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Abstract

:

In this paper, the effect of different shapes of tool pin on the plastic flow of 2024-T6 aluminum alloy during friction stir welding was studied. In order to observe the plastic flow of materials more clearly, we chose the method of friction stir welding of dissimilar materials, considering the different corrosive characteristics of aluminum alloys made of different materials when exposed to the same corrosive liquid. By studying and comparing the temperature field, macro and microstructure, microhardness and tensile properties of welded joints, the results indicated that the metal in the weld nugget zone (WNZ) mainly came from the base metal of the advancing side, the thread being the driving force of the downward movement of the FSW plastic metal. The deep groove thread tool pin had the strongest ability to drive the metal downward. The conical cam thread tool pin had the strongest stirring effect on materials and the best metal fluidity. The macroscopic morphology, microstructure, mechanical properties and fracture morphology of different joints were analyzed, and the results showed that all joints could form an excellent union, with an onion ring pattern appearing in cross-section. The minimum grain size of the WNZ formed by the conical cam thread stirring head was 7~12 μm; the hardness was least at the junction of the heat affected zone (HAZ) and the thermo-mechanically affected zone (TMAZ). However, the hardness of the weld formed by the conical cam thread at this point was higher than that of other stirring heads; the tensile strength of all joints was more than 80% of the BM, and the maximum tensile strength of the joint welded by the conical cam thread tool pin was 364.27 MPa, accounting for 86.73% of the base metal (BM). The elongation after break was 14.95%. Tensile fracture morphology analysis showed that all joints were fractured by plastic fracture.
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1. Introduction


2024 aluminum alloy is an Al-Cu-Mg series hard aluminum alloy, which has been used in modern industry due to its excellent comprehensive mechanical properties and high temperature creep resistance [1,2,3]. Friction stir welding (FSW), as an emerging solid welding process, was invented by The Welding Institute (TWI) of the U.K. in 1991 [4,5,6]. Compared with traditional fusion welding methods, FSW overcomes welding defects, such as porosity and heat crack in the joint, and has high welding efficiency, no alloy element burning, small deformation and other advantages [7,8,9].



Studies [10] have shown that the main factors affecting the quality of weld joints in the FSW process include welding speed, rotation speed, shoulder pressure, and shape of the tool pin. In the process of FSW, the pin is an important factor affecting material flow. A reasonable structure design of the pin is conducive to better material flow and mixing in the FSW process, and achieves better performance of welded joints [11]. Many researchers have studied the effect of the tool pin on the microstructure and properties of FSW joints of aluminum alloys. Md.Reza-E-Rabby et al. [12] conducted FSW tests on the 6061-T651 aluminum alloy using nine different shapes of pin (threaded pin and threaded pin with 1, 2, 3, 4 flat; unthreaded pin and unthreaded pin with 1, 2, 4 flat). By comparing and studying the microstructure, torque, temperature and mechanical properties of welded joints, it was found that, under the same welding conditions, the joint formed by welding with the threaded pin was better, and that defects could not be eliminated irrespective of how many platforms the cylindrical tool had. For threaded pins, the number of flats on the threads will also affect the shape and performance of the welded joint. Du et al. [13] used two different shapes of tool pin to weld 16 mm thick 5083-H112 aluminum alloy sheet; the results showed that by changing the shapes of the tool pin, the degree of fragmentation of the oxide layer can be changed, while the severity of the ‘Z’ line and the internal quality of the weld can be affected. In addition to research on the influence of the shape of the stirring needle on the FSW of the same material, research has also focused on different materials. M. Ilangoran et al. [14] studied the effect of different shapes of pin on the microstructure and mechanical properties of dissimilar materials using friction stir welds of 6 mm 6061 and 5086 aluminum alloys. It was found that the welded joints produced using a cylindrical thread shape of pin produced better performance, because the welded joints under this condition had finer grains and onion rings, and there were fine even precipitates. Yang Zhou et al. [15] studied the effects of three different shapes of pin (i.e., quadrangular frustum pyramid, frustum, quadrangular prism) on the microstructure and properties of 6061-T6 aluminum alloy welded joints at high rotational speeds (11,000 rpm). The test results showed that better welding joints can be obtained when the quadrangular frustum pyramid shape pin is used. However, with respect to FSW of the 2 series aluminum alloy, there are still very few studies of the tool pin. Wang et al. [16] used four different shapes of tool pin to perform FSW on 4 mm thick 2024 aluminum alloy and analyzed the hardness and tensile strength of the joints. The results showed that the joint hardness curve was w-shaped, and, for the four types of joint elongation rate with tensile strength increase assessed, the joint performance of the triangular pyramid tool pin was the best. K. Ramanjaneyulu et al. [17] studied the effect of five different shapes of tool pin (i.e., conical, triangular, square, pentagon, hexagon cross-sections) on FSW joints of 5 mm 2014-T6 aluminum alloy. Through comparison and analysis of the macro and microstructure, temperature field and mechanical properties of the welded joint, it was found that the shape of the pin had a greater influence on the thick plate, the more flats on the pin, the higher the peak temperature, the faster the temperature change rate, and the smaller the grain of the welded joint.



