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Abstract:



The effect of pulse laser welding parameters and filler metal on microstructure and mechanical properties of the new heat-treatable, wieldable, cryogenic Al-4.7Mg-0.32Mn-0.21Sc-0.1Zr alloy were investigated. The optimum parameters of pulsed laser welding were found. They were 330–340 V in voltage, 0.2–0.25 mm in pulse overlap with 12 ms duration, and 2 mm/s speed and ramp-down pulse shape. Pulsed laser welding without and with Al-5Mg filler metal led to the formation of duplex (columnar and fine grains) as-cast structures with hot cracks and gas porosity as defects in the weld zone. Using Al-5Ti-1B filler metal for welding led to the formation of the fine grain structure with an average grain size of 4 ± 0.2 µm and without any weld defects. The average concentration of Mg is 2.8%; Mn, 0.2%; Zr, 0.1%; Sc, 0.15%; and Ti, 2.1% were formed in the weld. The ultimate tensile strength (UTS) of the welded alloy with AlTiB was 260 MPa, which was equal to the base metal in the as-cast condition. The UTS was increased by 60 MPa after annealing at 370 °C for 6 h that was 85% of UTS of the base alloy.
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1. Introduction


Al-Mg alloys with scandium additives have been actively developed and are already used in industry. Scandium greatly increases the yield stress (YS) of such alloys and, ultimately, their strength due to the formation of the Al3Sc nanoparticle phase, which retains the semi-finished deformed structure, even after annealing at temperatures above 300 °C [1,2,3].



Al-Mg alloys are the weldable aluminum alloys. However they have high hot cracking susceptibility during argon-arc welding and high gas porosity after gas welding [4,5]. Hot cracking susceptibility depends on the value of the effective solidification range (ESR), the strength, and the plasticity in this range [6,7,8]. The maximum ESR and hot cracking susceptibility for Al-Mg alloys is indicated at 0.8% Mg [6,7,8]. Increasing the magnesium content to more than 6% significantly decreased the formation of hot cracks [6,7,8]. Another way of decreasing hot cracking is grain refining. For example, the alloying of Al alloys by small additives of Ti was found to decline sharply the hot cracking index [6]. The role of the inclusions and segregation is not unique. On the one hand, the hot cracking decreased if the inclusions and segregation is the effective refiners. On the other hand, the inclusions and segregation are the internal stress concentrators and, in this case, the hot craсking susceptibility increased.



The ultimate tensile strength (UTS) of the weld for Al-5Mg was 250–260 МPа argon-arc welding and for Al-7Mg (270–280 МPа) after gas welding [9]. High hot cracking susceptibility and gas porosity can be decreased by laser welding or friction stir welding [3]. Studies [10,11] have reported that the UTS of the friction stir welded Al-4Mg with Sc and Zr additives was 320 MPa. However microstructure of the weld was asymmetric with inhomogeneous hardness. The formation of the fine grain structure, dispersive Al3Er phase, and low Mg evaporation increased UTS of laser-welded Al-4.7Mg-0.7Mn-0.3Er alloy up to 320 MPa. Al-4.7Mg-0.62Mn and Al-4.5Mg-0.57Mn-0.32Er-0.14Zr alloys were laser welded in [12]. The UTS was 290 and 300 МPа, respectively. Er and Zr additives led to the formation of the Al3(Er,Zr) dispersoids and an increase in UTS. However, Fu and others [13] have studied the thermodynamic stability of the Al3(Sc1−x,Zrx) and Al3(Er1−x,Zrx) particles that were formed after gas tungsten arc welded joints of the Al-Mg alloy. It was concluded that Al3(Sc1−x,Zrx) particles have higher thermodynamic stability than Al3(Er1−x,Zrx) particles. The ultimate strength and yield strength of Al-Mg-Sc joint were 338 MPa and 238 MPa, respectively; the ultimate strength and yield strength of Al-Mg-Er welded joints were 320 MPa and 183 MPa, respectively.



A new alternative rapid and economical method to obtain joints of different metals and alloys is friction drilling [14,15,16]. This is based on the material flow, by using the heat caused by the friction of a conical shape rotary tool without cutting edges [17]. Authors [16] investigated the microstructure modification of 2024 aluminum alloy produced by friction drilling. They showed that the physical processes and the final structure are the same as friction stir welding terminology. They found three zones in the cross-section of the hole section: stir zone (SZ), thermo-mechanically affected zone (TMAZ), and heat affected zone (HAZ). Friction drilling leads to material hardening near the hole with the microhardness monotonically decreasing closer to the base metal (BM). The maximum microhardness was detected in recrystallized material layers in the SZ and it was equal to 1.3 GPa.



