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Abstract

:

This study investigates the impact of gas metal arc welding (GMAW) parameters on the bead geometry and material distortion of AISI 316L. Three parameters—arc current in ampere (A), filler feed rate (m/min), and gas composition—were modified at varying levels in order to examine their effects. This study sheds new light on MAG welding lines’ physical properties and behavior and highlights the influence of quaternary shielding gas compositions. Taguchi analysis, which includes signal-to-noise (S/N) ratio and analysis of variance (ANOVA), was utilized to analyze and optimize the welding parameters. This study found that arc current significantly impacts bead geometry, while the shielding gas composition has the most significant effect on angular distortion and transverse shrinkage. The optimal welding parameters for achieving the best bead height and width are 160 A, 3.5 m/min, G1, with a bead height of 4.89 mm, and 120 A, 3 m/min, G2, with a bead width of 6.69 mm. Moreover, the optimal welding parameters for minimizing both angular distortion and transverse shrinkage are 120 A, 4 m/min, G2, resulting in an angular distortion value of 0.0042° and a transverse shrinkage value of 0.0254 mm. This research has practical implications for improving welding performance and can contribute to the advancement of MAG and MIG welding in manufacturing applications.
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1. Introduction


MAG welding is a type of gas metal arc welding (GMAW) that uses shielding gas and an electrode wire to create a strong weld joint for thick plate materials. It is versatile and can be used to weld various metals in the construction, aerospace, automotive, and maintenance equipment industries. MAG welding is also useful for welding thin materials that require precise control, and it can be easily automated for large-scale manufacturing operations. Overall, MAG welding is a reliable and popular choice for both professionals and hobbyists [1,2,3]. In addition, the welding productivity and region quality can be enhanced by shielding gas mixtures of inert and active gases [4,5].



AISI 316L stainless steel is widely used in industrial equipment such as heat exchangers, reactors, and medical devices because of its excellent mechanical properties, weldability, and resistance to corrosion and oxidation. Consequently, extensive research and experimentation have been conducted on AISI 316L [6,7,8,9]. In their study, Ghosh et al. [10] identified the most effective MIG welding parameters by determining the optimal gas flow rate, current, and nozzle-to-plate distance. They found that a current of 100 A, a gas flow rate of 20 L/min, and a nozzle-to-plate distance of 15 mm produced the best results. These findings can help to improve the quality and efficiency of MIG welding processes. Ghosh et al. [11] also investigated the influence of heat input on the welding AISI 316L steel microstructure, microhardness, bead geometry, and heat-affected zone (HAZ). The effect of the welding current, gas flow rate, and nozzle distance on the ultimate tensile strength and yield strength of AISI 409 to AISI 316L was investigated. Ekaputra et al. [12] investigated the effects of welding speed on AISI 316L mechanical properties, specifically its microhardness and tensile strength. They determined that the optimal welding speed for the application of AISI 316L stainless steel was 175 mm/min. Demarque et al. [13] studied the impact of varying heat inputs on bead geometry, grain size, and microhardness during GMAW, as it related to the HAZ carbon. They found that the heat input increases, which leads to an expansion in the dimensions of the fusion area, an increase in the volumetric fraction of δ-ferrite, and larger grain size of austenite in the heat-affected zone (HAZ).



The angular distortion, transverse shrinkage, bead geometry, and mechanical properties are controlled by correctly selecting the MIG welding parameters for each product. Furthermore, the process requires efforts from the welder technician and the engineer to determine the appropriate MIG parameter sets before starting in order to guarantee the product quality and the expected results. Thus, choosing the appropriate parameters is the first step in ensuring the process’s success, ensuring the required product specifications to obtain the best physical properties of bead geometry and minor distortion [14,15]. The angular deformation in MIG and MAG welding is influenced by various factors, including the heat input, welding speed, technique, joint design, material properties, and fixturing. Higher heat input and faster welding speeds tend to increase distortion. Proper welding techniques, balanced welding sequences, and suitable joint designs help to reduce distortion. Material properties such as thermal expansion coefficients affect the distortion levels. Adequate fixturing and clamping are crucial for controlling movement and cooling. Considering these factors helps to minimize the angular distortion in MIG welding [16,17,18].



Bead geometry is an important physical property that affects the welding joint performance and stress distribution in real-world conditions [19]. Several studies emphasize the importance of improving bead geometry for structural analysis [20]. The bead geometry includes the width, height, and penetration depth, as shown in Figure 1. Many welding parameters affect the bead geometry, such as the shielding gas, welding current, voltage, and welding speed [21,22]. The convexity index (H/W) of a weld is significantly influenced by thermal input and feeding speed. The H/W is employed as a metric to assess the level of convexity or curvature in a weld bead. It is obtained by dividing the object’s height (H) by its width (W). This index provides the units of measurement and serves the purpose of describing the weld’s shape or curvature. When the input and feeding speed increases, the level of curvature decreases. Furthermore, it is noteworthy that the toe angle of the weld deposit rises as the bead height increases, but it declines with an increase in bead width, as reported by Adak et al. [21]. Moreover, the width of the weld will decrease with an increase in current, but the penetration depth will increase [16]. The width and the penetration of welded beads depend on the polarity used during welding. When direct current electrode positive (DCEP) polarity is used, the thermal energy is concentrated at the anode, leading to higher values for width and penetration depth. Conversely, direct current electrode negative (DCEN) polarity has lower thermal energy at the anode, resulting in narrower beads and shallower penetration. This is according to research by Singh et al. [23]. Therefore, selecting the appropriate polarity is essential in achieving the desired welded bead parameters. The influence of GMAW parameters, including voltage, current, and welding speed, on the geometry of stainless steel 316 beads was investigated by Saha et al. [24] (width, height, and penetration). Arya et al. [25] also investigated the effect of welding parameters such as the nozzle-to-plate distance and the plate thickness on bead geometry. Narang et al. [26] studied a welding joint carried on stainless steel 409L to explore the most influential MIG welding parameter impacting bead geometry and its effects on the mechanical properties. Taguchi analysis was used by Esme et al. [27] to optimize the bead geometry (width, height, and penetration) of welded joints.



