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Abstract


Parts produced using a 3D printer are combined with friction stir welding (FSW). In the FSW processing of parts with a low infill ratio, welding errors occur due to a lack of material. In this study, plates were created using two different-colored PLA Plus filaments with different infill ratios in the weld area (20%, 60%, and 100%). Triangular pin geometry, different feed rates (20, 40, and 60 mm/min), and different tool rotation speeds (1250, 1750, and 2250 rpm) were used as FSW process parameters. Tensile testing was performed to determine weld strength and hardness measurements, and visual inspections were performed. Color measurements were made on the test samples before and after the welding process, and the relationship between welding performance and color was evaluated. The best welding strength was obtained as 17.83 ± 0.68 MPa at a feed rate of 20 mm/min, a tool rotation speed of 1750 rpm, and a part with a 60% infill ratio in the welding zone. In the sample with the best weld strength, the temperature was measured as 198.97 °C. Color changes in the weld area of parts with 60% and 100% infill ratios were measured between 78.9–82.2 and 79.1–84.5, respectively. It was determined that the color change decreases as the weld strength increases in these parts. The results show that with the proposed new part design, the FSW method can be used at low infill ratios, and the weld strength can be evaluated based on the color changes in the weld zone.
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1. Introduction


Additive manufacturing (AM) is one of the recent advancements in manufacturing technologies, where the transition from design to product manufacturing is rapid compared to traditional manufacturing practices. In FDM, one of the additive manufacturing methods, the designed part is added layer by layer and takes its final shape. Various polymer-based materials are used in the FDM method. Among different polymer materials, polylactic acid (PLA), which is obtained from renewable resources and has advantages such as environmental friendliness and ease of printing, is among the most used filaments [1]. While 3D printing is a rapid and effective method for producing complex geometries, the size of the product to be printed is limited by the printer’s bed size. In order to obtain large-volume parts, assembling 3D-printed products or combining them with a method is required. Two different methods are used in joining plastics: permanent joining and semi-permanent joining. The friction stir welding (FSW) method, one of the permanently joining methods, is a solid-state welding method known for its ability to weld parts that are difficult to join and to be applied to different material pairs [2,3,4,5,6]. Combining FSW with 3D-printed products has attracted the attention of researchers, and although the studies are limited, they have made significant contributions to the literature [7]. In a study in which polymer materials were joined using FSW, it was reported that the mechanical performance of the welded material increased compared to the unwelded material and that among the pin diameter and geometry, feed rate and tool speed, shoulder diameter and geometry, and tool tilt angle parameters used in the experiment, the most effective parameter on the joining was the feed rate [8].



In another study on acrylonitrile butadiene styrene (ABS) plates, the feed rate (20, 40, and 80 mm/min), tool speed (800, 1250, and 1600 rpm) and material preheating temperature (50, 80, and 100 °C) parameters were changed, and their effects on the weld quality were examined. The tensile test gave the best results when the feed rate was selected as the lowest and the tool rotation speed and temperature selected as the highest [9]. Tiwary et al. [10], who conducted research on the joining of ABS-ABS, ABS-PLA, and PLA-PLA sheets by the FSW method, investigated the role of nylon microparticles (wt. 4%, 8%, and 12%), which they added to the welding zone at different rates, in the FSW process. In experiments conducted at different tool speeds (1000, 1100, and 1200 rpm) and feed rates (25, 30, and 35 mm/min), 76% of the main material strength was obtained, although nylon microparticles showed their effect on PLA-PLA joining. In another study examining the joining ability of HDPE, PVC, and PA6 thermoplastics using the FSW method, the most effective joint compared to the base material was obtained with 70% efficiency for HDPE [11]. Derazkola et al., who studied the joining of PC sheets, examined the effect of FSW process parameters on mechanical properties. The results showed that when the tool rotation speed was 2200 rpm, the feed rate was 105 mm/min, the tilt angle was 2.5°, and the plunge depth was 1.2 mm, the best strength value was obtained with an efficiency of approximately 82% compared to the base material [12]. Moochani et al. investigated the impact of FSW process parameters on the mechanical properties of polypropylene (PP) sheets. In the test conducted at different tool rotation speeds (360, 565, and 950 rpm), feed rates (24, 40, and 60 mm/min) and temperatures (130, 150, and 170 °C), they obtained a welded material with 96% efficiency in tensile strength and 98% efficiency in elongation value. Additionally, it was reported that the most effective parameter affecting the tensile strength of the welded sample was the tool temperature, and the most effective parameter affecting the elongation value was the rotation speed [13]. Koçar et al. investigated the effects of FSW process parameters on the joining of PLA wood material with PLA-CF and PLA Plus materials. Three different pin profiles (triangle, square, and screw), tool rotation speeds (1250, 1750, and 2250 rpm), and feed rates (20, 40, and 60 mm/min) were used in the study. When the processing parameters were selected as square pin geometry, 20 mm/min feed rate, and 1750 rpm tool rotation speed, PLA wood showed the highest welding strength with 74.5% efficiency. The best welding strengths were obtained with the same process parameters when combining PLA wood plates with PLA-CF and PLA Plus materials [14]. Another study examined the effect of infill ratio on weld strength values when combining PLA Plus sheets printed at different infill ratios (20%, 40%, 60%, 80%, and 100%). Tensile tests and temperature measurements were conducted to examine the effects of FSW process parameters (feed rate: 50 mm/min and 100 mm/min; rotation speed: 1000 and 1500 rpm) on the weld structure and mechanical properties. The highest welding strength compared to the base sheet material was achieved with 112.38% efficiency at an 80% infill ratio [15]. They also stated that surface tunnel defects occurred due to a lack of material at 20% and 40% infill ratios.



Additionally, apart from 3D-printing parameters, filament color is another parameter affecting the mechanical properties of the parts [16,17]. Coloring the filament is achieved by adding masterbatch dye, which can be in the desired colors and the form of granules, into PLA granules, for example, during the production stage. Masterbatch is used in the production process at a rate of 4% by weight for PLA and 2% by weight for ABS to create the main mixture. Masterbatch (color granules) added to the base material to give color affects the mechanical properties of the base material. The study by Frunzaverde et al. showed that PLA filament color is an effective parameter of tensile strength. The natural- (no mast added), black-, red-, and gray-colored filaments used in the study were produced in different layer thicknesses (0.05, 0.10, 0.15, and 0.20 mm). In all layer thicknesses, the highest tensile strength value was obtained by the gray color (57.10–59.82 MPa), while the lowest strength was obtained by the black color [18].



