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Abstract

:

The aim of our study was to analyze the influence of the thickness of Scots pine veneers on the chosen physical and mechanical properties of plywood-like composites dedicated to flooring applications. The utilitarian goal of the research is to replace three-layer flooring requiring high production costs with flooring materials of much cheaper (lower number but thicker veneers) and less specialized production. The only variable in the presented research is the thickness of the veneer creating the structure of the base layer of flooring materials. If we take into account that the number of veneers in the base layer can be reduced, it is the best way to reduce the number of materials (especially adhesives), to protect the environment. The research was conducted regarding basic mechanical properties that determine the suitability of flooring materials: modulus of elasticity, stiffness, and bending strength. The cross arrangement of the veneers in the tested samples in the base layer showed high values of the modulus of elasticity and stiffness. These values are higher than for three-layer commercially available composites. Despite the fact that the research was of pilot character, the results indicate a large potential for saving raw wood and for increasing the productivity of enterprises. The flooring materials were tested, but the test results are relevant in other applications built on materials with veneers in the form of plywood-like structure.
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1. Introduction


The optimization of production processes is an important element of the strategy of a given company. One of the methods of increasing the efficiency is changing the production parameters, including the automation of production processes, increasing the qualifications of the staff, as well as introducing process and product innovations. Wood is still a popular material used in floor production in the interior construction of houses, flats, and some public places, but especially of palace and manor floors. However, for popular applications, floors are often constructed using wood composites [1,2,3]. Commercially available are mainly wood composites of two- and three-layer structures [4,5,6]. Two-layer flooring structures are made of a face layer on the top and a base layer as the substructure. In three-layer flooring structures, apart from the top layer, the base layer is composed of an inner layer and a bottom layer. The layered construction makes it possible to use various materials in the face and base layers in the form of thin wooden slats or veneers. Species meeting requirements of the face layers are often used: oak (Quercus robur L.), ash (Fraxinus excelsior L.), doussie (Afzelia Africana Pers.), and sapele (Entandrophragma cylindricum Sprague). The base layers are built from readily available materials with low density and low mechanical properties, for example in Europe, pine (Pinus sylvestris L.), spruce (Picea excelsa L.), and fir (Abies alba Mill.). Because the face layers are the most important part of flooring from a functional and aesthetic point of view, the main research trends concerning floors relates to the surface properties of the face layers. They are built from solid or glued wood, as two-strip or three-strip. Thus, this kind of research is focused on testing the properties of the top layer and is conducted on separated face layers material (without base layer) or on the face layer as a part of flooring. The research may include exposition to temperature and humidity [7], hardness [8,9,10], strength [11], top-layer examination after material modifications [12,13,14], or in situ polymerization of active monomers [15]. The study of entire flooring materials focuses on connection with heating systems [16,17,18,19,20] or using individual wood species or quality for flooring applications. Research on the physical and mechanical properties of floor composites for floating floors and sports floors is mainly conducted in view of their elastic properties [21]. It is possible to verify the dynamic parameters for rebound height of a ball bouncing off a rigid floor. Additionally, the application of FEM modeling gives the opportunity to design sports floor structures of various structural and material solutions for sports flooring more easily and holistically. Kallakas et al. [22] verified the influence of different hardwood species and lay-up schemes on the mechanical properties of plywood. The research they conducted showed that, depending on wood species, plywood has different bending strength or glue consumption, and it was shown that combination of wood species is a method enabling to obtain more durable and stronger plywood. Similar conclusions were drawn by Beer et al. [23] when layered composites were produced with combination of alder (Alnus glutinose Gaerth.) and Scots pine (Pinus sylvestris L.). In this case, modulus of elasticity and stiffness in bending for combined plywood-like composites were higher than made from only Scots pine veneers.



Research on the influence of quality of veneers on the final product was studied for laminated veneer lumber (LVL). It has been observed that the application in the outer layer of LVL of higher quality (defect-free) veneer provides more favorable mechanical properties. When a large number of low-quality veneers were applied in the middle layer of LVL, lower strength parameters were obtained [24]. When analyzing the quality of individual veneer (A—the highest, D—the lowest) [25,26], increased physical and mechanical properties of engineered flooring material were obtained only in the case of application veneers of class A, whereas the other veneer quality classes (B, C, D) did not significantly influence the strength parameters of layered composite. It is possible to use veneers of lower quality classes (B, C, D) for flooring production without verification of which class they belong to. It would significantly reduce the production time and operation costs.



Layout of layered structure on the physical and mechanical properties were taken into account in research performed by Lee et al. [27]. Various arrangement of the moso bamboo (Phyllostachys edulis) structure was analyzed—parallel-layered and cross-layered. Cross-laminated composites showed the highest values of MOE and MOR in relation to other parallel-layered structures, which is connected to the arrangement of the fibers in relation to the loading direction.



