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Abstract

:

In this work, the thin wall components of TC4 titanium alloy were produced by using external magnetic field hybrid gas metal welding (EM-GMAW). The effect of the external magnetic field on the forming, microstructure, and property of wire arc additively manufactured TC4 titanium alloy was studied in detail. The results showed that the height of the average deposition layer of EM-GMAW was less than that of GMAW and decreased with the increase of magnetic excitation current, and the width of the average deposition layer of EM-GMAW was greater than that of GMAW. The microstructure of the deposition layer consisted of fine α phase and coarse β grains. Compared with the traditional GMAW, the coarse β grain size in the EM-GMAW was reduced obviously. The maximum size of β grain was decreased by 100μm when the magnetic excitation current of 3A was used. In addition, the EM-GMAW tensile strength in the transverse and horizontal was increased by around 20 MPa and 100 MPa, respectively, compared with that of GMAW.
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1. Introduction


TC4 (Ti-6Al-4V) titanium alloy belongs to α + β double-phase titanium alloys and has become the flagship alloy in the titanium alloy industry due to its good performance such as heat resistance, strength, plasticity, toughness, formability, weldability, corrosion resistance, and biocompatibility. The use of this alloy has accounted for 75–85% of all titanium alloys [1,2]. Directed energy deposition arc additive manufacturing (DED-AAM) uses layer-by-layer surfacing to manufacture dense metal solid components. Because DED-arc additive manufacturing utilizes arc as the energy beam and has high heat input and fast forming speed, it is suitable for the low-cost, efficient, and rapid near-net forming of large-size complex components, and has great engineering potential in the field of titanium alloy forming and manufacturing.



When the TC4 titanium alloy wire was used for DED-arc additive manufacturing, the titanium alloy additive parts have good formability, but there are obvious shortcomings such as significant anisotropy, coarse microstructure, etc. [3]. In order to improve the microstructure of the deposited parts, some additional processing processes or energy fields were introduced into DED-arc additive manufacturing processes.



For the additional processing processes, the technology of rolling [4,5] and mechanical hammering [6] was employed to improve the surface microstructure of additive manufacturing samples based on the theory of severe plastic deformation. Previous research [7,8,9] indicated that epitaxial solidification was the main reason for the formation of coarse columnar β grain during titanium alloy additive manufacturing. Severe plastic deformation could refine the surface microstructure [10]. The refinement microstructure could restrain the grain growth in the epitaxial solidification. Martina et al. [4] studied the microstructure of interpass rolled wire plus arc additive manufacturing Ti-6Al-4V components. They found that the coarse columnar β grain transit to fine equiaxed grains and the grain size was obviously reduced when the interpass rolled wire was added during the DED-AAM. Similar results were also reported by Mcandrew A.R et al. [6]. Hnnige J R et al. [5] used the ForgeFixXP pneumatic mechanical hammering system to treat the surface of Ti-6AL-4V alloy additive manufacturing samples. They indicated that although the mechanical hammering depth was less than the depth of the molten pool, the centimeter columnar grains were also effectively refined to equiaxed grains. However, due to additional rolling and mechanical hammering, the DED-AAM device became complex and had poor flexibility. Therefore, some energy field device in relatively simple structure was introduced into the additive manufacturing process to control the solidification process of the molten pool, as reported by researchers [11,12,13].



Controlling the solidification process of the molten pool by an additional energy field was earlier used in casting and welding fields [14,15]. Ultrasonic and electromagnetic fields were commonly used to control the solidification process of the molten pool based on the theories of acoustic cavitation and electromagnetic oscillation. Chen et al. [16] studied the influence of ultrasonic on the solidification process of the molten pool during the TIG welding processes. Under the action of ultrasonic, the refinement microstructure was obtained due to acoustic cavitation broken dendrite. Todaro C J et al. [17] reported the grain refinement of stainless steel in ultrasound-assisted additive manufacturing. However, the distance between the ultrasound horn and the molten pool was not constant during the welding or additive manufacturing, so, the effect of ultrasound on the solidification process of the molten pool was uneven. By contrast, the electromagnetic field could perform uniform control of the molten pool due to the synchronous movement of the electromagnetic field and heat source [14]. Electromagnetic oscillation can usually refine the microstructure and improve the welded joint property during welding [18]. Sundaresan et al. [19] reported grain refinement of gas tungsten arc welds in α–β titanium alloys by using magnetic arc oscillation. Electromagnetic oscillation could stir the molten pool and further control the solidification process. Wang et al. [11] indicated that the stirring effect of the magnetic field during Inconel 625 superalloy fabricated by DED-arc additive manufacturing refines dendritic crystal size.