Another new method, selective laser melting and direct laser deposition, were investigated [18,19] with Al-6.2Mg-0.36Sc-0.09Zr and Al-4.6Mg-0.66Sc-0.42Zr-0.49Mn aluminum alloys. It was concluded that the highest tensile strengths of 500 MPa and 390 MPa, respectively, can be reached in the alloys using additive methods due to the formation of the fine structure and Al3(Sc,Zr) dispersoids. However, a great deal of hot cracking was observed. To obtaining defect-free bulk details by additive manufacturing it is important to predict the behavior of the material during melting as described in [20].



The new heat-treatable, wieldable, cryogenic 1545 K (Al-4.7Mg-0.32Mn-0.21Sc-0.1Zr alloy) alloy based on an Al-Mg-Sc system is a very promising material for the aerospace industry [18,19,20,21,22,23,24]. The aim of this research was to increase the tensile strength of the laser welded Al-4.7Mg-0.32Mn-0.21Sc-0.1Zr alloy at the expense of the formation of the fine grain structure of the weld.




2. Materials and Methods


The material used in this work was the alloy of grade 1545 K with the chemical composition presented in Table 1.



Table 1. Chemical composition of the investigated alloy 1545 K, mass %.







	
Al

	
Mg

	
Mn

	
Sc

	
Zr

	
Cu

	
Fe

	
Zn






	
bal.

	
4.7

	
0.32

	
0.21

	
0.1

	
<0.1

	
<0.1

	
<0.1










From a 280-mm-thick industrial ingot, sheets with thicknesses of 10 mm were obtained. The 10-mm sheets were rolled to a thickness of 1 mm using a laboratory rolling mill.



The technology used in [23] involved hot rolling from 28 to 10 mm at 370 °C and cold rolling from 10 to 1 mm.



The laser welding process of thin sheets was carried out on pulse-periodic laser welding machine MUL-1-M-200 (OOO Latikom, Moscow, Russia) equipped with an Nd:YAG laser which operates at a wavelength of 1064 nm. In the present work, the laser power was 200 W, the pulse repetition frequency ranged from 0.5 to 20 Hz; the speed of movement of the stage changed from 0.25 to 20 mm/s; and the shielding gas was argon. All samples were prepared before welding by electropolishing edge sides using an electrolyte (C2H5OH + HClO4) under 20 V and drying in furnace at 150 °C for 10 min.



Samples were annealed after the welding process in a Nabertherm (Nabertherm, Lilienthal, Germany) electric furnace. After welding the welded parts were cut to the standard tensile test specimens using wire electrodischarge machining as an alternative process to milling due to the possibility to produce specimens which easily meet the geometric-dimensional requirements, no affectation to the ductility of the edge and, finally, the lack of any significant change in the mechanical properties [25].



Samples were polished with Struers Labopol-5 (Struers-Ensuring Certainty, Ballerup, Denmark) equipment for the microstructural and microhardness investigations. The grain structure was analyzed after the oxidation reaction of the polished surface with 10% electrolyte (saturated solution H3BO3 in HF) in distilled water at 17 V.



The polished samples were observed under polarized light using a Neophot-30 (Carl Zeiss Jena, Oberkokhen, Germany) optical microscope. The microstructure, phase composition, and distribution of elements in the weld were investigated by using a TESCAN VEGA 3LMH (Tescan, Kohoutovice, Česká Republika) scanning electron microscope (SEM).



The small polished and etched samples were tested with an HVD-1000AP micro Vickers (Germany Wolpert Wilson Instruments, Aachen, Germany,) hardness testing machine with a hardness scale of HV0.2, a time duration of 5 s, and a test force of 1960 N, with the shape of the indenter being a square-based diamond pyramid with an apical angle of 136°. The tensile tests were performed using a Zwick/Roell Z250 (Zwick/Roell, Kennesaw, GA, USA) Allround series-testing machine. The strain rate was 4 mm per minute. The standard deviation from the mean value was within ±(2–4) MPa of the measured value. A new overview about the innovative testing machine and methodology are presented in [26,27].




