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A B S T R A C T   

Joining dissimilar materials is important in engineering studies to reduce costs, lighten structures, 
and take advantage of the superior properties of the materials. However, the different chemical 
compositions, physical, and mechanical properties of dissimilar materials make the joining pro
cess difficult. To overcome the limitations of traditional joining techniques, there is an increasing 
interest towards innovative welding methods such as ultrasonic welding, laser welding, friction 
stir welding, and so on. In this study, friction stir welding was used to join different types of 
polymer materials. Polylactic acid (PLA Plus) plates were 3D printed and welded with High 
Density Polyethylene (HDPE) to create PLA Plus/PLA Plus, HDPE/HDPE, and PLA Plus/HDPE 
connection pairs. Two different pin profiles (triangle and square), rotational speed (1000 and 
1500 rpm) and feed rate (30 and 50 mm/min) were used in the FSW process. Tensile tests were 
performed to determine the weld strength after FSW. In addition, the hardness changes in the 
heat-affected zone and in the weld zone were evaluated. Finally, optical inspections were made 
on the welded samples to identify welding defects. The results showed that the highest weld 
strength was obtained with the triangular pin profile in PLA Plus/PLA Plus and PLA Plus/HDPE 
material pairs, and while with the square pin profile in HDPE-HDPE pairs. PLA Plus has been 
found to be a more suitable material for Friction Stir Welding compared to HDPE. Welding defects 
caused by changes in welding speed and tool rotation speed were identified in the material pairs.   

1. Introduction 

Today, although plastic materials cause environmental and health concerns, their use cannot be abandoned because of their ad
vantages such as lightness and low production costs [1]. In recent years, the use of thermoplastic and reinforced polymer materials has 
been increasing due to their lightness and flexibility, corrosion resistance and low cost [2,3]. In addition, in order to increase fuel 
efficiency and to use metal resources economically, thermoplastics have begun to replace heavy components in vehicles [4], aerospace 
[5]. Especially with the additive manufacturing methods, the ability to produce products from plastic-based materials quickly and at 
desired fill rates has increased the consumption of plastics even more. 3D printers, which are now one of the popular additive 
manufacturing tools, have made it possible to easily print plastic and plastic-based materials. However, parts produced in 3D printers 
have dimensional limitations. Therefore, for large-sized parts, the method of assembling small parts together is adopted. Thus, the need 
to combine with the same or different materials has emerged. Various joining methods such as adhesive bonding, mechanical fastening 
and welding are used for joining plastic materials. However, there are limitations such as the relatively low strength of adhesives and 
the loss of their properties in working conditions (depending on the environment, time and temperature), and the increase in the total 
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weight of the structures in mechanical fastening [6]. Cracks and pores occur in the joints made using traditional welding methods. In 
addition, the difficulties in joining different materials necessitated the need for innovative joining methods [7]. 

Friction stir welding (FSW) is a solid state welding method that joins similar or different materials using a tool. The tool consists of a 
shoulder and pin geometry and progress along the weld line by rotational. The shoulder applies pressure against the work piece 
surface, generating heat by friction [8]. Thus, it converts the mechanical energy at the welding interface into heat. The material that 
plasticizes around the pin with the effect of heat undergoes dynamic recrystallization and equiaxed grains [9–11] due to large plastic 
stresses and heat are formed [12]. Since the FSW process allows joining below the melting temperature of the material, defects 
occurring in fusion welding [13] are prevented. It also requires less energy than fusion welding. And it does not need filler material 
during welding. In addition, FSW makes it possible to join different materials which has many technical and economic advantages that 
attract the attention of the industry [14]. Considering these, it is a highly energy efficient and economical method [15,16]. Since it is a 
new technology, researchers make great efforts to understand its nature and improving welding quality. 

The studies have focused on the weldability of the same or different material pairs using FSW and the effects of process parameters 
on the welding quality. AA6082 [17], AA6063/AA5052 [16], AA5083/Cu [18], Al/mild steel [19], 304 austenitic stainless steel/Q235 
low carbon steel [20], AA7075/AZ31B [21], AA3103/AA6063 [22], HDPE-HDPE [23,24], PE-PP [15], PLA [4], polimetil metakrilat 
(PMMA) [25] are examples of material pairs joined using FSW. However, studies on joining thermoplastics with FSW are scarce in the 
literature [26]. The studies found in the literature are summarized below. 

