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Aluminium alloys, particularly AA 6065 T6, are widely used in automotive components such as coolers and radiators due to their excellent strength-to-weight ratio and corrosion resistance. However, welding these alloys presents significant challenges, as the weld joints are prone to thermal stresses, leading to defects and eventual failure. To address this issue, optimizing the PCTIG (Pulsed Current Tungsten Inert Gas) welding process parameters is crucial for achieving superior mechanical properties, particularly tensile strength. This study investigates the influence of peak current, base current, and frequency on the tensile strength of AA 6065 T6 aluminium alloy with varying thicknesses (3 mm, 6 mm, and 10 mm). Regression models are developed to predict tensile strength across the factorial space, and ANOVA is applied to assess the significance of each parameter. Experimental results identify optimal tensile strengths of 179.50 MPa, 188.92 MPa, and 201.22 MPa for 3 mm, 6 mm, and 10 mm thick materials, respectively, with process parameters set at 180 A peak current, 60 A base current, and 2 Hz frequency. Validation through simulation software corroborates these findings, confirming the effectiveness of the optimized parameters in producing defect-free, high-strength weld joints suitable for automotive applications.
Keywords: TIG welding, universal testing machine, finite element method, ANOVA, regression analysis
1 INTRODUCTION
The TIG welding method belongs to the fusion-welding category. It involves heating the metal through an arc generated by a non-consumable tungsten electrode, causing it to melt. This welding technique can be executed with or without the use of filler material and typically produces superior weld quality compared to other arc welding methods (Kalita et al., 2023). However, a notable challenge with TIG welding is its relatively slow metal deposition rate, which restricts its application to welding thin metals (Lawal et al., 2023; Goswami et al., 2023; Chandra et al., 2024). Specifically, when working with aluminium alloys, the maximum weldable thickness using TIG welding is 6 mm. Beyond this thickness, multiple weld passes are required.
In traditional fusion welding, the weld typically consists of three zones: the heat affected zone, partially melted zone, and fusion zone. When welding aluminium alloys using this technique, the grain structure in the fusion zone tends to become coarse, resulting in weakened weld strength. Managing this grain structure is crucial but challenging due to the high temperatures and thermal gradients involved in conventional welding (Srivastava et al., 2023). Previous attempts to refine the fusion zone have yielded limited success, despite methods such as incorporating micro coolers, utilizing pulsation in the welding torch, and inducing surface nucleation (Lawal and Afolalu, 2023). Introduced in the 1950s, the practice of pulsing weld current in TIG welding involves cyclically varying the current at a consistent frequency, alternating between high and low levels (Mamgain et al., 2023). Figure 1 demonstrates this concept, where the low-level current is referred to as the base or background current (Ib), and the higher range is termed as peak current (Ip) (Sudarno et al., 2023). Typically, a stable continuous base current is maintained while simultaneously applying peak current to ensure suitable bead contour and penetration (Kudale and Jit Singh, 2023).
[image: Figure 1]FIGURE 1 | Pulsed current principle.
Numerous researchers have investigated the analysis of aluminium alloys welded using pulsed current TIG welding (PCTIG) processes. In both GMAW and GTAW methods, the fusion zone exhibits a dendritic structure resulting from the rapid heating and subsequent cooling of the molten metal. The primary difference lies in the dendrite arm spacing, slightly wider in GMAW joints and narrower in GTAW joints (Patel et al., 2023).
Researchers have explored Pulsed-TIG (PCGTA) welding, noting the cycling of welding current between high and low levels (Padmanaban and Balasubramanian, 2011; Burande et al., 2024). The high peak current ensures adequate weld penetration and optimal bead contour, while the low-level base current maintains a stable arc, allowing efficient energy utilization to fuse a controlled spot rapidly. Grain refinement in the fusion zone and improved weld mechanical properties are achieved, alongside reduced heat-affected zone (HAZ) width and distortion (Kou, 2003; Saxena et al., 2024). Moreover, grain refinement achieved through pulsing current reduces hot cracking susceptibility in heat-treatable alloys. Additionally, in AC pulsed TIG welding, oxide layer removal is facilitated, melting lower grain boundaries compared to continuous current.
Researchers have explored the effects of peak and base currents as welding parameters in welding aluminium alloys. Their findings suggest that an increase in peak current results in higher heat input, leading to a slower cooling rate during solidification (Lei et al., 2017; Kumar et al., 2024). A slower cooling rate affords more time for grain coarsening. Conversely, reducing peak current accelerates cooling, promoting the formation of finer grains in the fusion zone. As a result, equiaxed grains develop in the fusion zone, leading to increased tensile strength, while coarser, elongated grains tend to result in lower tensile strength (Kumar and Sundarrajan, 2009a). Pulsed current TIG welding parameters significantly influence welded joint strength. For example, peak current directly affects the tensile properties of welded joints, and vice versa. Additionally, higher pulse frequencies induce vigorous agitation in the molten pool, refining grains in the fusion zone. However, the effect of pulse frequency on hardness depends on the duty cycle, with higher frequencies generally lowering hardness (Senthil Kumar et al., 2007). Moreover, pulse frequency is directly related to the tensile properties of welded joints (Kiaee and Aghaie Khafri, 2014a).