Distortion can occur during welding when the workpiece is exposed to uneven heating and cooling. This causes the workpiece to contract and expand, resulting in a difference between the workpiece’s initial and final dimensions. To prevent distortion, it is essential to distribute the heat uniformly throughout the workpiece during welding [28]. The dimensional changes caused by distortion can fail the workpiece. Therefore, it is essential to minimize distortion during welding as much as possible. This can be achieved by selecting appropriate welding parameters, which significantly affect the degree of distortion [23]. Distortions may take several forms, including bending, transverse shrinkage, angular distortion, rotational distortion [29], and buckling distortion [30]. Figure 2A,B shows two common distortions [31]. The welding current is the most influential parameter impacting angular distortion, according to a study by Aggarwal et al. [32], who also studied the effects of welding speed and torch angle. The effect of the bead geometry on angular distortion during TIG welding was studied by Rong et al. [33]. Pandit et al. [34] demonstrated that increasing the input heat (current) also increased the angular distortion. Furthermore, the distortion is further influenced by the depth of the welding, the variety of the materials being welded, and the thickness of the plate [35].



MIG welding uses Ar and He as inert gases, which may be used individually or as a composition, as well as in MAG welding, which uses active gases such as CO2 and O2 [36]. The shielding gas rate and the gas composition affect the welding joints and materials differently. It is important to carefully select the proper gas and metal for each welding process [37,38]. Kah and Mvola [38] have provided guideline tables illustrating the characteristics of gases and materials to facilitate the selection of gases (the shielding gas standard EN ISO 14175) [39]. Another critical aspect is utilizing the regulator valve to keep the gas pressure and gas flow steady during the welding process (between 0.021 and 0.05 MPa and 14 and 18 L/min, respectively) [40]. Thus, the automatic gas flow was used to reduce gas consumption and improve the welding process [41]. Furthermore, choke flow was used by Kim et al. [42] to maintain the flow rate and minimize fluctuations, whereas the gas flow rate was high to avoid the obstacles that had accumulated in the gun nozzle.



The Taguchi design method is widely used in industrial applications because it reduces variance and improves the process requirements by employing an orthogonal array (L9). Hence, it allows the process parameters to be accurately evaluated by applying the lowest number of experiments [43]. The L9 array was used to organize the samples as part of the work setup. ANOVA was also used to determine the contribution percentage for each welding parameter [44]. Furthermore, the optimal welding parameters were achieved by the S/N ratio [45]. Taguchi analysis was utilized by Datta et al. [46] to determine the response and multi-response of arc welding. Trang et al. [47] applied the Taguchi method to enhance the bead geometry during gas tungsten arc welding (GTAW).



This study investigates the effect of MAG and MIG parameters on bead geometry (width and height) and distortion (angular and transverse shrinkage) of AISI 316L. At the same time, welding parameters such as arc current, filler feed rate, and gas mixture were adjusted at three levels. The Taguchi method (L9) was used to analyze and optimize the results, including ANOVA and S/N ratio. There has been no earlier investigation into the bead geometry and distortion during MAG welding using quaternary shielding gas compositions. Furthermore, this study provides a better understanding of the physical properties of welding lines, AISI 316L behavior, and the identification of welding parameters for professionals and engineers.




2. Materials and Methods


This study specifically focused on MAG welding, and the data were collected from the laboratories of the Jordan University of Science and Technology.



2.1. Welding Equipment


The CEA COMPACT 410 welding machine, which was utilized in this study, has the capacity to be adjusted to varying levels of current and filler feed rate. This feature enables the machine to be utilized for a wide range of welding tasks, with precision and high-quality results, including those on different types of materials, such as steel, stainless steel, and cast iron. For this, the first switch should be set to number one, indicating that each number on the second switch represents a value of 20 A. For instance, when using the second switch, number one corresponds to 20 A, number two corresponds to 40 A, and so on, until you reach number ten, which represents 200 A. As shown in Figure 3A,B.




