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Abstract

:

A thin-walled structure of high-strength aluminum alloy 2024 (AA2024) was fabricated using novel laser and cold metal transfer and pulse (CMT-P) arc hybrid additive manufacturing (LCAHAM) technology. The influence of the wire feeding speed, scanning speed, and laser power on the forming quality was systematically studied by the response surface methodology, probability statistical theory, and multi-objective optimization algorithm. The result showed that the forming accuracy was significantly more affected by the laser power than by the wire feeding speed and scanning speed. Specifically, there was an obvious correlation between the interaction of the laser power and wire feeding speed and the resulting formation accuracy of LCAHAM AA2024. Moreover, the laser power, wire feeding speed, and scanning speed all had noticeable effects on the spattering degree during the LCAHAM AA2024 process, with the influence of the laser power surpassing that of the other two factors. Importantly, these three factors demonstrated minimal mutual interaction on spattering. Furthermore, the scanning speed emerged as the most significant factor influencing porosity compared to the wire feeding speed and laser power. It was crucial to highlight that the combined effects of the wire feed speed and laser power played an obvious role in reducing porosity. Considering the forming accuracy, spattering degree, and porosity collectively, the recommended process parameters were as follows: a wire feeding speed ranging from 4.2 to 4.3 m/min, a scanning speed between 15 and 17 mm/s, and a laser power set at approximately 2000 W, where the forming accuracy was 84–85%, the spattering degree fell within 1.0–1.2%, and the porosity was 0.7–0.9%.
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1. Introduction


High-strength aluminum alloys play an important role in the fabrication of structural components for aircraft, such as skins, wing beams, and wing ribs, owing to their advantages of low density, high strength, and good machinability [1,2]. The performance requirements of the aircraft materials are shown in Figure 1 [3]. The development of modern aviation industry towards large-scale, integrated, and lightweight aircraft structural parts demands a departure from traditional processing methods, such as casting and forging, due to their drawbacks of prolonged cycles and high costs [4,5,6,7,8]. Recognizing these limitations, additive manufacturing has emerged as a transformative approach overcoming traditional technology constraints [9,10,11]. Combining additive manufacturing with topology optimization enables the integration of materials, structures, processes and performance, with significant advantages for improving aerospace lightweighting, particularly in the lightweighting of redundant actuation systems for large aircraft [12].



The primary techniques for aluminum alloy additive manufacturing include laser additive manufacturing (LAM) and wire arc additive manufacturing (WAAM) [13,14,15]. LAM offers high forming accuracy but suffers from low production efficiency and excessive laser energy loss [16,17]. In contrast, WAAM exhibits high productivity but faces challenges such as poor forming accuracy and numerous defects [18,19,20]. Combining the advantages of both techniques, laser–arc hybrid additive manufacturing (LAHAM) integrates a laser and an electric arc. The plasma generated by the laser reduces the resistance of the arc channel, thereby increasing the utilization rate of the arc energy. Simultaneously, the plasma dilutes the arc acting on the surface of the molten pool, enhancing the absorption of the laser. Consequently, the LAHAM offers high forming efficiency and good forming quality [21,22,23,24]. CMT, a spatter-free process developed by Fronius based on metal inert gas (MIG) welding, was later integrated with pulsed MIG to create CMT-P, a hybrid transition alternating between short-circuit and pulsed transition [25]. The CMT-P process, applicable to various materials, including aluminum alloys, nickel-based alloys, and others, expands the adjustable range of heat input, allowing for precise control over the droplet transition behavior [26]. Therefore, LCAHAM has emerged as a favorable method for manufacturing aluminum alloy structural parts, holding significant potential for further exploration in the production of high-strength aluminum alloys.



Despite these advancements, the control of the forming quality remains a major challenge hindering the industrialization and large-scale production of metal additive manufacturing. In the actual production process of high-strength aluminum alloy additive manufacturing, issues like low dimensional accuracy and high defects, such as spatter and porosity, persist due to the immaturity of the additive process [27,28]. Improving the forming accuracy can effectively reduce machining allowance and improve efficiency. Reducing spatter is crucial to prevent defects that can significantly impact the additive part’s performance [29]. Additionally, porosity defects lead to stress concentration and induce corrosion, causing a decline in thin-walled parts’ performance [30]. Therefore, effectively controlling spatter, minimizing porosity defects, and enhancing formation precision are significant concerns for researchers in the additive manufacturing process.



In the LAHAM process of high-strength aluminum alloys, spatter behavior is more complex. Scholars have carried out extensive studies on the spatter characteristics formation mechanism, and the influence of process parameters. Wu et al. [31] and Zhang et al. [32] comprehensively investigated the spatter formation mechanism during the laser welding of aluminum alloys, identifying metal evaporation recoil pressure and shear stress from metallic vapor flow as primary factors. Ahmad et al. [33] studied spatter particle variation during selective laser melting by tracking the trajectories of these particles using Discrete Phase Mode. It was found that the inert gas flow affects the spatter particle trajectories. Zhang et al. [34] noted differences in the spatter quantity among CMT, pulsed MIG, and both of these hybrid welding processes. In addition, Zhang et al. [35] also indicated that the spatter during the laser–arc hybrid welding process was significantly less than that during the pure arc welding process. Han et al. [36] analyzed the spatter in a laser–pulsed MIG hybrid welding and laser–CMT hybrid welding process, finding less or no spattering during laser–CMT hybrid welding.



Porosity defects in the LAHAM process are generated due to the unstable keyhole tip and rapid solidification rate. Scholars have studied porosity in aluminum alloy additive manufacturing parts, demonstrating effective reduction through optimizing additive manufacturing process parameters. Derekar et al. [37] explored two varieties of WAAM, pulsed MIG and CMT, and found that the pulsed MIG samples showed more pores and a higher volume fraction of porosity than samples manufactured using the CMT. Cong et al. [38] studied the influence of various CMT modes on porosity in Al-6.3%Cu alloy, discovering that pulsed current in CMT-P increased porosity compared to conventional CMT. Wang et al. [39] found that pulse frequency and arc current had a significant impact on porosity. Liu et al. [40] used LAHAM for a thin-wall aluminum alloy, observing a decrease in porosity defects with increased laser power. Meanwhile, Zhang et al. [41] employed response surface methodology (RSM) to optimize CMT-P arc additive manufacturing aluminum alloy, revealing wire feeding speed’s significant impact on porosity and surface roughness.