Gas Tungsten Arc Welding (GTAW) can utilize various types of current and polarity, including alternating current (AC) and direct current (DC), with both straight polarity (DCEN) and reverse polarity (DCEP) options (Manti and Dwivedi, 2007). In TIG welding, direct current electrode negative (DCEN) is common, where the negative end of the heat source connects to the electrode, enhancing electron emission and resulting in high heat generation in the workpiece, enabling deeper penetration and a narrower weld shape (Kumar and Sundarrajan, 2009b). In contrast, with reverse polarity, the positive end connects to the heat source, generating higher heat in the electrode than the workpiece, leading to a wider weld bead and narrower weld compared to direct polarity. Consequently, a larger electrode diameter is typically used to manage the high-energy concentration in the electrode, and a cooling arrangement is necessary to prevent electrode tip melting (Kumar and Sundarrajan, 2006). The positive ion bombardment effect aids in oxide layer removal on the surface, providing a cleaning effect. Hence, if deep penetration is not required, reverse polarity may be used (Da Cunha et al., 2016). Alternatively, oxide layer removal and penetration actions can be achieved with alternating current, the most common polarity for welding aluminium alloys, as depicted in Figure 1. Figure 2 shows the pulsed TIG welding machine.
[image: Figure 2]FIGURE 2 | Pulsed TIG welding machine.
This research focuses on optimizing Pulsed Current TIG (PCTIG) welding parameters—peak current, base current, and pulse frequency for AA 6065 T6 aluminium alloys of varying thicknesses (3 mm, 6 mm, and 10 mm) to achieve maximum tensile strength. Conventional TIG welding faces challenges such as grain coarsening, limited weldable thickness, and increased thermal stresses, affecting weld quality. PCTIG welding mitigates these issues by refining the fusion zone microstructure, reducing heat-affected zone width, and improving mechanical properties. A factorial experimental approach, regression modelling, and ANOVA are employed to analyse the effects of process parameters. Experimental results are validated through simulation, ensuring optimized welding conditions for industrial applications, particularly in the automotive sector.
1.1 Design of experiment
Design of experiments (DOE) is a systematic method for investigating any situation in which a response changes as a function of one or more independent variables. DOE is specifically developed to solve complicated situations in which more than one variable influence response and two or more factors interact with one other. DOE eliminates ineffective techniques like the traditional but still widely used technique of investigating the influence of one variable at a time (OVAT). In comparison to DOE, the OVAT technique wastes resources and is incapable of identifying or quantifying the presence of interactions between variables (Kumar and Vishal, 2018; Ranjan et al., 2024).
1.2 Regression analysis
Independent variables are the input variables of a process that can be changed at the user’s choice. Independent variables are the process’s knobs or the controls that allow you to tweak the process. The input variables can be set to an endless number of levels between upper and lower boundaries or limitations because they are quantitative and continuous.
1.3 Analysis of variance
The implementation of (k) independent tests caused the method of multiple comparisons to fail to test for differences between k treatment means. To avoid this issue, a single test that compares all of the means at the same time is required. The analysis of variance (ANOVA) variable provides such a test (Kumar and Gulati, 2018).
2 SELECTION OF WELD PARAMETERS
As per ASME Section IX guidelines, weld experiments are categorized into three groups: essential parameters, supplementary essential parameters, and non-essential parameters. For TIG welding, particular emphasis was placed on essential and supplementary essential variables, outlined in Table 1. Among these variables, current and thickness were singled out due to their significant impact on the ultimate tensile properties of the weld. In the case of pulsed current TIG (PCTIG) welding, the experiment incorporated peak current (Ip), base or background current (Ib), and frequency (f) as the selected parameters. These variables were considered crucial in determining the outcomes of the welding process (Kiaee and Aghaie Khafri, 2014b).
TABLE 1 | Essential and supplementary essential parameters according to ASME Sec. IX for TIG welding.
[image: Table 1]The selection of peak current (Ip), base current (Ib), and frequency (f) as key welding parameters for this research is based on their critical influence on the weld’s mechanical properties, particularly tensile strength. Peak current (Ip) directly affects heat input, weld penetration, and fusion zone microstructure, where higher values enhance penetration but may promote grain coarsening. Base current (Ib) maintains arc stability and controls the cooling rate, influencing grain refinement and minimizing thermal distortion. Frequency (f) governs the transition between peak and base current, affecting heat distribution, grain structure, and overall weld quality. By optimizing these parameters, the study aims to achieve superior mechanical performance, reduced defects, and enhanced weld integrity in AA 6065 T6 aluminium alloy components of varying thicknesses.
3 PERFORMANCE OF EXPERIMENT WORK FOR TENSILE STRENGTH
Prior to commencing the actual experimental procedures, a pilot welding experiment was conducted to assess feasibility and parameter ranges. This preliminary experimentation provided insights into potential challenges anticipated during the main experiment. Table 2 outlines the parameter ranges utilized in the pilot experiment. The experimentation employed a digitized TIG AC/DC power supply specifically tailored for aluminium applications, offering a power range from 170 A to 500 A.
TABLE 2 | Range of pilot experiment work.
