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Abstract

:

The present study investigates thermo-mechanical issues associated with the dissimilar friction stir welding process of AA6061 and AA5086 aluminum alloys through smoothed-particle hydrodynamics (SPH) simulation and experimental investigations. The results demonstrate that the presented model accurately predicts the thermal history during the friction stir welding process. Furthermore, both simulation and experimental data indicate that when the AA6061 alloy is located on the advancing side, the temperature profile is drawn towards the AA6061 alloy. Conversely, the temperature profile is more symmetrical when the AA6061 alloy is positioned on the retreating side. Additionally, simulation results reveal that when the AA5086 alloy is on the advancing side, the strain rate distribution between the advancing and retreating sides is nearly symmetrical. When the AA5086 alloy is placed on the advancing side, the temperature and strain rate on the advancing side are higher than on the retreating side, compared to when the AA5086 alloy is located on the retreating side.
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1. Introduction


Friction stir welding (FSW) is a versatile process used for welding similar and dissimilar metals [1]. It has many applications, especially in joining AA5xxx and AA6xxx series aluminum alloys, which have poor weldability with fusion welding processes. It is also helpful in joining AA2xxx and AA7xxx series aluminum alloys, which cannot be joined using fusion processes. In contrast to fusion processes, FSW is a solid-state welding process and thus does not produce defects caused by the solidification of the weld metal. While FSW is economically justified under conditions of high production rates, its high initial investment cost limits its application [2]. It was found that the mechanical and microstructural properties of friction stir welded samples could be a function of several variables, including welding process parameters and external boundary conditions such as rotational and welding speed, geometric parameters of the tool and the workpiece, and the initial temperature of the material.



Extensive research has been conducted on FSW due to its ability to weld dissimilar aluminum alloys to each other and non-ferrous materials to ferrous materials, such as aluminum to steel. These studies have led to the extensive development of the FSW process in the aerospace and automotive industries.



The FSW process is widely used for joining aluminum alloys in various industries, including automobiles, shipbuilding, railway, aviation, and the military [3]. Controlling welding parameters is necessary to achieve desirable properties during FSW. Welding parameters affect various factors, such as temperature distribution, weld cooling rate, weld microstructure, and residual stress distribution. This has led to an increasing tendency to analyze heat transfer and plastic deformation phenomena quantitatively [4].



Experimental studies in this field are limited to temperature measurement, microstructural studies, mechanical evaluation, and measurement of residual stress distribution [5,6]. These methods are time consuming, expensive, and cannot accurately check parameters such as strain rate and material flow. Hence, numerical modeling concepts have become more relevant and systematic in explaining the phenomena that occur during FSW and in investigating how welding parameters affect the quality of the weld. In recent years, quantitative analysis of heat transfer and plastic deformation phenomena in weld nuggets has gained popularity. This has enabled researchers to relate process conditions to the quality of the weldments and to optimize the welding process.



Theoretical models provide a powerful tool to check the physical concepts of the welding process, estimate important input parameters, and calculate the effects of changing any parameter. Thus, numerical modeling has become essential for understanding the FSW process and optimizing its parameters to achieve the desired results [7,8].



Numerical modeling has become a valuable tool in understanding and optimizing the FSW process. Over the years, numerous numerical models have been developed in this field [9,10,11]. For example, Nandan et al. [12] developed a computational fluid dynamics (CFD) model to obtain the temperature distribution and plastic flow during FSW. Similarly, Arora et al. [13] presented a method for measuring plastic strain and strain rate during FSW, based on a CFD model. Chen et al. [14] proposed a new frictional boundary condition at the tool/workpiece interface using the Coulomb friction model for CFD modeling of FSW.



Using a 3D CFD model, Shi et al. [15] quantitatively analyzed the effect of the welding parameters and tool geometry on the thermal history and tool torque in reverse dual rotation friction stir welding. Additionally, Chen et al. [16] used a CFD-based numerical simulation method to analyze the pinning effect on material flow in the FSW process. Employing a 3D transient computational fluid dynamics model, Sun and Wu [17] investigated the effect of the pin on the material flow and thermal history in FSW.



