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Abstract: As additive manufacturing technologies advance, new opportunities are opening up for their application in the furniture industry. Wood remains one of the leading raw materials in the furniture industry; therefore, possible options for combining it with 3D printing have been researched. The bonding of 3D-printed polymer parts with wood or 3D printing with wood-plastic composites is already known, but in our research we attempted to directly 3D print polylactic acid (PLA) on wood surfaces. The effect of printing parameters, as well as the surface preparation of wood on the shear strength of the bond between wood and on-printed material was tested. Microscopic images of cross-sections of samples were analyzed. The results show that with a lower initial layer thickness (0.1 mm), a higher printing temperature (220°C), and with the use of polyvinyl acetate (PVAc) primer on the wood surface before 3D printing, a higher bond strength (5.4 MPa) was achieved, but the values for the bond strength remain low compared to the conventional bonding of wood to wood with PVAc adhesive (around 10 MPa). Microscopy studies revealed barely visible penetration of PLA into the lumens of the wood cells. However, the PVAc adhesive used as primer penetrated more into the cell lumens and served as interface layer between deposited melted PLA and the wood, thus creating stronger joints.
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1  Introduction

Additive manufacturing, commonly referred to as three-dimensional (3D) printing, is a rapidly emerging technology but is currently limited by the dimensions of the final products due to limited printer sizes, build volume, available technologies, the required post-processing and the printing time, which increases significantly with the product volume and surface quality required [1]. Researchers aim to produce larger and faster 3D printers [2] that produce products with properties comparable to or superior to those of products produced using conventional technologies. At the moment, the implementation of Additive Manufacturing (AM) in production must be done with a clear understanding of the constraints, such as limited material options, relatively high machine and material costs, limitation of maximum build size and relatively low processing speeds [1]. Thus, it is envisaged that AM will complement, rather than replace, conventional production processes, with clear potential for hybrid solutions and structural reinforcement and repair [3].

The limitation of size and printing time could be solved by combining additive manufacturing technologies and conventional technologies. Thus, 3D printing is used to produce complex product parts, combined with simple parts produced by conventional machining, thereby reducing the production time and cost of the final product [4]. Assembly can be done with mechanical joints, adhesive bonding, or a combination of both [5] or by welding in the case of metal materials [6]. To sufficiently bond 3D-printed parts and other materials (e.g., polymers or wood), an optimal adhesive or surface preparation must be used [7].

Another possibility is direct 3D printing on products or subcomponents of the final products. Direct 3D printing on textiles for the production of wearable products [8,9] or printing of conductive materials to form circuit boards and electronic components is being explored [10]. In metal fabrication and metal construction, direct 3D printing is also used to repair damaged parts by applying new material to the damaged surface, followed by additional Computer Numerical Controlled (CNC) machining to achieve sufficient surface quality and accuracy [11].

Fused Deposition Modelling (FDM) 3D printing technology is widely used due to its availability, relatively simple 3D printers, and available materials. This technology allows the use of various thermoplastic polymers with a wide variety of properties. Thermoplastic polymers are melted in a nozzle, extruded, and deposited on the previous layer. This deposition technique creates temperature gradients and stresses that affect the interlayer strength and the strength of the entire product [12]. The temperature distribution between the extruded polymer filaments in the FDM process determines the bonding quality, integrity, and mechanical properties of the resulting prototypes [12,13].

To achieve proper adhesion and strength of the product, the polymer must have a sufficiently low melt viscosity to fuse with the previous layer. Furthermore, the temperature of the previous layer is important: if it is too cold, the deposited material might solidify too fast and not wet the material properly. The same is important for direct printing on existing surfaces. It is difficult to heat the surface; thus, hot melted material is deposited to a cold surface, affecting wetting (contact and spread over the surface) and adhesion, thus creating additional stresses in the bonding layer. When 3D printing on textiles, in addition to the correct distance between printing nozzle and textile substrate, increased extrusion temperatures and reduced printing speeds [8,14] or surface preparation and properties [15], a pre-coating is often required to improve adhesion.

In this research, the effect of printing parameters (nozzle temperature, thickness of the first layer) and surface preparation of the wood (use of a polyvinyl acetate (PVAc) adhesive layer as a primer) on the adhesion of direct 3D printing of polylactic acid (PLA) polymer on the surface of beech wood are investigated. This research aimed to evaluate the possibility of direct 3D printing on wood for use as 3D-printed connectors or on furniture accessories. This innovation is also of interest for industrial applications in which polymer components could be 3D printed directly on the wood surface without the need for bonding it, thereby also reducing the use of screws, metal connectors and the number of assembly operations in the construction of furniture.