[image: Table 2]These power supplies varied in mobility, ranging from portable units to robust stationary machines. For the experimental work, a Fronius PCTIG welding machine was utilized, known for its sturdy construction and user-friendly interface. Particularly, the magic wave model was selected for its outstanding operational capabilities and intuitive controls. The parameter range selection was informed by prior research findings and the industry experience of the welder. The pilot experiment was designed using the L16 Taguchi Orthogonal Array Design, and a total of 16 experiments were conducted. Welding of AA 6065T6 alloy, including cut and bead-on-plate welding, was carried out by a certified welder. The experimental design for the pilot study is detailed in Table 3.
TABLE 3 | Design of experiment for pilot experiment.
[image: Table 3]The selection of parameters range was based on past research work and the experience of the welder from industries. L16 Taguchi Orthogonal Array Design prepared the pilot experiment and a total 16 number of experiments was performed. The welding of AA 6065 T6 alloys cut and bead on plate welding was performed. The design of experiment for pilot experiment is mentioned in Table 3. The pilot experiment was conducted under standard operating conditions. The selection of consumables for both the pilot and actual experiments, such as shielding gas, gas flow rate, type of filler wire, and tungsten electrode, adhered to guidelines outlined in the AWS handbook and ASME Sec. IX standards, as specified in Table 4.
TABLE 4 | Selection of other parameters.
[image: Table 4]The results of the pilot experiment provided insights into the range for the actual experimental work. The results were visually inspected in accordance with AWS standard B1.11 and are summarized in Table 5.
TABLE 5 | Visual inspection of pilot experimentation.
[image: Table 5]4 RESULT OF PILOT EXPERIMENT WORK
When the peak current (Ip) reached or exceeded 200 A, the weld displayed lack of fusion and a heightened incidence of spattering. Likewise, when the base current (Ib) reached or exceeded 100 A, arc instability was observed, frequently resulting in arc wandering.
Arc Wandering is the unintended deviation of the welding arc, affecting weld quality and precision. It can be caused by magnetic arc blow (due to residual magnetism or improper grounding), gas turbulence (from excessive shielding gas flow), electrode misalignment, workpiece contamination, or inconsistent arc length. Preventive measures include using AC welding for aluminum, optimizing shielding gas flow, maintaining proper tungsten positioning, and ensuring a clean workpiece. Addressing these factors improves arc stability, weld quality, and defect minimization in PCTIG welding.
Moreover, a frequency (f) surpassing 6 Hz led to an increased incidence of spatter during the welding process. These discoveries emphasize the importance of meticulously controlling welding parameters to achieve optimal outcomes and minimize undesirable effects.
Incomplete filling was observed when the peak current (Ip) fell below 120 A, while a shorter arc length was noted when the base current (Ib) was under 60 A. Frequencies below 2 Hz resulted in bead contour similar to traditional TIG welding.
Consequently, the ranges for actual experiments were determined and executed. The ranges for these actual experiments are detailed in Table 6.
TABLE 6 | Range for actual experiment work.
[image: Table 6]4.1 Actual experimental work
PCTIG welding was conducted on various thicknesses of AA 6065 T6 material, including 3 mm, 6 mm, and 10 mm, under standard operating conditions by a certified welder using a Fronius welding machine. In accordance with ASME Sec. IX standards, Procedure Qualification Records (PQR) and Welding Procedure Specifications (WPS) were developed for each thickness category.
During the experimental phase, the focus shifted to the practical application of aluminum alloy AA 6065 T6 in industry. Precision-cut plates of this material were prepared to specific dimensions: 200 × 100 × 3 mm, 200 × 100 × 6 mm, and 200 × 100 × 10 mm. ER 4043 filler material with a diameter of 2.4 mm and a 0.8% zirconium-coated tungsten electrode were utilized. Prior to manual PCTIG welding, meticulous cleaning of the components was conducted.
The welding process employed alternating current, with careful adjustment of parameters such as peak current (Ip), base current or background current (Ib), and frequency (f). All welding procedures were conducted by a certified welder following standardized experimental protocols.
Following welding, the components were sectioned into standardized sizes to prepare specimens for mechanical testing. The number of passes for different thicknesses was determined based on relevant literature and standard handbook guidelines, as outlined in Table 7. To optimize the experimental design, the L9 Taguchi method was utilized, with the corresponding range detailed in Table 8. This systematic approach aimed to ensure thorough testing and meaningful analysis of the welding outcomes.
TABLE 7 | No. of passes.
[image: Table 7]TABLE 8 | Design of experiment (Taguchi method).
[image: Table 8]The geometry for three different thickness material is mentioned in Figure 3.
[image: Figure 3]FIGURE 3 | Geometry of different thickness materials. (a) Geometry of 3 mm thick material, (b) Geometry of 6 mm thick material, (c) Geometry of 10 mm thick material.
Following the experimentation with various thicknesses, the welded workpiece was sectioned into standard specimens according to ASTM E8M guidelines (Table 9). The side view of the standard specimen is depicted in Figure 4.
TABLE 9 | Dimensional Specification of different materials.
[image: Table 9][image: Figure 4]FIGURE 4 | Standard tensile specimen.
Table 9 presents dimensional specifications for different material thicknesses, with parameters W, A, C, R, B, and L given in millimeters. The table includes three thickness categories: 12.5 mm, 8.75 mm, and 6.25 mm, each with specific dimensional tolerances. As the material thickness decreases, corresponding values for A, C, R, B, and L also decrease. The widest and longest dimensions are observed for the 12.5 mm thickness, while the smallest values are recorded for the 6.25 mm thickness. This table provides essential geometric details for material selection and processing.