Senthil et al. [27] prepared PLA sheets using a 3D printer to joined with FSW. Experimental studies were carried out using three 
different rotational speeds (700, 1400 and 2000 rpm) and three different feed rates (10, 14 and 20 mm/min) and taper cylindrical pin 
profiled. The best result (weld with high joint efficiency of 40%) was obtained at 1400 rpm and 10 mm/min parameters. In another 
study, PLA sheets were joined using 600, 1000 and 1400 rpm, 3, 6 and 9 mm/min welding speed and two different pin profiles 
(cylindrical and frustum). It has been stated that the welding speed is the most important parameter affecting the strength. In addition, 
the highest strength was obtained at 6 mm/min feed rate, 1400 rpm and cylindrical pin profile [26]. Sharma et al. [4] investigated the 
effects on weld quality when joining 6 mm thick PLA sheets using different tool speeds (700, 1400 and 2000 rpm), transverse speed 
(20, 30 and 40 mm/min) and different pin profiles (cylindrical, threaded and conical). The best strength value was obtained in the 
joints made with cylindrical pins. Regardless of the pin profile, the highest strength value was determined at 1400 rpm at the tool 
rotation speed. In addition, it has been stated that the temperature formed during welding is in the range of 75–110 ◦C and plays an 
important role in high strength. 

Rezgui et al. [24] optimized the process parameters for joining high density polyethylene (HDPE) sheets by FSW using the Taguchi 
method. The study focused on four process parameters; pin rotation speed (900, 1280 and 1700 rpm), welding speed (16, 29 and 44 
mm/min), hold time (9, 15 and 20 s), pin size (M10, M12 and M14). As a result, it has been stated that pin rotation speed and pin size 
are the parameters that affect the welding quality the most, respectively 21.7% and 15.29%. In another study, it was stated that FSW 
was successful in joining PE sheets, and it was stated that the rotation speed had a great effect. He explained the reason for this with the 
increase in temperature in the weld zone with increasing rotational speed [23]. 

There are few studies in the literature on the welding of HDPE and PLA Plus sheets and the effects of the process parameters used on 
the weld quality. In this study, the weldability of 3D printed PLA Plus and HDPE material (produced by extrusion method) using FSW 
method was investigated. PLA Plus/PLA Plus, HDPE/HDPE and PLA Plus/HDPE material pairs were joined by friction stir welding 
using two different pin profiles, two different rotational speeds and two different feed rates. The effects of process parameters on weld 
quality were discussed. Tensile strengths were compared to determine the weld quality. In addition, the effect of heat generated during 
welding on hardness was discussed. Finally, visual and optical inspection was performed and microstructure images were evaluated to 
identify weld defects. 

2. Material and method 

2.1. Material 

Two different thermoplastic materials were used in the study. The first is PLA Plus, which is taken in the form of eSun PLA Plus 
filament (Table 1). Creality Ender 3 S1 working with the principles of fused deposition was used to turn the filament into sheet. The 
specimens produced for the FSW are 72x114 × 5 mm (Fig. 1a). The dimensions of the tensile test samples are given in Fig. 1 b (ASTM 
D638-10). The recommended automatic temperatures of the printer are preferred for PLA Plus specimens printing. Accordingly, the 
extruder temperature is 210 ◦C, the table temperature is 60 ◦C and the printing speed is 50 mm/s. The part layer thickness is 0.2 mm 

Table 1 
Physical and mechanical properties of PLA plus [28].  

Mechanical Properties PLA Plus 

Filament diameter (mm) 1.75 
Color Black 
Tensile Strength (MPa) 63 
Elongation (%) 20 
Density (g/cm3) 1.23 
Melting point (◦C) 205–225  
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and the filling density are 100%. Then the specimens were placed in vacuum and airtight storage packages to prevent them from being 
affected by moisture. The second material used in the experiments is commercial high density polyethylene (HDPE) sheet. The me
chanical features of HDPE are seen in Table 2. HDPE was taken in 1 × 2 meter and 5 mm thickness sheets and then cut in the specified 
dimensions. PLA Plus/PLA Plus, HDPE/HDPE and PLA Plus/HDPE sheets are joined using FSW. The procedure for the FSW process is 
shown in Fig. 2. 

