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Abstract

:

In this paper, the numerical simulation of molten pool dynamics in laser deep penetration welding of aluminum alloys was established based on the FLUENT 19.0 software. The three-dimensional transient behavior of the keyhole and the flow field of molten pool at different welding speeds were analyzed, and the influence of the welding speed on the molten pool of aluminum alloys in laser welding was obtained. The results indicated that the generation of welding spatters was directly related to the fluctuation of the diameter size in the middle of the keyhole. When the diameter in the middle of the keyhole increased by a certain extent, welding spatters occurred. When welding spatters occurred, the diameter in the middle of the keyhole became smaller. In addition, the size of the spatters at the welding speed of 9 m/min was larger than that of the spatters at the welding speeds of 3 m/min and 6 m/min. The welding spatter formed in laser deep penetration welding included: spatter created by an inclined liquid column behind the keyhole; splash created by a vertical liquid column behind the keyhole; small particles splashed in front of the keyhole. With the increase of the welding speed, the tendency of the welding spatter to form in front of the keyhole and to form a vertical liquid column behind the keyhole became weaker. When the welding speed was 9 min, only an obliquely upward liquid column appeared on the molten pool surface behind the keyhole. Compared with the welding speeds of 6 m/min and 9 m/min, the maximum flow velocity fluctuation of the molten pool at the welding speed of 3 m/min was obviously higher.
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1. Introduction


As a unique welding technology, laser welding has the advantages of high energy density and small welding deformation [1,2,3]. The laser welding technology is widely used in many fields, such as aerospace, automobile manufacturing, shipbuilding, and others [4,5,6]. Aluminum alloys have the characteristics of high thermal conductivity and low surface tension [7]. The weld defects of an aluminum alloy obtained by laser welding include porosity, undercut, etc., which would seriously affect the quality of the weld. The dynamic behavior of the weld pool has a direct impact on the formation of welding defects [8].



At present, the dynamic behavior of the molten pool is mainly studied experimentally and by numerical simulations. In experimental research, Matsunawa et al. [9,10] monitored the internal flow behavior of the molten pool in real time through an X-ray transmission high-speed camera system. Through this research, they found that the shape of the keyhole was always in a fluctuating state. When the keyhole fluctuated to a significant extent, bubbles were generated at the bottom of the keyhole. Using a modified sandwich specimen containing GG17 glass, Chen et al. [11,12] monitored keyhole morphology in real time. They found that the keyhole wall was not smooth, but rough, with a typical wrinkle structure. The bulge on the front wall of the keyhole changed the distribution of laser energy radiated on the keyhole wall, resulting in the fluctuation of vapor flow in the keyhole.



By numerical simulation, Han et al. [13] analyzed the influence of the welding driving force and found that the recoil pressure played a significant role in the welding process. When the recoil pressure was not loaded, the keyhole could not be generated in the molten pool. Rai [14] established the heat flow coupling model of laser welding and set the molten pool surface as a plane. In this model, the keyhole was in a quasi-steady state, and the temperature of the keyhole wall was the boiling point temperature of the base metal. It was found that Marangoni force could increase the width and length of the molten pool. Sohail et al. [15] studied the influence of welding heat input on the flow field of the molten pool. They found that the welding speed affected the size of the molten pool, and the higher the laser power, the more intense the flow vortex in the molten pool. Chang et al. [16] established the full penetration laser welding model of titanium alloys and found that for a welding process with low power and low speed, the fluid flow behind the keyhole was turbulent and unstable, forming a flow swirl. For higher power and higher speed welding processes, the turbulent characteristics of fluid flow were weakened, and such flow swirl would not be created. Zhao et al. [17] found that the liquid metal in front of the keyhole wall flowed to the rear of the keyhole through the bottom of the keyhole, and the liquid metal at the top of the molten pool flowed from the high-temperature area to the low-temperature area. With the progress of the welding time, the keyhole fluctuated continuously. When the depth of the keyhole suddenly decreased, welding bubbles formed at the bottom of the molten pool, which was also the main reason for the formation of pore defects. Wu et al. [18,19] established a numerical simulation model of aluminum alloy laser welding and found that welding spatter mainly occurred around the keyhole. With the accumulation of kinetic energy in the vertical direction, a bulge shape would form on the surface of the molten pool. When the momentum of the molten metal was sufficient to overcome the surface tension, a welding splash would be created. However, the flow field of the keyhole wall under different welding speeds has not been studied during laser deep penetration welding of aluminum alloys, and no research has been conducted on the correlation between keyhole, welding spatter, and molten pool flow at different welding speeds.