2  Material and Methods

2.1 Direct 3D Printing

A Creality CR10-V3 3D printer (Creality 3D Technology Co., Ltd., Shenzhen, China) with a direct extruder was used for direct printing on the wood surface. The printing layer thickness of the first layer varied between 0.1 to 0.3 mm; the thickness of the rest of the layers was 0.2 mm. The nozzle diameter was 0.4 mm; the printing temperature for the first layer varied from 200 to 220°C; the next layers were printed at 200°C, and the bed temperature was at 30°C. Samples were printed with solid layers with printing lines in a 45°/–45° raster angle (alternating each layer). Commercially available PLA filament (Plastika Trček, Slovenia; abbreviated as PT) with 1.75 mm diameter was used. The printer was modified with BL Touch, an auto bed levelling sensor (Creality 3D Technology Co., Ltd., Shenzhen, China), to detect the printing surface and to determine the wood thickness before printing, always using the same initial nozzle offset.

The 3D-printed model (rectangular shape/of (20 × 20 × 10) mm) was designed in SolidWorks software (SolidWorks Corp., Massachusetts, USA) and exported to STL format. The STL model was sliced and prepared for 3D printing in Cura V4.10.0 software (Ultimaker, Utrecht, Netherlands). The printing temperature, the thickness of the first layer, and all printing parameters were set in Cura. Three solid layers were created on the top, walls and bottom, while the infill in the inner layers was 40%. Fan cooling was set at 20% for the first layer and 100% for the next layers. The printing speed for the first layer was 20 mm/s and 50 mm/s for the rest of the cube.

Wooden lamellas were made of beech (Fagus sylvatica L.) wood, with a semi-radial orientation of wood fibers, a nominal density of 635 kg/m³ and moisture content of 12%.

Wooden lamellas (250 × 40 × 40) mm were planed before 3D printing to ensure a fresh, non-contaminated surface. Samples with pre-treated surfaces were thinly coated with commercial PVAc adhesive Mekol (Mitol, Sežana, Slovenia) at an application rate of 100 g/m² and left to dry overnight.

Wood lamellas were placed on the printer bed on an acrylic template to secure their position and prevent slipping during printing. The printer detected the wood lamellas thickness with the BL touch sensor and printed five cubes in a row simultaneously (Fig. 1). The wooden lamellas with printed samples were left to cool under room conditions and tested the next day.
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Figure 1: Setup for direct 3D printing on wood surfaces (left), test setup for compression bond shear test (right)

2.2 Bond Shear Strength Testing

The compression shear test (by modified standard SIST EN 392:1996 [16]) was used to determine the bond shear strength on the Z005 universal testing machine (ZwickRoell GmbH, Ulm, Germany). The loading speed was 2 mm/min, and the samples were loaded until failure. Bond shear strength was calculated from the maximum force and measured shear area dimensions of the 3D-printed rectangular solid, and the percentage of wood failure was evaluated. Ten specimens (printed rectangular solids) were prepared for each tested condition (Table 1). In preliminary research, samples with a 0.3 mm thick first layer showed very low strengths; thus, only samples with planed surfaces were selected and tested for this layer thickness. The group with a 0.3 mm layer thickness and PVAc as the primer was not prepared and tested.
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2.3 Microscopic Images

2.3.1 Transmission Light Microscopy

Sub-samples were taken from each wooden lamella to be processed for a light microscopy observation. Sub-samples were dehydrated in ethanol series (70, 90, 95, and 100%) and bio-clear (d-limonene) and afterwards embedded in paraffin. The embedded samples were cut with a semi-automatic rotary microtome RM 2245 (Leica, Nussloch, Germany) to obtain thin cross-sections (9 µm thick) that were flattened on slides pre-treated with albumin. Slides were dried at 70°C for 30 min and cleaned of residual paraffin by washing with bio-clear and ethanol and afterwards stained with an aqueous solution of safranin and astra blue. Slides were permanently mounted on glass slides in Euparal (BioQuip, Rancho Dominguez, California, USA). Sections were observed with Eclipse 800 light microscope (Nikon, Tokyo, Japan), and microphotographs were taken using a DS-Fi1 digital camera with the NIS-Elements BR 3 image analysis system (Nikon Instruments Inc., Melville, USA).

2.3.2 Scanning Electron Microscopy (SEM)

A scanning electron microscope Quanta 250 (FEI, Thermo Fisher Scientific, Waltham, USA) was used to visually assess the contact surface between beech wood and the 3D-printed PLA layer. The samples were sprayed with a conductive gold layer prior to SEM observations. Images of the area on the cross-section of the samples were acquired in a high vacuum (1.56 × 10−2 Pa); the electron source voltage was 5.0 kV, and the spot size was 4.0 nm. During the acquisition of each image, the time of the beam transition through the sample was 45 μs.