2.2. AISI 316L Workpiece (Substrate Preparation)


In this context, the workpiece utilized is composed of AISI 316L material and has a size of   100 × 100 × 5   mm. It also possesses a bevel angle, root face, and root opening of 45° V groove, 2 mm, 1 mm, respectively, as illustrated in Figure 4. Additionally, Table 1 outlines the chemical composition of the AISI 316L material. AISI 316L is a versatile stainless-steel alloy with excellent corrosion resistance. Its mechanical properties include a typical tensile strength of 560 MPa, yield strength of 290 MPa, elongation of 50%, hardness ranging from 79 HB onwards, and impact toughness of 103 J/cm2. The information on AISI 316L regarding its material properties was obtained from Mat Web [48].




2.3. Filler Material


The filler material applied is ER316L, which has a diameter of 1 mm. Table 2 provides information on the chemical composition of the ER316L filler material. ER316L filler wire is a frequently employed material in the welding process, specifically for connecting stainless steels. It provides commendable resistance against corrosion and exhibits notable tensile strength. The customary mechanical characteristics of ER316L filler wire consist of a tensile strength of 580 MPa, yield strength of 40 MPa, and an elongation in the range of 38%. The ER 316L standards were established by organizations such as the American Welding Society (AWS) and the International Organization for Standardization (ISO).




2.4. Mixing the Shielding Gases


In this research, a shielding gas mixture (Ar-He-O2-CO2) was used for welding. The mixture was divided into three groups (G1, G2, and G3), each with different volume percentages of the four gases, as shown in Table 3. The regulator valves installed in each cylinder gas port were utilized to control the quaternary gas compositions for welding purposes.




2.5. Taguchi Experiment Design


The Taguchi method was utilized to optimize the MAG welding parameters, and the experimental sample size required for this study was nine samples, as displayed in Table 4. This corresponds to the L9 orthogonal array design, which involved three parameters and three levels.




2.6. Visual Inspection


Visual inspection is a crucial non-destructive testing (NDT) technique used to assess the quality of welding. It is considered one of the primary methods for evaluating the quality and workability of welds, and it can identify most defects without the need for costly tests [50]. During the visual inspection, defects such as welding surface defects, base metal surface defects caused by welding, and base metal surface defects repaired by welding can be observed. Due to its importance, many studies have been conducted to develop artificial intelligence solutions that can automate the visual inspection process [51].





3. Results


3.1. Visual Inspection


In this study, a direct visual inspection was conducted on all of the weld samples according to the requirements of EC-SRC-0002. Table 5 and Figure 5 indicate that no discontinuities or defects were found in the weld joints, except for the weld spatter around the joints in Samples 1, 2, 3, and 7. The defects that were examined in this research include the following: arc strike and other fabrication scars, burn through and melt through, crack or tear (transverse, longitudinal, and axial), porosity (pin holes), undercut, underfill, irregular bead profile, concave or convex fillet welds, weld reinforcement, weld spatter, slag, offset, overlap, roughness, incomplete fusions, and incomplete penetration.




3.2. Bead Geometry


When combining low thermal conductivity inert shielding gases with higher thermal conductivity active shielding gases, the resulting mixture can cause an increase in heat input, which requires careful monitoring and control. To control the heat input, the shielding gas mixture can be altered, measured amounts of active gases can be added to the mixture, or other welding parameters can be adjusted, such as increasing the arc current or decreasing the gap between the electrode and workpiece.



The graphs in Figure 6 and Figure 7 depict the bead width and the total height in millimeters, while comparing the excess height of the weld bead to the industry standard BS EN ISO 5817 for moderately severe and stringent severe applications.



3.2.1. Average Bead Height


The height of the beads in the sample batch is uniform and closely matched. Sample No. 3 had the highest bead height of 6.59 mm, due to the welding parameters of the arc current, filler feed rate, and gas composition (120 A, 4 m/min, and G3, respectively). In contrast, Sample No. 8 had the lowest bead height of 4.89 mm, due to the welding parameters of the arc current, filler feed rate, and gas composition (200 A, 3.5 m/min, and G1, respectively). Changes in the wire filler feed (3 to 4 m/min) and the gas composition (G1, G2, and G3) affected Samples 1, 2, 3, 4, 5, and 6, as shown in Figure 6. Moreover, increasing the arc current from 120 to 180 A (heat input) led to a decrease in the bead height, as observed in both sets of samples, namely Samples No. 1–3 and 4–6.



According to research by Kim et al. [42] and Balaji et al. [8], increasing the amount of heat input (through the arc current) and changing the composition of the shielding gas can cause a decrease in bead height. This is because the arc current is a source of heat input, while the shielding gas regulates the heat input and creates a protective atmosphere around the weld. The shielding gas helps to prevent atmospheric contamination from reacting with the molten metal and causing defects in the weld. As a result, the shielding gas plays a significant role in determining the bead height. These findings are consistent with studies conducted by Chuaiphan and Srijaroenpramong [52] and Kuk et al. [53]. Therefore, it is important to analyze the bead height in order to determine the optimal welding parameters and to understand how these parameters affect the bead height.