2.2. Determination of process parameters 

In FSW, weld quality is directly affected by process parameters such as tool speed, shoulder [31,32], shoulder surface [33], pin 
geometry [34–36], rotational speed [37–39], plunge rate, tilt angle [40], tool material, and tool design [11,41,42]. Therefore, it is 
important to determine the process parameters correctly. In addition, the quality of the weld depends on the amount of heat generated 
in the weld zone, the material flow and the mixing of the material in the weld zone. Tool speed and traverse speed play an important 
role in the amount of heat generated in the weld zone [8]. If the tool rotation speed is too low, it will cause inadequate heat generation 
and inadequate plasticization of material. If the tool rotation speed is greater than necessary, excess heat will occur, which causes 
undesirable grain growth and coarsening of strengthening precipitates. An increase in traverse speed will result in a reduction in heat 
generated and a greater torque/longitudinal force requirement. This increase in force and torque will negatively affect tool life [11]. 

In order to determine the tool speed and traverse speed, similar studies were first examined. Some of these studies are given in 
Table 3. Based on these studies, preliminary experiments were carried out by trial and error method. First, the traverse speed was 
changed by keeping the tool speed constant. As a result of visual and tensile analysis, the traverse speed was changed at a tool speed. As 
a result, tool speed was determined as 1000 and 1500 rpm, traverse speed as 30 and 50 mm/min. 

2.3. Design of the tool 

Tool geometry in FSW consists of four features: shoulder diameter, shoulder surface angle, profile on the shoulder surface, and pin 
geometry. These properties affect the rate of heat generation, torque, traverse force and thermo-mechanical properties [47,48]. In 
addition, shoulder diameter, pin geometry and size significantly affect material flow [49]. In the study, two different geometries were 
determined as triangular and square profile. It is manufactured with a shoulder diameter of 20 mm and a pin height of 4.5 mm (Fig. 3 
a). Since the sheet thickness is 5 mm, a distance of 0.5 mm is left to prevent the contact of the backing sheet and the pin. As the tool 
material, ledeburitic 12% chromium cold work tool steel (2379 tool steel) was used. The pin sizes and appearances used are shown in 
Fig. 3 b. 

2.4. Testing of welded specimens 

FSW of the PLA Plus sheet was performed in a CNC milling machine (model: Spinner U630, Germany), in Fig. 4 (a). Tensile samples 
were cut from welded plates according to ASTM D638 standards [15] to evaluate weld strength (Fig. 4b). Tensile tests were carried out 
at room temperature and at a tensile speed of 1 mm/min. In addition, each test was repeated 3 times and the averages were taken. 
Welding strengths were compared according to the tensile test results. Hardness measurements (Shore D) were taken from the base 
material and the heat affected zone. Finally, the microstructure of the welding zone was investigated using a dijital microscope. 

Fig. 1. a) Dimension of specimens for FSW and b) tensile test specimens (mm).  

Table 2 
Mechanical properties of HDPE [29,30].  

Specific gravity (gr/cm3) 0.955 

Tensile Strength (MPa) 22 
Elongation at yield (%) 9 
Elongation at break (%) 300 
Hardness (Shore D) 64  
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3. Results and discussion 

In the study, PLA Plus and HDPE materials were joined using FSW. Triangle and square pin profile, 1000 and 1500 rpm rotation 
speed, 30 and 50 mm/min feed rate were used in the FSW process. The weldability and mechanical properties of PLA Plus and HDPE 
sheets were investigated using the determined parameters. Finally, microstructure and visual examinations were made on the welded 
samples to determine the welding defects. 

3.1. Results of weld strength 

Tensile test was performed to determine the mechanical properties of PLA Plus and HDPE materials (Fig. 5). The tests were repeated 
5 times and the averages were taken. Although the ultimate strengths are close to each other, HDPE is seen to be much more ductile. 
Ultimate strength was determined as 30.72 ± 2.3 MPa for PLA Plus, 30.5 ± 1.7 MPa for HDPE as a result of the tensile test. 