The presented work deals with two-layer flooring with base layer of plywood-like structure. This is wood-based material that has a layered cross-shaped construction resulting in a greater dimensional stability and strength of the structure, even if it is exposed to permanent loads, for example, the pressure of furniture and/or cyclical loads, such as foot traffic. In addition, this composite is easy to assemble. The aim of our study was to analyze the influence of the thickness of Scots pine veneers on the chosen physical and mechanical properties of plywood-like composites dedicated to flooring applications. The utilitarian goal of the research is to replace three-layer commercial flooring requiring high production costs with flooring of much cheaper and less specialized production based on application of lower number of, but thicker, veneers. The structure of the base layer creates the possibility of faster, i.e., more efficient, production.




2. Experimental Tests


2.1. Materials


As the presented work deals with two-layer flooring material with base layer of plywood-like structure, thin oak (Quercus robur L.) slats were glued on the top of a cross-shaped Scots pine (Pinus sylvestris L.) base layer (Figure 1). Oak slats with a thickness of 3 mm ± 0.2 mm were of the highest wood quality (A) [25] and supplied by the Barlinek Group enterprise in Poland [28]. Scots pine veneers were supplied by Paged Morąg S.A. in Poland [29], in class A quality and three thickness variants (1.5 mm ± 0.1 mm, 2.5 mm ± 0.1 mm, and 3.2 mm ± 0.1 mm). The use of material of the same quality ensured variability in tests of only one factor—thickness of the veneers. The mean value of modulus of elasticity for oak wood was 11,700 MPa and for Scots pine material it was 12,000 MPa, and the static bending strength was 88 and 100 MPa, respectively [30].



The Scots pine veneers were cut circumferentially (by rotary cutting) to 350 mm × 180 mm in such a way that the even layers had fibers arranged perpendicular to the length of the composite (┴), thus the odd layers had fibers arranged parallel to the length of the samples (=). The samples prepared in this way had veneers arranged according to the scheme presented in Table 1. The 11 samples from each group were prepared for static and dynamic bending tests.



The thicknesses of the veneers were selected so that the engineering flooring material has a similar final thickness, and taking into account technological issues, so that the damage of the thick veneers during peeling (rotary cutting) was as small as possible. In peeling, one of the main disadvantages of this process are cracks inside the veneer from the side of the cutting knife [31]. It results from the mechanism of the cutting process, in which the wood material is tensioned from the side of the cutting knife, and it is tensioned perpendicularly to the direction of the fibers. The thicker the veneer, the bigger the cracks, which can lead to a complete fracture of the veneer. Other defects in peeling are uneven veneer thickness, waviness, and surface roughness. The largest selected veneer thickness (3.2 mm) was a compromise between the cutting (production) speed (with other parameters constant) and the number and depth of the defects. Urea formaldehyde adhesive Akzo Nobel 1274 was used to bond the composite elements. This resin has a viscosity of approximately 3000 MPa·s, dry content of 67–70%, and density around 1100 kg/m3.



The composition and properties of the adhesive resin constitute the know-how of the manufacturer of layered floors. Due to the lack of a safety data sheet, the first step was to determine the hardening time of the adhesive mixtures, with the addition of 10% and 20% of hardener prepared (Table 2). The mixture was then immersed and stirred in a boiling water bath. Due to requiring the complex folding process of the composite, 10% hardener additive was applied. The adhesive application was 180 g/m2. The pressing parameters were set as follows:




	
Pressing time—12 min.



	
Temperature—120 °C.



	
Pressure—1.2 MPa.








After gluing, the composites were seasoned. The material was stored at a temperature of 22 °C, and 50% relative humidity for 28 days. Then, the conditioning of the composites was carried out in a climatic chamber. The composites were placed on spacers and subjected to seasoning, simulating the behavior of the composites under various climatic conditions corresponding to the natural seasons of the year [32]:




	
Winter time: temperature 22 °C, 10% air humidity for 28 days.



	
Summer time: temperature 22 °C, 80% air humidity for 28 days.








After seasoning time, the geometry of composites was verified with the use of a mechanical computer numerical control (CNC) plotter (ZEPWN, Marki, Poland) (Figure 2). The device verifies the geometry in a vertical position. The composites were supported at the base layer and the measurement was carried out on the top layer. The virtual measuring plane was fixed at three base points. The fourth point was adjustable to stabilize the test material during measurement. Measurement accuracy was 0.1 mm/m. Deviations from the theoretical plane of the composite surface were ±1.5 mm.



Simultaneously with the verification of the geometry, the density profile was measured, which was carried out for composites seasoned in dry, normal, and humid conditions, using the Grecon device (Alfeld, Germany). For this purpose, three samples from each group of composite were prepared. The material with a cross-section of 50 mm × 50 mm was measured with an electronic caliper with an accuracy of 0.01 mm. The elements were weighed using a laboratory balance with an accuracy of 0.001 g. The density profile was measured at a speed of 0.05 mm/s.




