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Abstract

:

Considering the harm that residual stress causes to the mechanical properties of a weld joint, the evolution mechanisms of transient strain and residual stress distribution are investigated in laser welding of Al 6061, considering that these originate from non-uniform temperature distribution and are intensified further by the unbalanced procedure of melting and solidification. Thermal-elastic-plastic finite element method is developed and analyzed, while the actual weld profile is novel fitted by a B-spline curve. Transient strain is extracted by strain gauges. Longitudinal strain starts from a fluctuating compressive state and progresses to an ultimate residual tension state at the starting and ending welding positions, respectively. The maximum fitting deviation of the weld profile is 0.13 mm. Experimental and simulation results of residual strain are 842.0 μ and 826.8 μ, with a relative error of 1.805% at the starting position and −17.986% at the ending position. Near the weld center, mechanical behavior is complexly influenced by thermal expansion and contraction in the weld zone and the reaction binding force of the solid metal. Within a distance between −10 mm and 10 mm, and longitudinal stress is in a tension state, transverse stress fluctuates with a high gradient (~100 MPa).
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1. Introduction


Aluminum alloys are widely used in structure manufacturing because of their advantages of weight reduction and energy saving. Welding processes of aluminum alloys, mainly including laser welding [1], arc welding [2], electron beam welding [3], and friction stir welding [4], are important for structure manufacturing, while the welding accuracy and the quality are areas of interest for many researchers and engineers.



Discussion topics regarding the welding of aluminum alloys include processing, weld defects, mechanical performance, etc. The influence of the welding direction on the microstructural characterization of aluminum alloy 5083 was researched in hybrid laser-arc welding [5]. The microstructure and mechanical properties of AA 3003 in underwater friction stir welding were discussed by comparison analysis [6]. A dissimilar joint of aluminum alloy 7075 and magnesium alloy AZ31 was obtained, while silicon carbide nanoparticles were embedded into the weldment [7]. Three-dimensional printing technology was applied to produce the structural part of high-strength aluminum alloy 7075 [8]. Through multi-phase simulation and experiment analysis, the spatter formation mechanism of an aluminum alloy was investigated in full [9] and partial [10] penetration laser welding. Keyhole instability and porosity formation behaviors were analyzed in laser welding of a dissimilar joint of aluminum alloy with steel [11]. Thermal-elastic-plastic finite element analysis (TEP-FEA) was used to predict laser welding deformation and residual stress with a lap joint [12]. The measurement accuracy of residual stress was discussed in X-ray diffraction with different crystal planes [13], while strain gauges were used to observe and obtain real-time strain values near the weld [14]. Inhomogeneous behavior of the meso-mechanical stress among joint microstructures was researched by a multiscale simulation method [15]. Mechanical properties, including tensile strength, fracture toughness, and hardness, were studied in hybrid laser-metal-inert-gas welding [16]. A criterion for solidification cracking and elimination by suitably ramping down the laser pulse was proposed in laser welding of 2024 aluminum alloy [17]. Laser oscillating welding was used to stir the weld pool and keyhole to improve the weld morphologies and refine grain size [18], and post-weld heat treatment was applied to homogenize the joint microstructure and improve the corrosion resistance [19]. Effects of weld penetration on the tensile properties of aluminum alloy welded joints were analyzed [20], and the fatigue damage mechanism of the T-joint was also researched [21].



In the above published works, thorough investigations into aluminum alloy welding have been carried out. Originating from the unbalanced procedure of melting and solidification, inhomogeneous mechanical behaviors in laser welding are intensified, especially residual stress and deformation. TEP-FEA was used by Lu et al. to analyze distributions of residual stress and deformation in arc welding of 5A06 aluminum alloy [22]. The stress evolution procedure was simulated by TEP-FEA and verified through a hole-drilling method [23]. Effects of welding parameters and welding sequence on residual stress and distortion were researched by Khosiroyan and Darvazi in Al6061-T6 aluminum alloy for a T-shaped welded joint [24], and a genetic algorithm was selected to optimize and mitigate the welding sequence with the goal of a low deformation [25]. Zhao et al. [26] analyzed the influences of the microstructure, defects, and stress distribution on the shear performance of the T-joints, and found that the formation of the equiaxed zone and high stress together contribute to the origin of shear fracture.