Fig. 6 a and b show the outlet hole, welding zone (shoulder and pin area), heat affected zone, advancing side (AS) and the retreating 
side (RS) of PLA Plus/PLA Plus and HDPE/HDPE FSW joints. In PLA Plus, it was seen that the tool return lines were more prominent, 
and the tool outlet hole was smoother along the joint area. In HDPE, it is seen that the particles break off during welding in the upper 
part of the weld zone, but the particles remain on the weld surface due to unsuitable welding parameters. It can be said that this is due 
to the fact that HDPE is softer than PLA Plus and is subject to excessive deformation due to heat. 

Table 4 given the tensile strength of PLA Plus/HDPE specimens welded by using triangle and square pin geometry, 1000–1500 rpm 

Fig. 2. Process steps for FSW of HDPE and PLA Plus (a) 3D printed sheets, (b) HDPE Sheets (c) Schematic view of FSW and Procedure of FSW, (d) 
Welded sheets by FSW and (e) Tensile specimens for weld strength. 

Table 3 
Material, welding parameters, pin geometry used in some the literature.  

Traverse Speed (mm/min) Tool Speed (rpm) Pin Geometry Material 

45, 75, 115, 1500, 2000, 3000 Cylindrical HDPE [29] 
15 1200–2000 Cylindrical HDPE [43] 
20, 30, 40 700, 1400, 2000 Cylindrical, threaded, and conical pins PLA [4] 
20, 30, 40 800,1100, 1400 PLA semi-consumable pin profile (cylindirical) PLA/Al [44] 
10, 14, 20 700, 1400, 2000 Conical pin PLA [27] 
3, 6, 9 600, 1000, 1400 Frustum and Cylindrical PLA [26] 
16, 29, 44 900, 1280, 1700 Threaded M10, M12, M14 PE [24] 
20, 40, 63 500, 710, 1000, 1400, 2000 Cylindrical HDPE [23] 
8, 10, 12.5 900, 1860, 2920 Threaded cylindrical, Squared, Triangular, Straight cylindrical PE-PP [45] 
8 2000 Square, threaded-tapered, threaded-tapered, four-flute threaded PP composite [46]  
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Fig. 3. (a) Plunging dimension of shoulder and pin (b) Technical drawing and appearance of triangle pin and square pin profile.  

Fig. 4. a) Equipments of FSW process and b) tensile specimens/Shore D hardness.  

Fig. 5. Stress and strain curves for PLA Plus and HDPE.  
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tool speed and 30-50 mm-min traverse speed. PLA Plus/PLA Plus, HDPE/HDPE were successfully welded with the selected parameters. 
In Fig. 7, the highest weld strength for PLA Plus/PLA Plus was triangle pin geometry, 1500 rpm and 30 mm/min (specimen 3), the 
lowest weld strength was triangle pin geometry, 1000 rpm and 50 mm/min (specimen 2). In Fig. 8, the highest weld strength for 
HDPE/HDPE is square pin geometry, 1500 rpm and 30 mm/min (specimen 15), the lowest weld strength is triangle pin geometry, 
1500 rpm and 50 mm/min (specimen 12). 

The weld efficiency is the ratio of UTS of welded joint to the UTS of PLA Plus and HDPE. The weld efficiency calculation given in 
Table 5 was calculated with the following formula: 

% Weld Efficiency=
UTS of Weld

UTS of Material
(1) 

In Fig. 9, specimen numbered PLA Plus 2 (the best) and 3 (the worst), HDPE 12 (the best) and 15 (the worst), PLA Plus/HDPE 21 are 
given. When the PLA Plus joint was examined, defects were seen in the welding zone in specimen 2. When the microstructure image 
was examined, unmelted PLA Plus particles were determined in the welding transition zone. This was due to the low rotational speed 
and the lack of sufficient heat due to the fast feed rate. In addition, it was determined that the welding lines were interrupted/broken 
during transition from RS to AS. This shows the importance of optimizing the parameters to be able to conduct the heat and mixing 
process required to obtain a good weld quality in the FSW process. When specimen 3 was examined, it was determined that surface 
defects did not occur at high rotational speed and low feed rate. In the transition from RS to AS in the welding zone, the welding lines 

Fig. 6. Weld zones of PLA Plus and HDPE a) PLA Plus/PLA Plus b) HDPE/HDPE.  