Although some researchers have studied the role and influence of the pin in the FSW process of aluminum alloy, there are still few studies on the effect of the pin on FSW joints of 2 series aluminum alloys. Previous research on the pin has been limited to the observation of macroscopic morphology, microstructure, and the comparison of mechanical properties and other features. According to previous research on friction stir welding of dissimilar aluminum alloys [18,19,20], it has been observed, from the microstructure, that different series of aluminum alloy have different corrosion resistance to the same corrosion solution, leading to different color of the microstructure. In contrast to previous studies, this investigation applied the welding method to dissimilar materials, using a dissimilar aluminum alloy exposed to the same corrosion liquid to evaluate different characteristics of corrosion resistance, studying the influence of different shapes of pin on the microstructure, mechanical properties and material plastic flow of FSW joints of the 2024-T6 aluminum alloy.



In this paper, the temperature field, macro and microstructure and mechanical properties were jointly considered to analyze the influence of different shapes of pin on 4 mm 2024-T6 aluminum alloy friction stir welding joints, not only to provide experimental data and theoretical analysis of FSW of 2 series aluminum alloy, but also to provide new ideas for research methods used to evaluate material plastic flow.




2. Materials and Methods


In this experiment, the experimental material was 2024 aluminum alloy plate under T6 condition with a thickness of 4 mm. The dimension of the workpiece was 300 mm × 100 mm (L × W). Figure 1 shows an image of the FSW setup. The chemical compositions of 2024-T6 aluminum alloy and 6061-T6 aluminum alloy are shown in Table 1 and Table 2, respectively. The ultimate tensile strength and elongation of 2024-T6 aluminum alloy after fracture were 420 MPa and 23%, respectively. The ultimate tensile strength and elongation of 6061 aluminum alloy after fracture were 308 MPa and 14%, respectively. The material of the pin was W6Mo5Cr4V2 high-speed tool steel. The shape of pins used in this study are shown in Figure 2a (respectively, conical thread (A), deep groove thread (B), and conical cam thread (C)). Figure 2b–d shows the shape of the tool pin more clearly. Figure 2b shows the common thread shape of the pin; the thread on the tool pin B was deepened on this basis as shown in Figure 2c. Figure 2d shows the shape of the conical cam thread. The diameter of the tool pin A at the root and end were 7 mm and 5 mm. The tool pin B had three deep grooves with a rotation angle of 120° with respect to tool pin A. Tool pin C was machined with three 120° platforms on the surface of tool pin A. The length of the tool pin was 3.7 mm. The shoulder of all the tool pins referred to above were concentric circles with a diameter of 18 mm. The friction stir welding machine used in the experiment was FSW-LM-AL16-2D. The rotational speed was 1000 rpm and the welding speed was 500 mm/min. The tilting angle of the tool was 2.5°.



During the welding process, a k-type temperature thermocouple was used to measure the temperature evolutions at different distances from the advancing side (AS) and the retreating side (RS) to the weld center. The location of the temperature measurement point is shown in Figure 3. After welding, the metallographic samples were prepared on the welded parts without defects, and the polished surface was etched by 15% NaOH. A Nikon EPIPHOT 300 was used to observe the microstructure of the joints. EBSD images were used to analyze the size of the microcrystalline and grain boundary orientation in the welded nucleus. Tensile specimens were cut according to GB/T228.1-2010 standards, and wire electrical discharge machining was used for cutting according to the schematic diagram shown in Figure 4. In order to ensure the accuracy of data, we stretched three samples for each group of parameters and calculated the average value as the final result. A hardness test was carried out in the middle of the weld cross-section using a WDW-200 microhardness tester. According to the preparation process of the metallographic sample, the sample was polished and slightly corroded. The flow of the plastic metal was observed and photographed by the metallographic microscope.