3. Results and Discussion


3.1. Laser Welding Parameters


The production of a good quality weld depends on the power of the pulse and its duration, the frequency of pulses, and welding rate, the determination of the degree of overlap of the single welds formed by individual pulses of a laser beam, as well as the size of the area of a focused beam (active area), and the shape of pulse. The main criteria for power of the pulse, duration, and frequency (which depend on the welding rate and overlap) were the volume of the molten area and splashes. If power, pulse duration, and frequency increases, the molten area and possibility of splashes increases, as well. Thus, the optimal parameters of pulsed laser welding of the Al-4.7Mg-0.32Mn-0.21Sc-0.1Zr alloy were determined by experimental investigation: 330–340 V in voltage, 0.2–0.25 mm in pulse overlap with 12 ms duration, and 2 mm/s in the welding rate. The frequency was 8–10 Hz. The melting zone was 0.6 mm in thickness without strong splashes of metal from the welding zone and the formation of a large steam and gas channel, which leads to the formation of large gas pores at the root of the seam at optimal parameters. A duplex as-cast structure was formed in the welded seam of the investigated alloy (butt welding of deformed 1 mm thickness sheets), which consisted of columnar crystals zone and equiaxed crystal zones in the center of the weld (Figure 1).


Figure 1. As-cast structure of the welded seam of the Al-4.7Mg-0.32Mn-0.21Sc-0.1Zr alloy.
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The formation of the columnar grains had a negative effect on the mechanical properties. A non-homogenous grain structure leads to a decrease in strength and plasticity. Columnar grains are the effective centers for nucleation and propagation of failure cracks.



The main problem of the laser welding of the Al-4.7Mg-0.32Mn-0.21Sc-0.1Zr alloy was high hot cracking susceptibility, which depended of the high effective solidification range and cooling rate during welding. The cooling rate during welding is depends of pulse shape [28,29,30,31]. Rectangular and ramp-down pulse shapes were investigated for decreasing the cooling rate (Figure 2). In the first case a constant laser power applied during welding. The temperature gradient between the melt and base metal is greatest. The formation of a long hot crack (Figure 2a) was the result. In the second case, the pulse shape starts with a constant laser power for 4 ms to generate the required weld pool. After this welding duration, the laser power is linearly decreased during a cooling duration to achieve moderate cooling rates during solidification. Decreasing the laser power led to a decline in hot cracking susceptibility (Figure 2b). The same results were obtained by Michaud et al. [32,33] on different aluminum-copper alloys and by Zhang et al. [31] to weld 6061 aluminum alloys using a ramp-down laser pulse shape.


Figure 2. The effect of rectangular (a) and ramp-down (b) pulse shaping on hot cracking.
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The results showed that it was possible to eliminate solidification cracking in 1545 K pulsed Nd:YAG laser welds by decreasing the temperature gradient of the laser pulse power after the main welding pulse sector; thus, the temperature difference between the molten pool and room temperature decreases and the speed of cooling rate decreases, as well, and the hot cracking will decrease or disappear.




3.2. Influence of Filler Metal on Weldability


Two filler materials were used for pulse laser welding of the Al-4.7Mg-0.32Mn-0.21Sc-0.1Zr alloy. Al-5Mg (AlMg) alloy and Al-5Ti-1B (AlTiB) master alloy were used as a filler metal. Al-5Mg (AlMg) alloy often used filler metal in argon arc welding of Al-Mg alloys. Al-5Ti-1B (AlTiB) master alloy is an effective grain refiner. Al3Ti are the primary crystals which form during solidification and the TiB2 phase is the effective grain refiner. This phase has similar lattice parameters (a = 0.5446 nm and a = 0.3029 nm for Al3Ti and TiB2, respectively) with Al (a = 0.4049 nm). The filler material 0.25 mm in thickness was placed between two sheets of the base alloy. Figure 3 demonstrates the microstructure of the laser-welded alloy with metals.


Figure 3. Microstructure of the welded alloy: (a) without filler metal; (b) with AlMg; and (c) with AlTiB filler metals.
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Columnar crystal zones and equiaxed crystal zones in the center of the weld were found after welding without and with AlMg filler metal. Hot cracks and gas porosity appeared as defects in the weld. The fine grain structure with an average grain size in 4 ± 0.2 µm was formed in the weld zone after using AlTiB filler metal. Significant grain refinement led to increasing hot cracking susceptibility [7,34]. Figure 4 illustrated microstructure and distribution of the alloying elements in the weld of the Al-4.7Mg-0.32Mn-0.21Sc-0.1Zr alloy after welding with AlTiB. High density of the TiB2 phase was found in the weld. Zr and Sc homogenously distributed in the solid solution. Figure 5 illustrates the distribution of the elements in the base metal and welding zone. The mixture of the base and filler metals was formed during laser welding with an average concentration of Mg, 2.8%; Mn, 0.2%; Zr, 0.1%; Sc, 0.15%; and Ti, 2.1%.