In their study, Wittbrodt and Pearce used five different colors and obtained the highest tensile strength in the natural color [19]. Pandžić et al. used 14 different-colored PLA filaments to determine the filament color effect. While the tensile strength varied between 35–46 MPa depending on the color scale, the best values were seen in red, black, and gray filaments. The study also reported a 300% change in toughness value and approximately 400% change in strain value depending on color [20]. Another study stated that according to color theory, all colors were obtained by mixing primary colors and that the mechanical properties of colored filaments varied depending on the color pigments. The mechanical properties of filaments in seven different colors were examined to determine whether the mechanical properties of the filaments and color theory were compatible. Three of these (red, yellow, and blue) were primary colors, and the other colors (orange, purple, green, and black) were the colors obtained from mixing primary colors. As a result, it was found that the mechanical properties of filaments in other colors can be evaluated by taking the mechanical properties of the filaments in the primary colors as a reference. The best result for tensile strength was obtained by the purple color; in compressive stress, it was obtained by the orange color; and for the flexural test, it was obtained by the purple color. As a limiting factor in the study, it was stated that the manufacturing companies kept the color pigment contents secret. Since the color spectrum was wide, it was difficult to determine the color, especially in filaments consisting of two primary colors [21].



Industrial products do not consist only of single-colored parts. Products that use different-colored materials together may be preferred by consumers simply because of their visual appeal. However, there are some difficulties in combining colored plastic materials. For example, it is difficult to weld colored materials using laser welding. Although laser welding such as FSW is preferred to reduce the part’s weight, the material’s permeability to be welded is important in laser welding. When colors or pigments are added to thermoplastics, the permeability properties of these materials will change. Depending on the color additive used and the resulting color combination, the performance of the laser welding process is affected [22]. In such cases, the color component must be considered in the welding process. FSW is an effective method for joining different types of materials. It is not selective concerning color. Many methods are used for welding plastics. One of these methods is ultrasonic plastic welding. However, the method can be used to join two different thermoplastic materials to a limited extent. Each method has its advantages and disadvantages. For these reasons, the FSW method was preferred to determine the relationship between color change and strength more clearly using materials of different colors.



When the literature was examined, it was determined that the joinability of parts (similar or dissimilar material pairs) produced with 3D printers using FSW and the effects of FSW process parameters on weld quality should be investigated. However, one of the most important advantages of 3D printers is the ability to print parts at different infill ratios. In the FSW process, the joining process is carried out by providing material flow with tools with different pin profiles. The void areas with low infill ratios obtained by 3D printers negatively affect the heat generation and material flow and therefore the joining process during FSW. Therefore, there is a need for innovative approaches to joining low-infill parts with FSW. Based on this feature, the authors previously studied the weldability of parts printed at different infill ratios using FSW. Their study evaluated the weld strength of parts with low infill ratios.



In the study, it was noted that high levels of welding defects were observed when joining parts with 20% and 40% infill ratios. In contrast, parts with a 60% infill ratio could only be joined with specific process parameters [15]. As a result of the study, difficulties in welding parts with low infill ratios were recognized. This present study is proposed as a solution to change the part design to combine parts with different infill ratios. In addition to this purpose, it was also discussed whether color changes in welded materials are related to weld strength.



First, PLA Plus sheets in two different colors (black and orange) with a 20% infill ratio were produced with the 3D printer. All these parts have a 20% infill ratio. Based on the proposed approach, the parts’ infill ratio of the weld zone were printed at different ratios (20%, 60%, and 100%). The FSW method was used to join the produced sheets. As FSW process parameters, three different tool rotation speeds (1250, 1750, and 2250 rpm) and three different tool feed rates (20, 40, and 60 mm/min) were preferred. Tensile, hardness, and impact notch tests were then applied to determine the weld strength and hardness change. Additionally, thermal images were taken during FSW to interpret the weld strength. The color change in the welding zone and its relationship with the welding quality were examined. No study has been found in the literature in which the difference between the color formed in the welding zone and the colors of the base materials being welded is associated with the weld strength. This study evaluated the welding process performance of parts produced with a 3D printer based on color variations. The aim is to provide reference for researchers working on welding colored, 3D-printed materials.




2. Material Method


2.1. Experiment Materials


The experiments used PLA Plus material in two different colors (orange and black) as filament material. The mechanical properties of PLA Plus filament are given in Table 1. Since PLA is produced from organic materials (edible sources such as corn starch, cassava, sugar beet, and sugar cane), it is harmless to human health, non-toxic, and biodegradable [23,24,25]. In addition, PLA material is the most commonly used filament material in fused deposition modeling (FDM) due to its ease of printing and production. There are also derivatives with improved mechanical properties that can be added by additional additives (PLA Plus, PLA tough, PLA wood, PLA CF, etc.). PLA Plus is a filament with increased toughness and impact resistance obtained by adding 2% calcium carbonate into PLA.




2.2. Printing Samples from 3D Printer


In the experiments, PLA Plus (Figure 1(1)) filaments were printed using the Creality Ender 3-S1 printer with the fused deposition modeling technique (Figure 1(2)). A tensile sample was prepared with a 3D printer to determine 130 × 72 × 5 mm plates (for FSW) and base material properties (yield, UTS, elongation, and hardness) (Figure 1(3 and 4)). Tensile samples were printed at 20%, 60%, and 100% infill ratios by ASTM D638-10 [27] standards. Three-dimensional printing parameters (printing and bed temperature, infill ratio, printing direction, etc.) significantly impact the part’s mechanical properties. The 3D printing parameters include the following: the printing temperature was 208 °C, build plate temperature was 60 °C, and the print speed was 60 mm/s, and it was printed flat in the XYZ axis layout. Samples with 20% and 60% infill ratios were produced in a grid pattern, and the samples with 100% infill ratios were produced by following a linear pattern with an angle of 45/−45 degrees in each layer, respectively.



The plates printed on a 3D printer were combined with the FSW method (Figure 1(5)). Finally, to determine the weld strength, tensile samples were removed from the welded samples, and hardness measurements were taken from three different regions (base material, heat-affected zone, and welding zone) (Figure 1(6)). To determine the weld strength and base material properties, tensile tests were carried out on a WDW-5 model tensile device with a capacity of 5 kN, at a tensile speed of 2 mm/min and room temperature (21 °C).