3. Results and Discussion


3.1. Temperature Field


Figure 5 shows the welding thermal cycle curves of the three different shapes of tool pin on the AS and RS at different positions of the weld. The welding thermal cycle curves of the welded joint when using three different shape of tool pins generally show similar trends. This is because the contact area and compressive stress between the shoulder and the workpiece are larger than that of the tool pin. The heat generated by the shoulder is the main heat source during the FSW process. The dimensions of the shoulder of the three different shape of tool pins are the same, so in the welding process, the heat production of the three different shapes of the pin is not much different, although their shapes are different. In addition, as we can see from Figure 5, the peak temperatures on the AS and RS of the joint when using the tool pin A at a distance of 3 mm from the center of the weld were 423 °C and 408.6 °C. The peak temperatures on the AS and RS of the joint when using tool pin B at a distance of 3 mm from the weld center were 398 °C and 377 °C. The peak temperatures on the AS and RS of the joint when using tool pin C at a distance of 3 mm from the weld center were 368.7 °C and 345.1 °C. The slight temperature difference at this position is mainly caused by the tool pin shape. The relationship between the contact surface area of the three different pins and the workpiece was A > B > C. Under the same welding parameters, the heat input in the welding process is directly proportional to the friction area, so the heat generated when using tool pin A was the highest, and for tool pin C was the lowest. We also found that the peak temperature of the measured point on the AS was slightly higher than that of the RS, irrespective of the shape of pin used, and the temperature difference was about 15~30 °C. This result is consistent with [21], mainly because the flow direction of the metal on the AS is the same as the welding direction during the FSW process, and the flow direction on the RS is opposite to the welding direction. The strain rate of the metal on the AS was greater than that of the RS; the metal on the AS was stirred more vigorously in the same time than was the case for RS, so the peak temperature of the AS was higher.




3.2. Metal Migration of Weld Cross-Section


Figure 6 shows the macroscopic characteristics of the weld cross-sections obtained using three different shapes of tool pin. We divided the macroscopic image of the welded joint into four areas: shoulder affect zone (SAZ), turbulent zone, TMAZ-AS and TMAZ-RS. The AS material was 2024-T6 Al alloy of light color and the RS material was 6061 Al alloy of dark color. The plasticized metal on the AS is directly affected by the tool pin, and the plasticized metal rotates with the tool pin and makes a ’vortex’ motion on the same layer. Because the ‘vortex metal’ interacts with a small amount of plasticized metal when it rotates through the RS, part of the metal precipitates on the RS or flows back through the RS, and most of the metal finally stays on the AS, which causes the phenomenon that the metal on the AS is more than that of the RS in the weld joint. At the same time, part of the metal migrates downwards under the action of the driving force generated by the counterclockwise rotation of the right-hand thread. The amount of the metal on the lower layer continues to accumulate and is restricted by the rigid backing plate at the bottom, and then expands laterally to both sides, thus causing the ’onion ring’ to have a small top and a big bottom. According to Ke Liming’s theory [22], a large number of plasticized metals migrate downward during the stirring process, and a circular extrusion zone is generated for the surrounding metals. ’Onion rings’ are formed by metallurgical mixing on the side and rear of the tool pin. Therefore, the height of ‘onion ring’ formation can be used to characterize the downward migration ability of weld metal. The heights of the ‘onion ring’ (“H” in Figure 6) from the bottom of the weld welded by the three tool pins were 2.54 mm, 1.77 mm and 2.31 mm. Three deep grooves were added to tool pin B on the basis of tool pin A, which improved the ability for downward metal migration, and the ‘onion ring’ position was the lowest. Tool pin C was cut into an inscribed triangle on the basis of tool pin A, and its volume was reduced, but its stirring effect on the material was not weakened. On the contrary, it showed a smaller hindrance to the flow of the material and the metal could better migrate downwards.



The metal below the weld is squeezed by the metal in the WNZ and cannot expand to the lower layer, so, part of the lower layer metal moves upward from the far side of the tool pin (TMAZ) bypassing the WNZ. The metal in the RS enters above the WNZ and mixes violently with the AS metal, creating a ‘turbulent zone’. The shape of the ‘turbulent zone’ is related to the strength of the metal flow in the weld. When its fluidity is strong, the turbulent zone overlaps like fish scales, as shown in Figure 6c. Tool pin C had the effect of edge cutting on the basis of tool pin A, which enhanced the stirring effect of the material. At the same time, the excised part reduced the obstruction to the movement of the material, which enhanced the fluidity of the plastic metal. When the fluidity is moderate, a hook like occlusal structure is formed, as shown in Figure 6b. This is because tool pin B had three more deep grooves with a rotation angle of 120° based of tool pin A, which reduced the obstruction to the material movement.