To enhance the additive manufacturing quality and mitigate issues such as spatter and porosity defects, an LCAHAM technology was introduced. It is noteworthy that process parameters play a pivotal role in enhancing the formation quality of high-strength aluminum alloys in additive manufacturing. Although there are limited studies on optimizing the LAHAM process for aluminum alloys, research on LCAHAM remains scarce. Additionally, the interaction effects between LCAHAM process parameters and the forming quality of aluminum alloys are not yet clearly understood. Therefore, this study seeks to establish a correlation regulation between the LCAHAM process parameters (including wire feeding speed, scanning speed, and laser power) and the spattering degree, forming accuracy, and porosity using the RSM.




2. Experimental Procedures


Additive Manufacturing and Forming Quality Analysis Methods


An 8 mm thick plate of 2A12-T351 high-strength aluminum alloy was chosen as the substrate. The deposited wire was 2024 high-strength aluminum alloy (AA2024) with a diameter of 1.2 mm. The chemical composition of both the substrate and deposited wire was similar, as listed in Table 1. Before additive manufacturing, the substrate surface was carefully ground to eliminate the oxide film, followed by cleaning with alcohol and acetone to remove oil and impurities. A thin-wall structure of the AA2024 was manufactured by the LAHAM system. The LAHAM system consists of an IPG YLS-10000 laser, a Fronius Advanced 4000 CMT power source, a KR60 HA robot, and cooling systems, as depicted in Figure 2. The system adopted an arc-side axis compound configuration, where the angle between the laser beam and arc touch was set at 30°, and the arc touch angle with respect to the horizontal was 65°. The shielding gas was 99.99% Ar with a flow rate of 15 L/min. The CMT welder parameter regulation mode operates as a unified regulation mode, meaning that the arc current and arc voltage change in accordance with the wire feeding speed. And the dry elongation of the welding wire is 15 mm. The fiber has a core diameter of 100 µm. And the offset distance between the laser focal spot and hot wire tip is 2 mm.



The wire feeding speed, scanning speed, and laser power were the three most key process parameters to effect forming accuracy, spattering degree, and porosity of LCAHAM AA2024. A 3-factor and 5-level LCAHAM experimental scheme was designed by the center composite design (CCD) method of RSM. Every factor was set at five levels: −α, −1, 0, +1, +α, as illustrated in Figure 3. The red circle symbolizes the 0 level point, while the yellow circle represents the ±1 level point. The pentagram, on the other hand, signifies the ±α level point. Based on previous explorations of experimental parameters and with reference to the porosity rate, a central combination experiment was conducted with a wire feed speed of 4.6 m/min, a scanning speed of 16 mm/s, and a laser power of 2500 W as the central values, as listed in Table 2. A quadratic polynomial Equation (1) was used to construct the response surface model.


  Y =  b 0  +   ∑  i = 1  k    b i   x i    +   ∑  i > j  k    b  i j      x i   x j  +   ∑  i = 1  k    b  i i    x i 2     



(1)




where Y was the response value; xi was the input factor; b0 was the constant term coefficient; bi was the primary term coefficient; bij was the cross term coefficient; and bii is the quadratic term coefficient. The optimal process parameters were determined using probability statistical methods such as ANOVA and multi-objective optimization algorithm.



To evaluate the forming accuracy, five cross-sectional samples were prepared by cutting the LCAHAM AA2024 thin-wall structure at horizontally equidistant intervals using a wire-cutting machine (refer to Figure 4a). These samples underwent grinding with abrasive papers of various grits (200, 400, 600, 800, 1000, 1200, 1500, and 2000) and were mechanically polished to achieve a mirror finish. Afterward, the sample surfaces were cleaned with alcohol in an ultrasonic cleaning machine. And then, all samples were observed with an optical microscope (Olympus GX71, Olympus, Japan) at 50× magnification and stitched together for a comprehensive surface image. The definition of forming accuracy (F) is shown in Figure 4b and Equation (2).


  F =  (  1 −  1  10     ∑  i = 1   10     (     l 0  −  l i     l 0     )     )  × 100 %  



(2)




where l0 is the distance between two parallel tangent lines; li (i = 1, 2, …, 10) is the distance between ten equally spaced horizontal lines along the thickness direction. The average forming accuracy of five samples served as the final result.



The spattering degree (D) in the AA2024 LCAHAM process was semi-quantitatively assessed by the ratio of spatter particle area (A1) on the substrate to the entire statistical area (A), as demonstrated in Figure 4c and Equation (3). The average of five samples served as the final result for spattering degree. It was crucial to emphasize that, according to previous validation experiments, the majority of spatter particles during the additive manufacturing process fell onto the substrate surface, with only a minimal amount falling outside the substrate.


  D =    A 1   A  × 100 %  



(3)







The porosity (P) was defined as a ratio of the pore area (S1) on the cross-sectional sample surface to the entire statistical area (S), following the formula in Equation (4). The average of five samples was the final porosity. The porosity was identified by the Image-Pro-Plus 6.0, including grayness transformation, binarization, pore extraction, and subsequent calculation.


  P =    S 1   S  × 100 %  



(4)









3. Results and Discussion


The forming quality results for LCAHAM AA2024 with various process parameters are presented in Table 3. Figure 5 and Figure 6 illustrate the distributions of the spatter particles and pores in LCAHAM AA2024, respectively. As can be seen from Figure 6, there are no crack defects in the thin-walled parts.



3.1. Effect of Process Parameters on Forming Accuracy


3.1.1. Regression Model for Forming Accuracy and Process Parameters


In the process of additive manufacturing, it is necessary to ensure that thin-walled parts have a high forming accuracy. To examine the impact of the process parameters on the forming accuracy, a quadratic regression model was fitted to the experimental results of the forming accuracy from Table 3 using Design-Expert 12. The regression equation obtained is represented as Equation (5).


    F   = 273.20555 − 34.03642 × A − 1.94642 × B − 0.068128 × C      − 0.437289 × A × B + 0.006946 × A × C + 0.000063 × B × C      + 2.38539 ×  A 2  + 0.102132 ×  B 2  + 5.67794 ×  10  − 6   ×  C 2     



(5)




where F is the forming accuracy, A is the wire feeding speed, B is the scanning speed, and C is the laser power.