Figure 4. SEM microstructure and distribution of the alloying elements in the weld of the Al-4.7Mg-0.32Mn-0.21Sc-0.1Zr alloy after welding with AlTiB.
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Figure 5. Distribution of the elements in the base metal (outside the lines) and the welding zone (inside the lines) in the Al-4.7Mg-0.32Mn-0.21Sc-0.1Zr alloy after welding with AlTiB.
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3.3. Effect of Heat Treatment of Butt-Welded 1545 K Aluminum Alloy


The microhardness of the based Al-4.7Mg-0.32Mn-0.21Sc-0.1Zr alloy and welding zone after welding with AlTiB and annealed at 370 °C for 6 h conditions are presented in Figure 6. The microhardness of the base alloy is 150 μHV. The transition to the weld microhardness leads to a decrease to 98 μHV. After annealing at 370 °C for 6 h the softening effect was 30 μHV for the base metal. The mechanisms of softening were investigated by authors in previous works [22,23]. Hardness increased to 142 μHV for the weld. The hardening effect of 44 μHV was achieved through the formation of the Al3(Sc,Zr) dispersoids.


Figure 6. Microhardness over the cross-section of weld zone: (a) 1545 K welded with AlTiB; and (b) 1545 K welded with AlTiB and annealed at 370 °C 6 h.
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The UTS of the base and welded Al-4.7Mg-0.32Mn-0.21Sc-0.1Zr alloy in the different conditions are presented in Table 2. The UTS of the welded alloy without filler metal and with the AlMg was 100 MPa. Very low UTS associated with the presence of the hot cracks and porosity in the weld (Figure 3a,b). The UTS after welding with AlTiB was significantly higher—260 MPa. The same strength was for based alloy in the as cast condition. The UTS was increased by 60 MPa after annealing at 370 °C for 6 h and it was 85% from UTS of the base alloy at the same condition.



Table 2. UTS of the investigated alloy under the different conditions.







	
Condition

	
UTS, MPa






	
As cast

	
268 ± 8




	
As cast and annealed at 370 °C for 6 h

	
360 ± 10




	
As cast, annealed and rolled

	
490 ± 12




	
Rolled and annealed at 370 °C for 6 h

	
375 ± 8




	
Welded without filler metal

	
100 ± 9




	
Welded with AlMg

	
90 ± 7




	
Welded with AlTiB

	
260 ± 7




	
Welded with AlTiB and annealed at 370 °C for 6 h

	
320 ± 8












4. Conclusions


Al-Mg alloys are the weldable aluminum alloys. However, they have high hot cracking susceptibility during argon-arc welding and high gas porosity after gas welding. The present article showed that pulsed laser welding is one the new methods of joining that reduces the hot cracking and gas porosity formation and increases the mechanical properties of the weld zone in aluminum alloys. It was concluded that:

	
The optimal parameters of pulsed laser welding of the Al-4.7Mg-0.32Mn-0.21Sc-0.1Zr alloy were determined. They were 330–340 V in voltage, 0.2–0.25 mm in pulse overlap with 12 ms duration, and 2 mm/s in welding speed with a ramp-down pulse shape.



	
It was found that pulsed laser welding of the alloy without and with AlMg filler metal led to the formation of a duplex as-cast structure with hot cracks and gas porosity as defects in the weld zone. The fine grain structure with an average grain size of 4 ± 0.2 µm and without any weld defects was formed in the weld zone after using AlTiB filler metal.



	
The mixture of the base and filler metals was formed during laser welding with average concentrations of Mg, 2.8%; Mn, 0.2%; Zr, 0.1%; Sc, 0.15%; and Ti, 2.1%. The high density of the TiB2 phase was found in the weld. Zr and Sc were homogenously distributed in the solid solution.



	
The UTS of the Al-4.7Mg-0.32Mn-0.21Sc-0.1Zr alloy welded with AlTiB was 320 MPa after annealing at 370 °C for 6 h and it was 85% of the UTS of the base alloy at the same condition.
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