Zhang et al. [18] integrated a geometric model with a CFD model to investigate the effects of the tool tilt angle on heat and mass transfer in the FSW process. Furthermore, Yang et al. [19] developed a CFD model for the numerical simulation of heat and mass transfer and material mixing in FSW of aluminum and magnesium alloys. In another study, Yang [20] proposed a numerical method to predict heat input during FSW, to reduce the effect of heat-induced defects.



Recently, Xiao et al. [21] presented a smoothed-particle hydrodynamics (SPH) method for numerical heat transfer analysis during the FSW process. This method has shown potential for accurate and efficient numerical modeling of the FSW process.



Despite the widespread application of the FSW process in various industries, its physics remains unclear due to its complexity. Effective and reliable models can significantly help to unravel the physical processes during FSW. The development of FSW process modeling methods is still ongoing, and many studies have been conducted to provide a complete model of the process.



This research primarily aimed to provide a thermo-mechanical model for dissimilar FSW welding of AA5086 and AA6061 aluminum alloys. Accordingly, the temperature distribution and material flow in the welding process were predicted using the SPH method. The heat transfer and plastic deformation equations were simultaneously solved to accurately predict temperature distribution and material flow during welding.




2. Simulation of FSW


The SPH method was utilized to simulate the FSW process using the ABAQUS 6.12 software (Johnston, RI, USA). Meshless methods generally do not require a grid for solving problems governed by partial differential equations with various boundary conditions. In conventional mesh-based methods, large deformations can lead to the distortion of elements and a loss in desired accuracy. Re-meshing solutions have been proposed to overcome this issue, but they can only be applied to two-dimensional problems and require complex and strong mesh construction methods. Creating hexahedral elements for 3D problems presents further difficulties, prompting researchers to develop meshless methods to avoid such problems.



The SPH method is a meshless method that utilizes function approximation to discretize equations and applies a unique solution process. It has gained the attention of many researchers and has become a valuable tool in numerical simulations of various physical processes, including FSW.



Computational fluid dynamics (CFD)-based simulations are usually used to describe large material deformations and to model the mixing action. As in other Eulerian-based discretization schemes, incorporating cell quantities such as temperature-dependent viscosity, that vary by several orders of magnitude, poses a massive challenge to fluid-based simulation approaches. In addition, Eulerian-based CFD models usually produce an unrealistically large tool-influenced zone due to their inability to model the behavior of fluids with large viscosity variations.



An alternative approach to modeling complex industrial flows is using Lagrangian particle-based methods such as SPH. Despite its name (“hydrodynamics”), SPH has been extensively used in solid mechanics applications, particularly for modeling crack propagation and formation. Because of its Lagrangian particle nature, SPH has several advantages for modeling processes involving large material deformations and complex heat flows: (i) complex interface and free surface flows/deformations, including material coalescence and splitting, can be modeled without significant computational efforts; (ii) since the momentum conservation equation does not contain a non-linear term in the Lagrangian framework, SPH can provide an accurate solution for momentum-dominated flows; (iii) it is easy to implement coupled, complicated physics such as realistic equations of state, melting/solidification (near-surface overheating), heat generation resulting from viscous dissipation and latent heat generation, strain and strain rate histories, stick–slip conditions at the tool interface, fracturing, void formation, electrodynamics, chemistry, and history dependence of material properties. In addition, SPH simulations explicitly conserve mass, momentum, and energy. The moving particles not only track the interface but are also used to solve governing differential equations. Furthermore, the SPH method is manifestly Galilean invariant, because particle–particle interactions depend on relative particle positions and velocity differences. The number of particles needed in SPH simulations is determined only by the required resolution and accuracy of the numerical solutions of the macroscopic governing equations.