An ANOVA was performed on the quadratic regression model of the forming accuracy developed above, and the results of the analysis are shown in Table 4. In an ANOVA, the F-value indicates the significance of the entire fitted equation, with a larger F-value indicating a more significant equation and a better fit. The p-value indicates the probability that the observed outcome is randomly occurring at a given confidence level. Meanwhile, p-values less than 0.0500 indicate the model terms are significant. And p-values greater than 0.1000 indicate the model terms are not significant. The Model F-value of 21.01 implied the model was significant. The associated p-value being less than 0.0001 suggested that there was only a 0.01% chance that an F-value of this magnitude could occur due to random noise. This provided strong evidence that the model’s predictive ability was not merely a result of chance, further supporting its significance in explaining the relationship between the input variables and the forming accuracy. Therefore, these statistical indicators reinforced the reliability and validity of the quadratic regression model in predicting the forming accuracy under different process conditions. In addition, the Lack of Fit F-value of 0.4936 implied the Lack of Fit was not significant relative to the pure error. The p-value of the Lack of Fit was 0.7716, and there was a 77.16% chance that a Lack of Fit F-value this large could occur due to noise. The ANOVA results showed that the R2 was 0.9498, indicating a good fit of the model. In addition, the ANOVA results showed that the ratio was 14.275, indicating an adequate signal, so this model could be used to navigate the design space. Meanwhile, as shown in Figure 7, the experimental values of the forming accuracy closely matched the values of the forming accuracy predicted by the quadratic regression model. Based on the information provided, it could be concluded that the quadratic regression model developed by the RSM for assessing the forming accuracy was reliable and demonstrates a high level of accuracy. This model was effective in predicting the forming accuracy of the thin-walled parts under various process conditions. Additionally, the Mean Square and the F-value indicated that the laser power was the most important factor influencing the forming accuracy.




3.1.2. Effect of Wire Feeding Speed on Forming Accuracy


The wire feeding speed had a significant impact on the forming accuracy of the thin-walled parts. As shown in Figure 8a, the forming accuracy decreased as the wire feeding speed increased from 4.2 m/min to 5.0 m/min. The heat input increased as the wire feed speed increased. At the same time, the increase in the wire feed speed led to an increase in the amount of metal deposited per unit of time. This caused a greater amount of molten metal to flow to the sides, ultimately leading to a gradual decrease in the forming accuracy.




3.1.3. Effect of Scanning Speed on Forming Accuracy


The scanning speed also exerted a notable influence on the forming accuracy of the thin-walled parts. As shown in Figure 8b, the forming accuracy exhibited a decline followed by an increase with the escalation of the wire feeding speed from 12 mm/s to 20 mm/s. As the scanning speed increased, the heat input decreased, resulting in a reduced remelting effect between the layers. This decrease in the remelting effect is one of the factors contributing to the reduced forming accuracy.




3.1.4. Effect of Laser Power on Forming Accuracy


Figure 8d emphasized the laser power as the most influential factor affecting the forming accuracy. As shown in Figure 8c, the forming accuracy decreased as the laser power increased from 2000 W to 3000 W. The laser’s stirring effect on the molten pool increased the fluidity, causing molten metal to flow to both sides and resulting in decreased dimensional accuracy.




3.1.5. Mutual Interaction between Process Parameters on Forming Accuracy


The influence of each factor on the forming accuracy was visually represented using two-dimensional lines, two-dimensional contours, and three-dimensional surface plots. As shown in Figure 9a–c, it was apparent that the impact of the scanning speed on the forming accuracy remained relatively consistent despite variations in the wire feeding speed. This suggested a relatively minor influence of the interaction between the wire feeding speed and scanning speed on the forming accuracy. As shown in Figure 10a–c, the impact of the laser power on the forming accuracy varied significantly with a change in the wire feeding speed. This observation indicated a notable interaction between the wire feeding speed and laser power in relation to the forming accuracy. The laser power would affect the heat input. The higher the laser power, the greater the heat input, resulting in a slower solidification of the weld pool. Therefore, adjusting the laser power would change the solidification rate and flow state of the molten pool, thereby affecting the shape and quality of the molten pool. When the laser power was low, the Marangoni effect inside the molten pool was weak, causing the laser-induced keyhole to be shallow. This led to a higher level of forming quality. Conversely, when the laser power was high, the Marangoni effect inside the molten pool was strong, resulting in an accelerated flow of the molten pool. As a result, the laser-induced keyhole became deeper, leading to a relatively lower level of forming quality. Therefore, regardless of the wire feeding speed, the forming accuracy decreased with increased laser power. Modifying the wire feeding speed influenced the supply and melting speed of the welding wire, affecting the shape and quality of the weld pool. The excessive metal melting and a wider weld pool resulted from a too-fast wire feeding speed, while the too-slow wire feeding speed led to a narrower weld pool. When the laser power was low, increasing the wire feeding speed decreased the forming accuracy in the thin-walled parts. However, when the laser power was high, increasing the wire feeding speed improved the forming accuracy in the thin-walled parts. Therefore, it could be observed that in terms of the wire feeding speed, the laser power had a greater impact on the forming accuracy of the thin-walled parts. Additionally, it was evident that there was a significant interaction between the wire feeding speed and laser power in relation to the forming accuracy of the thin-walled parts. As shown in Figure 11a–c, it was evident that the impact of the laser power on the forming accuracy remained consistent despite variations in the scanning speed. Additionally, the response surface displayed a smooth transition, indicating that there was no significant interaction between the influence of the scanning speed and laser power on the forming accuracy.





3.2. Effect of Process Parameters on Spattering Degree


3.2.1. Regression Model for Spattering Degree and Process Parameters


Various factors contribute to spattering in the LCAHAM process. First, in the process of LCAHAM, a complete CMT-P cycle consists of two phases: the pulse phase and the CMT phase. During the pulse phase, the droplet transition behavior exhibited a typical shot-drop transition mode and was in the form of a stable one droplet per pulse. This was caused by the higher arc current, resulting in a larger electromagnetic contraction force and a smaller surface tension of the droplet. Consequently, the droplets easily fell into the molten pool, leading to potential spattering issues. During the CMT stage, the droplet transition exhibited a characteristic short-circuit transition mode. In this mode, the droplet transition remained stable, resulting in less spatter [42]. Secondly, the laser’s effect caused the evaporation of the low-melting-point elements like Mg and Zn in the 2024 aluminum alloy, resulting in the formation of metal vapor. This vapor exerted an upward lifting force on the droplet, leading to the occurrence of spattering. Simultaneously, the combination of the laser and arc created a synergistic effect, resulting in recoil pressure and a powerful Marangoni effect within the molten pool. This, in turn, destabilized the molten pool, causing some of the liquid metal to escape and form spatter.