In this paper, a numerical simulation of molten pool dynamics in laser deep penetration welding of an aluminum alloy was established based on the FLUENT 19.0 software. The three-dimensional transient behavior of the keyhole and the flow field of the molten pool at different welding speeds were analyzed. The influence of the welding speed on the molten pool of the aluminum alloy in laser welding was obtained.




2. Mathematical Modeling


The software FLUENT 19.0 was adopted in this research work to investigate the dynamic behaviors of molten pool and keyhole. In the model, the VOF method was used to track the gas–liquid interface of the keyhole and heat transfer between different phases. The PISO algorithm was used to solve the transient flow field iteratively. A secondary development of the FLUENT 19.0 software was carried out, and the UDF (custom function) method was used to add a laser deep-penetration welding heat source and welding driving force. During the numerical simulation, the laser power was 2800 W, and the welding speed was set to 3 m/min, 6 m/min, and 9 m/min, separately.



2.1. Numerical Model and Computational Assumptions


In order to reduce the calculation time, the volume of the mathematical model (30 mm × 2.5 mm × 7.4 mm) was half the volume of the actual workpiece to be welded, as shown in Figure 1, including 511,407 nodes and 487,200 elements.



During the modeling process, the following reasonable assumptions were adopted:




	(1)

	
The flow state of the liquid metal in the mathematical model was laminar and incompressible.




	(2)

	
The influence of the shielding gas on the temperature field and flow field of the molten pool was ignored.










2.2. Heat Source Model


When the laser power density acting on the workpiece was increased to a certain extent, the liquid metal in the molten pool was vaporized, and the keyhole formed under the action of recoil pressure. The laser rotary gauss heat source was used in the model [20].


   q  l a s e r   =   9  α  a b s   Q   π  R 0 2  H  (  1 −  e 3   )    exp  [    − 9  (   x 2  +  y 2   )     R 0 2  log  (  H / z  )     ]   



(1)




where Q is the energy of the laser heat source, H is the height of the laser heat source, αabs is the total coefficient of laser energy absorbed by the keyhole wall, which could be obtained from the literature [21], R0 is the effective radius of the laser beam, which indicated that more than 95% of the total energy of the laser beam was concentrated in the region.




2.3. Governing Equations


The physical phenomena of heat and mass transfer in the laser welding process conform to three equations: continuity equation, Navier–Stokes equation, and energy conservation equation [17].



The continuity equation is:


    ∂  ( ρ )    ∂ t   +   ∂  (  ρ u  )    ∂ x   +   ∂  (  ρ v  )    ∂ y   +   ∂  (  ρ w  )    ∂ z   +  S m  = 0  



(2)







The energy equation is:


    ∂  (  ρ H  )    ∂ t   +   ∂  (  ρ u H  )    ∂ x   +   ∂  (  ρ v H  )    ∂ y   +   ∂  (  ρ w H  )    ∂ z   =  ∂  ∂ x    (  k   ∂ T   ∂ x    )  +  ∂  ∂ y    (  k   ∂ T   ∂ y    )  +  ∂  ∂ z    (  k   ∂ T   ∂ z    )  +  S H   



(3)







The Navier–Stokes equation along different axes is described as:


    ∂  (  ρ u  )    ∂ t   +   ∂  (  ρ uu  )    ∂ x   +   ∂  (  ρ uv  )    ∂ y   +   ∂  (  ρ uw  )    ∂ z   =  ∂  ∂ x    (  u   ∂ u   ∂ x    )  +  ∂  ∂ y    (  u   ∂ u   ∂ y    )  +  ∂  ∂ z    (  u   ∂ u   ∂ z    )  −   ∂ P   ∂ x   +  S x   



(4)






    ∂  (  ρ v  )    ∂ t   +   ∂  (  ρ uv  )    ∂ x   +   ∂  (  ρ vv  )    ∂ y   +   ∂  (  ρ vw  )    ∂ z   =  ∂  ∂ x    (  u   ∂ v   ∂ x    )  +  ∂  ∂ y    (  u   ∂ v   ∂ y    )  +  ∂  ∂ z    (  u   ∂ v   ∂ z    )  −   ∂ P   ∂ y   +  S y   



(5)






    ∂  (  ρ w  )    ∂ t   +   ∂  (  ρ uw  )    ∂ x   +   ∂  (  ρ vw  )    ∂ y   +   ∂  (  ρ ww  )    ∂ z   =  ∂  ∂ x    (  u   ∂ w   ∂ x    )  +  ∂  ∂ y    (  u   ∂ w   ∂ y    )  +  ∂  ∂ z    (  u   ∂ w   ∂ z    )  −   ∂ P   ∂ z   +  S z   



(6)




where u, v, and w denote different components of velocity; ρ, P, H, k, and µ are the density, pressure, enthalpy, thermal conductivity, and viscosity, respectively; Sm, Sx, Sy, Sz, and SH indicate the source terms of the continuity equation, momentum equations, and energy equation.




2.4. Driving Force


When the workpiece irradiated by the laser beam was welded, the workpiece surface melted and evaporated, resulting in recoil pressure. With the welding time increasing, the molten metal was discharged under the action of recoil pressure, thus forming a keyhole. The mathematical expression of recoil pressure is as follows [22].


   P r  = A  B 0   T s  −  1 2    exp  (  −  U   T s     )   



(7)




where A is a coefficient related to atmospheric pressure, and B0 is the vaporization constant.



Surface tension is closely related to temperature. The mathematical expression of surface tension is as follows:


  δ  ( T )  =  δ 0  +  A δ   (  T −  T m   )   



(8)




where    δ 0    is the surface tension at Tm,    A δ    is the temperature coefficient of surface tension, and Tm is the reference temperature.



In the process of laser welding, different levels of thermal buoyancy were produced due to the different temperatures in various positions of the molten pool. The mathematical expression of thermal buoyancy in the molten pool is as follows:


   F b  = ρ g β  (  T −  T m   )   



(9)




where g is the gravity, and β is the coefficient of thermal expansion for the material.



The physical and thermal properties of the 6056 aluminum alloy in modeling are summarized in Table 1.



The thermo-physical properties dependent on the temperature are as follows


   C p   (  J k  g  − 1    K  − 1    )  =  {      − 0.001 ×  T 2  + 1.1609 × T + 267.71        300 < T ≤ 573           0.0009 ×  T 2  − 0.3901 × T + 514.45        573 < T ≤ 913           − 0.0009 ×  T 2  + 0.5832 × T + 435.14        913 < T ≤ 2740            



(10)






  k  (  W  m  − 1    K  − 1    )  =  {      − 0.0001 ×  T 2  − 0.0697 × T + 95.334        300 < T ≤ 860           − 0.0048 ×  T 2  + 9.2812 × T − 4275.6        860 < T ≤ 917           − 0.00001 ×  T 2  + 0.0582 × T + 148.74        917 < T ≤ 2740            



(11)






  μ  (  kg  m  − 1    K  − 1    )  =  {      1 ×   10   − 7   ×  T 2  − 0.0002 × T + 0.1202        897 < T ≤ 937           2 ×   10   − 11   ×  T 2  − 5 ×   10   − 7   × T + 0.0038        937 < T ≤ 2650           − 6 ×   10   − 8   ×  T 2  + 0.0003 × T − 0.4151        2650 < T ≤ 2720            



