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Abstract

:

In this work, three types of probeless tools (archimedes, involute, and concave tools) were designed. A 7075-T651 sheet of 1.0 mm thickness was welded using the designed probeless tools. It was found that the stir zone and hook defect varied a lot for different joints. Plunge depth was the dominant process parameter for joint property. The joint’s maximum failure load (5.73 kN) was obtained with the concave tool when the target plunge depth was 0.55 mm. Two typical joint fracture modes (shear fracture and plug fracture) were found using three designed tools with different plunge depths, rotation speeds, and dwell times. Shoulder geometry presented little influence on heat generation. Compared with involute grooves, archimedes grooves showed to be more effective on the material flow. The properties of the joints with the archimedes tool were more sensitive to welding parameters. Compared with the flat tool, the concave tool decreased the escape of plasticized material, improved the forge force, and optimized the metallurgical bond at the interface.
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1. Introduction


High-strength aluminum alloys are increasingly applied in the transportation and aerospace industries for their high specific strength character. The developments of spot joining techniques for aluminum alloys have thus grown in importance. However, conventional fusion welding technologies have shown considerable defects in welding operations of aluminum alloys [1,2,3,4]. Therefore, a solid-state bonding method, called friction stir spot welding (FSSW), has emerged as a new technique for welding aluminum alloys [5,6]. FSSW is a variant of friction stir welding (FSW), which is particularly suitable for lap joining of lightweight alloy sheets [7]. This process involves the plunge, dwell, and retract stages [8]. Liu et al. [9] emphasized that a keyhole that seriously deteriorates joint performance is left at the center of the joints after the processing. Several variants of FSSW have been applied for eliminating the keyhole defect, such as refill friction stir spot welding (RFSSW) and probeless friction stir spot welding (P-FSSW). Boldsaikhan et al. [10] pointed out that RFSSW is a derivative of FSSW, which does not leave a keyhole in the specimen. Uematsu et al. [11] compared the specimens of FSSW with a keyhole and a refilled one, and confirmed that the failure load is enhanced by refilling the probe hole. On the other hand, Li et al. [12] noted that the equipment for RFSSW is so complex that it is difficult to implement this technology in a wide application.



Subsequently, a greatly simplified welding technique named P-FSSW was proposed by Bakavos [13]. In their studies, optimum joints were produced using a short probe or a probeless tool. Bakavos et al. [14] confirmed that the material flow pattern during the welding was severely influenced by the characteristic of the tool surface. Tozaki et al. [15] used a scroll tool for the FSSW process, and high joint performance was obtained. This research also confirmed that the scroll grooves on the shoulder surface played an important role in material interactions, and plunge depth was the dominant processing parameter.



Although P-FSSW could decrease the disadvantages of a keyhole, there are still some barriers to the widespread implementation in the manufacturing industry, including hook defect and the capability limitation of welding thick plates [16]. Innovative methods, changing of welding parameters, and optimization of tool geometries are mainly used to improve the joints’ properties. Li et al. [17] proposed FSSW plus subsequent friction stir welding (FSSW-FSW) to eliminate hook defect. Chiou et al. [18] proposed a probeless embedded tool to increase the friction coefficient and enhance heat generation during the welding process. Li et al. [12] employed an involute grooves tool for P-FSSW and investigated the effects of processing parameters on joint mechanical properties, microstructure, and morphology evolution. Liu et al. [19] found that the failure strength and surface quality of the joints welded by a six-groove tool were significantly improved. This study also suggested that grooves should not be too large or too far from the center of the shoulder. Xu et al. [20] found that the tool with a concave shape could assist the stirring of the material and accumulation and improve failure strength. So far, many research studies have been done to illustrate the effects of welding conditions on joint properties. However, studies about material interactions in joints welded with different tools are not sufficient. Further investigation is necessary to understand the mechanism of shoulder geometries during the P-FSSW process.



In this study, three types of new probeless tools were designed for welding, which were two flat tools with archimedes grooves and involute grooves and one concave tool with involute grooves. By using these tools, the P-FSSW processes were conducted on sheets of 7075-T651 alloy. The heat generation and material flow were experimentally studied. Subsequently, the microstructures and mechanical properties (failure strength, hardness) were evaluated. Based on the experimental results, the influences and mechanisms of shoulder geometry were discussed and revealed.




