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The stability of the forming layer shape is a critical factor that impacts the final quality of sample morphology in wire and arc additive manufacturing (WAAM). This paper investigates the forming process and control methods to identify ways to optimize the process and improve the quality of the final product. The study aims to enhance the quality and precision of samples produced by the WAAM process by establishing a morphology control method based on image feedback. The focus is on real-time image acquisition using a CCD and simultaneous extraction of forming process parameter characteristics. Using a central composite experimental design, a prediction model is developed to estimate key process parameters and feature sizes of deposits, including deposition height and width. To further analyze the dynamic characteristics of feature sizes of deposited layers, step response identification is conducted using three process parameters as the system input: forming speed, arc current, and wire feeding speed. The experiments are designed to determine the weight of each process parameter and achieve a high level of response speed and precision. The findings indicate that the feature size of the deposited layer is most sensitive to changes in forming speed, followed by wire feeding speed, while arc current has the least impact on feature size. After verification, the monitoring of the deposition height and width was found to be in good agreement with the prediction model, with an accuracy of over 90%. The results of this study can be used for size measurement and optimization of large aviation aluminum alloy components using WAAM technology and to improve the quality of products produced using these processes.
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1 INTRODUCTION
Metal additive manufacturing technology has become a crucial area of manufacturing technology due to its rapid advancement in recent years (Tian et al., 2022). High-performance metal additive manufacturing technology mainly includes synchronous powder feeding (wire feeding), high-energy beam (laser/electron beam) cladding technology, and powder selective laser melting technology (Klocke, 2020). Among them, metal additive manufacturing technology using laser and electron beam as heat sourceshas the problem of low heat source efficiency and high cost, which restricts its application in large-scale component forming. Metal additive manufacturing technology using arc as a heat source has the advantages of high efficiency and low cost, which has been widely concerned in recent years (Ding et al., 2022). The welding heat sources used mainly include gas metal arc welding (GMAW), tungsten inert gas (TIG), and plasma arc welding (PAW).
During the wire and arc additive manufacturing (WAAM) process of large-sized aluminum alloy components, the accumulation of internal heat in the formed parts increases with the number of layers, leading to poor heat dissipation and longer solidification time of the molten pool. This makes it difficult to control the shape of the molten pool, especially at the edges of the parts (Shen et al., 2021). The presence of a liquid molten pool further complicates the control of edge morphology and forming size, as the thermal boundary environment of the molten pool system is non-linear and time-varying due to heat accumulation. Xia et al. (2020) proposed a sensor-based monitoring and control system for the GMAW-based WAAM process, which uses information fusion technology to identify and reduce defects in the manufacturing process. Regarding the the matching of process parameters and component quality, Oliveira et al. (2020) obtained the corresponding relationship between component quality and material properties by optimizing process parameters in the field of direct energy deposition additive manufacturing. Lopes et al. (2020) used milling as the post-processing method for WAAM parts and weighed the relationship between the microstructure, local mechanical properties, high surface quality, and production of the parts. Ke et al. (2022) proposed an improved free surface tracing method using the volume of fluid (VOF) technique, analyzed the changes in transient heat and melt flow, and refined the microstructure of WAAM parts. Rodrigues et al. (2021) optimized the microstructure evolution of 316 L stainless steel parts manufactured by WAAM through advanced material characterization and thermodynamic calculation, combined with several heat treatment methods. This method can be used for field detection of large as-built components. To achieve an automated WAAM system, it is crucial to monitor and control the surface morphology quality and dimensional accuracy of each deposition layer in real-time, in addition to having the necessary hardware equipment (Ribeiro et al., 2019).
In order to realize the real-time control of the morphology of the deposited layer in the WAAM, the U.S. Navy SBIR project proposed a method that combines machine vision technology to measure the molten pool size and temperature field online, resulting in improved surface quality and dimensional accuracy of the component (National Academies of Sciences et al., 2020). Wang et al. (2018) proposed a closed-loop control system based on visual and neural network technology in the process of metal droplet spraying and automatically adjusted the applied driving voltage based on visual detection results to compensate for the influence of uncertainty (droplet volume, velocity, and historical position). Huang et al. (2018a) studied the free surface oscillation of the molten pool using a detection and sensing method based on laser vision when the current changes from peak to base and the molten pool is fully penetrated. Professor Suárez from the University of Basque proposed a mesh matrix efficient control strategy that increases the productivity of wire arc additive manufacturing by approximately 25% and establishes a traceability mapping of process variables for medium-sized aviation components. However, this method has fewer controllable parameters, while other variables act as noise or additional parameters (Suárez et al., 2021). Koli et al. (2022) utilized uni-directional and bi-directional path planning strategies to avoid material waste and humping defects in manufacturing samples, but non-uniform size components still resulted in some material waste. Huang et al. (2018b) developed a laser vision-based sensing system, which uses a low-power laser point pattern to project to the whole molten pool surface, and the projection of its reflected light is captured by the camera. Then, the molten pool surface information of gas tungsten arc welding (GTAW) is successfully observed. Francis and Bian (2019) of Mississippi State University designed a geometric error compensation framework using a convolutional neural network (CNN) model and significantly improved the geometric accuracy of components through a reverse compensation CAD model. Ramalho et al. (2022) analyzed the acoustic signal by analyzing the time-domain and frequency-domain technology, obtained the location of component flaw formation, and ensured the flaw-free production of WAAM. Xiong et al. (2020) used a biprism and camera to form a virtual binocular vision sensing system. The detection error of the molten pool width of the extracted wire arc additive manufacturing was less than 3%, and a fuzzy intelligent controller was designed to adjust the current in real-time to compensate for the deviation of the molten pool width, which improved the consistency of the width of thin-walled components.