(12)









3. Results and Discussion


3.1. Comparison between the Calculated and the Experimental Result


Figure 2 shows the comparison between the experimental weld seam cross section and the simulated molten pool at a welding speed of 3 m/min. In the experimental results, the penetration depth was about 2.4 mm, and the bead width was 2.6 mm. It was found that the shape and dimensions of the numerically obtained weld pool were in good agreement with those obtained experimentally.




3.2. Three-Dimensional Transient Behavior of Keyhole


In this paper, the three-dimensional morphology of the keyhole and the flow field of the keyhole wall at different welding speeds were analyzed. Figure 3, Figure 4 and Figure 5 show the three-dimensional morphology of the keyhole and the flow field of keyhole wall at welding speeds of 3 m/min, 6 m/min, and 9 m/min. Through comparison, it was found that the keyhole depth gradually decreased with the increase of the welding speed. The main reason was that after increasing the welding speed, the heat input acting on the welding workpiece per unit time decreased. When the welding speed was 3 m/min, the lower part of the keyhole was closed (Figure 3d); when the welding speed was 6 m/min (Figure 4) and 9 m/min (Figure 5), the keyhole was not closed. Moreover, with the increase of the welding speed, the fluctuation of the three-dimensional shape of the keyhole decreased gradually. This shows that with the increase of the welding speed, the stability of the keyhole was steadily improved.



The generation of welding spatters was directly related to the fluctuation of the size in the middle of the keyhole. When the diameter in the middle of the keyhole increased to a certain value, welding spatters occurred. When welding spatters occurred, the diameter in the middle of the keyhole became smaller. When the welding speed was 3 m/min, the diameter in the middle of the keyhole was 0.69 mm at t = 24 ms (Figure 3a). After welding spatters occurred, the diameter in the middle of the keyhole was 0.31 mm at t = 28.8 ms (Figure 3d). When the welding speed was 6 m/min, the diameter in the middle of the keyhole was 0.46 mm at t = 18.2 ms (Figure 4c). After welding spatters occurred, the diameter in the middle of the keyhole was 0.39 mm at t = 18.5 ms (Figure 4f). When the welding speed was 9 m/min, the diameter in the middle of the keyhole was 0.49 mm at t = 12.5 ms (Figure 5d). After welding spatters occurred, the diameter in the middle of the keyhole was 0.33 mm at t = 18.5 ms t = 13.2 ms (Figure 5e).



When the welding speed was 3 m/min, the direction of the flow field on the wall of the keyhole was more complex. The fluid flow at the opening of the keyhole showed an upward trend, while in the middle and lower part of the keyhole, the flow field on the wall of the keyhole at different welding times was more complex and did not follow a unified law. When the welding speed was 6 m/min, the complexity of the flow field direction on the keyhole wall was reduced. The fluid flow at the opening of the keyhole and in the middle of the keyhole showed an upward trend. When the welding speed was 9 m/min, the direction of the flow field on the keyhole wall was relatively uniform and basically showed an upward trend along the keyhole wall.




3.3. Flow Field of the Molten Pool


The flow field of the molten pool at different welding speeds was further studied. Figure 6, Figure 7 and Figure 8 show the flow field of the molten pool at welding speeds of 3 m/min, 6 m/min, and 9 m/min, separately. When the welding speed was 3 m/min, the flow in the molten pool was complex, and a clockwise flow vortex appeared behind the bottom of the keyhole. When the welding speed was 6 m/min, the clockwise flow vortex behind the bottom of the keyhole appeared only in the conditions shown in Figure 7a, and exhibited a flow trend from the bottom of the molten pool to the top of the molten pool behind the keyhole (as shown in Figure 7b–f). When the welding speed was 9 m/min, the clockwise flow vortex behind the bottom of the keyhole disappeared, and the flow behind the keyhole from the bottom of the molten pool to the top of the molten pool appeared in the molten pool at different welding times. When the welding speed was 3 m/min, 6 m/min, and 9 m/min, the flow from the keyhole opening to the edge of the molten pool appeared on the surface of the molten pool, which was mainly caused by the Marangoni flow force. The liquid metal near the keyhole opening had a high temperature and a low surface tension. In contrast, the liquid metal at the edge of the molten pool had a low temperature and a high surface tension; therefore, this flow behavior appeared.