3.3. Macroscopic Morphology of Welds


The macroscopic morphology of the FSW joint can be divided into weld nugget zone (WNZ), shoulder affected zone (SAZ), heat affected zone (HAZ), thermo-mechanically affected zone (TMAZ), and shoulder-affected zone (SAZ) in five parts [23]. The ‘onion ring’ pattern is caused by the fact that when the tool pin moves along the welding direction, the plasticized metal is pushed back to RS, forming semi-ellipsoid area superposition to form continuous weld seams. Cross-sectional images of the weld zone welded by different shapes of pin are shown in Figure 7. We can see that the welds are well formed without holes, tunnels or other defects. In addition, the cross-sectional morphology of the weld is obviously different under the action of different shape of tool pins.



The cross-section of the weld formed by tool pin A is shown in Figure 7a. The stir of the material mainly depends on the friction and extrusion effect of the tool pin, and the morphology of the ‘onion ring’ is formed in the middle of the WNZ. The cross-section of the weld formed by tool pin B is shown in Figure 7b. Tool pin B has three deep grooves with a rotation angle of 120° on the basis of tool pin A. The stirring effect of tool pin B on plasticized metal was enhanced compared to tool pin A, so the fluidity of the metal was improved. At the same time, due to the presence of deep grooves, plasticized metals migrate downward more easily, and the ‘onion ring pattern’ is located below the WNZ. The cross-section of the weld formed by tool pin C is shown in Figure 7c. On the basis of tool pin A, tool pin C has the feature of a ‘cut edge’, which strengthens the stirring effect of the plasticized metal, making the flow of plasticized material more sufficient, and produces a complete and obvious ‘onion ring’. It can be seen from Figure 7 that, from Figure 7a–c, the boundary between the WNZ and the TMAZ becomes increasingly blurred, and the scope of the TMAZ becomes larger and larger. Tool pin A has the largest contact area with the material, so friction generates the most heat; at the same time, the poor stirring effect on the material concentrates the heat. The contact area between the tool pin B, tool pin C and the material gradually decreases, and the friction heat generation decreases. In addition, the stirring effect of the material is enhanced, and the heat is more dispersed, so the boundary between the WNZ and the TMAZ becomes blurred.




3.4. Microstructure of Welds


The EBSD images of the WNZ welded by different tool pins are shown in Figure 8. This region experiences a high temperature cycle and dynamic recrystallization due to the strong agitation of the tool pin. The grains in the BM change the original strip structure to a fine equiaxed recrystallization structure. Figure 8a is the EBSD image of the WNZ formed by the tool pin A, the average grain size is about 12~18 μm. Figure 8b is the EBSD image of the WNZ formed by the tool pin B, the average grain size is about 8~14 μm. Figure 8c shows the EBSD image of the WNZ formed by the tool pin C, the average grain size is about 7~12 μm. From Figure 8a,c,e, the grain size of the WNZ gradually becomes smaller, and the grain boundary is gradually blurred. According to the Zener-Hollomon equation [19], when the welding parameters are the same, the dynamic recrystallization of the WNZ to form equiaxed crystal grain size is mainly affected by the welding peak temperature T (K) and the strain rate (/s) (the higher the Z value, the smaller the grain size). At the same time, due to the increase in the peak temperature, the weld metal stays at a high temperature for a longer time, which will produce coarse recrystallized grains and the grains will grow.



From Figure 8d–f, it can be seen that the large-angle grain boundaries (5°~180°) in the WNZ of the three different shapes of tool pin accounted for 76.4%, 75.5% and 74.7%, respectively, which is significantly higher than the proportion of small-angle grain boundaries (2°~5°). According to [20], the dislocations generated by the severe plastic deformation in the WNZ are absorbed by the subgrain boundaries, which increases the orientation difference of the low-angle grain boundaries, resulting in the subsequent dynamic recrystallization process. The low-angle grain boundaries easily become high-angle grain boundaries, and then form fine equiaxed crystals. The gradual decrease in the proportion of high-angle grain boundaries in the WNZ indicates that the degree of dynamic recrystallization has decreased.