A LOYKA D-type Shore hardness durometer was used for hardness measurements of welded specimens, and measurements were performed according to ASTM D2240 standard. Hardness measurements were performed in five repetitions from the base material, and HAZ area and averages were taken.



The temperature generated during FSW was measured using a Fluke Ti-32 infrared thermal imager with a temperature range (−20–600 °C) and an accuracy of ±2 °C. The distance to the welding zone was fixed at 75 ± 5 cm. The angle of the camera lens was fixed at 45 ± 5° from the welding surface. Thermal images were taken every 30 s. The ones with the highest temperature values were selected from the thermal images.




2.3. Experimental Strategy and 3D Part Design


With the increasing use of 3D printers in recent years, the need to combine parts produced in 3D printing has emerged. Semi-permanent (mechanical connections) and permanent (gluing and welded joining) joining methods are used in plastic materials. In this study, the solid-state welding FSW method, one of the permanent joining methods, was used to join the materials. FSW is mainly applied to join materials that are difficult to weld by fusion welding, such as aluminum and titanium alloys [28]. In addition, the FSW method is used to join polymer matrix composites. AA6082-T6-PP [29], ABS-PA6 [30], HDPE-PVC-PA6 [11], PLA wood [14], PLA [31,32], HDPE [33], PP/PC [34], wood/plastic [35], and Nylon 6 [36] materials are as examples of materials used for joining polymer material pairs. The process parameters used in the FSW method significantly affect the weld quality. To determine the effect of process parameters on welding quality, various studies have been carried out on feed rate [37], tool rotation speed [38], shoulder [39], pin geometry [40], tilt angle [41], and force [42].



In the studies conducted on joining the materials produced with the FDM technique (3D printers) by FSW, it was seen that the infill ratio of the materials was selected as 100%. However, one of the most important advantages of 3D printers is the ability to produce parts at a low infill ratio. However, the FSW method makes parts produced at low infill ratios difficult to join [15]. Due to the nature of FSW (in parts with 100% infill ratio), the heat generated by the contact of the tool shoulder with the part plasticizes the material in the welding zone. The plasticized material is carried to the other side (from AS to RS) with the mixing tip, and the materials are mixed. However, the necessary conditions for joining are not met in parts with a low infill ratio because the contact (friction) of the tool shoulder with the part will be low due to the voids. Using the FSW method, Anaç et al. tried joining PLA Plus plates with different infill ratios (20, 40, 60, 80, and 100%). They stated that the weld strength improved at a relatively high feed rate at an 80% infill ratio. They observed that at other infill ratios (20%, 40%, and 60%), surface tunnel defects occurred in the parts, negatively affecting the weld strength. From the experiments they conducted in their study, the post-welding images of PLA Plus plates with 20% (Figure 2a,b), 40% (Figure 2c), and 60% (Figure 2d) infill ratios using a feed rate of 50 mm/min and a tool rotation speed of 1000 rpm are given in Figure 2. Due to the low infill ratio, a surface tunnel defect occurred along the weld during FSW.



Figure 3 shows parts with different infill ratios in the weld zone. In Figure 3a, a conventional plate design (reference sample) with 20% infill ratio and dimensions of 130 × 72 × 5 mm; in Figure 3b, a plate design with a 12 mm weld zone width and 60% infill ratio; and in Figure 3c, a plate design with a 12 mm weld zone width and 100% infill ratio are shown. Weld zone infill ratio and FSW process parameters are given in Table 2. The experiments were carried out under the conditions of 20% infill ratio for the parts; 20%, 60%, and 100% infill ratios in the welding zone; at 20, 40, and 60 mm/min tool feed rate; and at 1250, 1750, and 2250 rpm tool rotation speed.




2.4. Determining FSW Parameters (Welding Speed, Rotational Speed, and Pin Geometry)


FSW, a solid-state welding technology, joins two materials by mixing them along the weld joint. FSW technology consists of a tool consisting of a shoulder and pin profile, a fixture used to clamp the materials so they do not move, and a machine to provide rotational/advancing movements for the tool. During FSW, the tool shoulder friction with the material pair generates heat in the weld zone. With the heat generated in the weld zone, the material pair flows and plasticizes. Meanwhile, the tool rotation mixes the materials, and with the tool feed, the mixing process is repeated along the weld line, and the welded joint is formed. This results in severe plastic deformation and material flow in the weld zone. FSW is environmentally friendly, does not require additional metals, and can join dissimilar materials, resulting in better mechanical properties, lower residual stress and deformation, and fewer weld defects.



In the FSW method, process parameters directly affect the weld quality. Process parameters must be determined again for each pair of materials. In sectoral applications, FSW process parameters are determined according to the operator’s experience or trial-and-error method. While this increases the amount of scrap, it causes a loss of time and increased costs.



According to the literature, FSW process parameters in joining plastics include a range of 3–60 mm/min for tool rotation speed in studies on PLA (3D-printed), while for other plastic materials (Table 3), the feed rate is between 2–115 mm/min, and the tool feed rate is between 600 and 3000 rpm. Accordingly, it can be said that FSW parameters should be changed according to the material production method and material properties. Based on literature studies, preliminary experiments were conducted with three different pin geometries (triangle, square, and screw), two feed rates (20 and 40 mm/min), and two sets of feed rates (1250 and 2250 rpm) (Table 3). The parameters used in preliminary experiments were determined as PLA Plus (black) filament, 100% infill ratio for the welding area, and 20% infill ratio for the entire part. Figure 4a shows the tensile samples after the preliminary test, Figure 4b shows the side view of the tensile sample, and Figure 4c shows the representative view of the infill ratio. The infill ratio of the welding zone (100%) and the base material (20%) can be seen.



The preliminary test results are given in Table 4. The highest weld strength was obtained as 7.6 MPa under the conditions of triangle pin geometry, at 40 mm/min feed rate, and 1250 rpm tool rotation speed. According to these results, a triangular tip was used as the pin geometry. Anaç [51] stated in her study on joining HDPE and PLA Plus plates that the most practical geometry was the triangular pin geometry. Other parameters were determined as 20, 40, and 60 mm/min feed rate and 1250, 1750, and 2250 rpm tool rotation speed.



