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Abstract

:

In this study, Al-Zn-Mg-Cu alloy was refill friction spot welded, and the precipitates, dislocation, recovery, and recrystallization characteristics were focused. In the stir zone (SZ), continues dynamic recrystallization occurs under the intense plastic deformation. All the original GP (II) zones and η’ precipitates dissolved into the aluminum matrix under the welding heat input, and the stable η and E precipitates remained. In the thermo-mechanically affected zone (TMAZ), high-density dislocations and subgrains boundaries can be observed. The continued dynamic recrystallization was not activated and only dynamic recovery occurs. Sub-boundaries and high-density dislocations in this zone can be observed. In this zone, the η precipitates are coarsened and dissolution is the main evolution mechanism for the GP (II) zones and η’ precipitates. In the heat-affected zone (HAZ), no dislocation was induced and all the initial precipitates were coarsened under the welding heat input. The HAZ, the TMAZ, and the SZ constitute a soft region in the refill friction stir spot welding (RFSSW) joint, and the minimum value located at the interface between the HAZ and the TMAZ.
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1. Introduction


For the Al-Zn-Mg-Cu alloys, the introduction of Zn and Mg makes the formation of MgZn2 strengthening particles in the alloys. As a result, the Al-Zn-Mg-Cu alloys has higher mechanical properties than other aluminum alloys such as Al-Si, Al-Mg, and Al-Mg-Si alloys. In recent decades, the Al-Zn-Mg-Cu alloys have been widely applied in aircraft manufacturing. They are also expected to be applied in the automobile manufacturing owing to their high specific strength. However, the resistance spot welding (RSW) which is the conventional joining technology for the car body has obvious disadvantages in joining aluminum alloys, such as high energy consumption, low mechanical property, and high welding deformation [1]. In order to realize high quality joining for aluminum alloys, a new solid-state welding technology called refill friction stir spot welding (RFSSW) is developed by Helmholtz-Zentrum Geesthacht [2]. Because the welded material is not melted in the RFSSW process, the crack and pore which are common welding defects in resistance spot welding can be avoided. The RFSSW has been approved to be a promising technology by recent studies [3,4].



The schematic for RFSSW process is shown in Figure 1. The welding tool for RFSSW consists of a pin, a sleeve, and a clamping ring (see Figure 1a). In the welding process the sleeve and pin rotate continuously and the workpiece is fixed to the back anvil by the clamping ring. At the beginning of RFSSW, the sleeve plunges downward and the pin retreats upwards simultaneously. Accordingly, the plastic material is extruded into the cavity of the sleeve (see Figure 1b). After that, the sleeve retreats upwards and the pin plunges downwards to extrude the plastic material from the cavity into the weld spot (see Figure 1c). At the end of RFSSW, a weld spot without a keyhole can be obtained and the welding tool moves away from the workpiece (see Figure 1d). The weld spot can be completely refilled, so the carrying area capability of the RFSSW is increased [5].



Up to now, most of the studies on the RFSSW of Al-Zn-Mg-Cu alloys (7xxx series aluminum alloys) were focus on the relationships among welding parameters, weld deformation, and mechanical properties of the joints [6]. For instance, Kluz et al. [7] built an adequate mathematical model between the maximum load capacity of the joint and the welding parameters for RFSSW of 7075-T6 aluminum alloy on the basis of Weierstrass’ theorem. They found that tool rotational speed had the greatest impact on the load capacity of the joints. Kubit et al. [8] conducted the RFSSW experiments on the 0.8 mm thick 7075-T6 aluminum alloy. The results indicated that a visible structural notch caused by too rapid penetration of the sleeve considerably degraded the load capacity of the joint. Shen et al. [9] stated that the nugget thickness of the RFSSW joint of 7075-T6 aluminum alloy increased with increasing welding time and plunge depth, and the welding time played a decisive role in nugget size.