2. Experiment


The material welded in the research was a 7075-T651 aluminum alloy sheet with a thickness of 1 mm. The failure strength and elongation were 572 MPa and 11%. The material chemical compositions are listed in Table 1.



Three probeless tools employed for lap welding in this experiment are presented in Figure 1. These tools were manufactured with H13 tool steel, and the shoulder diameter was 12 mm. Figure 1a shows a flat tool with archimedes grooves on the shoulder, named archimedes tool. Figure 1b shows an involute tool with a flat shoulder and involute grooves. Figure 1c presents a concave tool with involute grooves on the shoulder. All of the grooves have a diameter of 1 mm, and the distance between the center of the shoulder and the end of the grooves is 1.4 mm.



The experiments were conducted with a milling machine (BYJC Inc., Beijing, China), and the P-FSSW process was operated in the displacement control. A conventional steel anvil was used for welding. Acetone was used to clean the sheets before the welding processing. The influences of rotation speed, target plunge depth, and dwell time were investigated. The parameters of the P-FSSW process are shown in Table 2. The downward force was measured with a dynamometer system (Excon Technology Inc., Hangzhou, China). Temperature and material flow were also studied experimentally. As schematized in Figure 2, a K-type thermocouple was put into a blind hole (8 mm from the center) to record the temperature. Tungsten powders (diameter of 0.05 mm) were used to mark the flow track of the plasticized material. Four blind holes filled with tungsten powders were located at 1.4 mm from the center of the joints, so these marking powders could spread efficiently with the plasticized material flowing from the grooves.



Metallographs were obtained with optical microscopy (OM, KEYENCE (CHINA) CO., LTD, Shanghai, China). The specimens for observation were sectioned through the center of the joints, and then grounded, polished, and etched by Keller’s reagent (2 mL HF, 3 mL HCl, 5 mL HNO3, 190 mL H2O). Vickers microhardness in the cross section of the joint was measured at a load of 200 g for 10 s with a step size of 0.5 mm. In addition, a scanning electron microscope (SEM, FEI Nova NanoSEM 450, Oxford Instruments, Oxford, UK) and an energy dispersive X-ray spectrometer (EDS, OXFORD X-MaxN50, Oxford Instruments, Oxford, UK) were used to study the material flow.



Tensile–shear tests were conducted using the MTS E45.105 tester (MTS Industrial Systems (China) CO., LTD, Shenzhen, China) with a speed of 2 mm/min to test the joint mechanical performance. The dimensions of the tensile–shear sample are shown in Figure 3. The failure strength for each condition was obtained according to the mean value of three tests. Subsequently, the fracture surfaces were analyzed with the scanning electron microscope (SEM, FEI Nova NanoSEM 450).




3. Results and Discussions


3.1. Temperature during Processing


To investigate heat generation during P-FSSW, the rotational speed (1100 rpm), dwell time (9 s), and plunge rate (20 mm/min) were set constant for the three tools. It is worth noting that under the displacement control, the downward force was proportional to the plunge depth, as shown in Figure 4a. Therefore, it was feasible to obtain a similar downward force (the maximum downward force was 11 ± 0.2 kN) by setting a plunge depth during the P-FSSW process. The temperature variations during the processing are presented in Figure 4b. It was found that the peak temperature of the concave tool came later than the others. This phenomenon is attributed to incomplete tool–workpiece contact during the plunge stage, which was caused by the concave shoulder shape. The peak values and the temperature curves were found to be very close. This indicates that the features of the shoulders presented little effect on heat generation.




3.2. Material Flow


To better understand the formation of a joint during P-FSSW, the material flow was investigated by controlling the downward force at a similar value. Figure 5a–c reveals the distributions of the marking material (tungsten powders) in three typical joints welded at a rotation speed of 1100 rpm and dwell time of 9 s. The rectangles with dotted red lines present the initial positions of the tungsten powders. Figure 5d,e is a SEM image and EDS spectra obtained from region A of Figure 5a. The spectra proved that the dark lines in these pictures consist of tungsten powders. It can be seen that the tungsten powders dispersed along the boundary of the stir zone, which reveals the track of the materials, and indicates the causal link between material flow and the formation of a microstructure. Moreover, the powders in the joint welded by the archimedes tool presented a uniform distribution. On the other hand, in the joints produced by the other two tools, the powders were more concentrated. It can be concluded that the archimedes grooves are more effective in promoting material flow.