3.2.2. Average Bead Width


The GMAW parameters of the arc current, filler feed rate, and gas composition for Sample No. 5 and Sample No. 7 are 160 A, 3.5 m/min, and G3; and 200 A, 3 m/min, and G3, respectively, and they have the highest bead width values of 10.24 mm and 10.15 mm, respectively. Sample No. 4 and Sample No. 1 (160 A, 3 m/min, G2; and 120 A, 3 m/min, G1) have the lowest bead width values of 6.69 mm and 7.52, respectively. Samples 1, 2, and 3 were modified by varying the filler feed rate (3, 3.5, and 4 m/min) and the gas composition (G1, G2, and G3), while maintaining the same current of 120 A. While increasing the filler feed rate can result in an increase in the amount of metal deposited and a wider bead, the effect may be relatively small. Furthermore, for Samples 5, 6, 7, 8, and 9, the results indicate that the bead width increased as the current parameter was increased to both 160 and 200 A. This finding is consistent with the previous research conducted by Saha et al. [24], which showed that the bead geometry becomes wider with an increase in heat input (current). Moreover, the shielding gas composition significantly affects the change in the bead width values, regardless of the other welding parameters [52].



In addition, the shielding gas can influence the heat transfer and fluid dynamics of the welding line. The composition of the shielding gas can affect the ionization potential, thermal conductivity, and reactivity of the plasma generated during welding, which, in turn, can influence the bead geometry [38]. Using an inert gas such as argon or helium can result in a narrower bead due to the higher thermal conductivity and lower reactivity of these gases. On the other hand, using a more reactive gas such as CO2 and O2 can result in a wider bead, due to the increased heat input and greater fluidity of the molten metal [24]. However, further analysis is needed in order to specifically understand the effect of these parameters on bead width. Finally, all of the samples exhibited excellent mechanical properties and were within the limit specified in the standard BS EN ISO 5817 [54], as shown in Figure 6 and Figure 7. As a result, all of the samples are acceptable.





3.3. Angular Distortion and Transverse Shrinkage Results


3.3.1. Angular Distortion


Angular distortion is a common issue in welding, as the heat and thermal stresses involved in the process can cause the welded components to deform or warp. The MAG parameters for Sample No. 9 included an arc current of 200 A, a filler feed rate of 4 m/min, and a gas composition of G2. This sample exhibited the least angular distortion of 0.0042 degrees (θ). In contrast, Sample No. 6 was welded with a current of 160 A, a filler feed rate of 4 m/min, and a gas of G1, and showed the highest angular distortion of 0.0122 degrees (θ).



As shown in Figure 8, Samples No. 1, 2, and 3 were affected by the gas composition (G1, G2, and G3) and the filler feed rate (3, 3.5, and 4 m/min) at the same arc current (120 A), and each gas composition produced a different angular value. Studies by Yan et al. [17] and Tian et al. [55] showed that increasing the heat input affects the angular distortion. After reaching a critical value, the angular distortion begins to decrease. In Samples 5 and 6, the arc current was increased to 160 A, while the gas compositions were G3 and G1. Samples No. 2, 4, and 9 had the lowest value of angular distortion, and they had the same gas composition of G2. Additionally, the shielding gas composition and arc current contribute to the total heat input and heat content. Thus, the effects of angular distortion vary depending on the rate at which the gas mixtures are mixed and the amount of arc current, as shown by the changing angular distortion in the three categories of samples, 1–3, 4–6, and 7–9.



The arc current and filler feed rate are directly related to the amount of heat input into the weld, which, in turn, affects the amount of distortion. Increasing the arc current and filler feed rate due to the higher amount of weld metal being deposited can lead to a higher heat input, which can cause more angular distortion. This is because the increased heat can cause the metal to expand and contract more, leading to greater angular distortion. Additionally, the proper selection of shielding gas can help to reduce residual stresses and angular distortion by ensuring proper fusion between the weld and the base metal. Furthermore, the shielding gas can also control the cooling rate of the weld, which can affect the amount of distortion. If the cooling rate is too fast, it can cause excessive shrinkage and lead to distortion and cracking, while, if it is too slow, it can cause excessive expansion and contraction, leading to warping and distortion. In conclusion, it is necessary to perform a statistical analysis using the Taguchi method in order to obtain the optimal parameters [56,57,58].




3.3.2. Transverse Shrinkage


The transverse shrinkage in welding is primarily caused by the thermal expansion and contraction of the base material and the weld metal as they are heated and cooled during the welding process.



The transverse shrinkage values of Samples No. 5 and 7 were found to be the highest among all of the samples, measuring 0.0268 mm and 0.0276 mm, respectively. These values were obtained using specific welding parameters, including an arc current of 160 A and 200 A, a filler feed rate of 3.5 and 3 m/min, and a gas composition of G3. On the other hand, Sample No. 2 (welded with an arc current of 120 A, a filler feed rate of 3 m/min, and a gas composition of G1) and Sample No. 4 (welded with an arc current of 160 A, a filler feed rate of 3 m/min, and a gas composition of G2) had the smallest transverse shrinkage values, measuring 0.0259 mm and 0.0254 mm, respectively.