The microstructures also have significant effects on the mechanical properties of the RFSSW joints of Al-Zn-Mg-Cu alloys. Only a few relative studies have been conducted. Zhao et al. [10] studied the microstructures of RFSSW joints of 7B04-T74 aluminum alloy at different tool rotation speeds. They found that the grains in the outer stir zone were equiaxed, and the grains in the inner stir zone were elongated and coarsened. They also pointed out that continuous eutectic films can be observed in the stir zone (SZ) when the tool rotation speed was relatively high, and local liquation crack can be formed when the eutectic films were gathered. This liquation crack had significant adverse effect on the tensile shear load of the RFSSW joint [5]. In addition, it has been well-demonstrated that the precipitates of η’ (MgZn2) formed by the alloying elements (Zn, Mg), and the dislocations introduced by the plastic deformation also had significant effects on the strength of the Al-Zn-Mg-Cu alloys [11]. It can be concluded that the precipitates and dislocations should also play a key role in the mechanical properties of the RFSSW joint. However few relative studies have been carried out.



In order to further reveal the microstructural characteristics of the RFSSW joint of the Al-Zn-Mg-Cu alloys, 7B04-T74 aluminum alloy were refill friction stir spot welded in this study. The precipitates, dislocation, recovery, and recrystallization characteristics which were rarely concerned before were studied using transmission electron microscopy.




2. Material and Experiment


7B04-T74 aluminum alloy sheets, which is a kind of Al-Zn-Mg-Cu alloy with 2 mm thickness, were used as the base material, whose chemical compositions are listed in Table 1. Standard T74 heat treatment process was conducted on the base material before welding. The heat treatment process can be divided into three steps: solution heat treatment (470 °C) → low temperature artificial aging (120 °C) → high temperature artificial aging (170 °C). For the Al-Zn-Mg-Cu alloy, the precipitation sequence can be summarized as: solid solution → Guinier–Preston (GP) zones → metastable η’ (MgZn2) → stable η (MgZn2) [12]. The phases that play the major strengthening effect are η’ and GP zones [11]. The GP zones serve as nuclei for η’, and they can be categorized as solute-rich clusters GP (I) and vacancy-rich solute clusters GP(II) zones [13,14].



The welding specimens, comprising two 80 mm × 30 mm sheets with an overlap area of 30 mm × 50 mm, were welded at the center of the overlap area. The configuration of the joint is shown in Figure 2a. The welding tool consisted of a 14.5 mm diameter clamping ring, an 8.9 mm diameter threaded sleeve, and a 5.2 mm diameter pin. The employed tool rotation speed, sleeve motion speed, and sleeve plunge depth were 1500 rpm, 1 mm/s, and 3 mm respectively. This set of parameters had been proved to be optimized by the present authors [10]. Previous study conducted by the present authors indicated that a part of plastic material would overflow out from the welding region in the RFSSW process, the left material was not enough to refill the welding spot. A surface indentation with 0.15 mm depth was an effective method to compress the left material and offset the material loss [15]. As a result, a surface indentation with 0.15 mm depth was applied in this study. Accordingly, the total welding time was 5.85 s.



After welding, metallographic sample was cut using an electrical-discharge cutting machine, and then it was sanded and polished. The final surfaces of the metallographic samples should be guaranteed through the center line of spot welded joint. After that, the metallographic samples were etched with Keller’s reagent, and metallographic analyses were carried out by optical microscopy (OM, Olympus-MPG3, Olympus, Tokyo, Japan). Transmission electron microscopy (TEM PHILIPS CM12, Philips, Amsterdam, The Netherlands) was used to detect the precipitates and substructures characteristics. The foil disk specimens for TEM were cut from the different zones of the RFSSW joint. The locations of the TEM specimens are shown in Figure 2a,b. The electron transparent thin sections were prepared through double jet electro-polishing using a solution of 30% nitric acid in methanol (18 V and −35 °C).