As Tozaki et al. [15] and Li et al. [12] presented, the friction heat softened the material beneath the shoulder. Driven by the friction force, the plasticized material would rotate and move radially toward the center of the shoulder. Subsequently, the material gathered at the center and then moved downward under the effect of the shoulder. Research studies carried out by Liu et al. [19] and Yang et al. [21] proved that the grooves greatly promoted the material flow. The plasticized materials flowed into the groove continuously due to the drive of the rotating tool, and then moved toward the end of the groove under the constraint of the groove wall. With the accumulation of plasticized materials, a relatively higher pressure was formed, and then the softened material was pushed downward. The base material far away from the heat source could not be sufficiently softened due to the existence of temperature gradients, and a restrictive space was built. Under the effects of the shoulder, grooves, and base materials, the plasticized material flowed circularly, as schematized in Figure 6.




3.3. Microstructure


Typical cross sections of P-FSSW joints are shown in Figure 7. All of these joints were welded at a rotational speed of 1100 rpm and dwell time of 9 s. To obtain a similar downward force, the joints of the archimedes tool (Figure 7a) and involute tool (Figure 7b) were welded at a plunge depth of 0.3 mm, and the joint of the concave tool (Figure 7c) was welded at a plunge depth of 0.4 mm. A typical “basin shape” could be found from all of these joints. Figure 7d,f presents an enlarged drawing of regions A, B, and C in Figure 7c. These three distinct regions are defined as the stir zone (SZ), the thermal mechanically affected zone (TMAZ), and the heat-affected zone (HAZ). The SZ featured fine equiaxed grains. The very small grain structures were ascribed to the dynamic recrystallization caused by severe plastic deformation and high temperature. The TMAZ adjacent to the SZ was characterized by elongated, deformed, and bended grains, which were formed by thermal–mechanical deformation and partial recrystallization [22]. The HAZ went through the effects of the thermal cycle during the welding process and exhibited coarse grains [23].



It was easy to find that the boundary profile of the SZ was similar to the distribution of the marking powders shown in Figure 5, which indicates the relationship between material flow and the formation of SZ. In the stir zone, the material flowed and underwent severe thermal–mechanical interactions. The material adjacent to the SZ was heated, deformed, and recrystallized with the collisions of the heat material in the SZ, which enlarged the SZ continuously [24]. The more intense the heat material flowed, the larger the SZ was. Furthermore, the microstructures, such as the SZ and hook defects, of different joints varied a lot. As presented in Figure 7a–c, all the SZs were divided into two symmetrical sections, and the distances between the two separate parts were named da, di, and dc (da < dc < di). For the archimedes grooves, this greatly facilitated the flow of the materials, which formed the largest SZ and the smallest da. For the flat shoulder with involute grooves, this was less dominant to the material flow, which caused the smallest SZ and the largest di. Although with same involute grooves, the concave tool reduced the material outflow and improved the pressure and thermal conditions, which developed the SZ and narrowed dc. It should be noted that partial bonding appeared in region D (Figure 7c), suggesting insufficient local compress effect. It may be affected by the concave shoulder, which changed the direction of the material flow in the joint center and weakened the local interactions between the SZ and TMAZ.



The characteristics of the hook defects in the different joints varied a lot. The hook defect was a partial metallurgical bond, which severely reduced the joints’ strength [25]. The plasticized materials of the lower sheet flew outward and upward to the upper sheet due to the push of the downward material at the center. Owing to the effects of this metallic material flow, the interface bended upward, and the hook defect with an inverted “V” shape was formed. This study used hook height and hook angle as the measurements of hook defect. As the schematic in Figure 6 shows, the hook height is described as the distance from the original interface to the top of the hook, and the hook angle is the angle of the “V” shape [23,26]. The surface characteristics of the shoulders and the welding parameters were dominant to the hook defect. As illustrated in Figure 8, for the archimedes tool, the hook height increased rapidly with the rise of the downward force, while the hook angle decreased quickly. However, both hook height and hook angle of the joints welded using involute and concave tools were slightly affected by the axial force.