Figure 9 shows that the transverse shrinkage increased from Sample 1 to 2 due to changes in the filler feed rate (3 and 3.5 m/min) and gas composition (G1 and G2). However, for Samples No. 2, 3, and 4, the values indicate that the filler feed rate did not have a strong effect on transverse shrinkage. Additionally, the change in the arc current (from 160 A to 200 A) from Sample No. 5 to Sample No. 9 interacted strongly with the gas mixture, generating greater heat input, and resulting in an increase in transverse shrinkage. This finding is consistent with a study that was conducted by Tian et al. [55]. Increasing the heat input over a larger area of the sheet may lead to an increase in the shrinkage area on the workpiece, resulting in transverse shrinkage. To mitigate this effect, pre-heating can be used to ensure a uniform distribution of heating and cooling inputs [59]. Samples No. 2, 4, and 9 (G2) had the same gas composition. Irrespective of the other welding parameters, the shielding gas mixture had a significant impact on decreasing the transverse shrinkage values. The relationship between angular distortion and transverse shrinkage was direct, with increasing angular distortion leading to an increase in transverse shrinkage, as shown in Figure 10. Moreover, the same results were observed in a study by Fernandes et al. [57].



The bead width is an important factor in welding that affects transverse shrinkage. The appropriate bead width for a specific welding process and joint design is crucial in reducing the risk of distortion or defects in the welded structure. A wider bead width can cause greater transverse shrinkage, while a narrower bead width can result in greater residual stresses. Finding the optimal bead width that can minimize transverse shrinkage while still providing enough strength and penetration is essential. By carefully selecting the appropriate MAG welding to make optimal bead width, the likelihood of distortion or other defects in the welded structure can be reduced, according to Dogan et al. [60].



The shielding gas is used to protect the welded pool from atmospheric contamination such as O2, which can lead to defects in the welded joint. When welding in a transverse shrinkage configuration, where the weld is made perpendicular to the direction of the force that causes the shrinkage, controlling the shielding gas is important for ensuring a high-quality weld. A higher percentage of Ar in the shielding gas can result in a slower cooling rate, which can increase the transverse shrinkage. Conversely, using a higher percentage of He in the shielding gas can result in a faster cooling rate, which can decrease the transverse shrinkage. O2 is often used in small amounts (less than 5%) in shielding gas mixtures because it can help to increase the arc stability and penetration of the welding process. However, using too much O2 in the shielding gas can increase the cooling rate of the weld pool, which can lead to higher levels of transverse shrinkage. CO2 has a higher thermal conductivity than Ar, which can increase the heat input and penetration of the welding process, resulting in less transverse shrinkage. However, too much CO2 in the shielding gas can also increase the cooling rate of the weld pool, which can increase transverse shrinkage [38,57,61]. In order to minimize transverse shrinkage, it is necessary to optimize the percentage of the shielding gas in order to achieve the desired level of heat input and cooling rate for a specific welding application. Therefore, it is crucial to determine the optimal MAG welding parameters and demonstrate the effect of each parameter and its contribution to the welding process through Taguchi analysis.





3.4. Taguchi Method (Analysis)


The effects of each factor on the material’s bead geometry and distortion were investigated. Minitab software 17 was employed to analyze the data, using the signal-to-noise (S/N) ratio approach utilizing ‘smaller is better’.




3.5. The Effect of Welding Parameters on Bead Height


The ANOVA and S/N ratio rank analysis clearly indicates that the arc current is the most influential parameter among the three parameters: arc current, filler feed rate, and gas mixture. This parameter has the most significant impact on the bead height, contributing 38.91%, followed by the filler feed rate at 28.76%, and the gas composition, with 22.30%, as shown in Table 6. In addition, based on the findings, it has been determined that the optimal welding parameters for achieving the best bead height are an arc current of 160 A, a filler feed rate of 3.5 m/min, and a gas mixture of G1, as presented in Table 7. The corresponding figures for each gas component are shown in Figure 11A, Figure 11B, Figure 11C, and Figure 11D, respectively.




3.6. The Effect of Welding Parameters on Bead Width


The arc current is the most effective MAG parameter for controlling the bead width, gas composition, and filler feed rate. After conducting an ANOVA analysis, the optimal welding parameters were found to be an arc current of 120 A, a filler feed rate of 3 m/min, and a gas composition of G2. The ANOVA results also revealed the following percentage of effects of each welding parameter: an arc current of 43.19%, a filler feed rate of 11.67%, and a gas composition of 34.88%, as shown in Table 8. Furthermore, it was determined that the most influential MAG parameters, based on the contribution percentage (ANOVA), should be consistent with the S/N ratio (rank), as shown in Table 9. The corresponding figures for each gas component are shown in Figure 12A, Figure 12B, Figure 12C, and Figure 12D, respectively.




3.7. The Effect of MAG Parameters on Angular Distortion


Of the MAG welding parameters, the gas composition is the most effective parameter for controlling angular distortion, followed by the arc current, and the filler feed rate. After conducting an ANOVA analysis, it was determined that the optimal welding parameters are an arc current of either 120 A or 200 A, a filler feed rate of 4 m/min, and a gas mixture of G2. The ANOVA results revealed that the gas composition (ranked first with 80.54%) has the most significant impact on angular distortion, followed by arc current (ranked second with 7.98%), and filler feed rate (ranked last with 5.54%), based on the contribution percentage (ANOVA) and S/N ratio (rank), as shown in Table 10. The corresponding figures for each gas component are presented in Figure 13A, Figure 13B, Figure 13C, and Figure 13D, respectively, as indicated in Table 11.