The above research on how to control the microstructure and properties of TC4 titanium alloy arc additive manufacturing components has attracted much attention. Electromagnetic oscillation usually can refine the microstructure during welding or additive manufacturing. Therefore, it may be concluded that using electromagnetic oscillation also could improve the microstructure and properties of TC4 titanium alloy arc additive manufacturing components. This paper proposes to use the method of an external axial electromagnet to control TC4 titanium alloy GMAW additive manufacturing processes. The influence of magnetic field on TC4 titanium alloy GMAW additive manufacturing components was explored from the forming, microstructure, and property of the component.




2. Experiment Material and Method


In this paper, a Ti-6Al-4V titanium alloy welding wire with a diameter of 1.2 mm was used for arc additive manufacturing. Ti-6Al-4V titanium alloy with a dimension of 100 mm × 12 mm × 12 mm was selected as the substrate. Its chemical composition (at%) is Al (5.5~6.8%), V (3.5~4.5%), Fe (0.30% or less), O (0.20% or less), C (0.10% or less), N (0.05%) or less and Ti (allowance) [1]. The external longitudinal magnetic field hybrid gas metal welding additive manufacturing (M-GMAW-AM) system is shown in Figure 1. The system mainly includes a GMAW power source, an external longitudinal magnetic field composite GMAW welding torch, and a walking platform. The coil turns of the longitudinal magnetic field are 140, and the magnetic excitation current ranges from 1A to 3A. Under the action of the external longitudinal magnetic field, droplet transition and molten pool solidification will be affected by an external electromagnetic force.



During the DED-AAM, the moving platform had horizontal movement by controlling the stepper motor obtained from different deposition speeds. In this work, a deposition speed of 5 mm/s and a shielding gas rate of 15 L/min were used. The distance between the end of the welding torch and the deposition layer was kept at 15 mm at all times and obtained by moving the welding torch in the vertical direction, as shown in Figure 1. Table 1 shows the detailed parameters of Ti-6Al-4V alloy in M-GMAW-AW. Voltage is the fixed parameter (30 V). Parameter variables include wire feed speed (7–9 m/min) and excitation current (1–3A).



The single deposition test was carried out using the process parameters in Table 1. The surface of the deposition layer was photographed and observed by a high-resolution camera. Metallographic specimen preparation and microstructure observation were performed on the cross-section of the deposition components. The specimens for metallographic observation were prepared by the following steps. First, metallographic specimens were cut by the wire-cutting process. Then, the metallographic specimens were ground sequentially with sandpaper of the type of 240 to 1500 grit. The metallographic specimens needed to go through a polishing process after grinding on sandpaper. Finally, the microstructure could be observed after the metallographic specimens were corroded with a 4% nitric acid alcohol solution.




3. Results and Discussion


3.1. Single Deposition Forming


Figure 2 shows the surface morphology of the titanium alloy single deposition layer under different process parameters. During the deposition process, the IM value was adjusted in real time at the green line. For example, at the left of Figure 2a is expressed the image of IM = 0 A. At the right of Figure 2a is expressed the image of IM = 1 A. When the wire feeding speed is 7 m/min, the surface morphology of the titanium alloy deposition layer under different magnetic excitation currents is shown in Figure 2a,b. The deposition layer forming quality of GMAW and M-GMAW with a magnetic excitation current of 1 A is better. When the magnetic excitation current increases to 2 A and 3 A, the width of the deposition layer increases obviously. Figure 2c,f show the surface morphology of the deposition layer with the wire feeding speed of 8 m/min and 9 m/min, respectively. It can be found that the width of the deposition layer increases significantly with the increase of the wire feeding speed. When the wire feeding speed is constant, the width of the deposition layer increases with the increase of the magnetic excitation current.