The FSW process has many process parameters. Process parameters other than the parameters mentioned above (feed rate and rotational speed) are given in Figure 5. Tool plunging was 4.5 mm, tool shoulder diameter was 20 mm, and shoulder plunging was 1 mm (Figure 5a). The tool entry/exit points, welding direction, and tool rotation direction are given in Figure 5b, and the dimensions of the pin geometry and tool characteristics are given in Figure 5c, while the positioning of parts for welding is shown in Figure 5d.




2.5. Measurement of Color


Color measurements of the samples printed on a 3D printer and welded together were made using the CIE L*a*b* color system on the CHN-SPEC CS-410 portable spectrometer device. In the CIE color system, the values in which color is expressed are determined according to three color coordinates: “L*, a*, b*”. L* (darkness-lightness); a* (greenness-redness); and b* (blueness-yellowness) parameters of the test parts were measured from samples printed at 20%, 60%, and 100% infill ratios before welding and from the welding zone after welding. Each measurement was taken in five repetitions, and the colors of the samples were determined based on the average of the five measurements. Reference color measurement values were taken from 3D-printed parts that were not welded. Other color measurements were made along the weld line after joining with FSW (before the 3D-printed parts were cut). To express the color difference of two parts with a single value, Δa*, Δb*, ΔL*, and ΔE* values were calculated using the relevant formulas [52,53].





3. Results and Discussion


3.1. Base Materials Properties


The tensile graphs (stress–strain) of PLA Plus filament at different infill ratios are provided in Figure 6. As a result of the tensile test, it was determined that the mechanical properties varied depending on the color pigment. In their study on the effect of color pigments on mechanical properties, Gao et al. indicated that the tensile strength of PLA varied between 39.9 MPa and 52.5 MPa, the compressive strength between 48.2 MPa and 62.0 MPa, and the flexural strength between 52.5 MPa and 65.9 MPa, depending on the color [21]. In the study, the tensile strengths (black and orange parts, respectively) were determined as 53.07 MPa and 42.32 MPa for a 100% infill ratio, 19.61 MPa and 19.26 MPa for a 60% infill ratio, and 14.35 MPa and 16.80 MPa for a 20% infill ratio. The difference in UTS according to color was observed most prominently at the 100% infill ratio. Additionally, as the infill ratio decreased, the mechanical properties of the orange filament (16.8 MPa) relatively exceeded those of the black filament (14.35 MPa). It can be said that this situation arises from the different effects of color pigments on mechanical properties depending on the infill ratio. Different filament colors occur due to color additives added to the filaments [21]. However, color reproduction in 3D printing depends not only on the coloring matter. All other materials involved in the part’s manufacturing process will affect the resulting color [54,55]. “Additives” added to the polymer can change thermal properties such as crystallization [19] and viscosity [16,54], adhesion between layers, surface properties [ATIF 3], and mechanical properties of the part [56,57]. Also, adding black and orange color additives to the filament material will result in differences in strength and other properties. In addition, the viscosity of filament materials varies depending on the amount of pigment. Pigment lack causes low melt viscosity. In this case, a smooth and homogeneous part surface is formed in printing [16,58]. High viscosity, especially at low infill ratios, causes problems in the adhesion and bonding of the layers. Since the flow is difficult, the layers cool down before fully fusing together. In a 100% infill part, the temperature is maintained within the layers, while the hollow structure is more prone to cooling. It is difficult to fully explain this phenomenon, as the amounts of colorants added to commercial filaments are unknown. However, due to these differences, it is thought that the ability of the layers to adhere to each other is reduced in the black 3D part printed at a 20% infill ratio compared to the orange color.



Shore D hardness values according to the infill ratio are provided in Table 5. Accordingly, there was an increase in the hardness value as the infill ratio increased. If hardness is defined as resistance to sinking, the resistance to sinking decreases due to the voids formed in the part as the infill ratio of the part decreases. Additionally, no significant difference was observed in hardness changes according to color.




3.2. Visual Inspection after FSW


In the FSW process, the tool approached the part from above with a feed rate of 20 mm/min. To generate the required heat for welding, the tool was kept at the entry point for 10 s and advanced 100 mm to the exit point at different feed rates. Figure 7 shows two welded specimens with 20% and 100% infill ratios in the weld zone. Surface tunnel, keyhole, and exit hole defects were determined in samples with a 20% infill ratio in the weld zone. It can be said that this situation is due to insufficient material in the shoulder friction area and mixing area. Flash defect formation was determined in the sample with a 100% infill ratio in the weld zone. This situation occurs when the material in the weld zone flows out due to excessive plasticization. Figure 7 provides the fundamental concepts of the FSW process (entry/exit points, advancing side (AS), retreating side (RS), and tool rotation direction).



Figure 8 shows the visual examination of the experiments with 20%, 60%, and 100% infill ratios in the weld zone and the highest and lowest weld strengths obtained. In Figure 8a,b (samples with a 20% infill ratio), it was determined that a surface tunnel defect occurred due to lack of material (Figure 8a,b). Additionally, flash defects can be seen in Figure 8b. When Figure 8(a1,b1) are examined, it is seen that the two plates were better mixed in Figure 8(b1), and the voids of the orange plate were filled with black material. Good material flow ensured a better joining of the two plates and increased the welding strength. When the post-weld tensile samples in Figure 8(a2,b2) are examined, it is seen that the fractures occurred in the weld zone. This situation shows that the weld strength is below the desired level. This study aims to increase the weld strength by increasing the infill ratio in the weld zone of parts with a low infill ratio.



In Figure 8c,d, images of samples with a 60% infill ratio in the weld zone are given. At the 60% infill ratio, there was an improvement in the weld zone compared to the 20% infill ratio. The welding strength also varies depending on the process parameters (feed rate and tool rotation speed). When Figure 8c,d are compared, it is seen that the weld lines formed depending on the tool rotation direction formed more smoothly in Figure 8d. This shows that the FSW process parameters were appropriate, and the material flow occurred more smoothly. In Figure 8c, a welding defect occurred at the tool entry point. It can be said that this situation arises from the insufficient plasticization of the material due to the low tool rotation speed and relatively high feed rate. Inappropriate process parameters lead to insufficient heat generation, inadequate plasticization of the material in the weld zone, and imbalanced material flow around the pin [59]. Additionally, exit hole defects were observed at the tool exit point. Keyhole and exit hole defects are among the most common defects encountered in the FSW process [60]. It is observed in Figure 8(d1) that although there are voids in the weld zone, they are relatively reduced compared to Figure 8(c1). When examining the tensile samples in Figure 8(c2,d2) after welding, it can be seen that a rupture occurred outside the weld zone (from the zone with a 20% infill ratio). Depending on the color pigment, the tensile strength (UTS) was determined to be between 14.35–16.80 MPa for samples with a 20% infill ratio and 19–20 MPa for samples with a 60% infill ratio (Table 4). It was determined that the samples’ ultimate tensile strength (UTS) in the weld zone with the 60% infill ratio varies between 13.33–17.83 MPa. The weld strength falls within the range of the ultimate tensile strength (UTS) values determined for the base material at both 20% and 60% infill ratios.



