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Abstract

:

Economic welding of thick steel plates is an emerging challenge for various engineering applications. However, tungsten inert gas (TIG) arc welding, as an economic and widely used method, is not regarded as a suitable tool to weld thick steel plates due to the shallow penetration in a single-pass operation. In this technical progress, the joining of austenitic high manganese steel of 8 mm thickness was successfully performed using nanowire flux activated TIG welding with a full penetration and a narrow bead geometry. Fe2O3 nanowire was used as flux and compared with microscale Fe2O3 flux. Experimental results showed that with nanowire fluxes, the welding yielded the maximum of more than 8 mm thick penetration (full penetration and melt over the plate) with proper operating parameters in a single pass. In sharp contrast, the penetration is only less than 4 mm for a single pass welding without Fe2O3 flux with the similar parameters. Arc voltage—time variation during welding process was analyzed and the angular distortion was measured after welding to understand the activating effect of optimized flux mixture. Compared to welding joint without flux and with microscale Fe2O3 flux, nanoscale Fe2O3 flux has a larger arc voltage and higher energy efficiency, higher joint strength and less angular distortion. The developed joint with nanowire flux qualified the tensile test with tensile strength of 700.7 MPa (82.38% of base material strength) and 34.1% elongation. This work may pave a way for nanotechnology-enabling welding innovation for engineering application.
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1. Introduction


The tungsten inert gas arc welding (TIG welding), also known as Gas tungsten arc welding (GTAW), using an arc between a non-consumable tungsten electrode and the metal workpieces to fuse workpieces under a shielding gas is a greatly important welding process. Acting as an effective method, it is extensively applied to weld sheets, tubes, pipes, plates and castings [1,2]. Such fabricated products are widely applied in ship manufacturing, power generation, aerospace, and other industries. However, the penetration of TIG process is a technical barrier. Usually in the TIG welding of stainless steels with argon shielding, full penetration welding is restricted to joints of a maximum thickness of around 3 mm at relatively low welding speed [3,4]. For welding thicker plates, multipass weld is needed, which is time-consuming and architecture-limited. Due to the clean and smooth welded surface, relatively lower equipment costs, superior mechanical properties of TIG welding, it is worth focusing on the improvements of penetration in a single pass operating during TIG welding.



Manganese steel was used to work in harder-impact environments because of its exceptional toughness [5]. Although the addition of manganese causes the steel to become extremely brittle when the range is between 2.5% to 7.5%, the steel becomes remarkably tough once the manganese content exceeded 10%. Manganese steels are further defined by the range of Mn content as regular manganese steel (11–15%) and high manganese steel (over 15%) [6]. The high manganese steel (HMS) is an austenitic alloy with high yield strength, high hardness and high ductility at room temperature. Manganese increases the hardness of the metal as it reduces the critical cooling rate during hardening, meaning that it increases the hardenability of steel and allows for the required combination of higher strength and higher uniform elongation [7,8,9]. Meanwhile, due to an intense twinning of the alloy, the steel also has impressive properties at low temperatures [10,11]. It is also a kind of non-magnetic steel, in which the so-called non-magnetism originates essentially from the low permeability of paramagnetic austenite matrix [12,13,14]. All these desirable combinations of properties have resulted in numerous applications of this alloy, especially in liquid gas storage, pipelines for petroleum transporting, railway rail steel, producing automobile parts and marine risers. Other applications range from noiseproof floor panel used in construction, wear-resistant slurry transportation ore pipes, and cryogenic steel for LNG storage tanks [15].



HMS steel welding has been achieved using conventional tungsten inert gas welding (TIG welding). However, the low productivity (less than 1.5 mm/s) and shallow depth of penetration (1–3 mm) in single pass limited its application [16,17]. There are therefore other advanced ways for welding HMS steels, such as laser beam welding with both high penetration and speed, and friction-stir welding with better joint performance and finer grains. Nevertheless, according to the previous studies, laser beam welding on HMS can cause alloy element loss due to its thermal vaporization at extremely high welding temperatures [18,19,20,21], which is a fetal defect because of the loss of manganese from the weld pool leading to the microstructure and properties modification. Although friction-stir welding can be a compelling alternative with lower welding temperature, the tremendous equipment requirement and expensive cost limit the use of this technology [22,23,24,25].