While there are numerous studies on the online monitoring of molten pool morphology in traditional welding processes, there are few reports on the dynamic response characteristics and size prediction of process parameters and deposition morphology in the WAAM process. This study utilizes machine vision sensing technology to establish a real-time image acquisition system for the morphology of deposits in aluminum alloy Variable Polarity TIG WAAM. Through response surface central composite experiments, the prediction model of key process parameters and deposition height and width was established. Through step response identification and dynamic characteristic analysis, the weight of process parameters is determined.
2 EXPERIMENTAL SETUP
2.1 Experimental platform of TIG welding-based additive manufacturing
A tungsten inert gas welding-based additive manufacturing system is mainly composed of an arc heat source, a wire feeding system, a motion control system, and an image acquisition system, as shown in Figure 1. The welding heat source used in the experiment is the Fronius MW3000 welding machine, which can output variable polarity pulse square wave. Its cathode cleaning function can remove the oxide film (Al2O3) on the surface of aluminum alloy and effectively avoid oxide inclusions in the deposition process. The wire feeding system includes a wire feeding machine and a wire feeding position adjusting mechanism, in which the height angle and the left/right position of the wire feeding can be adjusted, respectively. The motion control system adopts the Googol GTS-400 motion control card and servo driver to realize high-precision motion control of the servo motor. The forming substrate is fixed on the three-dimensional moving platform by the mica heat insulation plate. The three-dimensional moving platform moves at a certain speed according to the layered deposition path of the component under the control of the motion controller. The layer-by-layer formation is realized by continuous metal droplet transfer, deposition, and rapid solidification.
[image: Figure 1]FIGURE 1 | Variable polarity TIG WAAM—schematic.
2.2 Image acquisition system of aluminum alloy WAAM
In the process of TIG welding-based additive manufacturing of aluminum alloy, the physical metallurgical phenomena are complex, the parameters are numerous, and the forming time is longer. In the process of layer-by-layer formation, the components have long experienced the effects of periodic non-steady cycle heating and cooling of high-energy beam heat sources and short-term non-equilibrium cycle solid-state phase transformation, which makes it difficult to guarantee the stability of the deposited layer, and the stability of the deposited layer is the premise to ensure the sustainability of the TIG welding-based additive manufacturing process. This research is based on the coordinated control of motion and arc; the German Basler area array camera aca1300-200 UC was selected, and two Ricoh lenses with focal length of 12.0 mm and 8.0 mm were used. A dynamic control system of deposition layer morphology based on machine vision is built to monitor the geometric feature data of components in the forming process. The purpose is to select the forming process parameters based on the data monitoring technology to ensure forming accuracy. First, the calibration plate is sampled, and the polynomial model is selected for distortion correction. The captured images were processed by Gaussian filtering, binarization, Laplacian enhancement, and region of interest (ROI) setting. The weighting factor is determined according to the specific shape, random noise and positive distribution noise are removed, and then the Sobel operator is used for edge extraction. The sample surface quality image detection flowchart and image processing flowchart are shown as follows Figure 2.
[image: Figure 2]FIGURE 2 | Visual inspection flowchart and actual images. (A) Sample surface quality image detection flowchart. (B) Image processing flowchart.
To enhance the contrast of the captured image depicting the morphology of the deposited layer under intense arc conditions, we employ a neutral dimmer with a transmittance of 5% in conjunction with an NP 650 filter. The NP 650 filter has a center wavelength of 650 nm and a half-wavelength width of 30 nm. In order to improve the clarity of the collected image of the deposited layer during the forming process, a laser beam with 250 mW power and 650 nm wavelength was selected to irradiate the deposited area. The coherence of the laser itself is good, and the narrow band filter can enable more light from this band enter the camera, improve the clarity of the collected image, and make the details more accurate. The surface morphology of the formed part can be described by layer width and layer height, where the layer height is the total height from the substrate surface to the upper surface of the formed layer. The deposited layer morphology and measured feature size are shown in Figure 3.
[image: Figure 3]FIGURE 3 | Deposited layer morphology and measured feature size.