3. Results and Discussions


3.1. Microstructural Characteristics


In order to study the microstructural characteristics in different zones of the RFSSW joint in detail, the RFSSW joint was divided into four microstructure zones, i.e., base material zone (BMZ), stir zone (SZ), thermo-mechanically affected zone (TMAZ), and heat-affected zone (HAZ), according to the previous studies on FSSW [16,17,18,19]. The different zones are marked in Figure 3.



3.1.1. Base Material Zone


The microstructural characteristics of the BMZ are shown in Figure 4. No dislocations can be detected in this zone though the base material experienced rolling process. As shown in Figure 4a, rod like precipitates with average 130 nm length can be observed along the grain boundaries, and these precipitates are incoherent with the matrix. Referencing to the previous studies [11,13,20], these precipitates should be stable η precipitates. In addition, precipitate free zone (PFZ) with the width of approximately 30 nm can be also observed near the grain boundaries. Three kinds of precipitates can be observed within the grains as shown in Figure 4b. They are spherical like precipitates with average diameter of 10 nm, plate like precipitates with average length of 30 nm, and rod like precipitates whose average length are 120 nm. In order to identify the precipitates, selected area diffraction patterns (SAED) along [001]Al and [111]Al were performed, as shown in Figure 4c,d. Referring to the previous TEM works conducted by Su et al. [11] and Stiller et al. [21], it can be concluded that GP (II) zones, η’ and η precipitates exist in the grains, but no GP (I) zones exist. Feng et al. [22] pointed out that the GP (II) zones, η’ and η are spherical, plate, and rod like respectively. According to their results, the different precipitates in the BMZ can be distinguished, as shown in see in Figure 4b.




3.1.2. Stir Zone


The SZ is stirred directly in the RFSSW process, so this zone experiences the most intense welding heat input and plastic deformation. As shown in Figure 5, the dislocations and recover structures can be observed in the fine recrystallization grains by TEM. Su et al. [11] attributed these characteristics to the further plastic deformation after recrystallization. It should be noted that the different stages of continued dynamic recrystallization (CDRX) process can be observed in the SZ. In the stage shown in Figure 5a, the dislocations induced by the intense plastic deformation are dispersedly distributed in the grain. With the increasing plastic deformation, the dislocations tangles together and the dislocation cells are formed, as shown in Figure 5b. After that, the dislocations in the cell are absorbed by the cell wall. As a result, the dislocation density is higher in the cell wall than that in the cell inner. The dislocations can glide and climb at high welding temperature, this leads high temperature recovery i.e., grain polygonization to occur. In the grain polygonization process, the dislocations arrange more regularly. Therefore, dislocation walls with low energy reticular dislocation structure are formed, as shown in Figure 5c. In addition, it can be seen that the dislocations migrate into the dislocation wall in order to harmonize the increasing plastic deformation. With the further recovery, the dislocation density in the dislocation walls decreases and the subgrains boundaries are formed. This shows that the grains consisting of some subgrains are formed, as shown in Figure 5d. After that, in order to harmonize the plastic deformation of the adjacent subgrains, the subgrains boundaries sequentially absorb the dislocations. Meanwhile, the subgrains rotate, until the low-angle boundaries turn into the high-angle boundaries. It can be concluded that, CDRX should occur during RFSSW.



The precipitates are shown in Figure 6. After welding, the stable η particles with typical rod shape can be observed in the SZ, as shown in Figure 6a. The results of SAED along [001]Al and [111]Al show that there are nearly no η’ precipitates or GP zones in the SZ (see Figure 6b,c). This indicates that nearly all the η’ precipitates or GP zones are dissolved into the matrix under the high welding heat input, and only the large η particles are remained. It is worth noting that the η particles obviously distribute along the dislocations and subgrains boundaries. This indicates that the remained η particles can hinder the migration of the dislocations and subgrains boundaries, and then inhibit the growth of the recrystallization grains. In addition, some spherical like particles can be also observed along the dislocation. In order to determine the spherical like particles, energy dispersive spectroscopy (EDS) analysis was conducted, as shown in Figure 6d. The result shows that Cr element is enriched in the spherical like particles. This is a typical characteristic of E phase (Mg3Cr2Al18) in the Al-Zn-Mg-Cu alloys [22]. It can be seen that the E phase particles can also pin dislocations and subgrains boundaries.