3.4. Mechanical Properties


3.4.1. Tensile–Shear Testing and Fracture Mechanism


Figure 9 presents the experimental failure strength of the welds with different tools and different welding parameters. It is clear that the failure load was greatly influenced by the plunge depth. Figure 9a shows the curves of the failure load with plunge depth. For the joints welded with the archimedes tool, the tensile–shear strength increased to maximum at a target plunge depth of 0.3 mm, and then showed a great decline. For the joints welded using the involute tool and concave tool, the failure load increased steadily with the plunge depth. Figure 9b presents the relationship between failure load and dwell time, and Figure 9c presents the influence of rotation speed on failure load. For the archimedes tool, the failure strength of the joints decreased with the rotation speed and dwell time. However, for the involute tool, both the dwell time and rotation speed showed slight influences on the lap shear strength. Moreover, for the tool with a concave shoulder, the dwell time and rotational speed presented considerable influences on the joints’ strength.



In order to figure out the effects of the shoulder shapes clearly, the relationship between failure strength and downward force at a constant rotation speed (1100 rpm) and dwell time (9 s) is shown in Figure 9d. The strongest joints with a tensile–shear strength of 5.73 kN was obtained with a concave tool at a downward force of 11.18 kN (plunge depth of 0.55 mm). Based on the results shown in Figure 9, the failure strength of the P-FSSWed joint with the archimedes tool was sensitive to welding parameters. In welding with a plunge depth smaller than 0.3 mm or rotational speed lower than 1100 rpm, the archimedes tool presented a better joint strength.



For the joints welded with different tools, two fracture modes (shear fracture and plug fracture) were found for lap shear testing, as shown in Figure 10. Figure 10a presents shear fracture mode in which two plates were sheared off along the interface of both plates. Figure 10b presents plug fracture mode that was caused by the thickness reduction of the joints. The plug fracture occurred along the extension of the hook outside edge, and the SZ was completely left on the bottom sheet. Research studies have confirmed that plug fracture is detrimental to joint strength [12,15,27]. At the parameters of a rotation speed of 1100 rpm and dwell time of 9 s, for the archimedes tool, when the plunge depth was greater than 0.3 mm, the joints were broken in the form of a plug fracture. The plug fracture led to the decrease of joint strength, as shown in Figure 9a. In the case of the involute tool, shear fracture was observed when the plunge depth was lower than 0.50 mm. For the concave tool, the plug fracture of the joint was observed when the target plunge depth exceeded 0.55 mm. Increase of plunge depth led to better interaction of the welded materials. For the concave tool, joint strength increased with aplunge depth of about 0.55 mm.



Typical fractographs of the joints are shown in Table 3. The shear fracture surface of the joint welded by the archimedes tool presented a large number of elongated dimples and obvious tearing edges, indicating better bonding between the top and bottom sheets. Dense dimples and tearing edges could also be found on the shear fracture surface welded by the involute tool. For the joint welded by the concave tool, the center of the fracture surface presented large dimples and long tearing edges extending along the shear direction, indicating poor metallurgical bonding of the interface. Additionally, this fracture feature agreed well with the partial bonding at the D region shown in Figure 7c. This was mainly caused by the insufficient stirring effects at the joint center. In addition, the second-phase particles could be observed at the base of the dimples; these particles were considered the source of the dimples. The plug fracture surface in Table 3 was produced by the archimedes tool. This plug fracture surface was mainly composed of flat cleavage surfaces, indicating weak bonding at the outer edge of the hook.




3.4.2. Microhardness


Figure 11 presents the Vickers microhardness profiles of the joints welded with different tools. The microhardness values were detected in the middle of the top sheets. These joints were welded at same rotation speed (1100 rpm) and dwell time (9 s), and the maximums of the downward force were controlled at about 11 kN. The curves of the hardness distribution showed a symmetrical “W” shape, and the microhardness distribution indicated that the microstructure of the joint was inhomogeneous. A maximum hardness of 165 HV was found in the Base metal (BM). The hardness value decreased to 120 HV in the HAZ. The change of grain size and evolution of strengthening precipitates contributed to the differences of hardness in different regions [22,28,29]. The peak temperature in the HAZ (as shown in Figure 4) approached 340 °C, which caused grain coarsening, complete dissolution of fine particles, and partial dissolution of larger precipitates. Then the further growth of larger particles appeared during the cooling stage [30]. The reduction of hardness in the HAZ was attributed to the comprehensive effects of grain coarsening and overaging [31,32]. The hardness in the SZ (140–150 HV) was lower than that of the BM and higher than that of the HAZ, which was caused by the comprehensive influence of grain refinement, precipitate dissolution during welding stage, and reprecipitation of η particles (MgZn2) during the cooling stage [33]. In addition, for the joints welded with three different tools, there was little microhardness difference in the HAZ. This was attributed to the similar temperature evolution of the three tools during the welding process, as shown in Figure 4.