2.2. Methods


2.2.1. Tests of Bending


The modulus of elasticity (MOE) for static, dynamic, and fatigue tests was determined based on the EN 310:1994 standard [33]. The experiment was carried out on a TiraTest 2300 testing machine (TIRA GmbH, Schalkau, Germany) in a three-point bending test (Figure 3).



Formula (1) was used to calculate the modulus of elasticity in bending tests:


   E m  =    L 1 3     F 2  −  F 1      4   bt  3     a 2  −  a 1       



(1)




where



Em (MPa)—modulus of elasticity, L1 (mm)—distance between support centers, F2–F1 (N)—load increase along the straight section of the curve, F1 (N)—10% of load, F2 (N)—40% of load, b (mm)—sample width, a2–a1 (mm)—increase of the displacement arrow in the middle of the composite (corresponding to F2–F1).



The static bending strength was determined from Formula (2):


   f g  =   3  F  max    L 1    2   bt  2     



(2)




where fg (N/mm2)—static bending strength, Fmax (N)—maximal force, t (mm)—sample thickness.



The verification of dynamic bending was aimed at determining whether the composite can be used in the conditions of floating floors and in the field of high dynamic loads, such as pavement in sports halls. The test consisted of a dynamic load application to the composite. The traverse speed was set to 9 mm/s, resulting from the maximum technical capabilities of the testing machine. After that, fatigue tests were performed with the speed of the traverse of 9 mm/s. The tested material was subjected to 50 cycles of dynamic load. Every first and tenth cycle was taken into account.




2.2.2. Tests of Stiffness


Stiffness is the ability of a material, connection, or structure to counteract deformations caused by external loads. It depends on the shape of the element, its elastic properties, type of load, and boundary conditions. The stiffness of composites under static and dynamic loading conditions was determined from Formula (3) [34]:


  k =    E m    bt  3    12    



(3)




where k (MNmm2)—stiffness.






3. Results and Discussion


3.1. Density Profile


The density measurements (Figure 4) show that regardless of the relative air humidity condition, the density distribution is highly repeatable. Local density peaks reflect glue joints of increased density in relation to the density of the veneers. The thicker the veneers, the fewer the glue joints that have to be applied in the engineered flooring material. It is a step towards ecology and increasingly stringent environmental protection requirements, presented in subsequent guidelines and decrees of the European Commission [35,36,37].




3.2. Static Bending


The results of testing the modulus of elasticity of individual samples are shown in Figure 5. The cross arrangement of the veneers in the tested samples in the base layer, regardless of the veneer thickness, caused relatively high values of the modulus of elasticity and stiffness. These values are higher than for three-layer commercially available composites characterized by MOE of 7200 MPa and stiffness of 290 MNmm2 [38,39]. Therefore, in the technology based on circumferential cutting, it is possible to use the veneers of higher thickness, i.e., 3.2 mm, for production of engineered flooring material, and simultaneously to save time and production costs.



Laminated materials made of thinner veneers have more favorable mechanical properties (higher modulus of elasticity and bending strength) than composites of the same final thickness made of thicker veneers. This is due to the circumferential cutting mechanism, increasing the number and range of defects together with increasing the thickness of material. Cracks from the knife rake face, uneven veneer thickness, and surface roughness are particularly important. However, static bending tests have shown that the thicker the veneer (as layers of laminated composite), the higher its final stiffness properties, which especially matters in the case of floating floors.



The modulus of elasticity and stiffness generally is influenced by the quality of the material used [26]. In the case of low-quality base material (C and D quality class of pine veneer according to [25]), the mean value of modulus of elasticity of the seventh layered composite panel was 9500 MPa, and the stiffness was 375 MNmm2. The obtained test results for the engineering flooring material made of thicker veneers show similar values of these properties. It proves that it is possible to produce the composites from thicker veneers without reducing its final physical and mechanical properties.



The testing program assumed determination of static bending strength under conditions corresponding to the summer and winter seasons (Figure 6). Tests have shown that the commercially available composites are characterized by an average static bending strength equal to 45 MPa (in dry conditions—T = 22 °C and air humidity 10%), and 42 MPa (in humid conditions—T = 22 °C and air humidity 80%). The produced composites (thick 1, thick 2, and thin) conditioned in 80% air humidity conditions show a higher average value of static bending strength than the commercially available composites. When taking into account quality of the base layer (B, C, D) [26], it can be found that the static bending strength of the samples ranged from 52 to 60 MPa. When testing the conditioned samples under humid conditions, these values were lower by about 5%.



