°C, the failure load decreased by 25.08%. The maximum tensile displacement increased with the rising test temperature by 74.56%. The displacement of the maximum compressive load increases with the rising test temperature by 37.21%. The results show that the higher the temperature, the better the tensile failure ductility is. The tensile and compressive mechanical formulas were fitted in consideration of the temperature effect.
(4) The four-point bending test of WPCs under temperature-load coupling was carried out. The results showed that the maximum bending load, bending strength, and bending modulus were reduced under the influence of temperature. The bending failure characteristics of WPCs were analyzed, and the influence law of temperature on the bending characteristics was obtained. The load–displacement curves of WPCs at different temperatures were fitted.
(5) The formulas to calculate the deflection and ultimate bending capacity were obtained based on the first-order shear deformation theory and the Euler–Bernoulli beam theory, and the results are very close to the experimental results under a low-temperature environment.
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