Table 4 
FSW parameters of the PLA Plus and HDPE for welded.  

No Pin Profile Tool speed (rpm) Traverse speed (mm/min) Material UTS (MPa) Weld efficieny (%)  

Base – – PLA Plus 30.72   
Base – – HDPE 30.5  

1 Triangle 1000 30 PLA Plus/PLA Plus 31.93 103.94 
2 Triangle 1000 50 14.95 48.67 
3 Triangle 1500 30 42.12 136.99 
4 Triangle 1500 50 39.39 128.11 
5 Square 1000 30 30.19 98.27 
6 Square 1000 50 23.03 74.86 
7 Square 1500 30 28.7 93.42 
8 Square 1500 50 32.09 104.46 
9 Triangle 1000 30 HDPE/HDPE 16.27 53.34 
10 Triangle 1000 50 19.69 64.56 
11 Triangle 1500 30 17.75 58.2 
12 Triangle 1500 50 7.63 25.02 
13 Square 1000 30 17.38 56.98 
14 Square 1000 50 11.19 36.69 
15 Square 1500 30 20.34 66,69 
16 Square 1500 50 13.21 43.31 
17 Triangle 1000 30 PLA Plus/HDPE – – 
18 Triangle 1000 50 – – 
19 Triangle 1500 30 – – 
20 Triangle 1500 50 – – 
21 Square 1000 30 – – 
22 Square 1000 50 – – 
23 Square 1500 30 – – 
24 Square 1500 50 – – 

UTS: Ultimate Tensile Strength. 
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were not interrupted/broken in the direction of rotation, and the base material and welding area were given in the microstructure 
image after welding. It is seen that the direction of the material passing from the base material to the welding area did not deteriorate 
and a good joint was obtained. When the specimen 12 was examined, it was seen that in joining FSW and HDPE sheets, a deep slot was 
formed along the pin profile and the joining process could not be done efficiently. Although rotational speed and feed rate were same in 
specimens 12 and 15, the difference in welding quality was due to the pin profile. HDPE was found to be relatively ductile, adhered to 
the triangular pin profile at high rotational speeds and adversely affected the mixing process. A more uniform weld zone was obtained 
in specimen 15. Compared to PLA Plus joints, it was determined that the weld lines were not clear and there were unmixed HDPE 
particles on the weld surface. When HDPE/PLA Plus joints (such as specimen 21) were examined, deep cavities were formed along the 
weld. 

Welding of PLA Plus/HDPE sheets could not be joined with the same parameters used in joining PLA Plus/PLA Plus and HDPE/ 
HDPE. It can be said that the reason for this is difference of the density and the melting temperature between the materials. Therefore, 
it makes copolymerization difficult during FSW. FSW parameters have been changed for joining PLA Plus/HDPE sheets. The new 
parameters are given in Table 5. In the FSW parameters for PLA Plus/HDPE welding, the pin geometry was determined as Triangle, tool 
speed 710 and 570 rpm, traverse speed 19, 32 and 64 mm/min. Also, the tool has been offset towards PLA Plus and the plunging 
distance has been changed. The tool offset and plunging distance are shown in Fig. 10. Tool offset is a parameter used for joining parts 
that are difficult in FSW [50]. Joining for PLA Plus/HDPE was successful in specimens 2, 3 and 5. However, in specimen 2 and 3, the 
tensile sample was broken while removing it. Therefore, only the tensile test was carried out in specimen 5. The tensile test result was 

Fig. 7. Ultimate tensile strength results for welded PLA Plus.  

Fig. 8. Ultimate tensile strength results for welded HDPE.  

Table 5 
Additional FSW parameters for welding of PLA Plus/HDPE.  

No Pin Profile Tool speed (rpm) Traverse speed (mm/min) Material Tool shift distance (mm) Depth Fail/ 
Successful 

UTS (MPa) 

1 Triangle 710 64 PLA Plus/HDPE 1.4 4.5 Fail Fail 
2 Triangle 710 32 1.4 4.5 Successful Broken 
3 Square 570 32 1.4 4.5 Successful Broken 
4 Square 570 19 1.4 4.5 Fail Fail 
5 Triangle 570 32 1.4 4 Successful 8.64 
6 Triangle 570 19 1.4 4.25 Fail Fail 
7 Square 570 32 1.4 4.25 Fail Fail  
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Fig. 9. Microstructure and image of some specimens.  