To overcome these shortcomings, activated flux-tungsten inert gas welding (A-TIG) is introduced as one of the novel variants of the TIG welding process by using the mixture of inorganic material known as flux [26,27,28,29]. The A-TIG welding process fully abolishes the requirement of filler wire, minimizes welding time and improves the depth of penetration, and thus was considered a better way of steel welding in industry. Previous studies reported the mechanism of increase in depth of penetration, microstructure and mechanical properties of A-TIG welding developed using microscale component fluxes [30,31,32,33]. Different kinds of oxide fluxes have been used and studied, such as SiO2, Al2O3, CaO, Fe2O3, TiO2, ZnO, MnO2 and CrO3, etc. Among those kinds of oxides, although nearly all of them increase the penetration of the welding, the effects of their addition on the penetration are quite different. When the target steel plate is ferritic, the increase in weld penetration and the decrease in bead width are significant with the use of the activating fluxes Fe2O3, ZnO, MnO2 and CrO3 [34,35]; when welding austenitic steel, the results of adding SiO2, Fe2O3 and TiO2 as fluxes are more obvious [36,37]. Recently, various innovations in traditional welding and joining were reported by integrating nanotechnology [38,39]. There is limited study on nanomaterials as flux, except a recent report using nanoscale TiO2 flux in enhancing penetration of TIG welding [40]. However, the effect of nanowire fluxes on weld penetration, microstructure, and mechanical properties of A-TIG welding on HMS is scarce. Since adding Fe2O3 as flux resulted in the increase of weld depth remarkably both on austenitic and ferritic steels, it is worth exploring the effect of nanoscale Fe2O3 flux on ATIG welding for various engineering materials.



In the present work, attempts were devoted to developing nanowire flux with Fe2O3 nanowires for improved welding of A-TIG on high manganese steel and comparison with microscale Fe2O3 fluxes. These fluxes were easily applied to the steel coupons with spray coating. The microstructural features, hardness, tensile properties, and angular distortion of the weldment were investigated in detail. Based on these investigations, the nanomaterial-enhanced welding mechanism was discussed.




2. Experimental Details


2.1. Base Material Properties


The base metal used in this study was 8 mm thick plates of HMS (high manganese steel, provided by POSCO). The chemical composition of the base metal is presented in Table 1. High manganese steel plates were cut into samples having the size of 40 mm × 80 mm × 8 mm with the help of water jet cutting machine. Edges of the plates were machined, and before welding, surfaces of the specimen were thoroughly cleaned with wire brush and acetone to ensure cleanliness.




2.2. Sample Size and Welding Parameters


Autogenous bead-on-plate welds were produced at the center of 80-millimeter-long and 40- millimeter-wide plates for optimizing the process parameters so as to achieve complete penetration of the 8 mm using a welding machine. The first set of experiments was done without using any flux. Specimens free from volumetric defects and lacking penetration were considered for further analysis and the welding parameters were considered as the optimized welding condition. A direct-current, electrode-negative power source was used. A torch with a standard 2% thoriated tungsten electrode rod with 2.4 mm diameter and 45-degree tip angle was mounted on the X–Y axis moving stage to obtain a uniform welding speed. Process parameters used for TIG welding experiments set with a high frequency DC/AC arc welder (Amico Power, model ACDTIG2002017) are listed in Table 2.




2.3. Fluxes Preparation and A-TIG Welding Process


2.3.1. Nanoscale Fe2O3 Synthesis


α-Fe2O3 nanowires were synthesized via two steps [41,42]. In brief, Fe-based complex precursor nanowires were prepared. 0.15 M FeCl3 aqueous solution was mixed with isopropanol, to which 3 mmol nitrilotriacetic acid (NTA) was added. After magnetic stirring, the mixture was transferred into a Teflon-lined autoclave and hydrothermally treated at 190 °C for 24 h. The resultant white sediment was collected by centrifugation, washed with deionized water and absolute ethanol twice, and dried at 60 °C. In the second step, the precursors were put in a crucible and annealed at 350 °C for 1 h. After that, the precursors were converted into α-Fe2O3 nanowires. The width of α-Fe2O3 nanowires was around 25 nm, and the length was around 2–3 μm, as Figure 1a shows. Figure 1b shows XRD results of Fe2O3 nanowire. The peaks can be indexed by the anatase phase corresponding to the JCPDS card no. 39-0238.