To investigate the impact of the process parameters on the spatter in the additive manufacturing processes, a quadratic regression model was employed to analyze the experimental results of the spattering degree during the additive manufacturing process, as presented in Table 3. The Design-Expert 12 was utilized for this analysis, resulting in the derivation of the regression equation, as shown in Equation (6).


    D   = − 10.25201 + 5.48430 × A − 0.565794 × B + 0.001870 × C      − 0.033594 × A × B − 0.000106 × A × C + 6.25 ×  10  − 7   × B × C      − 0.453171 ×  A 2  + 0.021024 ×  B 2  − 1.68219 ×  10  − 7   ×  C 2     



(6)




where D is the spattering degree, A is the wire feeding speed, B is the scanning speed, and C is the laser power.



The ANOVA was performed on the quadratic regression model of the spattering degree, and the results of the analysis are shown in Table 5. The Model F-value of 4.87 suggested that the regression model was statistically significant. The associated p-value of 0.0105 indicated that there was only a 1.05% chance that an F-value of this magnitude could occur due to random noise. This provided evidence to support the significance of the model in explaining the relationship between the input variables and the spattering degree. Therefore, based on these statistical indicators, it could be concluded that the model had a significant impact on the spattering degree and was not merely a result of random chance. In addition, the Lack of Fit F-value of 0.0295 implied the Lack of Fit was not significant relative to the pure error. The p-value of the Lack of Fit was 0.9993, and there was a 99.93% chance that a Lack of Fit F-value this large could occur due to noise. And the ANOVA results showed that R2 was 0.8143, indicating a good fit of the model. In addition, the ANOVA results showed that the ratio was 8.2691, indicating an adequate signal. Meanwhile, as shown in Figure 12, the experimental values of the spattering degree closely matched the values of the spattering degree predicted by the quadratic regression model. Therefore, the quadratic regression model of the spattering degree obtained by the RSM was reliable with a high degree of fit and could predict the spattering degree under different process conditions. Meanwhile, the Mean Square and the F-value showed that the laser power was the most important factor affecting the spattering degree.




3.2.2. Effect of Wire Feeding Speed on Spattering Degree


The wire feeding speed had a significant impact on the spattering degree. As shown in Figure 13a, the spattering degree escalated as the wire feeding speed increased from 4.2 m/min to 5.0 m/min. As the wire feeding speed increased, the heat at the tip of the wire reduced the surface tension of the droplets. Consequently, the droplets were formed within the liquid region at the tip of the wire and swiftly propelled towards the molten pool. There was a short-circuit explosion that occurred when the droplets came into contact with the molten pool. This resulted in a significant amount of spatter being generated due to the impact of the liquid bridge during the blast. In addition, the high heat input resulted in a heightened Marangoni effect within the molten pool. This, in turn, caused the vigorous convective movement of the molten metal inside the pool, ultimately leading to an increased amount of spatter. Moreover, adjusting the wire feeding speed directly impacted the stability of the arc. As the wire feeding speed increased, the arc would gradually shorten, resulting in the stronger induction effect of the laser on the arc. Therefore, the interference between the laser and the arc was intensified as the wire feeding speed increased, resulting in a heightened propensity for spatter formation.




3.2.3. Effect of Scanning Speed on Spattering Degree


The scanning speed significantly impacted the spattering degree. As shown in Figure 13b, the spattering degree decreased and then increased as the scanning speed increased from 12 mm/s to 20 mm/s. As the scanning speed increased, the time during which the heat source remained stagnant decreased, resulting in a reduction in the time required for energy input. This led to a more stable internal melt pool and a gradual decrease in spatter. As the scanning speed was increased, the stability of the vapor plume decreased, leading to more spatter. At a scanning speed of around 17 mm/s, the vapor plume was tilted but stable, resulting in the least spatter. However, any deviation from this speed compromised the plume’s stability, causing more intense spatter.




3.2.4. Effect of Laser Power on Spattering Degree


According to the ANOVA in Table 5, it was evident that the laser power was the most influential factor when it came to the spattering degree. In the LCAHAM process, the laser power directly affected the energy density of the laser. As the laser power increased, so did the energy density. The high energy density of the laser resulted in the formation of a significant amount of plasma and metal vapors above the keyhole. These substances interacted with the arc plasma and altered the force state of the droplets, leading to changes in the droplet behavior and the degree of spattering. Therefore, the spattering degree varied with different laser powers. As depicted in Figure 13c, as the laser power increased from 2000 W to 3000 W, the spattering degree gradually became more severe. Initially, increasing the laser power led to a higher temperature gradient within the molten pool, which intensified the Marangoni effect. This heightened effect caused more vigorous convective behavior, ultimately resulting in increased spattering. Additionally, the 2024 aluminum alloy contained elements like Mg and Zn, which had relatively low melting points. With an increase in the laser power, the evaporation of these elements accelerated, leading to the generation of a more potent metal vapor. This vapor exerted an upward lifting force on the droplets, resulting in a significant increase in droplet spattering. As the laser power increased, the interaction between the laser and the arc became more prominent. This led to a change in the mode of transition for the molten droplets and an escalation in the severity of spattering.




3.2.5. Mutual Interaction between Process Parameters on Spattering Degree


The influence of each factor on the spattering degree was visually represented using two-dimensional lines, two-dimensional contours, and three-dimensional surface plots. As shown in Figure 14a–c, it was evident that the changes in the wire feeding speed did not have a significant impact on the relationship between the scanning speed and spattering degree. As shown in Figure 15a–c, the effect of the wire feeding speed on the spattering degree remained consistent regardless of variations in the laser power. This suggested that there was no significant interaction between the wire feeding speed and laser power with respect to the spattering degree. As shown in Figure 16a–c, the changes in the scanning speed had a minimal impact on the relationship between the laser power and spattering degree. This implied that the interaction between the scanning speed and laser power on the spattering degree was relatively insignificant.