3  Results and Discussion

The lowest bond shear strengths were measured for samples printed with the thickest first layer (0.3 mm) and the highest for samples printed with the thinnest first layer (0.1 mm) (Fig. 2). The reason could be that when the first layer thickness is thinner, the nozzle is closer to the wood surface during extrusion so that the extruded material is pressed to the wood surface with a higher extrusion force. Moreover, the melted polymer has less time to cool and, therefore, can flow better onto the wood surface and achieve better wetting (contact and spread over the surface) and mechanical interlocking. With a thicker first layer setting, the nozzle is further away from the wood and, instead of pushing the melted polymer on wood, it could spread sideways/laterally.

For parts produced by FDM, the adhesion between the first printed layer and the printing bed is crucial, as it provides the basis for the subsequent layers [17]. Usually, it is recommended to heat the bed’s surface close to the glass transition temperature of the polymer. In this case, good distribution of the melted polymer, good flow, and good adhesion are obtained. In the case of our printing on the wood surface, the surface of the wood was at room temperature and far from the glass transition temperature of PLA (from 50 to 80°C [18]). The melted polymer (at about 200 to 220°C) was deposited to the colder surface, cooled rapidly, and solidified upon contact with the colder surface, preventing proper flow and penetration.
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Figure 2: Bond shear strength at different printing temperatures and thickness of the first layer

The measured bond shear strengths are still low compared to the usual bond strengths when bonding wood to wood with commercial adhesives, for which the strengths of 10 to 15 MPa can be reached [19,20]. When bonding 3D-printed parts to wood with adhesive, the strength depends on the properties of 3D-printed parts and the adhesives used. For acrylonitrile butadiene styrene (ABS) printed samples, for example, the bond shear strength ranges from 1.8 to 5.3 MPa [5] but could be improved to 3.7 MPa for PLA or 4.8 MPa for ABS with the surface treatment of polymer with atmospheric plasma [7].

The evaluation of the percentage of wood failure (ratio of the fracture area in the wood to the total shear area) shows where the failure occurred (Table 2): mostly in the bond layer (adhesion break) and in some samples in the wood (cohesion break in the wood). The wood failure occurred in 3D-printed samples with the lowest initial layer thickness (0.1 mm) and in the samples with PVAc as the primer. The percentage of failure in wood was the highest for the samples with 0.1 mm thick first layer and PVAc primer and increased with printing temperature. The 3D-printed material never failed, indicating that its shear strength was higher than that of the bond/compound.
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Microscopic images show the arrangement of the printing lines in the first layer. The setting in the slicing software was set to 100% infill in the first layer, but there visible gaps and voids remain in the printed material. This could be improved in printing settings by increasing the infill of the first layer. If the first layer were over-extruded (infill set for more than 100%), more material would be pushed into these voids, reducing its volume and increasing the contact surface between PLA and wood. In the majority of samples, the bottom of printing lines is almost flat, except in cases in which larger sliced open wood cells (lumens) were directly on the surface, and the melted polymer flowed into this cavity (Fig. 3).
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Figure 3: Left: Sample printed with 210°C, 0.2 mm first layer, at 10× magnification; Right: Sample printed with 200°C, 0.1 mm first layer, at 20× magnification. Arrows indicate possible penetration of polymer into the cut open cell lumen
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Figure 4: SEM image of a sample printed on surface with PVAc as primer with 200°C, 0.2 mm first layer, at 300× magnification

Fig. 4 shows SEM photos of the bond between 3D-printed PLA and wood coated with PVAc, which serves as a primer. The penetration of PVAc adhesive into the wood cell lumens is visible and marked with white arrows. This penetration and mechanical interlocking greatly improve adhesion. The thickness of this cured PVAc layer is about 50–70 µm (marked with red two-sided arrows) and thick enough to prevent direct contact of the 3D-printed material with the wood. The 3D-printed PLA is bonded to the cured PVAc layer, marked with thin yellow arrows. PVAc thus acts as an interface layer between two different materials and improves the strength of the joint. The edges between the deposited PLA and PVAc are rounded, which indicates that the cured thermoplastic PVAc also melted/softened and bonded with the deposited material during the depositing of hot melted PLA. This suggests that some sort of “wetting” of the material occurred. The setting in the slicing software was set to 100% infill in the first layer; the surface was completely covered with extruded material. However, in the cross-section in the microscopic image (Fig. 4), there are still voids between two parallel printing (extruded) lines (marked with middle yellow arrow). Supposing the first layer would be over-extruded (more than 100%), more material would likely be pushed into these voids, increasing the contact surface between PLA and wood.