5 SIMULATION WORK
The simulation process encompasses a series of procedures conducted across multiple software platforms. These operations are outlined as follows.
1. Geometry of 3D Model
2. Fine meshing of parts by Gmsh
The table presents the mesh details for different sections of a welded structure at varying element sizes (3 mm, 6 mm, and 10 mm). It includes the number of nodes and elements for the left plate, right plate, and multiple weld passes. The left and right plates exhibit a higher node and element count, especially for finer mesh sizes (3 mm). The weld passes show a decreasing trend in node and element count with successive passes (Table 10). Figure 5 shows 3D geometry of the weld passes. Nodes and elements left plate, weld pass and right plate have been shown in Figure 6. Simulation of Fine meshing of weld pass , right plate, node geometry, selection of boundary condition and weld geometry have been shown in Figure 7. 
3. Fine meshing of parts by Gmsh.
4. Import meshed parts of welded joint.
5. Assigning geometries and import material.
6. Generating and assigning welding trajectories.
7. Importing and assigning weld geometries.
[image: Figure 5]FIGURE 5 | Geometry of 3D Model (a) Left plate, 3 mm (b) Right Plate, 3 mm (c) Weld Pass, 3 mm (d) Left Plate, 6 mm (e) 1st Pass, 6 mm (f) 2nd pass, 6 mm (g) Right Plate, 6 mm (h) Left Plate, 10 mm (i)1st Pass, 10 mm (j) 2nd Pass, 10 mm (k) 3rd Pass, 10 mm (l) Right Plate, 10 mm.
[image: Figure 6]FIGURE 6 | Nodes & elements left plate, weld pass & right plate.
[image: Figure 7]FIGURE 7 | Fine meshing of parts by Gmsh. (a) Gmsh fine meshing of left plate (b) Gmsh fine meshing of weld pass (c) Gmsh fine meshing of right plate (d) Selection of node, node geometry for welding. (e) Selection of Boundary Condition. (f) Generating Weld Trajectory (g) Assigning Weld Trajectory (h) Importing Weld Part Geometry (i) Trajectory Setting (j) Selecting Nodes for Pass (k) Input Weld Parameters (l) Show result and post-processing.
TABLE 10 | Weld passes for nodes and elements.
[image: Table 10]6 RESULTS
Table 11 presents experimental results for different welding conditions, including peak current (Ip), base current (Ib), and frequency (f) in Hz, with measurements for 3 mm, 6 mm, and 10 mm specimens. The peak current varies from 120 A to 180 A, while the base current ranges from 60 A to 100 A. The recorded values indicate that higher peak and base currents generally lead to increased measurements across all thicknesses. The results also show variations with frequency, affecting different thicknesses uniquely. The highest values are observed at 180 A peak current and 6 Hz frequency, particularly for the 10 mm specimen. Overall, the table highlights the influence of welding parameters on material response across different thicknesses.
TABLE 11 | Experiment results.
[image: Table 11]7 RESULT ANALYSIS
Numerous methods exist to optimize welding process parameters. In our investigation, we utilized regression analysis. This approach facilitates the understanding of the relationship between a single response variable and multiple predictor variables.
7.1 Regression analysis
We developed regression equations to forecast the tensile strength value within the utilized factorial space. These equations enable us to explore the interaction effects of Ip, Ib, and f on mechanical properties.
For 3 mm thickness specimen
[image: image]
For 6 mm thickness specimen
[image: image]
For 10 mm thickness specimen
[image: image]
An analysis was conducted to evaluate how the response correlates with the process variables. In Figure 8, the main effect plot illustrates the relationship between peak current, pulsed frequency, and the tensile properties of the welded joint. It's observed that both peak current and pulsed frequency have a significant impact on the tensile characteristics. Increasing either parameter leads to higher tensile strength values. Conversely, the effect of base current on tensile strength is opposite: as base current decreases, tensile strength tends to increase (Babu et al., 2008a).
[image: Figure 8]FIGURE 8 | Main effect plot for Tensile strength. (a) For 3 mm (b) For 6 mm (c) For 10 mm.
7.2 Analysis of variance
ANOVA, a statistical method, is employed to scrutinize each process parameter, aiming to establish confidence levels. In our study, ANOVA was utilized to ascertain the contribution of each parameter to tensile strength, offering a comprehensive understanding of their impact on the output parameter.
By comparing mean squares with an estimate of experimental errors at specified confidence levels, ANOVA facilitates a formal assessment of the significance of primary components and their interactions. We examined the optimal joint strength influenced by tensile strength values for the welded workpiece using mean values and following the standard ANOVA procedure. The contribution of each parameter, quantified as a percentage, was determined through ANOVA analysis of the experimental data.
This statistical technique plays a crucial role in objectively assessing the impacts of all major components and their interrelationships. It achieves this by comparing mean squares with estimated experimental errors at predefined confidence levels, providing valuable insights into the significance of each parameter in influencing the outcome. In this analysis, the percentage contribution of each process parameter to achieving optimal joint strength was determined using MINITAB software (Babu et al., 2008b). The most influential process parameter identified through the percentage calculation for 3 mm, 6 mm, and 10 mm thicknesses are peak current (Ip), frequency (f), and base current (Ib), respectively. Their corresponding contributions are approximately 47.13%, 45.45%, and 68.54%. These results highlight the significance of frequency (f) and peak current (Ip) as the most crucial process parameters affecting joint strength. Additionally, studies where the p-values for corresponding parameters are mentioned demonstrate the significance of each parameter.