Figure 7 and Figure 8 show the results of testing the modulus of elasticity and stiffness in dry (22 °C and 10% air humidity) and humid (22 °C and 80% air humidity) conditions. The highest value of the modulus of elasticity was achieved when the base layer of samples consisted of pine veneers with a thickness of 1.5–2.5 mm. A greater number of base layers translates into a greater number of adhesive joints, which results in a greater modulus of elasticity achieved in case of both dry and humid conditions. In the case of commercially available composites, the following values were obtained: average modulus of elasticity 8120 MPa and stiffness 333 MNmm2 (for dry conditions—22 °C and 10% air humidity), and 7010 MPa and 287 MNmm2 (for humid conditions—22 °C and 80% air humidity) [38].




3.3. Dynamic Bending


The results of dynamic bending tests by means of modulus of elasticity and stiffness are presented in Figure 9. The values of the modulus of elasticity and stiffness of composites obtained in the dynamic test are analogous to those obtained in the static test. In this case, the obtained values are also higher than for commercially available composites (7400 MPa, 280 MNmm2, respectively) [38,39].




3.4. Fatigue Bending


With the subsequent cycles (1, 10, 20, 30, 40, 50 cycles), no relevant differences were noticed in the obtained values of the modulus of elasticity and stiffness. This is most likely due to the cross-veneers used in the base layer. The commercially available composite, with the outer layer made of longitudinal lamellae, was destroyed in the first cycles of the fatigue test [38]. The average results of the modulus of elasticity and stiffness obtained during the fatigue test are shown in Figure 10. Noteworthy is the low value of the modulus of elasticity obtained for composites made of the thickest veneer (Thick 2). This is due to the greater number of defects related to the circumferential machining process. It is worth noting that defects caused by circumferential cutting do not affect the stiffness values as much.





4. Conclusions


The production of flooring materials from veneers in the plywood-like structure in the base layer showed that the higher thickness of veneers affects the modulus of elasticity and stiffness in a negligible way. In the base layer, four layers can be used instead of six. Of course, the optimization of the technological peeling process is needed, which will probably improve the repeatability of the physical and mechanical properties of the produced composites. The use of thicker veneers in the base layer of the plywood-like structure shows increased strength to static and dynamic loads relative to a commercial composite with inner layer in the form of arranged lamellae. Despite the fact that the research was cognitive, piloting the results indicates a large potential for saving materials, aiding in the protection of the environment and increasing the productivity of enterprises.
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Figure 1. Structure of the flooring material: A—the face layer made of oak slat, B—the plywood-like base layer made of Scots pine veneers. 
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Figure 2. Geometry verification of the composites: (a)—measuring probe path diagram, (b)—during measurement. 
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Figure 3. Arrangement of three-point bending test. 
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Figure 4. Density profiles of tested samples after air conditioning under conditions of 22 °C and 50% air humidity: (a)—group thick 1, (b)—group thick 2, (c)—group thin. 
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Figure 5. Results of static bending after conditioning under conditions of 22 °C and 50% air humidity: MOE (a), stiffness (b). 
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Figure 6. Results of static bending strength under conditions of 22 °C and air humidity: 10% (a), 80% (b). 
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Figure 7. Results of fatigue in bending after conditioning under conditions of 22 °C and 10% air humidity: MOE (a), stiffness (b). 
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Figure 8. Results of fatigue in bending after conditioning under conditions of 22 °C and 80% air humidity: MOE (a), stiffness (b). 
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Figure 9. Results of dynamic bending after conditioning under conditions of 22 °C and 50% air humidity: MOE (a), stiffness (b). 
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Figure 10. Results of fatigue in bending after conditioning under conditions of 22 °C and 50% air humidity: MOE (a), stiffness (b). 






Figure 10. Results of fatigue in bending after conditioning under conditions of 22 °C and 50% air humidity: MOE (a), stiffness (b).
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Table 1. Samples layout scheme.






Table 1. Samples layout scheme.





	
Samples Mark

	
Oak Layer (mm)

	
Scots Pine Veneers in the Base Layer (mm)




	
=

	
┴

	
=

	
┴

	
=

	
┴

	
=






	
Thick 1

	
3

	
2.5

	
3.2

	
2.5

	
3.2

	
-

	
-




	
Thick 2

	
3

	
3.2

	
3.2

	
3.2

	
3.2

	
-

	
-




	
Thin

	
3

	
1.5

	
2.5

	
1.5

	
2.5

	
1.5

	
2.5








(┴, =)—The arrangement of the fibers in relation to the length of the sample.
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Table 2. Hardening time of the glue with a different percentage of hardener.






Table 2. Hardening time of the glue with a different percentage of hardener.





	Test
	Adhesive (g)
	Hardener (g)
	Hardening Time (s)





	1
	100
	10
	60



	2
	100
	20
	45
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