Figure 8e,f show visuals of samples of weld zones with a 100% infill ratio. At the 100% infill ratio, there was an improvement in the weld zone compared to the 20% infill ratio. It was determined that the post-FSW weld strength of the parts with the 100% infill ratio in the weld zone was between 11.07–16.82 MPa. In Figure 8(e1,f1), it can be seen that the weld lines are continuous. This shows that the material flow is smooth, and there is a more balanced mixing. Exit holes and flash defects were determined in all samples. When Figure 8(e2,f2) post-welding tensile samples are examined, it is seen that the fractures occurred outside the weld zone (welding zone with the 20% infill zone).




3.3. Results of Weld Strength after FSW


Table 6 shows the tensile strengths of PLA Plus plates welded using three different feed rates and three different tool rotation speeds at 20%, 60%, and 100% infill ratios of the weld zone. In addition, welding efficiency (%) was determined for each experiment, taking black and orange colors as a reference. Significant welding defects occurred in the samples with a 20% infill ratio in the weld zone, and weld strength was obtained between 1.66–3.32 MPa. In the samples with 60% and 100% infill ratios of the weld zone, the highest weld strength was obtained as 17.83 and 16.82 MPa, respectively, and the weld efficiency was 124.25%/106.13% and 117.21%/100.12% compared to the fundamental mechanical properties of black and orange filaments.



For a general evaluation, the change of UTS according to the weld zone infill ratio is given in Figure 9. In Figure 9, the horizontal black line represents the strength of the filament with black color pigment at the 20% infill ratio, and the orange line represents the filament with orange color pigment. Significant weld errors occurred in the samples with the 20% infill ratio in the weld zone due to a lack of material, and the weld strength remained below the desired level. The weld strength increased significantly at 60% and 100% infill ratios of the weld zone. The welding performance achieved at the 60% infill ratio of the weld zone was better than that at the 100% infill ratio. The highest welding strength (17.83 ± 0.68 MPa) was obtained at a 60% infill ratio, tool rotation speed of 1750 rpm, and 20 mm/min feed rate. At the 100% infill ratio, the tensile strength of the base materials according to colors was found to be 53.07 (black) and 42.32 MPa (orange). However, contrary to expectations, the weld strength was higher in parts with the 60% infill ratio compared to the 100% infill ratio. It can be said that this is due to the difference between the mechanical properties of the welding area and the base material. It is thought that the 100% infill ratio of the weld zone causes the stress to accumulate in the base material during tension and causes early crack initiation. When comparing the tensile results of the base material with the weld strengths in Table 5, it is observed that the weld strengths are close to the tensile results of specimens with a 20% infill ratio. This is because the strength in the weld zone of samples welded with 60% and 100% infill ratios is limited by the tensile strength of the base material.




3.4. Weld Strength According to FSW Process Parameters


Figure 10 shows the variation of weld strength according to rotational speed and feed rate for all infill ratios. Since welding errors occurred due to lack of material at the 20% infill ratio, the effect of the process parameters was low (Figure 10a,b). It was determined that when the feed rate was 60 mm/min, the weld strength improved as the tool feed rate increased. Similarly, when the tool rotation speed was 2250 rpm, the weld strength improved as the feed rate increased.



In Figure 10c,d, the change in welding strength of the parts with a 60% infill ratio in the welding zone according to the tool rotation speed and feed rate is given. In FSW, the generation of heat required for welding plays a key role in the success of the weld. Excessive heat generation caused by friction leads to over-plasticization in the weld zone and material flowing out of the weld zone. However, insufficient heat generation during FSW leads to inadequate material flow. Understanding the relationship between process parameters and weld quality is crucial for achieving the desired weld quality in FSW [61,62,63].



In the weld zone with a 60% infill ratio, the best weld quality was determined to be 17.73 MPa at 20 mm/min feed rate and 1750 rpm tool rotation speed. In Figure 10c, when the tool rotation speed increased from 1250 rpm to 1750 rpm at a 20 mm/min feed rate, the weld quality improved, while there was no change at 2250 rpm. When the feed rate was 60 mm/min, welding strength increased with the tool rotation speed. When Figure 10d is examined, it is seen that increasing the rotation speed at 20 and 60 mm/min feed rates positively affected the weld strength. Welding strength was relatively high at the 20 mm/min feed rate. The reason for this is that due to the voids in the weld zone, the friction between the tool shoulder and the material must be high to obtain the necessary heat. Therefore, as the rotation speed increases, the friction between the tool shoulder and the part increases, and the heat also increases as a result. By increasing the feed rate by 60 mm/min, local friction and resulting heat decreased. This situation negatively affected the material flow and reduced the welding quality.



In Figure 10e,f, the change in the welding strength of the parts with a 100% infill ratio in the welding zone according to the tool rotation speed and feed rate is given. When Figure 10e is examined, it can be seen that the best welding strength was obtained as 16.82 MPa under a tool rotation speed of 1250 rpm and feed rate of 60 mm/min. While the weld strength improved as the tool rotation speed increased at a low tool feed rate (20 mm/min), it decreased at a 40 mm/min feed rate and 1750 rpm rotational speed and increased at 2250 rpm rotational speed. The 60 mm/min feed rate started to decrease as the tool rotation speed increased. In their study, Anaç [15] et al. stated that as the infill ratio increases, the weld strength increases. In this study, the weld strength varied depending on the mechanical properties of the weld with the lowest infill ratio due to the regional variation in the infill ratio of the parts because in parts with 60% and 100% infill ratios, fracture occurred from the zone with a 20% infill ratio before cracking or fracture occurred in the weld zone.




3.5. Weld Strength and Color Difference after FSW


This study carried out color measurements on all samples (from base materials and weld zones). The results of the color measurements are given in Table 7.