Table 12 presents the ANOVA results for tensile strength of 3 mm specimens, analyzing the influence of peak current (Ip), base current (Ib), and frequency (f). The regression model explains 99.88% of the variation in tensile strength, with an adjusted R-squared of 99.54% and a predicted R-squared of 92.79%. The F-values indicate that frequency (f) has the most significant effect (F = 47.16, P = 0.021), followed by the interaction of peak current and frequency (Ipf) with F = 35.13 and P = 0.027. The base current (Ib) and its interaction with peak current (IpIb) show relatively lower significance. Overall, the model strongly predicts tensile strength with minimal error (S = 1.25126).
TABLE 12 | ANOVA results for tensile strength (3 mm).
[image: Table 12]Table 13 presents the ANOVA results for tensile strength of 6 mm specimens, showing the effects of peak current (Ip), base current (Ib), and frequency (f). The regression model explains 99.95% of the variation, with an adjusted R-squared of 99.81% and a predicted R-squared of 97.01%, indicating a highly accurate model. The base current (Ib) has the highest F-value (45.45) but a relatively higher P-value (0.21), suggesting moderate significance. Peak current (Ip) and frequency (f) show notable effects with P-values of 0.039 and 0.057, respectively. The error is minimal (S = 0.672777), confirming the model’s reliability in predicting tensile strength.
TABLE 13 | ANOVA results for tensile strength (6 mm).
[image: Table 13]Table 14 presents the ANOVA results for tensile strength of 10 mm specimens, showing the effects of peak current (Ip), base current (Ib), and frequency (f). The regression model explains 99.98% of the variation, with an adjusted R-squared of 99.90% and a predicted R-squared of 98.52%, indicating excellent model accuracy. Base current (Ib) has the highest F-value (68.54) with a significant P-value (0.014), followed by peak current (Ip) and frequency (f) with F-values of 51.76 and 22.86, respectively. Interaction effects (IpIb and Ipf) show moderate significance, while Ib*f has a minimal impact. The low error value (S = 0.454,817) confirms the model’s strong predictive capability.
TABLE 14 | ANOVA results for Tensile strength (10 mm).
[image: Table 14]8 RESULT VALIDATION
The optimal results were verified using Simufact welding simulation software, renowned for its ability to predict welding-induced distortions and residual stresses while offering solutions to mitigate these effects on workpieces. Additionally, Simufact provides insights into weld joint strength by analysing metallurgical properties such as micro structural properties in the Heat Affected Zone (HAZ). The software also supports the development of favourable clamping arrangements, significantly impacting the welding process. Through clamping optimization, Simufact facilitates the achievement of the most favourable weld sequence, thereby enhancing efficiency and quality.
Moreover, Simufact aids in predicting the final contour and tolerances of components for mass production, ensuring they meet predefined specifications. This comprehensive functionality renders Simufact an invaluable tool for validating experimental results and optimizing welding processes for industrial applications.
Following guidelines outlined by the American Welding Society (AWS) standards, a meticulous PCTIG welding process was designed. A CAD model was prepared, and weld geometry was established. Primary meshing was performed using MARC meshing software, followed by fine meshing. This process facilitated the generation of results regarding residual stress and temperature distribution at each zone, fluid flow characteristics, and the mode of metal transfer, aiding in generating the contour of the weld pool (Hadadzadeh et al., 2014).
The double heat source model proposed by Goldak et al., widely accepted in illustrating the TIG welding process, was employed. In this study, the double ellipsoid heat source, recognized as the most widely accepted, was utilized for the TIG welding process.
Comparisons between experimental and numerical (software-based) results of tensile strength were conducted, as shown in Table 15. It was observed that the deviations in the results were within acceptable limits, i.e., less than 10%. The predicted strength values obtained through numerical methods were slightly higher compared to experimental methods. The maximum predicted strength values by numerical methods were 195.21 MPa, 202.54 MPa, and 215.52 MPa for thicknesses of 3 mm (Table 12), 6 mm (Table 13), and 10 mm (Table 14), respectively.
TABLE 15 | Validation of result.
[image: Table 15]The peak current (Ip) influences the fusion zone microstructure by determining heat input and cooling rate. Higher peak currents promote deeper penetration but can lead to grain coarsening due to slower solidification. Conversely, lower peak currents result in finer grains due to rapid cooling, enhancing tensile strength. The base current (Ib) helps maintain arc stability and controls the solidification rate, reducing thermal cycling effects and minimizing residual stress. Pulse frequency (f) affects grain refinement by increasing the number of thermal cycles, reducing dendritic growth, and promoting the formation of equiaxed grains in the fusion zone, which improves mechanical properties. Higher peak current (180 A) ensures deeper penetration but needs to be optimized to prevent excessive heat input, which can lead to wider heat-affected zones (HAZ) and softening due to grain coarsening. A higher pulse frequency (6 Hz) improves energy distribution, leading to uniform heat input and finer grain structures, reducing the risk of hot cracking and distortion. The pulsation of current in PCTIG welding creates periodic agitation in the molten pool, promoting better fusion between grains and breaking up coarse dendritic structures. A higher frequency contributes to controlled heat dissipation, ensuring improved weld bead morphology and defect minimization, such as porosity and inclusions.