2.3.2. A-TIG Welding Process


Two kinds of fluxes were made in this study: nanoscale and microscale Fe2O3 flux. Nanowire flux was mixed with nanoscale Fe2O3 and acetone in different mass ratios (Fe2O3/acetone = 1:1, 1:5 and 1:10), and microscale Fe2O3 flux was made with microscale Fe2O3 and acetone (commercial microscale Fe2O3 powders, Sigma Aldrich) as shown in Figure 2a. After mixing with a mechanical stirring with a Teflon puddler, the fluxes were applied by using a spray gun on the surface of the HMS steel plates to be welded. The coating thickness was thin enough to mask the joint line. The total quantity of flux required is 5–6 mg. After a few minutes, the flux coating was visibly dry, then the acetone evaporates, leaving a layer of flux adhering to the surface. Figure 2b shows a schematic diagram of activated TIG welding with a robotic stage and Figure 2c is an image of the real experiment set up. The welds were made with a fixed stand-off distance (also named arc length, L) of 3 mm from the tip of the tungsten to the workpiece. The arc was moved along the centerline of the test specimen and welds were carried out in the flat position on a single plate which was coated with the flux. During A-TIG welding, a part of or all of the fluxes were molten and vaporized.



Two sets of welding experiments were performed. At first, nanoscale Fe2O3 flux of different concentrations was applied onto the samples, the welding speed was 120 mm/min in this set. After that, a certain ratio should be decided for both nanoscale and microscale fluxes for welding set No. 2, this time the welding speed was 60 mm/min.





2.4. Measurement of Arc Voltage and Angular Distortion


During and after welding, investigations were carried out to measure the arc voltage and angular distortion in the A-TIG welded joints. The arc voltage is the voltage between cathode and anode during welding, and it can be measured by multimeter set between the material and tungsten electrode. The schematic figure of the arc voltage measuring set up is shown in Figure 3a.



The schematic for the angular distortion measuring setup is shown in Figure 3b. During measurement, the dial gauge was moved along the x-axis from the weld center to the edge of the plate through a distance Δx. Subsequently, a vertical displacement Δz was obtained in the dial gauge. The angular distortion values were measured before and after welding three times for each sample, and the average value was recorded. The differences in measurement before and after welding revealed the vertical displacement caused by welding; subsequently, the angular distortion value θ was calculated using the following equation:


  θ =   tan   − 1    (    Δ z   Δ x    )   



(1)









3. Results and Discussion


3.1. Effects of Fluxes Concentration on Weld Bead Geometry


The weld bead geometries of different concentration fluxes are shown in Figure 4a–d, at a speed of 120 mm/min. It can be observed that all the fluxes increased the depth of penetration (d) and reduced the bead width (w), as compared to the TIG weld without flux. The extent of their effect on weld bead parameters is characterized. The effect of various fluxes on depth of penetration (d), bead width (w), and depth of penetration to bead width ratio (d/w) are shown in Figure 5. TIG welding without flux results in the widest (8.5 mm) and shallowest (2 mm) weld bead with the lowest d/w ratio of 0.24. Whereas, the use of 1:1 flux results in the greatest depth of penetration (3 mm) with a d/w ratio of 0.55. The Fe2O3 flux with the ratio of 1:5 was found to yield the depth of penetration, bead width and d/w ratio as 2.8 mm, 5.7 mm and 0.49, respectively. As can be observed from the result, the depth of penetration, bead width and the d/w ratio all improve when the concentration of the flux grows increases. However, as flux reaches the 1:1 ratio, the change in the results also gradually reach a limit. Thus, the most concentrated one (1:1) was chosen for further characterization of the full penetration and the maximum d/w ratio.




3.2. Effects of Fluxes Composition on Weld Bead Geometry


The weld bead geometries of different composition fluxes are shown in Figure 6a–c, at a welding speed of 60 mm/min. It can be observed from Figure 6b,c that the bead width reduced drastically in the flux-coated region. The depth-to-width ratio of the microscale and nanowire fluxes welds were measured as 1.086 and 1.03, respectively. As the result shows, under the same welding condition, the nanowire flux reached better depth of penetration, but the microscale flux has a slightly higher d/w ratio.