3.1.3. Thermo-Mechanically Affected Zone


The TMAZ is not directly stirred by the welding tool, so the plastic deformation and corresponding strain are moderate. As shown in Figure 7a, dislocations with high density and some sub-boundaries can be observed in the TMAZ, but no equiaxed recrystallized grains can be detected. That is to say, in the TMAZ only dynamic recovery occurred, and the CDRX is not activated. For the dynamic recrystallization of aluminum alloys, the critical condition can be determined by Sellars model [23]:


εc = a1εp



(1)
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where εc is the critical strain of dynamic recrystallization, εp is the peak strain, Q1 is thermal deformation activity energy,    ε ·    is strain rate, R is gas constant, T is absolute temperature, a1, a2 and m are constant. The welding temperature in the TMAZ is low, and this leads to relatively high critical strain for dynamic recrystallization. As a result, the moderate strain in the TMAZ is not sufficient to activate the CDRX process.



After welding, spherical precipitates with average diameter of 30 nm, plate-like precipitates with average length of 95 nm, and rod-like precipitates with average length of 220 nm can be observed in the TMAZ (see Figure 7b). According to the results of SAED along [001]Al and [111]Al (see Figure 7c,d), they should be GP (II) zones, η’ and η phases respectively. Compared with the BMZ, the sizes of all the precipitates are larger and the precipitate density is smaller in the TMAZ. Fuller et al. [13] pointed out that the dissolution temperatures of the GP (II) zones, η’ and η precipitates were about 150 °C and 200 °C and higher than 300 °C respectively. The precipitation temperatures of the η precipitates was about 250 °C. According to the study conducted by Zhao et al. [24], the peak temperature in the TMAZ in the RFSSW process of 7B04-T74 aluminum was about 370 °C. It can be concluded that dissolution is the main evolution mechanism for the GP (II) zones and η’ precipitates, and coarsen is the main evolution mechanism for η precipitates.




3.1.4. Heat-Affected Zone


The HAZ only experiences welding thermal cycle without plastic deformation. Thus, no dislocation can be detected in this zone (see Figure 8a,b). According to the results of SAED as shown in Figure 8c,d, the precipitates in the TMAZ can be defined as the GP (II) zones, η’ and η phases. The average sizes of these precipitates are 18 nm, 45 nm and 160 nm respectively. In addition, 70 nm width PFZ can be also observed. All the sizes of the precipitates and PFZ in the HAZ are increased compared with the BMZ. This is a typical characteristic of overaging of aluminum alloy caused by the welding heat input.





3.2. Microhardness Distribution


For the Al-Zn-Mg-Cu alloys, the precipitation strengthening is the major strengthening mechanism. The small GP (II) zones and the η’ precipitates which are respectively coherent and semi-coherent with the aluminum matrix play the dominant strengthening effects. The large η phases that are non-coherent with the aluminum matrix have little effect on the strength of the aluminum alloys [22,25,26,27]. Besides the precipitation strengthening, the solution strengthening, fine grain strengthening, and dislocations strengthening mechanisms also make moderate contributions to the strength of the aluminum alloys [28,29,30]. Figure 9 shows the hardness distribution along the mid-thickness line of upper sheet on the cross-section of the RFSSW joint. Comparing with the BMZ whose hardness is about 175 Hv, the HAZ, the TMAZ, and the SZ constitute a soft region in the RFSSW joint. It can be seen that the soften region for RFSSW should be more narrow than that of the other fusion welding techniques [31,32]. In the HAZ, the precipitates are coarsened under the welding heat, so their strengthening effect is weakened. As a result, the hardness in this zone are lower than that in the BMZ. The hardness value consistently decreases from the BMZ to the minimum value at the HAZ/TMAZ interface, because the welding heat is higher near the weld center. In the TMAZ, although the main strengthening precipitates are coarsened and partially dissoluted, the dislocations introduced by the plastic deformation begin to contribute to the material strength. As a result, the hardness in the TMAZ constantly increases from the HAZ/TMAZ interface to the TMAZ/SZ interface. In the SZ, all the strengthening phases i.e., GP(II) zones and η’ precipitates are dissolved, therefore the precipitation strengthening effect in the SZ is poor. Nevertheless, the solid solubility and the dislocation density are relatively high, and the grains are fine in this zone, As a result, the hardness of the SZ is higher than that in the HAZ and TMAZ. In addition, because of the asymmetric heat emission condition of the lap configuration of the RFSSW joint, the distribution curve of the hardness presents asymmetric “W” shape.