3.5. Shoulder Geometries’ Influences on Microstructures and Properties


Figure 9d shows that the joint welded with the concave tool presented superior tensile–shear strength, while the performance of the joint welded using the archimedes tool showed a decline when the axial force was larger than 8.73 kN. The rapid development of the hook defect was the reason for the performance decline when the joint was welded by the archimedes tool. Research carried out by Li et al. [12] illustrated that the developments of hook height and hook angle were detrimental to the joints’ properties. As shown in Figure 8, compared with the joints welded with the other tools, the joints welded by the archimedes tool presented larger hook height and smaller hook angle. With the increase of plunge depth, the hook height increased inevitably, thus seriously limiting the further enhancement of tensile–shear strength. Figure 5 reveals that the archimedes grooves presented the most significant promoting effects on the material flow This was the primary cause of the most serious hook defect produced by the archimedes tool.



Figure 9d presents the advantage of the concave tool to produce high-strength joints. Inconsistent with this results, the concave tool caused larger hook height and smaller hook angle (shown in Figure 8), which tended to decrease the joints’ strength. Besides, the concave shoulder presented few advantages over the flat shoulder in heat generation, as shown in Figure 4. For the FSSW process, it was accepted that the insufficient disruption of oxide film contributed to the formation of different bond characteristics. The presence of interfacial oxide diminished the strength of the FSSWed joints [34]. When the welded joint was subjected to external loading, crack would initially occur along the hook and then propagate following the oxide layer. Bakavos [13] classified the faying surface into kissing bond, partial metallurgical bond, and full metallurgical bond and proposed that the strongest joints are obtained with the greatest proportion of full metallurgical bond.



Figure 12 presents the cross sections and the interfacial bonding of the joints with different tools under the same rotation speed (1100 rpm), dwell time (9 s), and downward force (11 ± 0.2 kN). A considerable difference between the interfacial metallurgical bond was found at the hook region after etching. The unbonded region, kissing-bonded region, and partial metallurgical bonded region existed in sequence from the periphery of the joint to the inside of the hook. Figure 12a shows the joint welded by the concave tool; a typical kissing bond existed at the outside of the hook, as shown in Figure 12a1. Next to this region was the partial metallurgical bonded region (Figure 12a2), where intermittent voids and discontinuous oxide particles occurred. On the inside of the hook (Figure 12a3), the initial layered surface oxide was broken into small particles, and the partial bonding became less prominent. All of these characteristics indicated severe plastic deformation at the regions near the hook defect. Figure 12b presents the joint welded with the involute tool. As shown in Figure 12b1, the unbonded region propagated till the top of the hook, and the interface at the top of the hook was a typical kissing bond (Figure 12b2). In addition, the original interface oxide still existed as long segments on the inside of the hook (Figure 12b3). The difference in interface characteristics between the two joints suggests the advantages of the concave tool in enhancing the mechanical effects in the area near the hook.



The mechanisms of the shoulders on the material interaction during the welding process are shown in Figure 13. Compared with the flat shoulder, the concave shoulder can change the direction of the force on the outside of the hook. The hook height would increase, and the hook angle would decrease at the push of this force. Meanwhile, the concave design reduced the escape of the plasticized material and the formation of flash, thus enhancing the forging force on the periphery of the joint [20,35]. These advantages of the concave shoulder promoted the breaking and fragmentation of the initial oxidation film and improved the metallurgical bond at the interface. It was the reason why the joints welded with the concave tool presented the optimum tensile–shear strength.





4. Conclusions


In this work, P-FSSW was conducted on 7075-T651 aluminum alloy sheets of 1 mm thickness with the self-designed tools. The influences of the processing parameters and shoulder geometry on lap shear strength were investigated. Based on these works, several conclusions were drawn:



(1) The geometry characteristics of the shoulder surface presented little influence on heat generation during the P-FSSW process, while the shoulder features, especially the grooves, showed great effects on the material flow.