3.3. Effects of Flux on Angular Distortion and Heat Input


The angular distortion of the weldment is a result of the expansion and contraction of the weld metal and the adjacent base material during welding thermal cycles. Uneven heating through the thickness of a joint plate during welding causes non-uniform transverse shrinkage, yielding angular distortion of the weldment. The measured angular distortion in three different weld samples is shown in Figure 7a. Comparing with TIG welding without flux, activated TIG welding increases both the joint penetration and the weld depth-to-width ratio, which indicates a lower mechanical deformation during activated TIG welding. By combing the following input energy analysis, this can be contributed to a high localization of supplied heat, which prevents overheating of the base material and reduces the incidence of thermal stress and incompatible strain due to shrinkage in thickness. Therefore, the activated TIG welding can significantly reduce the angular distortion of the weldment.



The arc voltage vs. time graph during welding with and without fluxes are shown in Figure 7b. It was observed that the average arc voltage increased with use of activating fluxes. The average arc voltages observed without flux, with microscale flux and with nanowire flux welding were 8.869 V, 12.843 V and 14.227 V, respectively. The activating flux coating on the plate surface is believed to act as an electric current insulator between the plate and the tungsten electrode because of the high electrical resistivity of the fluxes. Therefore, arc voltage increases to maintain the smooth flow of current. According to the heat input equation [43]:


  H =   I ∗ V  S   



(2)




where H = heat input per unit weld length (J/mm), I =welding current (A), V = welding voltage (V), S =welding speed (mm/s). Since the welding speed and current between three samples are the same, increasing the arc voltage will surely increase the heat input, thus increasing the welding performance. The heat input calculated during welding without flux, with microscale flux, and with nanowire flux were 1.774 kJ/mm, 2.568 kJ/mm, and 2.845 kJ/mm, respectively. Comparing with the previous study reported by Ravi Shanker’s group [43] with the heat input of 2.757 kJ/mm (with flux), the nanoflux slightly increases the heat input into the steel plate.




3.4. Microstructure Evolution


ATIG welding is autogenous welding, therefore, columnar and epitaxial grain growth was expected in the weld fusion zone from the weld fusion boundary. SEM microstructures showing grain size of the different weld zone of the A-TIG nanoscale Fe2O3 flux weldments are shown in Figure 8, where a–e indicate welding zone to base metal. Among the welding zone the grains mainly consisted of equiaxed (a, b) and columnar (c) grain structures with δ-ferrite. The grains in the heat effect zone (HAZ) (d) and base material (e) were still dominant austenite, but some coarse austenite grains transformed to coarse untempered martensite grains during subsequent cooling in welding zone and HAZ area (see Figure 8a,d, yellow circle) which may increase the hardness. The A-TIG weld fusion zone solidifies as the coarse grain, with the size of around 100–120 μm. Comparing with grain size of 70–85 μm [43,44] in stainless steel of normal TIG welding, grains of ATIG with nanoscale Fe2O3 flux are coarser due to the higher heat input during welding in the A-TIG joint than that in TIG joint. Homogenous grain structure throughout the weld fusion zone (from zone a to part of zone c) is observed owing to the single pass autogenous welding. The grain size measurement shows that from zone (a) to zone (c) the average grain size keeps decreasing from 120 μm to around 70 μm, but that is still much larger than that of the base metal (around 25 μm). The large columnar grain in zone (c) should arise from the large temperature gradient in the heat effect zone. The overall larger grain sizes in zones (a, b, c) can be attributed to the resolidification from a higher temperature and larger heat input in ATIG welding than that of a conventional TIG welding.




3.5. Mechanical Properties


The tensile test was performed on as-received base metals and the weld joints, two samples were tested in each condition and the average value was reported. The tensile test samples after test are shown in Figure 9. The tensile strength and elongation of the microscale flux weld sample was 630.8 MPa and 21.5%; and the tensile strength and elongation of the nanowire flux weld sample was 700.23 MPa and 34.1%, respectively. Whereas, the tensile strength and elongation of HMS base metal were measured as 850 MPa and 50%, respectively. It was observed that the strength of the nanowire flux weld sample was similar to the HMS base metal and had a much higher elongation parameter than the microscale flux welded sample.



The joint efficiency of the microscale flux was calculated as:


Joint efficiency = (Strength of welding sample)/(Strength of HMS) = 630.8/850 × 100% = 74.2%.