The two base metals were treated as non-Newtonian fluids in this study’s simulation process. The Navier–Stokes equations governing the conservation of mass, energy, and momentum can be defined as follows:


     d ρ   d t   = − ρ   ∇ · V   



(1)






     d V   d t   = −   ∇ P  ρ  +   ∇ . σ  ρ    



(2)






  ρ  c p    ∂ T   ∂ t   =  ∂  ∂ x     k   ∂ T   ∂ x     +  ∂  ∂ y     k   ∂ T   ∂ y     +  ∂  ∂ z     k   ∂ T   ∂ z     +  Q ˙   



(3)




where  ρ  represents the material’s density,    c p    represents the material’s heat capacity, k is the material’s thermal conductivity, T is the material’s temperature, t is the simulation time, and    Q ˙    is the heat generation rate per unit volume. The value of   Q ˙  . can be calculated using the following equation [22]:


   Q ˙  = η  S  ij     ε ˙  ij pl   



(4)




where η represents the fraction of plastic energy converted into heat, Sij is the shear stress tensor, and     ε ˙   i j   p l     is the plastic strain rate tensor. For this study, it was assumed that 90% of the plastic energy is converted into heat.



The governing equations were discretized using the meshless SPH method, which uses separate sets of points or particles to discretize the welded materials, welding tool, and backing plate. Boundary conditions related to the interface of the tool/workpiece, including the interface of the tool shoulder with the workpiece and the pin with the workpiece, were considered, and the heat transfer between them was calculated using the following equation [12]:


  k   ∂ T   ∂ n    ∣  S , P   =  q  s u r f      



(5)




where qsurf represents the heat produced at the interface between the tool and the workpiece. The value of qsurf can be calculated as follows:


   q  s u r f   = μ p  γ ˙   



(6)




where μ represents the friction coefficient, p stands for pressure, and   γ ˙   denotes the sliding rate.



The heat transfer coefficient between the tool shoulder and the workpiece was considered to be 10,000 W/m2 °C. Additionally, it was assumed that 100% of the frictional work is converted into heat, and 90% of the generated heat is transferred to the workpiece. One limitation of current research is the unavailability of comprehensive information about the friction coefficient. The friction coefficient in the current model is a function of the temperature, pressure, and sliding rate. The data used for these variables can be found in [23,24].



The boundary conditions on the surfaces of the tool and workpiece are considered as follows [12]:


  k   ∂ T   ∂ n    ∣ Γ  = h   T −  T 0     



(7)




where n is the normal vector on the boundary Γ and h is the convection coefficient. In the calculations, the convection coefficient is considered to be 20 W/m2 °C. For ease of modeling, the surface of the workpiece in contact with the backing plate, the contact surfaces of the workpiece with the holders, and the surface of the tool in contact with the FSW machine are assumed to have convection heat transfer, with an effective convection coefficient expressed as follows:


  k   ∂ T   ∂ n    ∣ Γ  =  h e    T −  T 0     



(8)







The study considered an effective convection coefficient of 1000 W/m2 °C while assuming an initial temperature of 20 °C for both the workpiece and tool. In order to optimize the solution time, only a portion of the workpiece was analyzed, represented by a 100 mm diameter disk, as depicted in Figure 1.



The workpieces were composed of 567,456 particles, and the physical properties of the aluminum alloys AA5086 and AA6061 were extracted from [25,26]. The workpiece deformation behavior was simulated using the Johnson–Cook equation, which is expressed as follows:


   σ y  =   1 − D     A + B   1 − D    ε P n      1 + C ln     1 − D       ε ˙  P      ε ˙  0          1 −   (    T −  T h     T s  −  T h     )  m     



(9)







The Johnson–Cook equation constant can be found in [27,28]. For the simulation, a reference strain rate (    ε ˙  0  )   of 1 s−1 was assumed. Additionally, the Johnson–Cook equation factored in the damage value (D), which was calculated using the methodology outlined in [29,30].