Figure 9, Figure 10 and Figure 11 show the velocity contour of the molten pool at welding speeds of 3 m/min, 6 m/min and 9 m/min, separately. When the welding speed was 3 m/min, welding spatters would be generated in the rear of the keyhole (Figure 9d) and on the surface of the molten pool in front of the keyhole (Figure 9f). However, the maximum flow speed of the molten pool in front of the keyhole was significantly higher than that behind the keyhole. This was because the laser directly acted on the front wall of the keyhole during the welding process, resulting in recoil pressure. Under the action of recoil pressure on the front wall of the keyhole, the maximum flow velocity of the molten pool in front of the keyhole was higher. When the welding speed was 6 m/min and 9 m/min, the welding spatters appeared on the surface of the molten pool behind the keyhole, but there were no welding spatters on the surface of the molten pool in front of the keyhole. This was because, with the increase of the welding speed, the thickness of the molten pool in front of the keyhole wall decreased, so the probability of having welding spatters in the molten pool in front of the keyhole wall decreased. When the welding speed was 3 m/min and 6 m/min, there was a liquid column perpendicular to the surface of the molten pool behind the keyhole (Figure 9d and Figure 10f). When the welding speed was 9 m/min, there was no liquid column perpendicular to the molten pool surface, and only an obliquely upward liquid column appeared on the molten pool surface behind the keyhole (Figure 11b,c,e,f). The size of spatters at the welding speed of 9 m/min was larger than that at welding speeds of 3 m/min and 6 m/min.



Figure 12 shows the relationship between laser source displacement and maximum velocity of the molten pool. It shows that, compared with the results at the welding speeds of 6 m/min and 9 m/min, the maximum flow velocity fluctuation of the molten pool at the welding speed of 3 m/min was obviously higher. This was mainly because when the welding speed was 3 m/min, the laser energy density was high, and metal evaporation was intense. When the welding speed was low, the fluctuation of the molten pool was large, so the keyhole could be closed easily (Figure 3d). The maximum value of the maximum flow velocity in the molten pool at the welding speed of 3 m/min was 10.25 m/s, and the minimum value was 3.64 m/s. When the welding speed was 6 m/min, the maximum value of the maximum flow velocity in the molten pool was 7.51 m/s, and the minimum value was 3.11 m/s. When the welding speed was 9 m/min, the maximum value of the maximum flow velocity in the molten pool was 7 m/s, and the minimum velocity was 3.57 m/s.



In laser deep penetration welding of aluminum alloys, as the welding speed gradually increases, the vortices in the rear molten pool disappear, and the melt shows an increased tendency to upward movement. This phenomenon is beneficial to improve the stability of the molten pool and reduce the porosity of the weld bead [23]. In keyhole mode laser welding, the keyhole is basically unstable. When the keyhole progressively closed because of its instability, the laser beam strongly interacted with the molten metal at the closing area and opened the keyhole again by high recoil pressure, as shown in Figure 13. Thus, the keyhole oscillated in the radial direction while it was maintained during laser deep penetration welding. When the diameter in the middle of the keyhole increased to a certain value, it caused welding spatter, as shown in Figure 3, Figure 4 and Figure 5.