(3)







The joint efficiency of the nanowire flux was calculated as:


Joint efficiency = (Strength of welding sample)/(Strength of HMS) = 700.23/850 × 100% = 82.38%



(4)







However, the percentage strain obtained for both welds was lower than the base metal. The increased tensile strength and reduced ductility of the A-TIG welds was attributed to the martensitic formation and larger grain size. Moreover, the hardness result (shown in Figure 10) is also in good agreement with the microstructure studies, as larger grains possess a lower hardness. The increased hardness (higher than base metal) in the A-TIG weld zone and part of HAZ was attributed to its microstructural transformation from austenitic to martensitic. The other part of HAZ has lower hardness due to the tempering of the existed martensite caused by the weld thermal cycle and absence of lath martensite.



SEM images of the tensile test fracture surfaces among welding zone are shown in Figure 11. The fracture surface of the as-received base metal (Figure 11a), the TIG welding joint without flux (Figure 11b), and the A-TIG with microscale Fe2O3 flux and nanoscale Fe2O3 flux weldments failed from the welding joint (Figure 11c,d) were found dissimilar in morphological nature. Multiple fine dimples were observed on the fracture surface from the base metal, which indicates strong tensile strength and elongation. The sizes of the dimples were calculated and proved to be different. First, the base metal had the finest size of dimples (average 3.52 μm). As for the normal TIG welding without flux, it had a larger average dimple size (5.76 μm) than the base metal, which may arise from the coarsening grain size in the welding zone. There are some fine dimple zones coexisting with big size dimples in the conventional TIG weld joints. For the A-TIG welding sample fracture surfaces with either micro- or nanofluxes, both have larger dimples than the TIG welding samples since the higher heat input increased the grain size among the welding zone. However, the nanoscale Fe2O3 flux sample has finer average dimple sizes (6.02 μm) than microscale Fe2O3 flux sample (7.67 μm). This is consistent with the data which the nanoscale Fe2O3 flux welding sample has higher elongation compared with microscale one.




3.6. Mechanism on Nanowire Flux Activated TIG Welding


Generally, in a TIG welding process, there are several kinds of forces driving the melting metal flow and forging a shape of the welding pool [45,46]. Those forces include shear force, Marangoni force, Lorentz force, and Buoyant force. However, during these forces, Lorentz force and Buoyant force are much weaker than the other dominant forces (shear force and Marangoni force) and thus are not considered to be dominant in TIG welding. Shear force is strong, but it always occurs in the downward direction. Thus, the Marangoni force, which can change direction and the shape of the welding pool as a dominant driving force, will be mainly discussed in this study.



The difference in weld bead geometry of without-flux and with-flux weldments can be related with the heat input, and the reversal in Marangoni convection shown in Figure 12. The Marangoni flow is determined by the non-dimensional Marangoni number (Ma) defined in the following equation [47]:


  M a =   d γ   d T     d T   d x      L 2    η a    



(5)




where (dγ/dT) is the surface tension gradient, (dT/dx) is the temperature gradient, η is the viscosity, a is the thermal diffusivity and L is the characteristic length.



The surface tension gradient (dγ/dT) determines the direction of the flow, and it can produce Marangoni forces on the surface of a welding pool. Previous study showed that when the temperature is around 2000 K or less, the value of (dγ/dT) will be negative and decrease with increasing temperature. In this condition, the surface tension shows the maximum value at the edge of the welding pool (since the temperature there is the lowest) and will create a convective flow from the center toward the edge as Figure 12a shows. Under this upward and backward flow around the top surface, an outward surface flow resulting in a wide, shallow welding molten pool will be induced.



However, when adding flux (usually oxide compounds) the O (or S) content in-creases near the welding pool, which leads to a positive (dγ/dT). Thus, the surface tension is greatest in the high-temperature region (at the center of the welding pool) and induces a radial inward flow (downward around the bottom surface of the welding pool). This means that the welding molten metal produces a downward flow starting from the welding pool center, yielding a deep and narrow pool (Figure 12b). Based on the temperature gradient part (dT/dx), which determined the strength of the flow, it is obvious that for a similar T, as dx is lower, the value of (dT/dx) part will increase and thus increase the value of the flow force, which results in a deep welding penetration. Compared with no-flux TIG welding, both microscale and nanowire flux have a lower dx, and contribute to improved penetration.