However, the reporting on transient strain and residual stress behaviors in laser welding of aluminum alloys is insufficient, and this is the focus of the present paper. The investigation framework is shown in Figure 1. Combining experiment analysis and TEP-FEA simulation, thermal-mechanical behaviors (temperature-induced weld profile, transient strain, residual stress, and deformation) are investigated to reveal their evolution mechanism in laser welding of aluminum alloys.




2. Experiment and Measurement


2.1. Materials and Experimental Procedures


Aluminum alloy 6061 was selected as a base metal, and its chemical composition [24] and temperature-dependent mechanical properties [27] are given in Table 1 and Table 2. The welded plate was designed with a size of 100 × 100 × 3 mm. The laser welding system is given in Figure 2. The plate sample was placed on the platform with a free state. Patch locations and welding path were planned based on the scribing method, and this experiment was carried out once. A group of welding parameters with a good weld formation was selected through several attempts with their different combinations. Laser power was 2.7 kW, welding speed was 1.8 m/min, defocus length was 0 mm. Transient strains were extracted by an acquisition instrument and displayed on the computer, while the sampling frequency was 2000 Hz.




2.2. Measurement Methods


Strain gauge BHF 350-3AA with electrical resistance of 350 Ω was applied to extract transient strain in laser welding of aluminum alloy 6061, while its grille material was constant an alloy. As shown in Figure 3a, four strain gauges were pasted on the upper surface of the sample to extract transient strain values along longitudinal and transverse directions. 1# and 2# strain gauges were used to recognize longitudinal strain values at the starting and ending welding positions. Longitudinal strain was observed by 3# strain gauge along L1. 4# strain gauge was applied to measure transverse strains along L2. The acquisition circuit is given in Figure 3b. One end of the strain gauge was connected to the positive pole of bridge voltage with a value of 2 V (BV+), and another end was simultaneously jointed to the positive pole of the strain-induced voltage signal (VS+) and 1/4 bridge (BR).



Residual stress was detected by X-ray diffraction technology. Multiple Ψ method was selected, while Ψ was the angle between the specimen normal and the direction of strain measurement. Characteristic ray Cr Kα was applied in the measurement process. The voltage and current of the X-ray tube were 25 kV and 5 mA. The weld profile was observed by an optical microscope, and after that a metallographic specimen was obtained by wire electrical discharge machining and then grinding-polishing-etching treatment.





3. Modeling and Simulation


3.1. TEP-FEA Framework


TEP-FEA is developed to simulate the thermal-induced mechanical behaviors in laser welding of an aluminum alloy, and the procedure is given in Figure 4. Considering a good reconstruction ability of the B-spline curve, the actual weld profile is fitted to load the simplified heat source model of laser power. In previously published articles by our team [28,29], TEP-FEA has been described in much more detail, and only the key points are emphasized here in the present work. Using the sequential coupling method, the temperature field is connected to the mechanical field by loading the thermal force of each increment.



Based on the experiment setup in Section 2.1, the whole three-dimensional (3D) model is developed using ANSYS parametric design language (APDL). As shown in Figure 5, dense-to-sparse element distribution is designed from the weld sample center to edge, and a hexahedral element with 8 nodes is selected. Element types of thermal analysis and mechanical analysis are SOLID 70 and SOLID 185. Number of elements and nodes is 43,112 and 49,177, respectively. Displacement constraints of three points (Ux = Uy = Uz = 0, Uy = Uz = 0, and Uy = 0) are added to avoid rigid displacement and ensure FEA convergence.




3.2. Thermal Analysis Method


In the thermal analysis stage, Fourier’s thermal conduction law is used to describe time-dependent temperature behavior, and its equation is given in Equation (1) [28].


  ρ ( T )  c p  ( T )   ∂ T   ∂ t   = k ( T ) [  ∂  ∂ x   (   ∂ T   ∂ x   ) +  ∂  ∂ y   (   ∂ T   ∂ y   ) +  ∂  ∂ z   (   ∂ T   ∂ z   ) ] + q ( x , y , z )  



(1)




where ρ(T), cp(T), and k(T), are density, specific heat capacity, and thermal conductivity. q(x,y,z) is the input thermal flux, and its expression is given in Equation (2) [28].


  q =   η P   A v    



(2)




where η = 0.55 is the efficiency of the heat source in the laser welding of the aluminum alloy, P = 2.7 kW is laser welding power, υ = 1.8 m/min is laser welding speed, A is the actual area of the weld zone, while its edge contour is reconstructed by a B-spline fitting curve (Equation (3)) [30] to improve the loading zone accuracy of the laser heat flux.