When the keyhole is stable, the formula of the force acting on the keyhole wall is as follows:


   P  a b l   + δ  P g  =  P σ  +  P h   



(13)




where Pabl is the recoil pressure (N/m2), δPg is the excess vapor pressure (δPg = Pv − P0, Pv: vapor pressure, P0: atmospheric pressure) (N/m2), Pσ is the surface tension pressure, and Ph is the hydrostatic pressure (N/m2). Pressure terms on the left side act to open the keyhole and those of the right side act to close the keyhole.



In keyhole (KH) mode laser welding, the dynamic fluctuation of the keyhole directly affects the stability of the molten pool. The basic phenomenon that is at the origin of KH formation is the recoil pressure that pushes the liquid generated during the initial stage of laser deep penetration welding. A scheme of the longitudinal section of a keyhole in laser deep penetration welding is shown in Figure 14. AThen incident beam has uniform intensity I0 and diameter D. Vd is the ‘drilling velocity’.



The penetration depth L is described by the following Equation [24]:


  L ≈ k  I 0   A 0  D /  V w  =  (  4  A 0  k / π  )  P /  (  D  V W   )   



(14)




where P is the incident laser power, A0 is the absorptivity under normal incidence, and k is representative of some energy balance of the process that depends mainly on the workpiece material. According to Equation (14), the penetration depth scaled as 1/Vw.



The keyhole front wall (KFW) inclination α is given by a rather simple relation:


  tg α ≈  V W  /  (  k  I 0   A 0   )   



(15)







At a low welding speed, the inclination angle of the KFW is very small. The keyhole is quite vertical. It is also rather unstable and continuously re-opens, and consequently the metal vapor plume is mainly ejected upwards. Under these conditions, this vapor plume has much less impact on the keyhole rear wall (KRW) and interacts mainly by its friction effect along the KH walls. The absorbed intensity Iabs on the keyhole front is obtained by Equation (16):


   I  a b s   =  I 0   A 0  sin α =  V W  / k  



(16)







It was found that the absorbed intensity on the keyhole front was totally independent of the incident intensity; it only depended on the welding speed. Therefore, the evaporation recoil pressure on the KFW increased with the increase of the welding speed. At the same time, the impact of vapor on the KRW increased with the increase of the welding speed.





4. Conclusions


	
The generation of welding spatters was directly related to the fluctuation of the diameter size in the middle of the keyhole. When the diameter in the middle of the keyhole increased to a certain extent, welding spatters occurred. When welding spatters occurred, the diameter in the middle of the keyhole became smaller, and the size of spatters at the welding speed of 9 m/min was larger than that at welding speeds of 3 m/min and 6 m/min.



	
The welding spatter forms of laser deep penetration welding included: spatter formed by an inclined liquid column behind the keyhole; splash created by a vertical liquid column behind the keyhole; small particles splashed in front of the keyhole. With the increase of the welding speed, the tendency of the welding spatter to form in front of the keyhole and form a vertical liquid column behind the keyhole became weaker. When the welding speed was 9 m/min, only an obliquely upward liquid column appeared on the molten pool surface behind the keyhole.



	
Compared with the welding speeds of 6 m/min and 9 m/min, the maximum flow velocity fluctuation of the molten pool at the welding speed of 3 m/min was obviously higher. The maximum value of the maximum flow velocity in the molten pool was reduced from 10.25 m/s to 7 m/s as the welding speed increased from 3 m/min to 9 m/min.