3.5. Micro-Hardness of Joints


The hardness curves of the cross-section of the joint formed by the three tool pins are shown in Figure 9, and the average values of microhardness in different areas of welded joints with different shapes of pin are shown in Table 3. Firstly, looking at the overall trend, regardless of the shape of the pin, the microhardness trend exhibits a “W” shape. The hardness of the TMAZ and HAZ is relatively low. The lowest hardness occurs at the junction of the HAZ and TMAZ on the forward side. Combined with the previous temperature measurement results, this is because the welding temperature of the AS was higher, and, compared with the grain of the RS, the grains in the TMAZ and HAZ were exposed to higher temperature and grew into coarser grains. According to the Hell-Petch relationship, the larger the grain, the lower the hardness. The microstructure of WNZ underwent a welding head cycle at a higher temperature during welding. At the same time, violent plastic deformation occurred under the action of the tool pin, so the structure was of recrystallized grain. The recrystallization grain is very fine with high hardness, but slightly below the BM. This is consistent with the strength of the joint being lower than the BM. Under the action of heat and force, rough and regenerated deformed grains are produced in the TMAZ. The HAZ is only affected by the welding head cycle and the grain size is large. At the same time, some of the strengthened phase is dissolved in the aluminum matrix under the action of heat, and the hardness is low.



Secondly, compared with tool pin A and tool pin B, the hardness of the joint formed by tool pin C was improved, and the lowest hardness was 78.1 HV. This can also be combined with the previous temperature test results. Tool pin C had the smallest surface area in contact with the workpiece, so generated less heat and showed a lower welding temperature, which reflects a larger hardness value for microhardness.




3.6. Mechanical Properties of the Joint


Figure 10 shows the fracture position of tensile specimens welded by three shapes of pin. All specimens fractured at TMAZ on the AS, with obvious 45° fracture, smooth surface and gray fiber shape. This is because, in the welding process, the grains near the TMAZ are affected by the thermal cycle, and the precipitation phase is heated and precipitated. At the same time, this area was subjected to a small mechanical stirring effect, so the precipitated phase could not be broken to make it more evenly distributed, and the precipitated phase was segregated and aggregated, resulting in the mechanical properties of this part decreasing. At the same time, due to the characteristics of FSW, the cross-section of the weld was V-shaped, and the weak area of the joint was also V-shaped, resulting in 45° cracking in the tensile process.



Table 4 shows the tensile properties of 2024 aluminum alloy joints welded with different shapes of tool pins. It can be seen that the strength of the welded joints of the three tool pins was above 80% of the BM. The maximum strength of the weld joint when using tool pin C was 364.87 MPa, up to 86.73% of the BM. The lowest strength of the weld joint when using tool pin A was 80.44% of the BM. It can be seen from the above test results that the tensile strength of the welded joint obtained under the welding condition of tool pin C was the highest. This is because, from tool A to tool C, the surface area of the pin in contact with the workpiece gradually decreased, and the heat generated by metal friction in the welding process gradually decreased, which led to temperature decreases in the TMAZ affected by the welding thermal, making the second phase particles in the joint less dissolved. It is well known that the more dissolved particles are in the second phase, the weaker the strength of the joint. Correspondingly, the less dissolved particles of the second phase are, the stronger the strength of the joint.




3.7. Fracture Morphology of the Joint


Observing the fracture morphology of the joints formed by the tool pins of different shape, it was found that the fracture positions of all joints were located at the TMAZ on the AS. Figure 11 shows the fracture morphology of the welding joints, from which it can be seen see that there are different sizes of dimples, and the walls of the dimples are smooth, which is a typical plastic fracture. At the bottom of each dimple, there is a second-phase particle. The second-phase particles of larger particles form a larger dimple, and the very fine, dispersed second-phase particles form an isometric small dimple. Since the second-phase particles and the matrix have different bonding strengths, it is easy to form a crack core along the boundary of the second-phase particles during plasticization. Under the effect of stress, the crack core gradually grows, and as the plastic deformation increases, the connection area gradually thins until final fracture. Figure 11a–c shows the fracture morphology of the joints formed by the welding of the three tool pins, all of which are equiaxed dimples, and the depth of the dimples also gradually increases, which is consistent with increase in elongation after fracture.





4. Conclusions


This paper investigated the influence of tool shape on plastic metal flow, microstructure and properties of friction stir welded 2024 aluminum alloy joints. The conclusions are summarized below:




	
The temperature at the edge of weld has a linear relationship with the distance from the measuring point to the heat source (weld). The temperature peak of the joint welded by three different pins is related to the contact surface area of the workpiece.