  B ( u ) =   ∑  i = 0  n    d i   N  i , k   ( u )    



(3)




while the B-spline basis function is described as (Equations (4)–(6)).


   N  i , 1   ( u ) =  {     1     u i  < x <  u  i + 1        0    O t h e r w i s e        



(4)






   N  i , k   ( u ) =   u −  u i     u  i + k − 1   −  u i     N  i , k − 1   ( u ) +    u  i + k   − u    u  i + k   −  u  i + 1      N  i + 1 , k − 1   ( u )  



(5)






  d e f i n e         0 0  = 0  



(6)




where di (i = 0, 1, …, n) is the ith control point, i is node number, k presents the number of specified basis functions, Ni,k means the kth basis function of the B-spline, and u is the parameter sequence of the piecewise function. The whole fitting curve is divided into two parts that are respectively fitted using B-spline, while the number of control points is 6.



In the whole welding process, radiation losses dominate for higher temperatures near the weld zone and convection losses for lower temperatures away from the weld zone, and the heat loss is considered by the heat transfer coefficient hc (Equation (7)) [28].


   h c  =  {      0.0668 ⋅ T     W / (  m 2  ⋅   °  C )     T < 500     °  C       0.231 ⋅ T − 82.1     W / (  m 2  ⋅     °  C )     T ≥ 500     °  C        



(7)








3.3. Mechanical Analysis Method


In the mechanical analysis stage, temperature-induced mechanical behavior is simulated by sequentially loading the transient temperature with time increment. As shown in Equation (8) [29], the total strain εtotal consists of thermal strain εT, elastic strain εe, and plastic strain εp, while phase transformation-induced volumetric change strain and plastic strain are ignored. εtotal will be assumed as an initial elastic strain to calculate stress and evaluate the mechanical state (elasticity or plastic) in the whole welding process.


   ε  t o t a l   =  ε T  +  ε e  +  ε p   



(8)







According to the principle of virtual displacement, mapping from element displacement to element force is described in Equation (9) [29], and the whole sample can be assembled with each element based on the equilibrium state equation.


  d  F  =   ∫    B  T   DB  d  u  d Ω    −   ∫    B  T      C  d  T  d Ω  



(9)




where dF is element force increment, du is element displacement increment, B is displacement-strain matrix, C is temperature-stress matrix, and D is stiffness matrix. Kinematic hardening and von Mises yield criterion are selected in the mechanical analysis stage.





4. Results and Discussion


4.1. Reconstruction of Weld Profile by B-Spline Curve


The microstructure in laser welding of Al 6061 has been investigated in previous works [31,32,33]. As described in Figure 6, a narrow heat-affected zone was formed owing to the higher cooling rates of laser welding, and equiaxed grains were observed near the weld center line. Nuclei were observed at the origin of the equiaxed grain (as indicated by a yellow dashed circle), which indicated that the equiaxed grain originates from heterogeneous nucleation. The reconstruction result of the weld profile by B-spline curve is shown in Figure 7. The actual weld geometry was inhomogeneous, and difficult to reconstruct by regular mathematical expressions to load the efficient heat source model in TEP-FEA. A B-spline curve was first used to reconstruct the actual weld profile, which was an accurate loading zone of the equivalent input laser power in the thermal simulation stage. The fitting result of the weld profile was marked by the red line, and the boundary between the fusion zone and base metal was noted by the blue dotted line. The fitting curve kept a good consistency with the actual weld profile, especially at the lower part of the whole weld. Maximum fitting deviation was 0.13 mm, and this mainly existed at the upper part and was pointed out by two grey elliptical regions. The fitting error was mainly sourced from the number and position limitations of control points.




4.2. Fluctuation Analysis of the Transient Strain


Experiment extraction (time interval: 0.0005 s) and FEA simulation results are shown in Figure 8. Fluctuation curves of longitudinal strain at 1# and 2# are displayed in Figure 8a. At point 1#, the transient curve of the experimental result kept a slightly higher trend than that of the simulation result. Experimental and simulation results of residual strain were 842.0 μ and 826.8 μ, with a relative error 1.805%. At point 2#, coincidence between the experimental result and simulation result was maintained well before 3.5 s, values of the simulation result were then obviously higher than that of the experimental result, and relative error was −17.986% (experiment: 1239.3 μ, simulation: 826.8 μ). A common characteristic of 1# and 2# was that the time-dependent strain along the longitudinal direction started from a fluctuating compressive state and progressed to an ultimately stable tension state.