Based on ANOVA results, peak current (Ip) exhibited the highest contribution to tensile strength, followed by pulse frequency (f) and base current (Ib). The dominance of peak current is attributed to its direct effect on heat input and penetration depth, influencing the fusion zone grain structure. A higher peak current (180 A) ensures deeper penetration, stronger metallurgical bonding, and enhanced grain refinement, leading to higher tensile strength. However, excessive peak current can cause grain coarsening, reducing strength. Pulse frequency significantly affects thermal cycling, influencing grain refinement and solidification dynamics. A higher frequency (6 Hz) induces greater agitation in the molten pool, reducing dendrite growth and improving mechanical properties. The base current, while crucial for arc stability, had a comparatively lower influence since it primarily controls heat dissipation and arc maintenance rather than direct fusion characteristics.
8.1 Validation of experimental work with software
Experimental work involves repetitive tasks fraught with various challenges, including heat generation and fume emissions. Conversely, simulation work offers a non-physical, computational approach to understanding welding processes. Validation is paramount to ensuring the reliability of experimental results, and various methods, including analytical and numerical techniques, can be utilized for this purpose.
In our investigation, experimental results were validated using simulation software. This validation process validates the experimental findings by comparing them with simulated outcomes. Simulation work provides insights into the behaviour of actual experiments, enabling virtual experiments to be conducted under standardized conditions. Mechanical properties are then evaluated based on these virtual experiments (Padmanaban et al., 2011). It was observed that the results obtained from simulation closely approximated the optimal values. This alignment between experimental and simulated outcomes validates the experimental work, bolstering its credibility. The average results are summarized in Table 15, demonstrating the convergence between experimental and simulated findings.
8.2 Justification of result deviation
The simulation process performed by Simufact software operates under standardized initial conditions provided to the software. In contrast, actual experimental work is subject to variations due to environmental conditions. Hence, deviations in output results between simulation and experimentation are possible. While simulation results offer an approximation of the expected outcomes, it's important to acknowledge that experimental work is executed by qualified welders. Results obtained through experimentation may contain errors stemming from differences between machines and individuals (Shelwatkar et al., 2016). However, deviations in the achieved results typically fall within an acceptable range, often less than 10%. Therefore, these deviations can be deemed acceptable, considering the inherent variability in the experimental process. Table 15 depicts the validation of PCTIG-welded AA 6065 aluminium alloy experimental results with software results for Tensile Strength, including thicknesses of 3 mm, 6 mm, and 10 mm.
9 CONCLUSION
This research study aims to assess the impact of PCTIG welding process parameters on plates of varying thicknesses (3 mm, 6 mm, and 10 mm) and optimize these parameters to enhance mechanical properties. Several conclusions have emerged from both experimental work and simulation analysis:
1. Taguchi Design of Experiment Method: The implementation of this robust design technique enhanced process quality and stability while minimizing the number of experiments required. A statistical model incorporating the effects of PCTIG welding parameters was utilized to estimate mechanical properties.
2. Analysis of Variance (ANOVA): ANOVA proved effective in determining the significance of individual, main, and interaction factors of the PCTIG welding process, facilitating process optimization.
3. Optimization for Tensile Strength: A higher tensile strength (201.23 MPa) was attained with high peak current (Ip = 180 A), high frequency (6 Hz), and lower base current (Ib = 80 A), resulting in grain refinement.
4. Effect of Thickness and Passes: Increasing thickness and the number of passes led to higher tensile strength due to increased heat input, resulting in grain refinement and improved mechanical properties.
5. Numerical Validation: Experimental results were validated using numerical methods, particularly with Simufact software. The deviation between experimental and software results was less than 10%, indicating the reliability and predictability of joint strength predictions by Simufact software.
6. Peak current (Ip) had the highest influence on tensile strength, as it directly affects heat input, penetration depth, and grain refinement, leading to stronger welds. Pulse frequency (f) enhanced grain refinement, while base current (Ib) played a secondary role in arc stability and heat dissipation.
These conclusions underscore the effectiveness of optimization techniques and numerical validation methods in enhancing the understanding and predictability of PCTIG welding processes and their impact on mechanical properties.
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Trial No Ip(A)  Ib(A) F(Hz) Remarks
1 110 40 1 Poor filling
2 110 60 3 shorter arc length
3 110 80 5 Proper weld
4 110 100 7 Proper weld
5 140 40 3 Poor bead appearance
6 140 60 1 Proper weld
7 140 80 7 Proper weld
8 140 100 5 Proper weld
9 170 40 5 Proper weld
10 170 60 7 Proper weld
11 170 80 1 Proper weld
12 170 100 3 Proper weld
13 200 40 7 spatter
14 200 60 5 Proper weld
15 200 80 3 Proper weld
16 200 100 1 spatter
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Paramet: Value
1 [ Voltage 15-18 V
3 Tungsten electrode and size | 98% W, 0.8% Zr, 3.2 mm dia
3 | Shielding Gas Argon
4 Shielding gas flow rate 5 lit/min
5 Filler metal ER 4043
6 ‘Welding position 16
7 Welding speed 4-6 mm/sec
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Thickness No. of pass