3.8. The Effect of MAG Parameters on Transverse Shrinkage


Among the MAG welding parameters, the gas composition is the most effective parameter for controlling transverse shrinkage, followed by arc current, and filler feed rate. The ANOVA results show that the gas composition (ranked first with 54.25%) has the greatest impact on transverse shrinkage, followed by the arc current (ranked second with 24.85%), and the filler feed rate (ranked last with 11.17%), based on the contribution percentage (ANOVA) and S/N ratio (rank), as shown in Table 12 and Table 13. These findings suggest that the gas mixture and the arc current are the primary factors affecting transverse shrinkage. The optimal welding parameters are an arc current of 120 A, a filler feed rate of 4 m/min, and a gas mixture of G2. The corresponding figures for each gas component are shown in Figure 14A, Figure 14B, Figure 14C, and Figure 14D, respectively.




3.9. Mathematical Components


3.9.1. Characterization Measurements


Nine samples were manually welded by an experienced welder and then left to cool for a few days before being used in the experiment. Two gauges, the Vernier caliper and the Vernier height gauge, were used for the measurement. These instruments have an accuracy of approximately 0.02 mm.




3.9.2. Bead Geometry


The standard BS EN ISO 5817 is utilized to evaluate the acceptability of the bead height, with the upper limit being established based on the severity of the application. It is recommended to keep the size of the bead welding lines (geometry) as minimal as possible in order to achieve favorable mechanical properties. For applications of moderate severity, the maximum permissible bead height is calculated using the following equation [54]:


  H ≤ 1 + 1.0 b  



(1)







In cases of stringent severe applications, the calculation for the maximum permissible bead height is determined using the following equation:


  H ≤ 1 + 0.2 b  



(2)




where H is the height of the excess weld (mm) (the total weld height minus the workpiece thickness) and b is the width of the bead.



The measurements of the weld width and height were obtained at three different points, and the average value was considered. For measuring the bead width, a standard Vernier caliper was used, and for measuring the bead height, a standard Vernier height gauge was employed.




3.9.3. Distortion


The average measurement (D) is obtained from five equally spaced points on the sample surface. Subsequently, the average length (L) is calculated using the measurements from the three middle points. Finally, the deformation angle is determined by applying Equation (3).



The formula for calculating angular distortion θ (in degrees) is given as follows:


  θ = t a   n   − 1   (   2 D   L   )  



(3)




where D is the average vertical displacement and L is the length of the specimen in millimeters.


  ρ =   1   3       Δ   L   1       L   1     +   Δ   L   2       L   2     +   Δ   L   3       L   3        



(4)







Transverse shrinkage   ρ   (in millimeters) can be determined by measuring the length at different points (    L   i   , i = 1,2 , 3  ) and the change in the length at the same location (  ∆   L   i    ) using the equation.



In order to calculate both angular distortion and transverse shrinkage, a Vernier caliper gauge is used to measure each point, as shown in Figure 15.




3.9.4. Taguchi Equations


Equation larger is better:


    S   N   = − 10   L o g     1   n     ∑  i = 1   n      1     y   i   2          



(5)







Equation smaller is better:


    S   N   = − 10   L o g     1   n     ∑  i = 1   n      y   i   2        



(6)







The equations of the (S/N) may be classified into two groups: smaller is better and larger is better. Using Equation (5) (smaller is better) as a rule of thumb, the minimum value of distortion and bead geometry is obtained. The optimal MAG welding setups are determined by ANOVA analysis [45].






4. Conclusions


The following conclusions have been reached regarding the effect of the MAG welding parameters on the bead geometry and distortion of AISI 316L austenitic stainless steel:




	
A Taguchi’s analysis of bead height and S/N ratio curves has been produced. The arc current is the most influential parameter. The best MAG parameter set for bead height has been obtained, which includes an arc current of 160 A, a filler feed rate of 3.5, and a shielding gas mixture of G1. The desired bead height value was 4.89 mm. The current, the filler feed rate, and the gas mixture contributed 38.93%, 28.76%, and 22.30%, respectively.



	
A Taguchi’s analysis of bead width and S/N ratio curves has been produced. The arc current is the most influential parameter. The best MAG parameter set for bead height has been obtained, which includes an arc current of 160 A, a filler feed rate of 3.5, and a shielding gas mixture of G2. The desired bead width was 6.69 mm. The arc current, the gas mixture, and the filler feed rate contributed 43.19%, 11.67%, and 34.88%, respectively.



	
A Taguchi’s analysis of angular distortion and S/N ratio curves has been produced by considering “smaller is better.” The gas composition is the most influential parameter. The optimal MAG parameter set of bead height has been achieved, which includes an arc current of 120 A), a filler feed rate of 4, and a shielding gas mixture of G2. The lowest value of angular distortion was 0.0042°. The contribution of each parameter is an arc current of 7.98%), a filler feed rate of 5.54%, and a gas composition of 80.54%.