As shown in Figure 8b, at 3# and 4#, the mechanical state at measurement points was complexly influenced by thermal expansion and contraction in the weld zone and the reaction binding force of the solid metal. Longitudinal strain at 3# (1405.4 μ) and transverse strain at 4# (602.1 μ) were both nearly twice as high as experiment measurement results (741.8 μ and 332.7 μ), because liquid flow in the weld pool was ignored in TEP-FEA. Through local enlargement of measurement results after full cooling, it was clear that periodic fluctuation of strain came from the complex signal interference, and variation amplitude was less than 6 μ.




4.3. Discussion of Evolution Mechanism of Transient Strain


In the heating stage of laser welding, transient strain is the first response of input laser heat; in the following cooling stage, stress and deformation are incrementally accumulated through elastic or coupling plastic behaviors. Discussion of the evolution mechanism of transient strain is an important and fundamental step in the study of stress and deformation in laser welding. Based on the transient strain fluctuations of experimental measurement and FEA simulation as mentioned above, we attempted to explain the evolution mechanism from the view of the unbalanced procedure of melting and solidification, which was caused by the external laser beam and the fundamental driving force of inhomogeneous mechanical behaviors in laser welding of aluminum alloy 6061.



Figure 9a shows the strain evolution process at 1#. The external laser beam with high thermal density interacted with the base metal, compression force was produced by phase transformation from solid base metal to liquid weld pool, and stretching force was further introduced in the cooling stage. This cyclic process can be used to reveal the strain fluctuation from a compressive state to a residual tension state in Figure 8a. Evolution mechanism at 2# (Figure 9b) was similar to that at 1#, and it is not necessary to describe it in detail. However, the fluctuation degree and residual value of strain at 2# were both higher than that at 1#, because the effective influence zone of melting-solidification cycle on 2# strain variation was the weld pool front wall and wider than that on 1#, and the temperature peak and heating-cooling rate were also obviously intense.



The evolution process of transient strain at 3# and 4# is shown in Figure 9c. Strain state was directly influenced by relative position between measurement point and weld pool. Compression force came from the liquid weld pool, tension force was attributed to weld solidification, and the solid base metal around the measurement position also produced inner reaction force to keep a mechanical equilibrium state. Thus, it was difficult to accurately simulate time-dependent strain at 3# and 4# under a complex coupling state of compression and tension, especially when the flow of the weld pool was ignored in TEP-FEA.




4.4. Residual Distortion and Stress Analysis


Residual deformation of the whole weld sample is given in Figure 10. Deformations along different directions were unified under the same ruler (−0.3–0.3 mm). Ux along the welding direction was between −0.05897 and 0.01273 mm, Uy along the thickness direction was from −0.26459 to 0.06539 mm, Uz along the transverse direction ranged from −0.05107 to 0.07833 mm, and the maximum deformation sum was 0.26897 mm. Residual stress distributions and values are displayed in Figure 11 and Table 3. Sx was mainly in a tensile stress state at the weld area, and its maximum value (367.45 MPa) was measured at the ending welding zone. Fluctuation of Sy was obviously more moderate than that of Sx and Sz. Symmetric distribution of Sz around the transverse center line of the weld sample was presented, while amplitude and size of the compression stress zone at 2# were both larger than that at 1#, and maximum tensile stress (244.95 MPa) appeared nearly at the ending welding position. Equivalent stress based on von Mises (Seqv) was concentrated on the weld and its adjacent zone, and an apparent stress concentration appeared at the starting and ending welding positions.



Furthermore, fluctuation curves of angular distortion and stress along the transverse center line of the weld sample L1 are drawn in Figure 12 and Figure 13. Angular distortions along the up surface and bottom surface were both displayed with some difference, especially at the weld zone. Distortion degrees were 0.3167° and 0.3578°, while their average value was 0.33725°. It was clear that the angular distortion in laser welding of the aluminum alloy was very small. Longitudinal stress was in a tension state within a distance between −10 mm and 10 mm. With the help of the X-ray residual stress tester, the measurement result of longitudinal stress was similar to the TEP-FEA result at the weld center. In the range of −10 mm to 10 mm, transverse stress fluctuated greatly with a high gradient (~100 MPa). The tendency of equivalent stress was similar to that of transverse stress far from the weld center and longitudinal stress near the weld center.