1 3 mm 1 Pass

2 6 mm 2 Passes

3 10 mm 3 Passes
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Parameter Range (max) Range (min)
Peak Current (Ip) 120A 180A
Base current (Ib) 60A 100A
Frequency (f) 2Hz 6Hz
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Parameter Range (mi Range (max)
Peak Current (Ip) 1104 2004
Base Current (Ib) 404 100A
Frequency (f) 1Hz 7Hz










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Mechanical Engineering





OPS/images/fmech-11-1569059-g005.gif





OPS/images/fmech-11-1569059-g006.gif





OPS/images/fmech-11-1569059-g003.gif
@






OPS/images/fmech-11-1569059-g004.gif





OPS/images/fmech-11-1569059-t001.jpg
Parameter Essential Supplementary

parameter parameters
1 Base metal T qualified AA 6065 v
2 Filler Metal, ER 4043 v
3 ¢ Filler metal product form (bare solid electrode) v
4  thickness v
5 Preheat temperature decreases 55°C (AA 6065 T6) precipitation-hardened, No preheat %
needed
6 & Current or polarity v
7 > Heat input v






OPS/images/fmech-11-1569059-g007.gif
(s) Gmsh fine meshing of left plate

) G fine meshing of weld pass

Boundary Condition

) Show result and post-processing.
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Sample No Experimental condition Tensile stress (MPa) Percentage