	
A Taguchi’s analysis of transverse shrinkage and S/N ratio curves has been produced by considering “smaller is better.” The gas composition is the most influential parameter. The optimal MAG parameter set of bead height has been achieved, which includes an arc current of 120 A), a filler feed rate of 4, and a shielding gas mixture of G2. The lowest transverse shrinkage was 0.0254 mm. The contribution of each parameter was an arc current of 24.85%), a filler feed rate of 11.17%), and a gas composition of 54.25%.
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Figure 1. Evaluation criteria of weld bead geometry (width, height, and penetration). 
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Figure 2. (A) Transverse shrinkage and (B) angular distortion. 
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Figure 3. (A) COMPACT 410 welding machine and (B) COMPACT 410 control panel. 
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Figure 4. Schematic diagram of the AISI 316L workpiece. 
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Figure 5. Sample faces of the experimental work. 
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Figure 6. Average bead height of the batch. 
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Figure 7. Average bead width of the batch. 
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Figure 8. Angular distortion of the batch. 
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Figure 9. Transverse shrinkage of the batch. 
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Figure 10. The correlation of transverse shrinkage and angular distortion. 
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Figure 11. The effects of welding parameter plots on bead height. (A) the effect of Ar (B) the effect of He (C) the effect of CO2 (D) The effect of O2. 
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Figure 12. The effect of welding parameter plots on bead width. (A) the effect of Ar (B) the effect of He (C) the effect of CO2 (D) The effect of O2. 






Figure 12. The effect of welding parameter plots on bead width. (A) the effect of Ar (B) the effect of He (C) the effect of CO2 (D) The effect of O2.



[image: Jmmp 07 00123 g012]







[image: Jmmp 07 00123 g013a][image: Jmmp 07 00123 g013b] 





Figure 13. The effect of welding parameter plots on angular distortion. (A) the effect of Ar (B) the effect of He (C) the effect of CO2 (D) The effect of O2. 
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Figure 14. The effect of welding parameter plots on transverse shrinkage. (A) the effect of Ar (B) the effect of He (C) the effect of CO2 (D) The effect of O2. 
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Figure 15. Transverse shrinkage and angular distortion measurements taken at each point. 
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Table 1. AISI 316L chemical composition.
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	Chemical Element
	Fe
	Cr
	Mo
	Ni
	Mn
	Si
	C
	P
	S





	Percentage (wt. %)
	Bal.
	16.0–18.0%
	2.0–3.0%
	10.0–14.0%
	2.0% max.
	0.75% max.
	0.03%
	0.045% max.
	0.03% max.










 





Table 2. The ER316L filler material chemical composition [49].
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	Chemical Element
	Fe
	Cr
	Ni
	Mo
	Mn
	C
	Si
	S
	P





	Percentage (wt. %)
	Bal.
	16.0–18.0%
	10.0–14.0%
	2.0–3.0%
	2.0% max.
	0.03% max.
	0.75% max.
	0.03% max.
	0.045% max.










 





Table 3. Gas composition in this study.
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	Shielding Gas (G1)
	Shielding Gas (G2)
	Shielding Gas (G3)





	Ar (63.22 vol. %)
	Ar (62.54 vol. %)
	Ar (61.72 vol. %)



	He (25.28 vol. %)
	He (27.79 vol. %)
	He (30.86 vol. %)



	CO2 (10.84 vol. %)
	CO2 (8.94 vol. %)
	CO2 (6.61 vol. %)



	O2 (0.66 vol. %)
	O2 (0.73 vol. %)
	O2 (0.81 vol. %)










 





Table 4. L9 orthogonal array setup.






Table 4. L9 orthogonal array setup.





	Sample No.
	Arc Current (A)
	Filler Feed Rate (m/min)
	Gas Mixture





	1
	(6 × 20) = 120
	3
	G1



	2
	(6 × 20) = 120
	3.5
	G2



	3
	(6 × 20) = 120
	4
	G3



	4
	(8 × 20) = 160
	3
	G2



	5
	(8 × 20) = 160
	3.5
	G3



	6
	(8 × 20) = 160
	4
	G1



	7
	(10 × 20) = 200
	3
	G3



	8
	(10 × 20) = 200
	3.5
	G1



	9
	(10 × 20) = 200
	4
	G2










 





Table 5. Visual inspection results.






Table 5. Visual inspection results.





	
Visual Inspection Criteria




	
Sample #

	
Arc Strike

	
Crack or Tear

	
Damaged Base Metal Surface after Welding

	
Incomplete Fusion

	
Incomplete Penetration

	
Irregular Bead Profile

	
Surface Porosity

	
Underfill

	
Weld Spatter






	
1

	
No

	
No

	
No

	
No

	
No

	
No

	
No

	
No

	
Yes




	
2

	
No

	
No

	
No

	
No

	
No

	
No

	
No

	
No

	
No




	
3

	
No

	
No

	
No

	
No

	
No

	
No

	
No

	
No

	
No




	
4

	
No

	
No

	
No

	
No

	
No

	
No

	
No

	
No

	
Yes




	
5

	
No

	
No

	
No

	
No

	
No

	
No

	
No

	
No

	
Yes




	
6

	
No

	
No

	
No

	
No

	
No

	
No

	
No

	
No

	
No




	
7

	
No

	
No

	
No

	
No

	
No

	
No

	
No

	
No

	
No




	
8

	
No

	
No

	
No

	
No

	
No

	
No

	
No

	
No

	
No




	
9

	
No

	
No

	
No

	
No

	
No

	
No

	
No

	
No

	
Yes











 