3. Experimental Procedure


This research utilized 4 mm thick sheets of AA5086 and AA6061 aluminum for testing. Table 1 and Table 2 present the alloys’ chemical compositions and mechanical properties. The AA5086 alloy sheets were in the annealed condition, while the AA6061 alloy sheets were in the T6 condition. The sheets were cut into 15 × 5 cm2 dimensions and welded by a cylindrical pin tool with a diameter of 5 mm and height of 3.9 mm in an FSW machine via the position control methodology. The tool was positioned at a 3° tilt angle. The welding process was conducted at a rotational speed of 900 rpm and a traverse speed of 10 and 15 cm/min. The ambient temperature during welding was 25 °C. The resulting samples were named according to Table 3. During welding, temperature measurements were taken at various positions via K-type thermocouples. The thermal history during and after FSW was also experimentally measured using K-type thermocouples of 1.5 mm diameter. The temperature history of welded samples in various regions was measured by inserting two thermocouples on the advancing side at a distance of 5 and 10 mm from the weld line and one thermocouple on the retreating side at a distance of 10 mm from the weld line, as shown in Figure 1b. After welding, the samples were cut perpendicular to the welding direction to examine the microstructure of the weld zone, and cross-sections were prepared using metallographic techniques. Poulton and Keller’s etchants were used to reveal the microstructures of the AA6061 and AA5086 sides, respectively. The residual stress of the welded samples was measured through the X-ray method. The residual stress measurements were carried out using Cr Ka radiation with the X-ray tube operating at 20 kV and a 4 mA target current. The Vickers micro-hardness test was carried out to determine the hardness profile of different joints and to characterize the hardness profile on the cross-section of the welded samples perpendicular to the weld line at 2 mm from the weld root, using a 100 gf load and a holding time of 15 s.




4. Results and Discussion


Figure 2 compares the temperature profiles of samples S1, S2, S3, and S4 after 15 s of welding. S1 and S3 were welded at a rotational speed of 900 rpm and a traverse speed of 10 cm/min. The difference between these two joints was the placement of the AA5086 and AA6061 alloys. Specifically, the AA5086 alloy was on the advancing side in S1 and the retreating side in S3. When positioned on the advancing side, the temperature profile shifted towards the AA6061 alloy. Conversely, when the AA6061 alloy was placed on the retreating side, the temperature profile became more symmetrical than in the previous state.



A similar trend was observed for samples S2 and S4. This could be due to the asymmetric nature of the FSW process and the higher thermal diffusivity of the AA6061 alloy compared to the AA5086 alloy, particularly since the thermal diffusivity of the AA6061 alloy demonstrated a greater increase with increasing temperature relative to the AA5086 alloy. By increasing the temperature from 25 to 500 °C, the thermal diffusivity of AA5086 increases from 0.531 to 0.572 cm2·s−1. Furthermore, the thermal diffusivity of AA6061 increases from 0.690 to 0.752 cm2·s−1 when the temperature is increased from 25 to 500 °C [25,26]. Figure 3 depicts the experimental measurement of the temperature profile for the welding of samples S1 and S3. This figure highlights a temperature difference of 25 °C in sample S3 between the advancing and retreating sides, compared to a temperature difference of 12 °C in sample S1 at a distance of 10 mm from the welding center line. This phenomenon confirms the temperature profile deviation towards the AA6061 alloy, as observed in the simulation. Additionally, the thermal cycle on the advancing side was wider when the AA6061 alloy was placed on the advancing side. Moreover, the thermal cycle showed a similar cooling and heating rate on both sides when the AA5086 alloy was located on the advancing side, indicating a relatively symmetrical temperature profile on these two sides. This observation confirms the simulation results (Figure 2).



Figure 4 compares the simulation and experimental temperature profiles of samples S2 and S4. The results indicate an acceptable difference between the experimental and simulation data regarding cooling and heating rates and the maximum temperature value. The average temperature difference between the simulation and experimental results was around 25 °C. Several factors may contribute to this difference, including the material properties used in the simulation, measurement error during experimentation, and simplifying assumptions made in the model.



Figure 5 displays the strain rate profile for samples S1 and S3. When the AA6061 alloy is located on the advancing side, the difference in strain rate between the advancing and retreating sides, particularly around the pin, is much greater than when the alloy is placed on the retreating side. This can be attributed to the higher temperature observed on the advancing side (as indicated by the experimental and simulation results) and the lower flow stress of the AA6061 alloy compared to the AA5086 alloy at high temperatures and strain rates [31]. It is worth noting that the material flow is smoother on the AA6061 side, resulting in a more pronounced difference in the strain rate between the two sides. In contrast, when the AA5086 alloy is located on the advancing side, the strain rate distribution between the advancing and retreating sides is almost symmetrical.