Based on the study, for nanowire flux, the dT/dx value is higher than that of microscale flux. This could be attributed to the size effect of melting point [36,49]. Due to the surface and quantum confinement effects of nanomaterials [50], there are fewer “neighbors” around the atoms at the surface than a microparticle, result in a lower binding energy per atom. The reduction of binding energy per atom results in a lower Gibbs free energy of oxides. Thus, the nanowire flux exhibits a lower thermal stability than microscale flux, indicating a higher dissolving rate under the same temperature and sufficient oxygen content for a more pronounced reversed Marangoni convection. It was also evident that the nanowire flux has a high heat input than microscale flux under the same current (Figure 7b), which results in a higher melting pool temperature, a high dT/dx and thereby a stronger Marangoni flow for a deeper penetration.





4. Conclusions


An 8-millimeter-thick HMS plate was successfully welded in single pass using Fe2O3 modified flux. A significant increase in joint penetration was obtained with both microscale and nanoscale Fe2O3-based fluxes as compared to the conventional TIG weldments. The nanowire flux displays significant improvement of input energy efficiency, tensile strength and strain compared to a microflux. The mechanism is attributed to the low melting temperature of nanowire flux and strong reversal Marangoni flow in the melting pool.
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Figure 1. SEM photo (a) and XRD result (b) of as-grown Fe2O3 nanowires. 
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Figure 2. (a) Spray coating of active flux to thick steel plate; (b) Schematic figure of A-TIG welding; (c) Photo of real experimental set up. 
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Figure 3. Measurement configurations for (a) arc voltage and (b) angular distortion of TIG weldment. 
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Figure 4. Weld bead geometry images of welded joints without fluxes, and with different concentrations of Fe2O3 nanowire fluxes ((a): no flux, (b): 1:10, (c): 1:5 and (d): 1:1) welding under speed of 120 mm/min. 
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Figure 5. Weld bead geometry variation on different concentration fluxes (d/w ratio). 
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Figure 6. Top: weld bead geometry photo of welded joints without fluxes (a), with Fe2O3 microscale (b) and Fe2O3 nanowire fluxes (c), welding speed of 60 mm/s. Below: weld bead geometry variation on different concentration fluxes (d/w ratio). 
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Figure 7. Effect of activated flux on angular distortion of the weldment (a) and welding arc voltage (b). 
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Figure 8. SEM microstructure of the fusion zone, HAZ and base material of nanoscale Fe2O3 flux weldments: (a) fusion zone 1; (b) fusion zone 2; (c) fusion zone 3; (d) heat-affected zone (HAZ); (e) base metal. 
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Figure 9. Tensile stress vs. tensile strain curve for the nanowire flux and microscale flux weld joint. 
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Figure 10. Microhardness profiles along X direction (nanowire flux). 
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Figure 11. Tensile test fracture surface of (a) base metal, (b) no-flux TIG welding, (c) A-TIG weldments with microscale Fe2O3 flux, and (d) A-TIG weldments with nanoscale Fe2O3 flux. 
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Figure 12. Schematic figure showing Marangoni flow in TIG welding: (a) without flux (b) with flux (redrawn from [48], © 2021, Lu, Shanping, et al.). 
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Table 1. Composition of high manganese steel.
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Chemical Composition (Mass %)




	
C

	
Mn

	
P

	
S

	
Si

	
Cr

	
Cu

	
B

	
N






	
0.35–0.55

	
22.5–25.5

	
≤0.03

	
≤0.01

	
0.1–0.5

	
0.3–0.4

	
0.3–0.7

	
≤0.005

	
≤0.05




	
Tensile properties




	
Yield strength

	
Tensile strength

	
Elongation




	
480 Mpa

	
850 Mpa

	
50%
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Table 2. Welding parameters used for A-TIG.
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	Process Parameters
	Value





	Electrode type
	2% thoriated (W with 2% thorium)



	Electrode diameter
	2.4 mm



	Electrode angle
	45°



	Welding current
	200 A



	Welding speed
	120 mm/min; 60 mm/min



	Arc length
	3 mm



	Shielding gas/flow rate
	99.99% Pure Argon/10 L min−1
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