	
The metal in WNZ mainly comes from the base metal of advancing side. The thread is the driving force of the downward movement of FSW plastic metal. Tool pin B had the strongest ability to drive the metal downward. Tool pin C had the strongest stirring effect on metal and the smallest volume, the obstruction to metal was the least, and the fluidity of metal was the best.



	
The average grain size of the WNZ under three different tool pins (tool A, B and C) was 12~18 μm, 8~14 μm, 7~12 μm, respectively The average grain size was mainly affected by the welding peak temperature: the higher the peak temperature, the larger the grain size.



	
The maximum strength of the weld joint when using the conical cam thread tool was 364.87 MPa, up to 86.73% of the BM. The lowest strength of the weld joint was 337.85 MPa when using the conical thread tool. The fracture forms of joint were plastic fracture. The joints welded by the conical cam thread tool showed the best performance.
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Figure 1. Image of the FSW setup. 






Figure 1. Image of the FSW setup.
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Figure 2. Geometries of three kinds of tool pins: (a) actual shapes of pins, (b) conical thread, (c) conical cam thread. 
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Figure 3. Distribution of temperature measurement points. 
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Figure 4. Dimensions of tensile specimen. 
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Figure 5. Welding thermal cycle curves of different tool pins. (a) AS of tool pin A; (b) RS of tool pin A; (c) AS of tool pin B; (d) RS of tool pin B; (e) AS of tool pin C; (f) RS of tool pin C. 
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Figure 6. Macroscopic characteristics of weld cross-section flow obtained using three tool pins. (a) tool pin A; (b) tool pin B; (c) tool pin C. 
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Figure 7. Cross-sectional images of weld zone fabricated with different tool pin profiles. (a) tool pin A; (b) tool pin B; (c) tool pin C. 
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Figure 8. EBSD images and grain boundary orientation and angle distribution maps in WNZ. (a) tool pin A; (c) tool pin B; (e) tool pin C and corresponding grain boundary orientation angle distributions (b,d,f). 
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Figure 9. Micro-hardness of joints obtained by different tool pin profiles. 
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Figure 10. Fracture location diagram of tensile specimens of welded joints with different shapes of pin. (a) tool A (b) tool B (c) tool C. 
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Figure 11. Fracture morphology of FSW joints. (a) tool pin A; (b) tool pin B; (c) tool pin C. 
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Table 1. Chemical composition of 2024 aluminum alloy (mass fraction/%).






Table 1. Chemical composition of 2024 aluminum alloy (mass fraction/%).





	Cu
	Mg
	Mn
	Fe
	Si
	Zn
	Al





	3.8~4.8
	1.2~1.8
	0.3~0.9
	≤0.5
	≤0.5
	≤0.3
	Bal.










[image: Table] 





Table 2. Chemical composition of 6061 aluminum alloy (mass fraction/%).






Table 2. Chemical composition of 6061 aluminum alloy (mass fraction/%).





	Cu
	Mg
	Mn
	Fe
	Si
	Zn
	Cr
	Ti
	Al





	0.15~0.4
	0.8~1.2
	0.15
	0.7
	0.4~0.8
	0.25
	0.04~0.35
	0.15
	Bal.
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Table 3. Average microhardness values of different areas of welded joints of three different shapes of pin (HV).
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	Pin
	HAZ (RS)
	TMAZ (RS)
	WNZ
	TMAZ (AS)
	HAZ (AS)





	A
	74.2
	69.9
	83.6
	65.8
	69.3



	B
	79.8
	74.1
	86.9
	72.3
	76.1



	C
	84.2
	82.1
	93.4
	78.1
	86.9
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Table 4. Results of tensile test of joints welded by different tool pin profiles.
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Number

	
TS (MPa)

	
Average (MPa)

	
JE (%)

	
Elongation (%)

	
Average (%)

	
Fracture Location






	
A1

	
325.69

	
337.85

	
80.44

	
9.95

	
11.07

	
AS TMAZ




	
A2

	
347.08

	
11.2

	
AS TMAZ




	
A3

	
340.78

	
12.06

	
AS TMAZ




	
B1

	
340.82

	
349.10

	
83.12

	
12.64

	
13.13

	
AS TMAZ




	
B2

	
344.73

	
12.48

	
AS TMAZ




	
B3

	
361.75

	
14.27

	
AS TMAZ




	
C1

	
359.92

	
364.27

	
86.73

	
14.91

	
14.95

	
AS TMAZ




	
C2

	
362.31

	
15.23

	
AS TMAZ




	
C3

	
370.58

	
14.71

	
AS TMAZ








TS—tensile strength, JE—joint efficiency.
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