3.3. Effect of Process Parameters on Porosity


3.3.1. Regression Model for Porosity and Process Parameters


The porosity defects were one of the most important factors affecting the forming quality of the high-strength aluminum alloy thin-walled parts. In order to investigate the influence of the process parameters on the porosity of the thin-walled parts, a quadratic regression model was fitted to the experimental results of the porosity from Table 3 using Design-Expert 12. The regression equation was obtained as shown in Equation (7).


    P   = 38.2151 − 6.94825 × A − 1.30819 × B − 0.008332 × C      + 0.016406 × A × B + 0.001431 × A × C − 0.000066 × B × C      + 0.301589 ×  A 2  + 0.041071 ×  B 2  + 6.41729 ×  10  − 7   ×  C 2     



(7)




where P is the porosity, A is the wire feeding speed, B is the scanning speed, and C is the laser power.



An ANOVA was performed on the quadratic regression model of porosity developed above, and the results of the analysis are shown in Table 6. The Model F-value of 21.37 implied the model was significant. The associated p-value being less than 0.0001 suggested that there was only a 0.01% chance that an F-value of this magnitude could occur due to random noise. This provided strong evidence that the model’s predictive ability was not merely a result of chance, further supporting its significance in explaining the relationship between the input variables and the porosity. Therefore, these statistical indicators reinforced the reliability and validity of the quadratic regression model in predicting porosity under different process conditions. In addition, the Lack of Fit F-value of 0.6605 implied the Lack of Fit was not significant relative to the pure error. The p-value of the Lack of Fit was 0.6699, and there was a 66.99% chance that a Lack of Fit F-value this large could occur due to noise. And the ANOVA results showed that the R2 was 0.9506, indicating a good fit of the model. In addition, the ANOVA results showed that the ratio was 14.5924, indicating an adequate signal, so this model could be used to navigate the design space. Meanwhile, as shown in Figure 17, the experimental values of the porosity closely matched the values of the porosity predicted by the quadratic regression model. Therefore, the quadratic regression model for the porosity derived from the RSM was highly reliable and accurately predicted the porosity of the thin-walled parts across various process conditions. The model exhibited a strong level of fit, ensuring its effectiveness in practical applications. Meanwhile, the Mean Square and the F-value showed that the scanning speed was the most important factor affecting the porosity.




3.3.2. Effect of Wire Feeding Speed on Porosity


The wire feeding speed had a significant impact on the porosity of the thin-walled parts. As shown in Figure 18a, the porosity decreased as the wire feeding speed increased from 4.2 m/min to 5.0 m/min. With an increase in wire feeding speed, the amount of molten metal per unit of time also increased, leading to a larger melt pool. Consequently, the contact area between the molten pool and the air expanded, providing more surface area for bubbles to escape upwards. At the same time, the higher wire feeding speed resulted in a gradual rise in the heat input, causing the melt pool to solidify more slowly. This extended solidification time allowed for the more effective release and escape of bubbles. Additionally, as the wire feeding speed increased, the arc current also rose, intensifying the pulsating current on the molten pool and enhancing the stirring effect. This further facilitated the acceleration of bubble uplift and escape. Therefore, as the wire feeding speed increased from 4.2 m/min to 5.0 m/min, the gradual disappearance of bubbles became more noticeable. Simultaneously, the number of pores per unit area gradually decreased, resulting in a reduction in the porosity.




3.3.3. Effect of Scanning Speed on Porosity


As shown in Figure 18d, the scanning speed was the most important factor affecting the porosity. As shown in Figure 18b, the porosity initially decreased and then increased as the scanning speed increased from 12 mm/s to 20 mm/s. When the scanning speed rose from 8 mm/s to 16 mm/s, there was a decrease in the heat input. Consequently, less material was deposited per unit area, resulting in a reduction in the size of the melt pool and a shorter path for bubbles to rise. During this period, the speed at which bubbles escaped surpassed the rate at which the melt pool solidified. As a result, the dominant factor was the escape of the bubbles, leading to a gradual decrease in the porosity within this range. However, when the scanning speed increased from 16 mm/s to 20 mm/s, the high scanning speed resulted in insufficient heat input, causing the solidification rate of the melt pool to accelerate. During this period, the velocity at which the bubbles escaped was lower than the solidification rate of the molten pool. Consequently, the majority of the bubbles were unable to timely escape the pool and remained within it, resulting in the formation of porosity defects. Consequently, the porosity gradually increased within this range.




3.3.4. Effect of Laser Power on Porosity


As shown in Figure 18d, the porosity of the thin-walled parts was significantly influenced by the laser power. The size of the melt pool and the rate at which it cooled were altered due to variations in the laser power, resulting in a competitive mechanism between nucleation, growth, upwelling, and bubble escape within the melt pool. As shown in Figure 18c, the porosity decreased and then increased with the laser power increased from 2000 W to 3000 W. When the laser power was approximately 2000 W, the heat input increased, resulting in a longer solidification time for the molten pool. Consequently, the uplift and escape of bubbles became dominant. Moreover, the high energy density of the laser caused a stirring effect on the molten pool, further facilitating the uplift and escape of the bubbles. As a result, the porosity decreased with an increase in the laser power around 2000 W. However, as the laser power continued to increase, the molten pool experienced what is known as the keyhole effect. This phenomenon occurred due to the laser’s high energy density selectively evaporating the low-melting-point elements, such as Mg and Zn, present in the 2024 aluminum alloy. The evaporation of these elements generated metal vapors, which exerted a downward recoil pressure on the melt pool. Consequently, large uneven keyhole defects formed at the bottom of the melt pool. The severity of the keyhole effect increased with a higher laser power, and these defects further contributed to the porosity of the thin-walled parts. Therefore, as the laser power increased, the porosity gradually increased.