5. Conclusions


Combining experimental analysis with TEP-FEA, transient strain and residual stress were investigated in laser welding of Al 6061. The following four conclusions can be drawn:




	(1)

	
The actual weld profile was first fitted by a B-spline curve with 6 control points to load the efficient heat source model in TEP-FEA. The fitting profile kept a good consistency with the actual weld shape, especially at the lower part of the whole weld. A maximum fitting deviation of 0.13 mm was measured at the upper part, which was mainly due to the number and position limitations of control points.




	(2)

	
Fluctuation analysis of the transient strain at four points was investigated by coupling experimental analysis with TEP-FEA. A common characteristic of 1# and 2# was that longitudinal strain started from a fluctuating compressive state and progressed to an ultimate residual tension state. Experimental and simulation results of residual strain are 842.0 μ and 826.8 μ, with a relative error of 1.805% at the starting position and −17.986% at the ending position. At 3# and 4#, the mechanical state was complexly influenced by thermal expansion and contraction in the weld zone and the reaction binding force of the solid metal, and simulated strains were nearly twice as high as experiment results because liquid flow in the weld pool was ignored in TEP-FEA.




	(3)

	
The evolution mechanism of transient strain in laser welding of the aluminum alloy was also discussed in terms of the unbalanced procedure of melting and solidification, considering that it originated from the external laser beam and the fundamental driving force of inhomogeneous mechanical behaviors.




	(4)

	
Angular distortion along the transverse center line of the weld sample was 0.33725°. Longitudinal stress was in a tension state within a distance between −10 mm and 10 mm. In the range of −10 mm to 10 mm, transverse stress fluctuated greatly with a high gradient (~100 MPa). The tendency of equivalent stress was similar to that of transverse stress far from the weld center and longitudinal stress near the weld center.
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Figure 1. Investigation framework of this work. 
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Figure 2. Laser welding system. 
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Figure 3. Measuring transient strain: (a) measurement points on the sample and (b) basic theory. 
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Figure 4. Thermal-elastic-plastic finite element analysis (TEP-FEA) procedure. 
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Figure 5. 3D mesh and free state. 
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Figure 6. Microstructure of Al 6061 in laser welding: (a) near the fusion line, (b) heterogeneous nuclei [31]. 
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Figure 7. Fitting result of weld profile by B-spline curve: (a) reconstruction results of the weld profile, (b) Comparison results of experiment and fitting curves. 
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Figure 8. Transient strain of experiment and simulation results: (a) 1# and 2#, (b) 3# and 4#. 
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Figure 9. Formation procedure of transient strain for (a) 1#, (b) 2#, and (c) 3# and 4#. 
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Figure 10. Residual deformation of the whole weld sample: (a) Ux, (b) Uy, (c) Uz, and (d) Usum. 
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Figure 11. Residual stress of the whole weld sample: (a) Sx, (b) Sy, (c) Sz, and (d) Seqv. 
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Figure 12. Angular distortion along L1. 
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Figure 13. Residual stress along L1. 
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Table 1. Chemical composition of aluminum alloy 6061 (wt.%) [24].
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	Al
	Si
	Mg
	Cu
	Fe
	Mn
	Zn
	Ti





	97.63
	0.561
	0.986
	0.31
	0.289
	0.052
	0.024
	0.018
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Table 2. Temperature-dependent properties of aluminum alloy 6061 [27].
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	Temperature (°C)
	Density (kg·m−3)
	Heat Conductivity (W·m−1·°C−1)
	Specific Heat Capacity (J·kg−1·°C−1)
	Expansion Coefficient (10−6·°C−1)
	Elastic Modulus (GPa)
	Yield Stress (MPa)





	20.0
	2700
	162
	945
	23.45
	68.54
	274.4



	93.3
	2685
	177
	978
	24.61
	66.19
	264.6



	204.4
	2657
	192
	1028
	26.60
	59.16
	218.6



	260.0
	2657
	201
	1052
	27.56
	53.99
	159.7



	371.0
	2630
	217
	1104
	29.57
	40.34
	36.84



	482.2
	2602
	226
	1136
	31.71
	20.2
	10.49
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Table 3. Maximum and minimum values of residual stress.
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NO.

	
Stress Direction

	
Symbol

	
Residual Stress (MPa)




	
Min.

	
Max.






	
1

	
Longitudinal direction

	
Sx

	
−77.65

	
367.45




	
2

	
Thickness direction

	
Sy

	
−62.45

	
86.11




	
3

	
Transverse direction

	
Sz

	
−242.89

	
244.95




	
4

	
Equivalent stress

	
Seqv

	
3.96

	
278.24
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