	
With the increase of the welding speed, the complexity of the keyhole wall flow field decreased. When the welding speed was 9 m/min, the direction of the flow field on the keyhole wall was relatively uniform and showed an upward trend along the keyhole wall.
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Figure 1. Calculation meshes of the numerical simulation in laser deep penetration welding. 
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Figure 2. Comparison of the experimental weld seam with the simulated molten pool. (a) the experimental weld seam cross section at a welding speed of 3 m/min; (b)the simulated molten pool at a welding speed of 3 m/min. 
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Figure 3. Three-dimensional transient behavior of the keyhole when the welding speed was 3 m/min: (a) t = 24 ms, (b) t = 25 ms, (c) t = 28.5 ms, (d) t = 28.8 ms, (e) t = 46.3 ms, (f) t = 46.8 ms. 
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Figure 4. Three-dimensional transient behavior of the keyhole when the welding speed was 6 m/min: (a) t = 17 ms, (b) t = 18.1 ms, (c) t = 18.2 ms, (d) t = 18.3 ms, (e) t = 18.4 ms, (f) t = 18.5 ms. 
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Figure 5. Three-dimensional transient behavior of the keyhole when the welding speed was 9 m/min: (a) t = 7.6 ms, (b) t = 7.9 ms, (c) t = 8 ms, (d) t = 12.5 ms, (e) t = 13.2 ms, (f) t = 13.4 ms. 
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Figure 6. Flow field of the molten pool when the welding speed was 3 m/min: (a) t = 24 ms, (b) t = 25 ms, (c) t = 28.5 ms, (d) t = 28.8 ms, (e) t = 46.3 ms, (f) t = 46.8 ms. 
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Figure 7. Flow field of molten pool when the welding speed was 6 m/min:(a) t = 17 ms, (b) t = 18.1 ms, (c) t = 18.2 ms, (d) t = 18.3 ms, (e) t = 18.4 ms, (f) t = 18.5 ms. 
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Figure 8. Flow field of molten pool when the welding speed was 9 m/min: (a) t = 7.6 ms, (b) t = 7.9 ms, (c) t = 8 ms, (d) t = 12.5 ms, (e) t = 13.2 ms, (f) t = 13.4 ms. 






Figure 8. Flow field of molten pool when the welding speed was 9 m/min: (a) t = 7.6 ms, (b) t = 7.9 ms, (c) t = 8 ms, (d) t = 12.5 ms, (e) t = 13.2 ms, (f) t = 13.4 ms.



[image: Crystals 12 00873 g008]







[image: Crystals 12 00873 g009 550] 





Figure 9. Velocity contour of the molten pool when the welding speed was 3 m/min: (a) t = 24 ms, (b) t = 25 ms, (c) t = 28.5 ms, (d) t = 28.8 ms, (e) t = 46.3 ms, (f) t = 46.8 ms. 
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Figure 10. Velocity contour of the molten pool when the welding speed was 6 m/min: (a) t = 17 ms, (b) t = 18.1 ms, (c) t = 18.2 ms, (d) t = 18.3 ms, (e) t = 18.4 ms, (f) t = 18.5 ms. 
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Figure 11. Velocity contour of the molten pool when the welding speed was 9 m/min: (a) t = 7.6 ms, (b) t = 7.9 ms, (c) t = 8 ms, (d) t = 12.5 ms, (e) t = 13.2 ms, (f) t = 13.4 ms. 
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Figure 12. Relationship between laser source displacement and maximum flow velocity of the molten pool. 
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Figure 13. Force acting on the keyhole wall. 
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Figure 14. Scheme of the longitudinal section of a keyhole in laser deep penetration welding. 
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Table 1. Physical and thermal properties of the 6056 aluminum alloy.
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	Property
	Symbol
	Unite
	Value





	Solid density
	ρs
	Kg m−3
	2720



	Liquid density
	ρl
	Kg m−3
	2590



	Solidus temperature
	Ts
	K
	860



	Liquidus temperature
	TL
	K
	917



	Boiling temperature
	Tg
	K
	2740



	Latent heat of fusion
	Lm
	J kg−1
	3.87 × 105



	Latent heat of the vapor
	Lv
	J kg−1
	1.08 × 107



	Thermal expansion coefficient
	βk
	K−1
	1.92 × 10−5



	Convective heat transfer coefficient
	h0
	W K−1 m−2
	15



	Surface tension
	    δ 0    
	N m−1
	0.914



	Surface tension gradient
	    A δ    
	N m−1 K−1
	−3.5 × 10−4



	Radiation emissivity
	ε
	-
	0.08



	Ambient temperature
	Tref
	K
	300
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