3.3.5. Mutual Interaction between Process Parameters on Porosity


The influence of each factor on the porosity was visually represented using 2D lines, 2D contours, and 3D surface plots. As shown in Figure 19a–c, it was evident that the porosity remained relatively unaffected by changes in the wire feeding speed, regardless of the scanning speed. The response surface displayed a smooth transition, indicating that there was no significant interaction between the effects of the wire feeding speed and scanning speed on the porosity. As shown in Figure 20a–c, there was a noticeable alteration in the impact of the laser power on the porosity with varying wire feeding speeds. This suggests a notable interaction between the wire feeding speed and laser power in relation to the porosity. When the wire feeding speed was low, the porosity initially decreased and then increased as the laser power increased. This was mainly due to the low arc heat input at low wire feeding speeds, causing the molten pool to cool and solidify rapidly. Consequently, the trapped bubbles within the molten pool did not have enough time to rise and escape, leading to the formation of pores. As the laser power increased, the heat input also increased, slowing down the cooling of the molten pool. This extended cooling time allowed the bubbles to rise and escape, effectively reducing the porosity. However, when the laser power reached a specific threshold, a strong keyhole phenomenon occurred at the bottom of the weld pool, resulting in uneven keyholes and ultimately increasing the porosity. Therefore, when the wire feeding speed was low, the porosity initially decreased and then increased as the laser power increased. On the other hand, as the wire feeding speed increased, the porosity gradually decreased. This was primarily because a faster wire feeding speed led to a higher heat input, slowing down the solidification process of the weld pool. This extended solidification time allowed for more opportunity for gas bubbles to rise and escape. Additionally, the pulsing arc actively agitated the weld pool, further facilitating the upward movement of the gas bubbles. Consequently, as the wire feeding speed increased, the porosity gradually decreased. However, once the wire feeding speed reached a specific threshold, the porosity began to increase alongside the laser power. At this point, the increased laser power led to a more pronounced keyhole effect, causing uneven keyholes at the bottom of the weld pool. This deepened the weld pool and further lengthened the path for gas bubbles to rise and escape, resulting in an increase in the porosity. Therefore, when the feeding speed reached a certain range, the porosity no longer showed a trend of decreasing and then increasing with the increase in the laser power, but showed a trend of gradually increasing. As shown in Figure 21a–c, the influence of the laser power on the porosity exhibited less variation with the changing scanning speed. This suggested that the interaction between the scanning speed and laser power on the porosity was relatively insignificant.



On the other hand, as the wire feeding speed increased, the porosity gradually decreased. This was primarily because a faster wire feeding speed led to a higher heat input, slowing down the solidification process of the weld pool. This extended solidification time allowed for more opportunity for gas bubbles to rise and escape. Additionally, the pulsing arc actively agitated the weld pool, further facilitating the upward movement of the gas bubbles. Consequently, as the wire feeding speed increased, the porosity gradually decreased. However, once the wire feeding speed reached a specific threshold, the porosity began to increase alongside the laser power. At this point, the increased laser power led to a more pronounced keyhole effect, causing uneven keyholes at the bottom of the weld pool. This deepened the weld pool and further lengthened the path for gas bubbles to rise and escape, resulting in an increase in porosity. Therefore, when the feeding speed reached a certain range, the porosity no longer showed a trend of decreasing and then increasing with the increase in laser power, but showed a trend of gradually increasing.





3.4. Multi-Objective Optimization on Forming Quality


The influence of the LCAHAM process parameters on the forming accuracy, spattering degree, and porosity was systematically investigated using RSM. When prioritizing the porosity as the sole reference criterion, the optimal process parameters were identified as a wire feed speed of 4.82 m/min, a scanning speed of 16.51 mm/s, and a laser power of 2080 W, achieving a minimum porosity of 0.17%, as shown in Figure 22. Considering the forming accuracy, spattering degree, and porosity, the optimal range of the process parameters included a wire feeding speed of 4.2–4.3 m/min, a scanning speed of 15–17 m/min, and a laser power of about 2000 W. The predicted range within this range indicated a forming accuracy of 84–85%, spattering degree of 1.0–1.2%, and porosity of 0.7–0.9%, as shown in Figure 23. These optimal process parameters and corresponding response values are shown in Figure 24. Furthermore, the anticipated optimal values are as follows: forming precision at 84.58%, spattering degree at 1.11%, and porosity at 0.82%.





4. Conclusions


(1) A thin-walled structure of high-strength AA2024, characterized by a crack-free, superior forming accuracy, minimal spattering, and a low porosity rate, was successfully fabricated using the innovative LCAHAM technology in combination with RSM, probability statistical theory, and a multi-objective optimization algorithm.



(2) The forming accuracy of LCAHAM AA2024 was significantly more affected by the laser power than by the wire feeding speed and scanning speed. Notably, there was an obvious correlation between the interaction of the laser power and wire feeding speed and the resulting formation accuracy of LCAHAM AA2024. Conversely, the interactions between the laser power and scanning speed, as well as between the wire feeding speed and scanning speed, did not significantly affect the forming accuracy.



(3) The laser power, wire feeding speed, and scanning speed all had noticeable effects on the spattering degree during the AA2024 LCAHAM process. However, the influence of the laser power significantly surpassed that of the other two factors. As the laser power and wire feeding speed increased, the spattering intensified; conversely, an increase in the scanning speed initially led to a decrease and subsequently an increase in the spattering extent. Notably, these three factors exhibited minimal mutual interaction on spattering.



(4) The most significant factor influencing the porosity of LCAHAM AA2024 was the scanning speed when compared with the wire feeding speed and laser power. The porosity exhibited an initial decrease followed by an increase as the scanning speed ranged from 12 mm/s to 20 mm/s. It was crucial to emphasize that the combined effects of the wire feed speed and laser power played an obvious role in reducing the porosity.



(5) Considering the forming accuracy, spattering degree, and porosity comprehensively, the recommended optimal process parameters were as follows: a wire feed speed ranging from 4.2 to 4.3 m/min, a scanning speed between 15 and 17 mm/s, and a laser power set at approximately 2000 W. Under these conditions, the forming accuracy was 84–85%, the spatter level fell within 1.0–1.2%, and the porosity was 0.7–0.9%.
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Figure 1. Performance requirements of the aircraft materials. 






Figure 1. Performance requirements of the aircraft materials.