4. Conclusions


In this study, 7B04-T74 aluminum was friction spot welded. The precipitates, dislocation, recovery, and recrystallization characteristics were studied. The conclusions of significance are drawn as follows:




	
In the SZ, CDRX occurs under the intense plastic deformation. All the original GP (II) zones and η’ precipitates dissolved into the aluminum matrix under the welding heat input, and the stable η and E precipitates are remained. The η and E precipitates can inhibit the dislocation migration and grains growth.



	
In the TMAZ, high-density dislocations and subgrains boundaries can be observed. The CDRX was not activated and only dynamic recovery occurs. Sub-boundaries and high-density dislocations in this zone can be observed. In this zone, the η precipitates are coarsened and dissolution is the main evolution mechanism for the GP (II) zones and η’ precipitates.



	
In the HAZ, no dislocation was induced and all the initial precipitates were coarsened under the welding heat input.



	
The HAZ, the TMAZ, and the SZ constitute a soft region in the RFSSW joint. The distribution curve of the hardness values presented an asymmetric “W” shape, and the minimum value located at the interface between the HAZ and the TMAZ.”
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Figure 1. Schematic of refill friction stir spot welding (RFSSW): (a) clamping stage, (b) plunging stage, (c) retreating stage, and (d) finishing stage. 
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Figure 2. Schematic of specimen configuration and TEM specimens locations: (a) joint configuration and (b) joint cross-section. 
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Figure 3. Cross-section of the RFSSW joint. 
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Figure 4. Precipitates characteristics in base material zone (BMZ): (a) precipitates and precipitate free zone (PFZ), (b) magnification of grain inner, (c) diffraction pattern along [001]Al, and (d) diffraction pattern along [111]Al. 
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Figure 5. Dislocations and recover structures in the stir zone (SZ): (a) dislocation multiplication, (b) dislocation cells, (c) dislocation wall, and (d) sub-boundaries. 
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Figure 6. Precipitates characteristics and EDS results in SZ: (a) precipitates characteristics, (b) diffraction pattern along [001]Al, (c) diffraction pattern along [111]Al and (d) EDS result of spherical precipitates. 
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Figure 7. Dislocations and precipitates characteristics in thermo-mechanically affected zone (TMAZ): (a) distributions, (b) precipitates (c) diffraction pattern along [001]Al, and (d) diffraction pattern along [111]Al. 
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Figure 8. Precipitates characteristics in heat-affected zone (HAZ): (a) PFZ and precipitates characteristics, (b) magnification of grain inner (c) diffraction pattern along [001]Al, (d) diffraction pattern along [111]Al. 
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Figure 9. Hardness distribution along the mid-thickness line of upper sheet on the cross-section of the RFSSW joint. 
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Table 1. Chemical compositions of 7B04-T74 aluminum alloy.
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Chemical Compositions, wt.%




	
Zn

	
Mg

	
Cu

	
Mn

	
Fe

	
Cr

	
Si

	
Ni

	
Ti

	
Al






	
5.86

	
2.51

	
1.62

	
0.34

	
0.18

	
0.15

	
0.07

	
0.05

	
0.03

	
Bal.
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