Figure 3 shows the cross-sectional morphologies of the titanium alloy deposition layer under different process parameters. Figure 3a shows the cross-section morphologies of the titanium alloy deposition layer under different magnetic excitation currents at a wire feeding speed of 7 m/min. The cross-sectional width of the M-GMAW deposition layer increases more than that of the GMAW deposition layer. With the increase of magnetic excitation current, the deposition layer width increases significantly, and the grain size of the M-GMAW deposition layer is significantly smaller than that of the GMAW. The cross-sectional morphologies variation of the titanium alloy deposition layer with the wire feeding speed of 8 m/min and 9 m/min are consistent with that of the wire feeding speed of 7 m/min.



Figure 4 shows the geometric parameters of the titanium alloy cross-sectional deposition layer under different process parameters. A schematic diagram of cross-sectional geometric parameter measurement is shown in Figure 4d. When the wire feeding speed is 7 m/min, the cross-sectional geometric parameters of the titanium alloy deposition layer under different magnetic excitation currents are shown in Figure 4a,b. The width and height of the GMAW deposition layer are 8 mm and 4.9 mm, respectively. When M-GMAW is used, the cross-section width of the deposition layer increases significantly with the increase of magnetic excitation current. When the magnetic excitation current increases to 3 A, the deposition layer width reaches 10.7 mm. The deposition layer height of M-GMAW has no obvious change with the increase of magnetic excitation current. However, it decreases compared with the GMAW. When the wire feeding speed is 8 m/min, the width and height of the GMAW deposition layer are 8.6 mm and 4.9 mm, respectively. After adding a magnetic field, the variation law of cross-sectional geometric parameters of the M-GMAW deposition layer with the wire feeding speed of 8 m/min is consistent with that of the M-GMAW deposition layer with the wire feeding speed of 7 m/min. When the wire feeding speed is 9 m/min, the width and height of the GMAW deposition layer are 10.9 mm and 5.2 mm, respectively, which are increased compared to the GMAW deposition layer with the wire feeding speed of 7 and 8 m/min. Similarly, the variation of the cross-sectional geometric parameters of the deposited layer with a magnetic field added at a feeding speed of 9 m/min is consistent with that at a feeding speed of 7 m/min.



The above results showed that the geometric forming of the deposition layer has changed significantly after different GMAW parameters are introduced into the magnetic field, and has the same change trend, that is, the width of the deposition layer increases and the height decreases under the action of a magnetic field. The literature [20] indicates that the arc shape would rotate under the action of an external magnetic field. The rotated arc shape could enhance the spreading of the melting pool, so the width of the deposited layer would increase.




3.2. Thin-Walled Additive Manufacturing Component


By researching and observing the surface forming and the cross-sectional morphology of a single deposition layer, the basic forming law was mastered. In the following, this paper will select the wire feeding speed of 7 m/min as an example to carry out the thin-walled deposition test by using GMAW and M-GMAW under the different magnetic excitation currents. The thin-walled additive manufacturing components are shown in Figure 5.



As shown in Figure 5a, GMAW components with a total deposition layer height of 4.9 cm can be achieved by depositing 15 layers. The average deposition layer height is about 0.327 cm. As shown in Figure 5b, when the magnetic field with a magnetic excitation current of 1 A is introduced, the component height of 4.41 cm needs a deposit of 14 layers. The average layer height is about 0.315 m. As shown in Figure 5c, when the magnetic field with a magnetic excitation current of 2 A is introduced, the component height of 4.18 cm needs a deposit of 14 layers. The average layer height is about 0.298 cm. As shown in Figure 5d, when the magnetic field with a magnetic excitation current of 3 A is introduced, the component height of 4.59 cm needs a deposit of 16 layers. The average layer height is about 0.287 cm.




3.3. Microstructure


This part will observe and analyze the microstructure, such as the phase distribution, grain orientation, grain size, etc., of the middle section of the component under different process parameters.