The samples with PLA directly printed on wood (without PVAc as a primer) were difficult to prepare, and most fell apart during sample preparation (cutting on the microtome and preparing for SEM analysis). The bonds were too weak to withstand the forces during cutting and due to the vacuum in SEM. Fig. 5 shows one of the samples in which a crack developed between the wood and the printed material, marked with thin yellow arrows. There is also almost no penetration of PLA into the cell lumens of the wood. The edges of deposited PLA are not rounded as in the samples with PVAc as a primer, which is a sign of less “wetting” of the wood with PLA. The sample in Fig. 5 was printed at a higher temperature (220°C) than the sample in Fig. 4 (200°C). Therefore, one would expect a lower viscosity of the extruded PLA, thus more wetting and a larger contact area on each printed strand to wood. However, the images do not completely confirm this assumption, because the sample in Fig. 4 was cut perpendicular to wood fibers and at the angle of 45° to printing lines and, therefore, the contact area (PLA strands-wood) looks wider than in Fig. 5, where the cut was aligned.
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Figure 5: SEM photo of samples printed on surface with 220°C, 0.2 mm first layer, at 300× magnification

Melted PLA was deposited directly onto the wood surface at room temperature, resulting in a high temperature gradient, rapid cooling and solidification of the melted polymer. This affected the flow of the melted polymer and penetration into the surface, reducing mechanical interlocking and even causing internal stress. In FDM printing for optimal adhesion to the previous layer (or printing bed), the temperature of the deposited material needs to be sufficiently above the glass transition temperature (Tg) for a sufficient time so that higher mobility of the polymer segments leads to an arrangement of the polymer chains with the build plate surface, minimizing the thermal energy between them, and increasing adhesion [21]. Some technologies even use laser heating synchronized with the printing path prior to deposition, radiation or hot air to heat the previous layers and increase interfacial adhesion to improve the strength of printed materials and reduce mechanical anisotropy [22]. Slow cooling, annealing, stretching, or nucleating agents increase the crystallinity of PLA and thus its strength and modulus, as does increasing its molecular weight. However, the printing speed must be reduced in these cases [23]. In addition, if the nozzle temperature is too high, the dimensional accuracy of the print suffers due to migration of the polymer melt [21] or even polymer degradation.

Samples with a layer of PVAc adhesive applied on their surfaces exhibited higher bond strengths. PVAc has good adhesion to wood and acts as a layer between hydrophilic wood and relatively hydrophobic PLA polymer [24]. The problem of compatibility of natural fibers/particles and polymers is well known in the production of wood-plastic composites, for which it is necessary to create a good interface between the polymer and the natural fibers. This can be achieved by the chemical treatment of the fiber surface or by adding a suitable coupling agent [25].

4  Conclusions

The results show that direct 3D printing of PLA on wood surfaces is possible using a simple FDM printer, but the bond strength needs to be considered. The bond shear strength of the printed rectangular volumes on wood was influenced by the observed printing settings: the thickness of the first layer, the printing temperature of the first layer, and the preparation of the wood surface.

To achieve satisfactory bond strengths for some applications, the small thickness of the first layer (0.1 mm), higher extruding temperature (220°C), and appropriate surface preparation (like using PVAc as a primer) should be used.

Further investigations on other printing settings (printing speed, different materials, heating of the wood surface etc.) and on the long-term behavior of these joints and are needed to understand the adhesion of direct 3D printing on wood and its potential for industrial application better.
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Table 1: Group markings for varied parameters: printing temperature, first layer thickness and surface
preparation

Surface preparation First layer printing temperature (°C) First layer thickness (mm) Group marking

Planed 200 0.1 200-0.1
Planed + PVAc 200 0.1 200-0.1-P
Planed 200 0.2 200-0.2
Planed + PVAc 200 0.2 200-0.2-P
Planed 200 0.3 200-0.3
Planed 210 0.1 210-0.1
Planed + PVAc 210 0.1 210-0.1-P
Planed 210 0.2 210-0.2
Planed + PVAc 210 0.2 210-0.2-P
Planed 210 0.3 210-0.3
Planed 220 0.1 220-0.1
Planed + PVAc 220 0.1 220-0.1-P
Planed 220 0.2 220-0.2
Planed + PVAc 220 0.2 220-0.2-P

Planed 220 0.3 220-0.3






OEBPS/Images/JRM_19760-fig-2.png
o ~

o

w

Bond shear strength (N/'mm?)
N £

-

Printing temperature (°C)

mFirstlayer 0.3 mFirst layer 0.2 OFirst layer 0.1 mFirst layer 0.2+PVAc BFirst layer 0.1+PVAc





OEBPS/Images/JRM_19760-fig-3.png





OEBPS/Images/logo.png





OEBPS/Images/table-2.png
Table 2: Average percentage of wood failure (%)
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