(2) The microstructure characteristics of the hook defects were significantly affected by the shoulder geometry and welding parameters. When welding with a plunge depth lower than 0.3 mm or a rotational speed smaller than 1100 rpm, the archimedes tool presented higher joint strength. With the increase of the axial force, the concave tool presented advantages in producing stronger joints. Moreover, the hook defect and correlated joint strength were more sensitive to the welding parameters with the archimedes tool.



(3) The plunge depth presented the most significant effect on tensile–shear strength, followed by rotation speed and dwell time. Moreover, the optimum strength was obtained at the parameters, which led to shear fracture.



(4) The concave tool was an ideal scheme for welding 1 mm sheets of 7075-T651 aluminum alloy, and a maximum fracture load of 5.73 kN was achieved by the concave tool. The concave shoulder enhanced the forging force on the materials at the periphery of the joint and optimized the metallurgical bonding, thus increasing the tensile–shear strength.
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Figure 1. Configuration of probeless tools: (a) archimedes tool, (b) involute tool, and (c) concave tool. 
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Figure 2. Schematic of the P-FSSW process and position illustration of the blind holes. 
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Figure 3. Configuration and size of the tensile–shear specimen (in mm). 
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Figure 4. (a) Relationship of plunge depth with downward force; (b) temperature variations during the processing. 
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Figure 5. Distribution of tungsten powders in the cross sections of the joints produced by (a) the archimedes tool, (b) involute tool, (c) and concave tool and where (d) SEM image and (e) EDS spectra were obtained from region A. 
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Figure 6. Schematic illustrations of the material flow during P-FSSW with a flat tool. 
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Figure 7. Microstructures of 7075-T651 aluminum alloy joints P-FSSWed with the (a) archimedes tool, (b) involute tool, (c) concave tool in regions (d) A, (e) B, and (f) C in Figure 7c, respectively. 
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Figure 8. Effects of the downward force on (a) hook height and (b) hook angle. 
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Figure 9. Evolution of tensile–shear strength with (a) plunge depth, (b) dwell time, (c) rotation speed, (d) downward force. 
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Figure 10. Macrostructures of cross sections for two typical fracture modes: (a) shear fracture and (b) plug fracture. 
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Figure 11. Microhardness measured at the cross sections of the P-FSSW joints. 
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Figure 12. Optical micrographs of metallurgical bonding in the joints welded with the (a) concave tool and (b) involute tool. (a1–a3) were amplification of the interfacial metallurgical bond in Figure 12a. (b1–b3) were amplification of the interfacial metallurgical bond in Figure 12b. 
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Figure 13. Schematic illustrations of the interaction in the P-FSSW process with the (a) flat tool and (b) concave tool. 
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Table 1. Chemical compositions (wt%) of the used 7075-T651 alloy.
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	Alloy
	Zn
	Mg
	Cu
	Fe
	Cr
	Mn
	Si
	Ti
	Al





	7075-T651
	5.7
	2.6
	1.6
	0.33
	0.24
	0.1
	0.05
	0.03
	Bal.
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Table 2. Parameters for P-FSSW.
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	Rotation Speed (rpm)
	600, 850, 1100, 1350, 1600





	Plunge depth (mm)
	0.2, 0.25, 0.3, 0.35, 0.4, 0.45, 0.5



	Dwell time (s)
	7, 9, 11, 13



	Plunge rate (mm/min)
	20
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Table 3. Fractographs of the different facture modes in the bottom sheets.
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	Fracture Mode
	Parameters
	Fractograph





	Shear fracture
	Archimede, RS = 1100, DT = 9, PD = 0.3
	 [image: Metals 10 01605 i001]



	Shear fracture
	Involute, RS = 1100, DT = 9, PD = 0.4
	 [image: Metals 10 01605 i002]



	Shear fracture
	Concave, RS = 1100, DT = 9, PD = 0.4
	 [image: Metals 10 01605 i003]



	Plug fracture
	Archimedes, RS = 1100, DT = 9, PD = 0.4
	 [image: Metals 10 01605 i004]







RS—rotation speed (rpm), DT—dwell time (s), and PD—plunge depth (mm).
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