Fig. 10. Plunging and tool offset parameters in FSW operation.  
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determined as UTS 8.64 MPa. 

3.2. Results of weld strength with varying traverse speed 

Figs. 11 and 12 represent UTS changes according to traverse speed and rotation speed for both pin geometries. In Fig. 11, the UTS 
decreases if the traverse speed increases while the rotation speed is constant for the triangle pin geometry. For the square pin profile, 
UTS decreased when the feed rate increased when the rotational speed was 1000 rpm. UTS increased when the feed rate increased 
when the rotational speed was 1500 rpm. In both pin profiles, UTS increased with increasing rotational speed. However, the increase in 
UTS with rotational speed is sharper in the triangular pin profile. 

A maximum strength efficiency of 104.46% with the square pin and 136.9% with the triangle pin was obtained compared to the 
base material. The increase in weld strength can be attributed to the increase in friction with increasing rotational speed and hence the 
increase in heat generated by friction. The increased heat helps the PLA Plus in the weld zone to plasticize and mix better. It has been 
seen that using triangular profiled pins for joining PLA Plus plates is more advantageous. 

In Fig. 12, it is seen that the UTS decreased with the increase of the traverse speed for the triangle pin profile. In the square pin 
profile, the UTS increased as the traverse speed increased from 30 mm/min to 50 mm/min at 1000 rpm, while the UTS decreased when 
the traverse speed increased at 1500 rpm. This shows that the feed rate is an effective factor in joining HDPE sheets. In joining HDPE 
sheets, compared to base material, weld strength efficiency was achieved as 66.59% with square pin profile and as 64.56% with 
triangle pin profile. It has been determined that both end profiles can join HDPE sheets. 

3.3. Response of weld strength with varying tool speed 

Welding strength increases up to a certain point with increasing rotational speed. As the rotation speed continues to increase, the 
quality of the weld begins to decrease. While this phenomenon is explained by insufficient mixing and repolymerization due to 
insufficient heat at low rotational speeds, plasticization and deformation rate increases due to high amount of heat at high rotational 
speeds. These conditions adversely affect the welding quality. It is important to determine the optimum weld quality in FSW [4]. 

Figs. 13 and 14 give the UTS change depending on the rotational speed for PLA plus and HDPE. UTS increased at both feed rates (30 
and 50 mm/min) with increasing rotational speed in square pin profile (Fig. 13). This increase was sharper when the feed rate was 50 
mm/min and the rotation speed increased from 1000 rpm to 1500 rpm (23.05 MPa and 32.09 MPa, respectively). While the feed rate in 
the triangle pin profile was 30 mm/min, the UTS decreased with the increase in the rotation speed, while the UTS increased with the 
increase in the rotation speed at 50 mm/min feed rate. It is understood that mixing is insufficient when the rotation speed is high, and 
the feed rate is low in the triangle pin profile. 

For HDPE, as the rotation speed increased in the square pin profile, the UTS increased at both feed rates. In the triangle pin profile, 
as the rotation speed increased at 30 mm/min, the UTS increased, while at 50 mm/min, the UTS decreased as the rotation speed 
increased (Fig. 14). 

3.4. Evaluation of hardness results 

Since different process parameters are used in the FSW of plastic materials, different hardness values were obtained in the heat 
affected zone (HAZ) and in the weld zone. Hardness (Shore D) distributions of PLA after welding in Fig. 15 and HDPE PLA Plus material 
in Fig. 16 are given. In both materials, there is a decrease in hardness values in the HAZ and weld zone. The heat generated during the 
FSW process caused the plastic material to soften. The hardness values in the HAZ region were higher than the hardness values in the 
weld region. The reason for this is that the mechanical properties of the weld area are greatly affected due to changing of molecular 
weight or crystallinity during the FSW process [51]. The highest hardness value for PLA Plus in the HAZ region is 76 (specimen 6), the 
lowest value is 69 (specimen 5), the highest hardness value for the weld zone is 74 (specimen 6), the lowest value is 64.5 (specimen 5). 
In terms of weld strength, the best UTS 42.12 MPa (specimen 3), the worst UTS 14.95 MPa (specimen 2). This shows that the hardness 