[image: Actuators 13 00023 g001]







[image: Actuators 13 00023 g002] 





Figure 2. Schematic of LCAHAM process. 
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Figure 3. Schematic of CCD. 
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Figure 4. Schematic diagram for analyzing forming quality of additive manufacturing AA2024. (a) Cross-sectional specimen sampling location; (b) statistical diagram of forming accuracy; (c) schematic of spatter particles on a substrate. 
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Figure 5. Image of the spatter on substrate. 
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Figure 6. The cross-sectional morphology of thin-walled parts. 
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Figure 7. Comparison of experimental values of forming accuracy with predicted values. 
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Figure 8. Influence of process parameters on forming accuracy. (a) Wire feeding speed, (b) scanning speed, (c) laser power; (d) percentage contribution for forming accuracy. 
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Figure 9. Mutual interaction between process parameters and forming accuracy. (a) Two-dimensional lines of mutual interaction between wire feeding speed and scanning speed on forming accuracy; (b) Two-dimensional contours of mutual interaction between wire feeding speed and scanning speed on forming accuracy; (c) Three-dimensional surface plots of mutual interaction between wire feeding speed and scanning speed on forming accuracy. 
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Figure 10. Mutual interaction between process parameters and forming accuracy. (a) Two-dimensional lines of mutual interaction between wire feeding speed and laser power on forming accuracy; (b) Two-dimensional contours of mutual interaction between wire feeding speed and laser power on forming accuracy; (c) Three-dimensional surface plots of mutual interaction between wire feeding speed and laser power on forming accuracy. 
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Figure 11. Mutual interaction between process parameters and forming accuracy. (a) Two-dimensional lines of mutual interaction between scanning speed and laser power on forming accuracy; (b) Two-dimensional contours of mutual interaction between wire scanning speed laser power on forming accuracy; (c) Three-dimensional surface plots of mutual interaction between scanning speed and laser power on forming accuracy. 
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Figure 12. Comparison of experimental values of spattering degree with predicted values. 
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Figure 13. Influence of process parameters on spattering degree. (a) Wire feeding speed, (b) scanning speed, (c) laser power, (d) percentage contribution for spattering degree. 
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Figure 14. Mutual interaction between process parameters on spattering degree. (a) Two-dimensional lines of mutual interaction between wire feeding speed and scanning speed on spattering degree; (b) Two-dimensional contours of mutual interaction between wire feeding speed and scanning speed on spattering degree; (c) Three-dimensional surface plots of mutual interaction between wire feeding speed and scanning speed on spattering degree. 
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Figure 15. Mutual interaction between process parameters on spattering degree. (a) Two-dimensional lines of mutual interaction between wire feeding speed and laser power on spattering degree; (b) Two-dimensional contours of mutual interaction between wire feeding speed and laser power on spattering degree; (c) Three-dimensional surface plots of mutual interaction between wire feeding speed and laser power on spattering degree. 
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Figure 16. Mutual interaction between process parameters on spattering degree. (a) Two-dimensional lines of mutual interaction between scanning speed and laser power on spattering degree; (b) Two-dimensional contours of mutual interaction between scanning speed and laser power on spattering degree; (c) Three-dimensional surface plots of mutual interaction between scanning speed and laser power on spattering degree. 
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Figure 17. Comparison of experimental values of porosity with predicted values. 
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Figure 18. Influence of process parameters on porosity. (a) Wire feeding speed, (b) scanning speed, (c) laser power; (d) percentage contribution for porosity. 
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Figure 19. Mutual interaction between process parameters on porosity. (a) Two-dimensional lines of mutual interaction between wire feeding speed and scanning speed on porosity; (b) Two-dimensional contours of mutual interaction between wire feeding speed and scanning speed on porosity; (c) Three-dimensional surface plots of mutual interaction between wire feeding speed and scanning speed on porosity. 
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Figure 20. Mutual interaction between process parameters on porosity. (a) Two-dimensional lines of mutual interaction between wire feeding speed and laser power on porosity; (b) Two-dimensional contours of mutual interaction between wire feeding speed and laser power on porosity; (c) Three-dimensional surface plots of mutual interaction between wire feeding speed and laser power on porosity. 
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Figure 21. Mutual interaction between process parameters on porosity. (a) Two-dimensional lines of mutual interaction between scanning speed and laser power on porosity; (b) Two-dimensional contours of mutual interaction between scanning speed and laser power on porosity; (c) Three-dimensional surface plots of mutual interaction between scanning speed and laser power on porosity. 
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Figure 22. Optimal results of porosity optimization. 
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Figure 23. Optimal range of process parameters for the prediction model. 
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Figure 24. Optimal results of multi-objective optimization. 
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Table 1. Chemical composition of substrate and deposited wire (wt.%).
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	Element
	Cu
	Mg
	Mn
	Fe
	Zn
	Si
	Al





	2A12-T351 (Substrate)
	4.54
	1.65
	0.61
	0.17
	0.16
	0.075
	Bal.



	2024 (Deposited Wire)
	4.57
	1.59
	0.668
	0.111
	0.0092
	0.0422
	Bal.










 





Table 2. A 3-factor and 5-level LCAHAM experimental scheme.
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Coding Levels

	
Factors




	
A: Wire Feeding Speed Vw/m·min−1

	
B: Scanning Speed Vs/mm·s−1

	
C: Laser Power P/W






	
−1.5

	
4.0

	
10

	
1700




	
−1

	
4.2

	
12

	
2000




	
0

	
4.6

	
16

	
2500




	
+1

	
5.0

	
20

	
3000




	
+1.5

	
5.2

	
22

	
3300











 





Table 3. Forming quality results for LCAHAM AA2024 with various process parameters.






Table 3. Forming quality results for LCAHAM AA2024 with various process parameters.





	
No.

	
Input Factor

	
Response Value




	
Wire Feeding Speed (Vw/m·min−1)

	
Scanning Speed (Vs/mm·s−1)

	
Laser Power (P/W)

	
Forming Accuracy (%)

	
Spattering Degree (%)

	
Porosity (%)