In Figure 11 and Figure 12, the difference between the color formed in the weld zone and the base colors is given, and the relationship of these values with the weld strength is shown. Color measurements of parts with different infill ratios in the welding zone were taken after welding. Figure 11 shows that the orange color measured from the base material was taken as a reference. When the figure is examined, and the colors of the weld zone at the 60% infill ratio and the reference sample are compared, it is understood that the color changes are regular. The values are close to each other (between 78.9–82.2 values). This is because the black color is dominant and prevents the orange color from appearing in the zone. Similarly, the color change in the weld zone at the 20% infill ratio was measured as 70.5–80.8, and the color change at the 100% infill ratio was measured as 79.1–84.5. In the case of the 20% infill ratio, weld defects were high. Therefore, it was considered inappropriate to interpret the relationship between color measurement and weld strength. When the graph is examined, it is understood that the color change decreases as the strength increases in the joints where the weld zone was at 60% and 100% infill ratios. This shows that there is a relationship between weld strength and color change. Color changes occurring in samples printed at a 20% infill ratio in the weld zone were not considered when evaluating the weld strength.



In Figure 12, the black color measured from the base material was taken as a reference. When black color was taken as a reference for the weld zone at a 60% infill ratio, color changes (between 2.6–7.3 values) were obtained. Since the black color was dominant, it is relatively more straightforward to see the color change compared to the orange color. The relationship between color changes and the strength of the samples with a 20% infill ratio in the weld zone was not considered for the same reasons as explained in Figure 12. The differences between the color changes in the weld zone were determined at 20%, 60%, and 100% infill ratios, respectively, when ranked from the smallest to the largest (Figure 11 and Figure 12). It is thought that the reason for this is that the color measurement is affected by the voids in part depending on the infill ratio. In Figure 11 and Figure 12, the color changes of the welded parts with 60% and 100% infill ratios showed similar trends.




3.6. Evaluation of Hardness Results after FSW


Shore D hardness was measured to examine the effects of the heat generated during the FSW process on the weld and heat-affected zone (HAZ). The hardness values taken from the weld and HAZ were compared with the hardness values of the base material. The base material, source, and HAZ measurements with different infill ratios are given for the black filament in Figure 13a and for the orange filament in Figure 13b. As the infill ratio increased for both filaments, the hardness value increased. In addition, the hardness values obtained from the welding zone were higher than those from HAZ. In Figure 13a, for experiment number 11 (60%) and experiment number 25 (100%), the hardness values of the weld zone were very close to the base material. The orange filament (Figure 13b) showed hardness values taken from the weld zone that were lower than those taken from the base material. It can be said that this situation depends on the material flow during FSW and depolymerization after welding. It was determined that the weld strength increased as the hardness value increased in both colors.




3.7. Thermal Analysis during FSW


Heat generation during FSW was examined using thermal images (Fluke Ti 32 thermal infrared camera). Figure 14 shows the heat images and maximum temperature values selected for the highest weld strength of parts with different infill ratios in the weld zone (a: 20%, b: 60%, and 100% infill ratios). According to the weld zone infill ratio, the temperatures determined for the lowest weld strengths were 124.8 °C, 167.9 °C, and 165.9 °C, respectively, and for the highest weld strengths were 138.9 °C, 198.9 °C, and 198.3 °C. The highest temperature in the weld zone was 209.2 °C for a 60% infill ratio and 201.8 °C for a 100% infill ratio. The highest temperatures measured during friction stir welding of parts with a 60% infill ratio, which is given in Figure 15, are relatively higher than those with a 100% infill ratio. When the average temperatures for 60% and 100% infill ratios were calculated, they were determined to be 190.5 °C and 185.0 °C, respectively. The reason for this is believed to be that the air voids in parts with a 60% infill ratio reduce heat conduction, thus increasing the temperature at the contact area. To determine the heat conduction phenomenon, samples were prepared with 20%, 60%, and 100% infill ratios using orange and black filaments, and their thermal conductivity coefficients were measured. For thermal conductivity measurement, the Decagon/KD2 Pro device equipped with a TR-1 sensor (2.4 mm diameter × 100 mm length) and operating according to the transient hot wire method, was utilized (Figure 16a). Measurements were conducted with five repetitions. The average thermal conductivity and temperature values are provided in Figure 14b. It was observed that the thermal conductivity values measured from samples varied between 0.007 and 0.104 W/mK for orange and between 0.007 and 0.096 W/mK for black, depending on the infill ratio and color.



The change in thermal conductivity values according to part infill ratio and color is given in Figure 16b. It has been observed that as the infill ratio increases, the thermal conductivity increases. This is because at a low infill ratio, the air in the spaces inside the part negatively affects the conductivity. In addition, while there was no change in thermal conductivity depending on color at the 20% infill ratio, thermal conductivity values changed as the infill ratio increased. Accordingly, it can be said that color pigments are effective in thermal conductivity and mechanical properties. Table 8 shows the highest, lowest, and optimum temperatures (highest weld strength) determined during FSW according to the infill ratio. Accordingly, it is seen that the values that give the highest weld quality are between the highest and lowest temperature values. This shows that the temperature required for the plasticization of the material depends on the process parameters, and the optimum temperature for material flow is between the highest and lowest temperatures.





4. Conclusions


The study examined the weldability of parts produced at low infill ratios with 3D printers using FSW and the effects of infill ratio changes in the weld zone on weld strength. The results obtained are given below.



Significant welding defects occurred due to material insufficiency in joining parts with a 20% infill ratio using FSW. The best weld strength was determined to be 17.83 MPa at a 20 mm/min feed rate, 1750 rpm rotational speed, and weld zone with a 60% infill ratio, and the welding efficiency was determined as 124.25% and 106.13% for black and orange, respectively. In parts with a 60% infill ratio, when the feed rate was 20 mm/min, the welding strength increased as the tool rotation speed increased.



It was observed that there was an improvement in joining parts with a 100% infill ratio in the weld zone using FSW compared to a 20% infill ratio. The best weld strength at a 100% infill ratio was obtained as 16.82 MPa at a feed rate of 60 mm/min and a rotation speed of 1250 rpm.



In general evaluation, welding efficiency was higher at a 60% infill ratio of the weld zone. It is thought that the reason for this is that the porous structure with a 60% infill ratio distributes the stresses better and delays the onset of fracture.