Figure 6 illustrates the microstructure of the stir zone in different samples, with grain size reported in Table 4. The microstructure in Figure 6 is related to the 1 mm distance from the weld center line at the middle thickness of the AA6061 and AA5086 sheets. In both AA5086 and AA6061, the grain size in the stir zone enlarges with increasing heat input. Furthermore, the grain size of the AA5086 alloy side is generally coarser than that of the AA6061 alloy side. It is found that when the AA5086 alloy is placed on the advancing side, the grain size is larger than when it is positioned on the retreating side. The difference in grain size between different states can be attributed to strain rate and temperature discrepancies. Specifically, when the AA6061 alloy is on the advancing side, both the strain rate and temperature are higher than in the other case. Conversely, when the AA5086 alloy is on the advancing side, the temperature and strain rate on the advancing side are higher than on the retreating side.



Based on these explanations, the difference in grain size can be explained by various mechanisms that contribute to dynamic recrystallization in the stir zone, as mentioned in the review of other studies [32,33,34]. Temperature and strain rate are two significant factors that influence recrystallization in the stir zone [35]. In addition to these factors, nanometer-sized precipitates in the AA6061 alloy in the stir zone can act as dislocation-locking factors and delay recrystallization. In contrast, the AA5086 alloy in the stir zone contains larger secondary particles (approximately 0.1 to 0.9 μm in size, see Figure 6). These particles can act as stimulation sources for recrystallization, resulting in faster recrystallization and grain growth in this alloy. The exact recrystallization mechanism during FSW in these alloys is difficult to determine. However, temperature, strain rate, and microscopic studies demonstrate that the coarser equiaxed grains on the AA5086 alloy side compared to the AA6061 alloy side can be attributed to the higher recrystallization and growth rate of the AA5086 alloy.



Figure 7 presents the longitudinal and transverse residual stress profiles of samples S1 and S2 obtained through simulation. The results reveal that residual stress has a tensile nature around the weld line, which changes to compressive away from the joint line. The asymmetric distribution of residual stress in the studied domain can be attributed to the asymmetric nature of the FSW process and the distinct properties of the AA5086 and AA6061 alloys. Increasing the traverse speed at a constant rotational speed (Samples S1 and S2) reduces the area under tensile stress. In other words, an increase in heat input per unit length of the weld increases the maximum tensile residual stress and the area it affects. Based on the welding parameters, the transverse residual stress value is approximately 40 to 60% of the longitudinal residual stress value.



Figure 8 compares the longitudinal and transverse residual stress results of sample S3 obtained from the simulation and X-ray methods. As observed, the trend of longitudinal and transverse stress changes is the same in both methods, but the results have minor differences. These differences can be attributed to factors such as the simulation domain and the input properties of the materials in the model. It is noteworthy that the model used in this study only considers a part of the workpiece and does not account for constraints throughout the entire workpiece. Despite this limitation, efforts were made to consider conditions as similar to the experimental work as possible.



Figure 9 shows the horizontal hardness profile across the joints measured at a depth of 2 mm from the root face after FSW, where the AA5086 and AA6061 base metals show Vickers hardnesses of about 62HV and 101HV, respectively. On the AA5086 side, because of recrystallization and the generation of fine grains in the weld nugget, the micro-hardness is higher than the base metal. On the other hand, the partial dissolving of precipitates and the potential for subsequent natural aging of AA606 result in complicated variations in the hardness profile of the welded samples. As shown in Figure 9, on the AA6061 side, an abrupt decrease in hardness can be observed. Partial dissolution of the hardening particles β″ and β′ occurs within the thermo-mechanically affected zone (TMAZ) and the stir zone (SZ) of AA6061 during welding owing to the imposed heat input and severe plastic deformation. However, the hardness in the above regions increases during subsequent natural aging, especially in the stir zone, where the material experiences greater plastic strains and higher temperatures.




5. Conclusions


Using smoothed-particle hydrodynamics methods to predict dissimilar FSW of AA5086 and AA6061 aluminum alloys has yielded several key findings. These include:




	(1)

	
The presented model can estimate temperature changes and residual stresses in dissimilar FSW of the AA5086 and AA6061 aluminum alloys with a maximum error of 14% and 11%, respectively.