%.
Peak Base Frequency No. of Experimental Software De\Eiaiion
current (Ip) current (Ib) (f) pass

(@
1 120 60 ) 1 12458 13658 879
2 120 [ 80 4 1 13376 14576 823
3 120 100 6 1 13154 14354 836
4 150 [ 60 4 1 16005 17205 697
5 150 80 6 1 15783 16983 707
6 150 [ 100 2 1 | 12849 s 854
7 180 60 6 1 179.50 19524 806
8 180 | 80 2 1 15478 16678 720
9 180 100 4 1 15256 16456 729

(b)
1 120 60 2 2 14858 16058 747
2 120 80 4 2 147.64 159.64 752
3 120 | 100 6 2 14670 1587 756
4 150 60 4 2 17142 18342 6.54
5 150 80 6 2 17048 18248 658
6 150 100 2 2 14926 16126 744
7 180 60 6 2 18892 20254 672
8 180 80 2 2 17304 185.04 649
9 180 | 100 4 2 1721 1841 652

©
1 120 60 2 3 16144 17744 902
2 120 80 4 3 16084 17684 905
3 120 100 6 3 16024 17624 9.08
4 150 60 4 3 183.14 199.14 8.03
5 150 | 80 6 3 18254 19854 806
6 150 100 % 3 15986 17586 9.10
7 180 [ 60 6 3 20123 21552 663
8 180 80 2 3 18216 198.16 807
9 180 100 4 3 18156 197.56 810






OPS/images/math_qu3.gif
Iensllestress = 136.19 + 0.34621p - 0.7418 Ib + 8.671
4 0.002579 Tp*Tb — 0.02579 Ip*f — 0.0129 Ib*f





OPS/images/math_qu2.gif
Iensilestress = 123.66 + 0.34101p - 0.89%41b + 10751
4+ 0.00381 Ip*Ib — 0.0381 Ip*f — 0.0191 Ib*f





OPS/images/fmech-11-1569059-g001.gif





OPS/images/fmech-11-1569059-t012.jpg
Source  DF AdjSS AdjMs

value P-value

Regression 6 2,691.74 448.623 286.54 0.003
Ip 1 16.89 16.894 1079 0.082
b 1 [ 23.19 23.192 1481 0.061
f 1 73.84 73.835 47.16 0.021
Ip*lb 1 15.19 15.192 9.70 0.089
Ip*f T 54994 3513 0.027
Error 2 313 1.566
Total s 2,694.87

Model
summary

5

125126 99.88% 99.54% 92.79%
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AdjSS AdjMS F-value P-value

6 1,736.03 289.338 1,398.72 0.001
Ip 1 1133 11327 5176 0018
b 1 1418 [ 14179 68.54 0014
f 1 473 4728 2286 0041
Ip'Ib 1 279 2793 13.50 0.067
Ipf 1 279 | 2793 13.50 0.067
Ibf 2 031 0310 150 0345
Error 2! 041 0207
Total 8 1,736.44

Model
summary

S

0454817 99.98% 99.90% 98.52%
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Source DF AdjSS AdjMS F-value P-vals

Regression 6 1879.60 313.266 692.10 0.001
Ip 1 1099 10992 2428 0.039
b 1 2057 20574 4545 021
f 1 728 7.283 16.09 0057
Ip'Ib 1 611 6110 13.50 0.067
Ipf 1 611 0 0679 150 0245
Ib*f 1 068 [ 0679 150 0345
Error 2! 091 0453
Total 8 1,880.50 0

Model
summary

5

0.672,777 99.95% 99.81% 97.01%
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Exp. No. Peak current (Ip)A Base current (Ib)A Frequency(f)Hz

1 120 60 2
2 120 80 4
3 120 100 6
4 150 60 4
E ] 150 80 6
6 150 100 2
7 180 60 6
8 180 80 2
9 180 100 4
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rrent (Ip) A

Base current (Ib) A

Frequency (f) Hz

120 60 2 12458 14858 16144
120 80 4 13376 147.64 160.84
120 100 6 13154 1467 16024
150 60 4 160.05 17142 183.14
150 80 6 157.83 17048 18254
150 100 2 12849 14926 159.86
180 60 6 17950 188.92 201.23
180 80 2 154 173.04 18216
180 100 4 15256 1721 18156
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Elements

6 mm
Left plate 69,193 32477 19,689 363,136 101,312 101,312
Ist pass 27317 3,749 4222 139,136 18,088 18,088
2nd pass - 3,503 3,430 - 15,496 15496
3rd pass - - 3215 - - 14,880
Right plate 68,951 | 31755 19,375 361,664 99,584 99,584