When hardness values were examined, they were determined from the highest to the lowest as base material, welding zone, and HAZ (heat-affected zone). It was determined that the reason for the increasing/decreasing tendency of the hardness change is similar to that of the weld strength change. When heat generation was examined, the lowest and highest temperatures at 60% and 100% infill ratios of the weld zone varied according to the FSW process parameters.



For both colors, black and orange, it was observed that the color changes in the samples with a 60% infill ratio in the weld zone were regular, and the values were close to each other. In this area where the welding performance was highest, it is understood from the color change that the material mixing in the welding area was stable.



Suggestions: PLA Plus, used as an experimental material in this study, is the same type of material, although its colors are different. For this reason, it is natural that weld strength curves show similar trends depending on color. The authors think that conducting a similar study with different materials in the future may make a difference in evaluating color-dependent weld strength.



To study the effect of filament colors on weld quality, color should be varied as a parameter while keeping the process parameters (tool rotation speed, feed rate, etc.) constant.
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Figure 1. Three-dimensional printing and FSW process: (1) PLA Plus filament; (2) Creality Ender 3S-1 printer; (3) sheet for FSW; (4) tensile specimen; (5) FSW process; (6) sample preparation after welding. 
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Figure 2. Post-FSW image of materials with different infill ratios: (a) 20%, (b) 20% surface tunnel defect, (c) 40%, and (d) 60% [15]. 
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Figure 3. View of the parts designed for joining parts with different infill ratios using FSW: (a) 20% infill ratio in the weld zone, (b) 20% infill ratio in the weld zone, and (c) 100% infill ratio in the weld zone. 






Figure 3. View of the parts designed for joining parts with different infill ratios using FSW: (a) 20% infill ratio in the weld zone, (b) 20% infill ratio in the weld zone, and (c) 100% infill ratio in the weld zone.



[image: Polymers 16 01790 g003]







[image: Polymers 16 01790 g004] 





Figure 4. After the preliminary experiment. (a) A view of the tensile samples; (b) a side view of the welding zone; (c) part and weld zone infill ratio (triangle pin geometry, feed rate 40 mm/min, and tool rotation speed 1250 rpm). 
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Figure 5. FSW constant process parameters and weld zone. (a) Tool shoulder penetration depth and part infill ratios, (b) FSW weld characteristics, (c) pin geometry and tool characteristics, and (d) positioning of parts for welding. 
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Figure 6. Stress and strain curves for PLA Plus (infill ratios of 20%, 60%, and 100%). 
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Figure 7. View of the parts with 20% and 100% infill ratios in the weld zone after joining. 
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Figure 8. Sample images with the best and worst weld strength according to the weld zone infill ratio. (a) Minimum UTS for 20% infill ratio. WA: 20% infill ratio, FR: 20 mm/min, RS: 2250 rpm (1.66 MPa) (Experimental number: 3). (b) Highest UTS for 20% infill ratio. WA: 20% infill ratio, FR: 60 mm/min, 2250 rpm (3.32 MPa) (Experimental number: 9). (c) Minimum UTS for 60% infill ratio. WA: 60% infill ratio, FR: 40 mm/min, RS: 1250 rpm (13.33 MPa) (Experimental number: 13). (d) Highest UTS for 60% infill ratio. WA: 60% infill ratio, FR: 20 mm/min, RS: 1750 rpm (17.83 MPa) (Experimental number: 11). (e) Minimum UTS for 100% infill ratio. WA: 100% infill ratio, FR: 20 mm/min, RS: 1250 rpm (11.07 MPa) (Experimental number: 19). (f) Highest UTS for 100% infill ratio. WA: welding area; FR: feed rate; RS: rotational speed. WA: 100% infill ratio, FR: 60 mm/min, RS:1250 rpm (16.82 MPa) (Experimental number: 25). 
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Figure 9. Distribution of weld strengths after FSW. 
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Figure 10. Change of weld strength according to tool rotation speed and feed rate. (a,b) Welding area at 20% infill ratio. (c,d) Welding area at 60% infill ratio. (e,f) Welding area at 100% infill ratio. 
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Figure 11. Relationship between weld zone color change and weld strength in orange part. 
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Figure 12. Relationship between weld zone color change and weld strength in a black part. 
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Figure 13. Shore D hardness evaluation (highest weld strength: 9, 11, and 25; lowest weld strength: 3, 13, and 19), (a) black filaman, (b) orange filaman. 
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Figure 14. Thermal imaging of highest welding strength for welding zone 20% (a), welding zone 60% (b), and welding zone 100% (c). 
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Figure 15. Maximum temperatures set for all experiments. 
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Figure 16. (a) Thermal conductivity measurement device. (b) Thermal conductivity depending on infill ratio and color. 
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Table 1. Physical and Mechanical Properties of PLA Plus [26].






Table 1. Physical and Mechanical Properties of PLA Plus [26].





	Mechanical Properties
	PLA Plus





	Filament diameter (mm)
	1.75



	Color
	Black/Orange



	Tensile strength (MPa)
	63



	Density (g/cm3)
	1.23



	Brand
	eSUN










 





Table 2. Experimental design for joining different infill ratios using FSW.
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Base Material

	
Welding Zone

	
Pin Geometry

	
Feed Rate

(mm/min)

	
Rotational Speed (rpm)






	
20%

	
20%

	
Triangle

	
20

	
1250




	
60%

	
40

	
1750




	
100%

	
60

	
2250











 





Table 3. Some studies on the welding of polymers by FSW.
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	Materials
	Feed Rate (mm/min)
	Rotational Speed (rpm)
	Pin Geometry





	PLA [8,31,43]
	(20, 30, 40), (10, 14, 20), (3, 6, 9)
	(700, 1400, 2000), (600, 1000, 1400)
	Cylindrical, screw, and tapered



	PLA Wood [14]
	20, 40, 60
	(1250, 1750, 2250)
	Triangle, square, and screw



	PLA/Al [30]
	20, 30, 40
	800, 1100, 1400
	Cylindrical



	HDPE [33,44,45]
	(10, 25, 40), (45, 75, 115), (15)
	(1250, 1600), (1500, 2000, 3000), (1200, 2000)
	Cylindrical



	PMMA [46]
	25, 50
	1250, 1600
	Frustum



	PE [47,48]
	(12, 29, 44), (12.5, 25, 40)
	(900, 1280, 1700), (1000)
	Threaded (M10, M12, and M14)



	PC [49]
	2, 4, 6
	600, 800, 1000
	Cylindrical



	ABS/PC [50]
	
	800, 1200, 1600
	Plane tapered, cylindrical threaded, and tapered threaded










 





Table 4. Pre-testing for the determination of initial parameters.
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	Experimental Number
	Pin Geometry
	Feed Rate (mm/min)
	Rotational Speed (rpm)
	UTS (MPa)





	1
	Square
	20
	2250
	5.9 ± 0.19



	2
	Screw
	20
	2250
	5.8 ± 0.26



	3
	Triangle
	40
	1250
	7.6 ± 0.59










 





Table 5. UTS changes according to infill ratio and color.