Table 6. ANOVA table of bead height.
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	Source of Variation
	Degree of Freedom
	Seq Sum Square
	Adj Mean Square
	F
	P
	Parameter Contribution





	Current
	2
	0.7474
	0.37368
	3.89
	0.205
	38.93%



	Filler feed rate
	2
	0.5521
	0.27604
	2.87
	0.258
	28.76%



	Gas Composition
	2
	0.4282
	0.21408
	2.23
	0.310
	22.30%



	Residual error
	2
	0.1922
	0.09608
	
	
	10.01%



	Total
	8
	1.9198
	
	
	
	










 





Table 7. Analysis of S/N for bead height.
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Level

	
Arc Current

	
Filler Feed Rate

	
O2

	
Ar

	
He

	
CO2






	
1

	
−15.85

	
−15.25

	
−14.86

	
−15.67

	
−14.86

	
−15.67




	
2

	
−14.89

	
−14.78

	
−15.20

	
−15.20

	
−15.20

	
−15.20




	
3

	
−14.99

	
−15.70

	
−15.67

	
−14.86

	
−15.67

	
−14.86




	
Delta

	
0.96

	
0.92

	
0.80

	
0.80

	
0.80

	
0.80




	
Rank

	
1

	
2

	
3











 





Table 8. ANOVA table of bead width.






Table 8. ANOVA table of bead width.














	Source of Variation
	Degree of Freedom
	Seq Sum Square
	Adj Mean Square
	F
	P
	Parameter Contribution





	Current
	2
	5.410
	2.7050
	4.22
	0.192
	43.19%



	Filler feed rate
	2
	1.462
	0.7311
	1.14
	0.467
	11.67%



	Gas composition
	2
	4.369
	2.1846
	3.40
	0.227
	34.88%



	Residual error
	2
	1.283
	0.6417
	
	
	10.25%



	Total
	8
	12.525
	
	
	
	










 





Table 9. Analysis of S/N for bead width.
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Level

	
Arc Current

	
Filler Feed Rate

	
O2

	
Ar

	
He

	
CO2






	
1

	
−17.89

	
−18.05

	
−18.46

	
−18.46

	
−18.46

	
−19.61




	
2

	
−18.36

	
−19.11

	
−17.91

	
−17.91

	
−17.91

	
−17.91




	
3

	
−19.73

	
−18.82

	
−19.61

	
−19.61

	
−19.61

	
−18.46




	
Delta

	
1.84

	
1.05

	
1.70

	
1.70

	
1.70

	
1.70




	
Rank

	
1

	
3

	
2











 





Table 10. ANOVA table of angular distortion.






Table 10. ANOVA table of angular distortion.














	Source of Variation
	Degree of Freedom
	Seq Sum Square
	Adj Mean Square
	F
	p
	Parameter Contribution





	Current
	2
	0.000005
	0.000002
	1.34
	0.427
	7.98%



	Filler feed rate
	2
	0.000003
	0.000002
	0.93
	0.518
	5.54%



	Gas Composition
	2
	0.000047
	0.000023
	13.55
	0.114
	80.54%



	Residual error
	2
	0.000003
	0.000002
	
	
	5.94%



	Total
	8
	0.000058
	
	
	
	










 





Table 11. Analysis of S/N for angular distortion.






Table 11. Analysis of S/N for angular distortion.





	
Level

	
Arc Current

	
Filler Feed Rate

	
O2

	
Ar

	
He

	
CO2






	
1

	
42.06

	
41.83

	
39.37

	
39.37

	
39.37

	
39.37




	
2

	
40.70

	
40.67

	
45.29

	
45.29

	
45.29

	
45.29




	
3

	
42.21

	
42.48

	
40.32

	
40.32

	
40.32

	
40.32




	
Delta

	
1.51

	
1.81

	
5.92

	
5.92

	
5.92

	
5.92




	
Rank

	
2

	
3

	
1











 





Table 12. ANOVA table of transverse shrinkage.






Table 12. ANOVA table of transverse shrinkage.














	Source of Variation
	Degree of Freedom
	Seq Sum Square
	Adj Mean Square
	F
	P
	Parameter Contribution





	Current
	2
	0.000359
	0.000180
	2.55
	0.281
	24.85%



	Filler Feed rate
	2
	0.000161
	0.000081
	1.15
	0.466
	11.17%



	Gas Composition
	2
	0.000784
	0.00000392
	5.57
	0.152
	54.25%



	Residual error
	2
	0.000141
	0.000210
	
	
	9.73%



	Total
	8
	0.001445
	
	
	
	










 





Table 13. Analysis of S/N for transverse shrinkage.






Table 13. Analysis of S/N for transverse shrinkage.





	
Level

	
Arc Current

	
Filler Feed Rate

	
O2 (%)

	
Ar (%)

	
He (%)

	
CO2






	
1

	
30.30

	
28.18

	
26.79

	
27.00

	
26.79

	
26.79




	
2

	
27.82

	
27.52

	
31.45

	
31.45

	
31.45

	
31.45




	
3

	
27.14

	
29.55

	
27.00

	
26.79

	
27.00

	
27.00




	
Delta

	
3.16

	
2.04

	
4.66

	
4.66

	
4.66

	
4.66




	
Rank

	
2

	
3

	
1
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