Figure 6 shows the phase distribution of titanium alloy thin-walled additive manufacturing components under different process parameters. The red area represents the α phase and the green area represents the β phase in the figure. In the GMAW additive manufacturing component, the ratio of α phase and β phase is 99.2% and 0.08%, respectively (Figure 6a). As shown in Figure 6b, when the magnetic excitation current is 1 A, the ratio of α phase and β phase is 99.7% and 0.03%, respectively. As shown in Figure 6c, when the magnetic excitation current is 2 A, the ratio of α phase and β phase is 99.8% and 0.02%, respectively. As shown in Figure 6d, when the magnetic excitation current is 3 A, the ratio of α phase and β phase is 99.2% and 0.08%, respectively. It can be found that the ratio of the α phase is greater than that of the β phase. In the additive manufacturing process, the heating temperature reaches the transition temperature of the α phase, and the solidification of the molten pool is a rapid cooling process. During the rapid cooling process, it is too late to transform the amount of α phase into β phase. Hence, the main phase of the component is α phase, and only a small amount of β phase exists. In addition, after introducing an external magnetic field, the ratio between α phase and β phase is significantly unchanged, indicating that the magnetic field has little effect on the phase ratio.



Grain morphology and crystal orientation of titanium alloy thin-walled additive manufacturing components under different process parameters can be observed in Figure 7. As shown in Figure 7a, the microstructure of GMAW mainly consists of coarse β columnar crystals with fine α phase distributed in the grains. Figure 7b–d show the grain morphology and crystal orientation of M-GMAW at magnetic excitation current 1 A, 2 A, and 3 A, respectively. It can be observed that compared with GMAW, the maximum grain size of M-GMAW is significantly reduced, and the crystal orientation distribution becomes more disorderly.



The size of α and β phase in the titanium alloy DED-AAM component with the wire feeding speed of 7 m/min can be seen in Figure 8. It can be seen that two distribution ranges in phase size are, respectively, ~100 μm and 100 μm~. From Figure 7, β phase size was greater than that of α phase. Therefore, the phase size distribution ranges of ~100 μm expressed the size change of α phase, and the phase size distribution ranges of 100 μm~ expressed the size change of β phase.



As shown in Figure 8a, the maximum size of the β phase in the GMAW is about 280 μm and the average size in α and β phase is 38.8676 μm. When the magnetic field of magnetic excitation current of 1 A is introduced, the maximum β phase size and average size in α and β phase is about 200 μm and 32.2712 μm, respectively (Figure 8b). When the magnetic field of the magnetic excitation current of 2 A is introduced, the maximum β phase size and average size in the α and β phase are about 240 μm and 33.8005 μm, respectively (Figure 8c). When the magnetic field of the magnetic excitation current of 3 A is introduced, the maximum size of the β phase and average size in α and β phase are about 180 μm and 38.3477 μm, respectively (Figure 8c). Compared with GMAW, the maximum size of the β phase and the average size of the phase decrease after the introduction of the magnetic field. When the magnetic excitation current is 3 A, the maximum size of the β phase decreases the most, by 100 μm; when the magnetic excitation current is 1 A, the average size of the phase decreases the most, by 6.5964 μm.



From the above results of microstructure, the grain size could be refined by adding an external magnetic field. Hunt et al. [21] indicated that the coarse columnar crystal transferred into the fine equiaxed crystal could be explained by Formula (1).


   G L  ≤ 0.061  N 0  1 / 3    [  1 −     ( Δ  T N  )  3      ( Δ  T c  )  3     ]  Δ  T c   



(1)




where the GL is the solid-liquid interface temperature gradient, N0 is the heterogeneous nucleation rate, △TN is the critical undercooling of homogeneous nucleation, △Tc is the undercooling of the columnar crystal front. Therefore, when the reduction of GL and △TN, and the increase of N0 and △Tc were obtained, this was conducive to the transformation from coarse columnar crystal to equiaxed crystal. Under the action of the external magnetic field, the forced convection would be formed in the weld pool, which made the reduction of GL due to the change of fluid of the weld pool [22]. In addition, the dendrite in the solid-liquid interface was fractured under the electromagnetic stirring, as shown in Figure 9. Broken dendrite would become the nucleating particle to enhance the nucleation rate. Therefore, the refinement grain was obtained by using M-GMAW.