	(2)

	
Both simulation and experimental investigations reveal that changing the position of the AA6061 aluminum alloy on the advancing or retreating side significantly affects the thermal profile. Specifically, when the AA6061 alloy is on the retreating side, the temperature profile becomes more symmetrical than its previous state.




	(3)

	
The strain rate distribution between the advancing and retreating sides is almost symmetrical when the AA5086 alloy is on the advancing side.



The strain rate results indicate that when the AA6061 alloy is on the advancing side, both the strain rate and temperature are higher than in the other case.




	(4)

	
When the AA5086 alloy is positioned on the advancing side, the maximum temperature and strain rate on the advancing side are higher than on the retreating side.




	(5)

	
Using the same welding parameters, when the AA6061 alloy is located on the advancing side, the difference in strain rate between the advancing and retreating sides is around 15–18% greater than when the alloy is placed on the retreating side.




	(6)

	
On the AA5086 side, because of recrystallization and generation of fine grains in the weld nugget, the micro-hardness is higher than the base metal. On the other hand, the partial dissolving of precipitates on the AA6061 side leads to an abrupt decrease in hardness.




	(7)

	
Compared to base metals, by increasing the traverse speed from 10 to 15 cm/min at 900 rpm, the hardness of the stir zone on the AA5086 and AA6061 sides increases and decreases by 16 and 35%, respectively.
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Figure 1. (a) The domain used in the simulation process, (b) schematic view of the thermocouple’s positions. 
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Figure 2. The temperature profile of: (a) sample S1, (b) sample S2, (c) sample S3, (d) sample S4. The tool position is marked by the white dashed line. 
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Figure 3. The experimental measurement of the thermal cycles of samples S1 and S3. 
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Figure 4. Comparing experiment and simulation results of the thermal cycles of (a) sample S2, (b) sample S4. 
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Figure 5. The predicted plastic strain rate of (a) sample S1 and (b) sample S3. 
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Figure 6. The stir zone grain size of (a) sample S1, (b) sample S2, (c) sample S3, (d) sample S4. 
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Figure 7. The longitudinal and transversal residual stresses of (a) sample S1, and (b) sample S2. The tool position is marked by the white dashed line. 
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Figure 8. Comparing the predicted and measured residual stress of sample S3: (a) longitudinal residual stress, (b) transversal residual stress. 
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Figure 9. Micro-hardness profile of different samples. 
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Table 1. Chemical compositions of the AA5086 and AA6061 alloys.






Table 1. Chemical compositions of the AA5086 and AA6061 alloys.





	Alloy
	Mg
	Mn
	Cu
	Cr
	Si
	Fe
	Al





	AA5086
	3.98
	0.51
	0.016
	0.15
	0.26
	0.28
	Bal.



	AA6061
	0.97
	0.045
	0.328
	0.08
	0.52
	0.41
	Bal.
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Table 2. The mechanical properties of the AA5086 and AA6061 alloys.
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	Alloy
	Yield Strength (MPa)
	Ultimate Tensile Strength (MPa)
	Elongation (%)





	AA5086
	112 ± 5
	253 ± 10
	26 ± 3



	AA6061
	278 ± 7
	315 ± 15
	10 ± 2
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Table 3. The welded samples labelling.
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	Sample
	Rotational Speed (rpm)
	Traverse Speed (cm/min)
	Advancing Side
	Retreating Side





	S1
	1000
	10
	AA5086
	AA6061



	S2
	1000
	20
	AA5086
	AA6061



	S3
	1000
	10
	AA6061
	AA5086



	S4
	1000
	20
	AA6061
	AA5086
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Table 4. The average grain size and maximum predicted temperature of stir zone of different samples.






Table 4. The average grain size and maximum predicted temperature of stir zone of different samples.





	
Sample

	
AA6061 Side

	
AA5086 Side




	
Grain Size (μm)

	
Maximum Predicted Temperature (°C)

	
Grain Size (μm)

	
Maximum Predicted Temperature (°C)






	
S1

	
9.1

	
473

	
10.8

	
485




	
S2

	
6.4

	
441

	
7.9

	
456




	
S3

	
8.3

	
460

	
10

	
452




	
S4

	
5.9

	
435

	
7

	
423
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