Fig. 11. Response of the ultimate strength for PLA Plus.  
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value is independent of the welding strength. When the hardness values for HDPE are examined, it is seen that the base material 
hardness measurements are more stable. It can be said that the reason for this is that HDPE is supplied as a sheet and production 
techniques are affected by fewer parameters. For HDPE, the highest hardness value is 63 (specimen 16) and the lowest hardness value 
is 57 (specimen 11) in the HAZ region, the highest hardness is 49 (specimen 16) and the lowest hardness is 40 (specimen 12) in the 
welding zone. Compared to their weld strengths, best and worst welding strength values respectively, they are 66.69 MPa (specimen 
15) and 25.02 MPa (specimen 12). 

4. Conclusions 

FSW method can be used to join the same and different plastic material pairs, but it is much more difficult to optimize the process 
parameters for different plastic material pairs. In this study, the weldability of PLA Plus/PLA Plus, HDPE/HDPE and PLA Plus/HDPE 
sheets was investigated by using two different pin profiles (triangle and square), rotational speed (1000 and 1500 rpm) and feed rate 
(30 and 50 mm/min) were used. The effects of FSW process parameters and pin profile on UTS, hardness and microstructure were 

Fig. 12. Response of the ultimate strength for HDPE.  

Fig. 13. Response of the ultimate strength for PLA Plus.  

Fig. 14. Response of the ultimate strength for HDPE.  
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discussed.  

• It was seen that the tool return lines were more prominent, and the tool outlet hole was smoother along the joint area for PLA Plus. 
On the other hand, it was seen that HDPE remained as particles in the upper part of the weld zone. It can be said that this is due to 
the fact that HDPE is softer than PLA Plus and is subject to excessive deformation due to heat.  

• The highest welding strength (42.12 MPa) in welding PLA Plus material pairs was obtained by using triangle pin profile, 1500 rpm 
rotational speed and 30 mm/min feed rate with an efficiency of 136.9%. In addition, the highest welding strength (20.34) in HDPE 
material pair was obtained with 66.69% efficiency when square pin profile, 1500 rpm rotational speed and 30 mm/min feed rate 
parameters were used. PLA Plus/HDPE material pair could not be joined by using the same process parameters.  

• The rotational speed (570 and 710 rpm) and traverse speed (19, 32 and 64 mm/min) were decreased, so that the PLA Plus/HDPE 
material pair could be joined. The PLA Plus/HDPE material pair was joined using triangle pin profile, 570 rpm and 32 mm/min 
process parameters, and the welding quality was determined to be 8.64 MPa.  

• Welding strength increased with increasing rotational speed in both pin profiles for PLA Plus/PLA Plus. However, the increase in 
UTS was more evident as a result of FSW made by using the triangle pin profile. It can be said that the increase in heat generated by 
friction with increasing rotational speed helps PLA Plus in the weld zone to plasticize and mix better.  

• According to the UTS results for PLA Plus/PLA Plus, it is understood that mixing was insufficient when the rotation speed was high, 
and the feed rate was low in the triangle pin profile. The square pin profile for HDPE/HDPE has increased weld quality at both 
rotational speeds. This shows that the pin profile directly affects the welding quality.  

• A decrease in the hardness values was determined in the HAZ and weld zone for both materials. The highest and lowest hardness 
values in HAZ for PLA Plus were as 76 and 69, the highest and lowest hardness values in the weld zone were as 74 and 64.5. In 
addition, the highest and lowest hardness values in HAZ for HDPE were as 63 and 57, the highest and the lowest hardness values in 
the weld zone was determined as 49 and 40. 

While it is easier to combine the same material pairs, as seen in this study, it is difficult and costly to optimize the process pa
rameters for joining PLA Plus and HDPE material pairs with FSW. The most important reason for this is the difference in mechanical 
properties and material density between materials. It is thought that preheating of material pairs in which HDPE is used will facilitate 
the joining process in subsequent studies. 

Fig. 15. Hardness results for PLA plus.  

Fig. 16. Hardness results for HDPE.  
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