3.4. Mechanical Property


The tensile strength of the titanium alloy thin-walled additive manufacturing component can be seen in Figure 10. It can be seen that the longitudinal tensile strength is greater than the vertical tensile strength. When the magnetic excitation current is 1 A and 2 A, the transverse tensile strength of M-GMAW is obviously greater than that of GMAW, which is increased by about 40 MPa. The longitudinal tensile strength obtained by M-GMAW with the magnetic excitation current of 3 A is increased by around 20 MPa compared with that of GMAW, and its vertical tensile strength is increased by around 100 MPa. The difference between the longitudinal and vertical tensile strength obtained by M-GMAW with the magnetic excitation current of 3 A is the smallest. Previous research [6,7] indicated that anisotropy of titanium alloy components in the WAAM was mainly caused by the coarse β grain. Owing to the coarse β grain growth along the vertical direction, the vertical tensile strength was greater than the longitudinal tensile strength. Therefore, we find that similar results were also obtained in this work.





4. Conclusions


The average deposition layer height of GMAW was about 0.327 cm. The average height of the deposited layer decreased under the magnetic field. When the magnetic excitation current was 3 A, the average layer height of M-GMAW was about 0.287 cm.



The microstructure of the deposition layer consisted of a number of α phases and a little β phase. Compared with GMAW, the maximum phase size and average phase size decreased after the introduction of a magnetic field.



The vertical tensile strength obtained by M-GMAW with the magnetic excitation current of 3 A was increased by around 20 MPa compared with that of GMAW, and its longitudinal tensile strength was increased by around 100 MPa. The difference between the vertical and longitudinal tensile strength obtained by M-GMAW with the magnetic excitation current of 3 A was the smallest.
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Figure 1. The external longitudinal magnetic field hybrid gas metal welding additive manufacturing (M-GMAW-AM) system. 
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Figure 2. Surface morphology of the titanium alloy single deposition layer: (a,b) shows the wire feeding speed of 7 m/min, (c,d) shows the wire feeding speed of 8 m/min, (e,f) shows the wire feeding speed of 9 m/min. 
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Figure 3. Cross-sectional morphologies of titanium alloy deposition layer: (a) Wire feeding speed of 7 m/min with different magnetic excitation currents, (b) Wire feeding speed of 8 m/min with different magnetic excitation currents, (c) Wire feeding speed of 9 m/min with different magnetic excitation currents. 
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Figure 4. Geometric parameters of cross-sectional of titanium alloy deposited layer under different process parameters: (a) Wire feeding speed of 7 m/min, (b) Wire feeding speed of 8 m/min, (c) Wire feeding speed of 9 m/min, (d) Schematic diagram of geometric dimension measurement. 
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Figure 5. Macro forming of titanium alloy DED-AAM component with the wire feeding speed of 7 m/min: (a) IM = 0 A, (b) IM = 1 A, (c) IM = 2 A, (d) IM = 3 A. 
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Figure 6. Phase distribution of titanium alloy DED-AAM component with the wire feeding speed of 7 m/min: (a) IM = 0 A, (b) IM = 1 A, (c) IM = 2 A, (d) IM = 3 A. 
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Figure 7. Grain morphology and crystal orientation of titanium alloy DED-AAM component with the wire feeding speed of 7 m/min: (a) IM = 0 A, (b) IM = 1 A, (c) IM = 2 A, (d) IM = 3 A. 
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Figure 8. The size of α and β phase in the titanium alloy DED-AAM component with the wire feeding speed of 7 m/min: (a) IM = 0 A, (b) IM = 1 A, (c) IM = 2 A, (d) IM = 3 A. 
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Figure 9. (a,b) Grain refinement under the action of electromagnetic stirring. 
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Figure 10. Tensile strength of titanium alloy thin-walled additive manufacturing component. 
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Table 1. Parameters of Ti-6Al-4V alloy during the magnetic field assisted DED-AAM.
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No.

	
Voltage (V)

	
Wire Feed Speed (m/min)

	
Excitation Current (A)






	
1

	
30

	
7

	
0




	
2

	
1




	
3

	
2




	
4

	
3




	
5

	
8

	
0




	
6

	
1




	
7

	
2




	
8

	
3




	
9

	
9

	
0




	
10

	
1




	
11

	
2




	
12

	
3
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