Table 5. UTS changes according to infill ratio and color.





	Infill Ratio (%)
	Color
	UTS (MPa)
	Elongation (%)
	Hardness





	20
	Orange
	16.80 ± 0.70
	6.51 ± 0.36
	61.0 ± 2.99



	20
	Black
	14.35 ± 0.25
	6.21 ± 0.32
	58.9 ± 1.85



	60
	Orange
	19.26 ± 0.25
	4.73 ± 0.40
	75.2 ± 1.35



	60
	Black
	19.61 ± 0.93
	7.35 ± 0.39
	75.0 ± 0.60



	100
	Orange
	42.32 ± 0.31
	8.50 ± 0.61
	83.2 ± 0.54



	100
	Black
	53.07 ± 1.41
	7.28 ± 0.88
	82.7 ± 0.28










 





Table 6. Tensile results and weld efficiency of welded specimens with different weld zone infill ratios.
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Number

	
Rotational Speed (rpm)

	
Feed Rate (mm/min)

	
Welding Zone Infill Ratio (%)

	
UTS (MPa)

	
Welding Efficiency (%)




	
Black

	
Orange






	
1

	
1250

	
20

	
20%

	
2.57 ± 0.69

	
17.96

	
15.34




	
2

	
1750

	
20

	
20%

	
2.74 ± 0.44

	
19.10

	
16.31




	
3

	
2250

	
20

	
20%

	
1.66 ± 0.17

	
11.63

	
9.93




	
4

	
1250

	
40

	
20%

	
2.50 ± 0.42

	
17.42

	
14.88




	
5

	
1750

	
40

	
20%

	
2.51 ± 0.13

	
17.53

	
14.98




	
6

	
2250

	
40

	
20%

	
1.87 ± 0.30

	
13.08

	
11.17




	
7

	
1250

	
60

	
20%

	
1.65 ± 0.20

	
11.54

	
9.86




	
8

	
1750

	
60

	
20%

	
2.60 ± 0.18

	
18.18

	
15.53




	
9

	
2250

	
60

	
20%

	
3.32 ± 0.35

	
23.17

	
19.79




	
10

	
1250

	
20

	
60%

	
16.11 ± 0.67

	
112.26

	
95.89




	
11

	
1750

	
20

	
60%

	
17.83 ± 0.68

	
124.25

	
106.13




	
12

	
2250

	
20

	
60%

	
17.76 ± 0.68

	
123.76

	
105.71




	
13

	
1250

	
40

	
60%

	
13.33 ± 0.60

	
92.89

	
79.35




	
14

	
1750

	
40

	
60%

	
15.28 ± 0.51

	
106.48

	
90.95




	
15

	
2250

	
40

	
60%

	
14.78 ± 0.23

	
103.00

	
87.98




	
16

	
1250

	
60

	
60%

	
14.23 ± 0.23

	
99.16

	
84.70




	
17

	
1750

	
60

	
60%

	
15.87 ± 1.02

	
110.59

	
94.46




	
18

	
2250

	
60

	
60%

	
16.82 ± 0.51

	
117.21

	
100.12




	
19

	
1250

	
20

	
100%

	
13.07 ± 0.89

	
77.14

	
65.89




	
20

	
1750

	
20

	
100%

	
13.58 ± 0.87

	
94.63

	
80.83




	
21

	
2250

	
20

	
100%

	
15.43 ± 0.11

	
107.53

	
91.85




	
22

	
1250

	
40

	
100%

	
15.13 ± 1.39

	
105.44

	
90.06




	
23

	
1750

	
40

	
100%

	
14.08 ± 0.51

	
98.12

	
83.81




	
24

	
2250

	
40

	
100%

	
16.71 ± 0.99

	
116.45

	
99.46




	
25

	
1250

	
60

	
100%

	
16.82 ± 0.90

	
117.21

	
100.12




	
26

	
1750

	
60

	
100%

	
14.15 ± 0.73

	
98.61

	
84.23




	
27

	
2250

	
60

	
100%

	
14.26 ± 0.32

	
99.37

	
84.88











 





Table 7. Measurement results of color parameters.
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Black

	
Orange

	
Welding Zone




	

	
20%

	
60%

	
100%

	
20%

	
60%

	
100%

	
20%

	
60%

	
100%






	
L

	
22.45

	
24.15

	
24.47

	
67.61

	
67.93

	
67.55

	
21.07

	
19.38

	
17.82




	
a

	
−0.56

	
−0.40

	
−0.43

	
43.75

	
43.19

	
43.23

	
2.834

	
−0.60

	
−0.62




	
b

	
−1.43

	
−1.16

	
−1.25

	
45.21

	
44.84

	
45.57

	
1.554

	
−1.50

	
−1.52











 





Table 8. The highest/lowest/optimum temperature determined during FSW.






Table 8. The highest/lowest/optimum temperature determined during FSW.





	
Welding Zone Infill Ratio (%)

	
Temperature (°C)




	
Lowest

	
Highest

	
Best Welding Strength






	
20

	
124.8 (FR: 20 mm/min; RS: 1250 rpm)

	
140.3 (FR: 60 mm/min; RS: 1750 rpm)

	
138.9 (FR: 60 mm/min; RS: 2250 rpm)




	
60

	
167.9 (FR: 20 mm/min; RS: 1250 rpm)

	
209.2 (FR: 20 mm/min; RS: 2250 rpm)

	
198.97 (FR: 20 mm/min; RS: 1750 rpm)




	
100

	
165.9 (FR: 20 mm/min; RS: 1250 rpm)

	
2201.8 (FR: 60 mm/min; RS: 2250 rpm)

	
198.32 (FR: 60 mm/min; RS: 1250 rpm)
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