	
1

	
4.2

	
12

	
2000

	
87.33

	
1.52

	
1.75




	
2

	
5.0

	
12

	
2000

	
84.40

	
2.05

	
0.84




	
3

	
4.2

	
20

	
2000

	
84.91

	
1.24

	
1.48




	
4

	
5.0

	
20

	
2000

	
78.74

	
1.67

	
0.51




	
5

	
4.2

	
12

	
3000

	
78.15

	
2.04

	
1.92




	
6

	
5.0

	
12

	
3000

	
80.33

	
2.60

	
1.99




	
7

	
4.2

	
20

	
3000

	
75.79

	
1.88

	
0.96




	
8

	
5.0

	
20

	
3000

	
75.62

	
2.11

	
1.30




	
9

	
4.0

	
16

	
2500

	
79.34

	
1.24

	
0.55




	
10

	
5.2

	
16

	
2500

	
78.33

	
1.78

	
0.42




	
11

	
4.6

	
10

	
2500

	
85.48

	
2.76

	
2.48




	
12

	
4.6

	
22

	
2500

	
77.84

	
2.10

	
1.23




	
13

	
4.6

	
16

	
1700

	
87.49

	
1.11

	
0.45




	
14

	
4.6

	
16

	
3300

	
75.62

	
2.02

	
1.14




	
15

	
4.6

	
16

	
2500

	
75.35

	
1.93

	
0.64




	
16

	
4.6

	
16

	
2500

	
79.47

	
1.97

	
0.24




	
17

	
4.6

	
16

	
2500

	
76.51

	
1.64

	
0.76




	
18

	
4.6

	
16

	
2500

	
77.80

	
1.22

	
0.21




	
19

	
4.6

	
16

	
2500

	
78.16

	
2.04

	
0.38




	
20

	
4.6

	
16

	
2500

	
77.08

	
1.21

	
0.50











 





Table 4. ANOVA for quadratic model of forming accuracy.






Table 4. ANOVA for quadratic model of forming accuracy.





	
Source

	
Sum of Squares

	
DOF

	
Mean Square

	
F-Value

	
p-Value

	
Significance






	
Model

	
286.20

	
9

	
31.80

	
21.01

	
<0.0001

	
Yes




	
A

	
5.93

	
1

	
5.93

	
3.92

	
0.0760

	
Yes




	
B

	
56.73

	
1

	
56.73

	
37.47

	
0.0001

	
Yes




	
C

	
150.74

	
1

	
150.74

	
99.57

	
<0.0001

	
Yes




	
AB

	
3.92

	
1

	
3.92

	
2.59

	
0.1388

	
No




	
AC

	
15.44

	
1

	
15.44

	
10.20

	
0.0096

	
Yes




	
BC

	
0.1264

	
1

	
0.1264

	
0.0835

	
0.7785

	
No




	
A2

	
1.50

	
1

	
1.50

	
0.9917

	
0.3428

	
No




	
B2

	
27.52

	
1

	
27.52

	
18.18

	
0.0017

	
Yes




	
C2

	
25.17

	
1

	
25.17

	
16.63

	
0.022

	
Yes




	
Residual

	
15.14

	
10

	
1.51

	
-

	
-

	
-




	
Lack of Fit

	
5.00

	
5

	
1.00

	
0.4936

	
0.7716

	
No




	
Pure Error

	
10.14

	
5

	
2.03

	
-

	
-

	
-




	
Cor Total

	
301.34

	
19

	
-

	
-

	
-

	
-




	
R2 = 0.9498

	

	
Adjusted R2 = 0.9045




	
Predicted R2 = 0.8294

	

	
Adeq Precision = 14.2745











 





Table 5. ANOVA for quadratic model of spattering degree.






Table 5. ANOVA for quadratic model of spattering degree.





	
Source

	
Sum of Squares

	
DOF

	
Mean Square

	
F-Value

	
p-Value

	
Significance






	
Model

	
3.20

	
9

	
0.3560

	
4.87

	
0.0105

	
Yes




	
A

	
0.5243

	
1

	
0.5243

	
7.18

	
0.0231

	
Yes




	
B

	
0.4232

	
1

	
0.4232

	
5.79

	
0.0369

	
Yes




	
C

	
0.9911

	
1

	
0.9911

	
13.57

	
0.0042

	
Yes




	
AB

	
0.0231

	
1

	
0.0231

	
0.3164

	
0.5862

	
No




	
AC

	
0.0036

	
1

	
0.0036

	
0.0495

	
0.8285

	
No




	
BC

	
0.0000

	
1

	
0.0000

	
0.0002

	
0.9898

	
No




	
A2

	
0.0542

	
1

	
0.0542

	
0.7418

	
0.4093

	
No




	
B2

	
1.17

	
1

	
1.17

	
15.97

	
0.0025

	
Yes




	
C2

	
0.0221

	
1

	
0.0221

	
0.3025

	
0.5944

	
No




	
Residual

	
0.7304

	
10

	
0.0730

	
-

	
-

	
-




	
Lack of Fit

	
0.0209

	
5

	
0.0042

	
0.0295

	
0.9993

	
No




	
Pure Error

	
0.7095

	
5

	
0.1419

	
-

	
-

	
-




	
Cor Total

	
3.93

	
19

	
-

	
-

	
-

	
-




	
R2 = 0.8143

	

	
Adjusted R2 = 0.6472




	
Predicted R2 = 0.6985

	

	
Adeq Precision = 8.2691











 





Table 6. ANOVA for quadratic model of porosity.






Table 6. ANOVA for quadratic model of porosity.





	
Source

	
Sum of Squares

	
DOF

	
Mean Square

	
F-Value

	
p-Value

	
Significance






	
Model

	
7.70

	
9

	
0.8556

	
21.37

	
<0.0001

	
Yes




	
A

	
0.2218

	
1

	
0.2218

	
5.54

	
0.0404

	
Yes




	
B

	
1.36

	
1

	
1.36

	
33.99

	
0.0002

	
Yes




	
C

	
0.5532

	
1

	
0.5532

	
13.81

	
0.0040

	
Yes




	
AB

	
0.0055

	
1

	
0.0055

	
0.1377

	
0.7184

	
No




	
AC

	
0.6555

	
1

	
0.6555

	
16.37

	
0.0023

	
Yes




	
BC

	
0.1378

	
1

	
0.1378

	
3.44

	
0.0933

	
Yes




	
A2

	
0.024

	
1

	
0.024

	
0.5993

	
0.4568

	
No




	
B2

	
4.45

	
1

	
4.45

	
111.14

	
<0.0001

	
Yes




	
C2

	
0.3215

	
1

	
0.3215

	
8.03

	
0.0177

	
Yes




	
Residual

	
0.4004

	
10

	
0.0400

	
-

	
-

	
-




	
Lack of Fit

	
0.1593

	
5

	
0.0319

	
0.6605

	
0.6699

	
not significant




	
Pure Error

	
0.2412

	
5

	
0.0482

	
-

	
-

	
-




	
Cor Total

	
8.10

	
19

	
-

	
-

	
-

	
-




	
R2 = 0.9506

	

	
Adjusted R2 = 0.9061




	
Predicted R2 = 0.8095

	

	
Adeq Precision = 14.5924
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