For this aluminum alloy forming experiment, a vision system was utilized. The first step involved sampling the calibration plate, for which an efficient calibration method based on lines was proposed by Thormählen T and Broszio H. The selected calibration plate was an acrylic plate with a thickness of 3 mm, featuring 7*7 marking points with a center distance of 4 mm and a dot diameter of 2.0 mm. A black frame with a line width of 0.75 mm was also included. The polynomial model was used for calibration, and 16 pictures were collected for this purpose. It is important to note that the images used for industrial camera calibration should be appropriate, with a preferred selection range of 10–20 images. If the spatial position of the industrial camera changes or the camera’s aperture changes during the calibration process, it needs to be re-calibrated under the current working conditions. Once the images are captured, they are processed using Gaussian filtering, binarization, Laplacian enhancement, and ROI setting. The weighting factor is determined based on the specific shape, and randomly and positively distributed noises are removed. Finally, the Sobel operator is used for edge extraction to obtain information about the width of the deposited layer. Figure 3 illustrates the process of obtaining this information.
3 RESULTS AND DISCUSSION
3.1 Prediction of feature size of the deposited layer
In the process of layer-by-layer formation, the main input variables that significantly affect the feature size of the deposited layer are forming speed, arc heat input, wire feeding speed, and droplet entry angle. Combined with the experimental conditions and operability of the process parameters, the effects of three process parameters—forming speed, arc current, and wire feeding speed—on the feature size of the deposition layer were studied. The experimental process parameters are shown in Table 1.
TABLE 1 | Process parameters of 7A09 aluminum single-layer, single-pass additive manufacturing.
[image: Table 1]In order to reduce the number of experiments, obtain effective experimental data, and determine the relationship between key process parameters and the feature size of the deposited layer, a central composite experiment design of response surface is selected. First, the level coding interval of process parameters is set, and the functional relationship between factors and response values is fitted by a multiple regression equation. Finally, the optimization and prediction of the process parameter interval are realized. The level coding of the three process parameters is shown in Table 2.
TABLE 2 | Corresponding values of three factors at each coding level.
[image: Table 2]The forming speed V, arc current I, and wire feeding speed Vs are selected as independent variables through the experimental design of three factors and five level centers. The width W and height δ of cross section of the layer for response value. The cross-sectional width W and cross-sectional height of single-layer deposition δ The figure is shown in Figure 4. When the height and width are measured, the forming length of each single pass is about 160 mm. Due to the limited responsiveness of liquid flow at the beginning and end of the deposition layer, a small accumulation of liquid flow occurs. To address this, we have selected a stable forming section of 150 mm in the middle. Within this section, we have chosen one measuring point every 10 mm. Three measurements were conducted at each point, and the average value was calculated. The experimental matrix and corresponding results were then determined using Design-Expert software, as presented in Table 3. Here, the data are measured with the Vernier scale, and each measurement error is ±0.05 mm.
[image: Figure 4]FIGURE 4 | Cross-section profile of single-layer deposition.
TABLE 3 | Central composite experiment results of single-layer single pass.
[image: Table 3]Using the commonly used linear mathematical model and quadratic mathematical model, the multivariate equation of the process parameters corresponding to the layer height δ and width W in the actual space is calculated. Then, the following verification is carried out for polynomials: the significance verification of the polynomial equation, the fitting degree check of the polynomial equation, and the coefficient test of the polynomial equation. The final equation in terms of actual factors can be obtained as follows:
[image: image]
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In this group experiment, the actual measured value and predicted values of the deposit size are shown in Figure 5. The diagonal line in the figure is the line with the same actual value and predicted value. It can be seen from the figure that the real value is randomly and closely arranged on both sides of the line, which shows that the established model equation has good fitting degree and high prediction accuracy.
[image: Figure 5]FIGURE 5 | Actual measured value and predicted values of the deposit size. (A) Layer width. (B) Layer height.
In order to further verify the applicability of the model, another three groups of parameters were selected to verify the experiment. Under the same experimental conditions, the error analysis between the experimental results and the predicted values of the model was carried out, as shown in Table 4. The results show that there is a certain error between the predicted value and the actual value; the maximum error in the deposition layer height is 9.88%, the maximum error in the deposition layer width is 7.6%, and the error is within 10%. It shows that the model has a good effect within the range of experimental design parameters and has practical significance.
TABLE 4 | Verification of experimental results.
[image: Table 4]3.2 Step response analysis of process parameters
The step response can reflect the dynamic characteristics of the system, and the obtained parameters can be used as input signals for system identification. Through the basic experiment of the TIG welding-based additive manufacturing process, the effect of the main process parameters on the feature size of the formed layer has been preliminarily obtained, but the dynamic response of the process parameters in the forming process is not clear. Therefore, it is necessary to analyze the variation characteristics of actual process parameters (time constant, gain coefficient, and time lag coefficient). The step-response experiment of TIG arc additive manufacturing process parameters was carried out. The classical identification method was used to compare the dynamic response characteristics. The variation characteristics of single process parameters in the actual forming process were analyzed. The online size control variables were determined, and the transfer function in the single-variable system was obtained. Through the built dual vision monitoring system, after calibration, it can capture the single-layer, single-pass image macro-morphology feature size information changes in the forming process. The sampling period is 0.2 s, and the process parameters of the step-repsonse experiment are shown in Table 1.
The step change in single-layer, single-pass feature size can be approximately considered a first-order system. When using the MATLAB system identification toolbox to identify the step response, the step process parameters are taken as the input, and the feature size change is taken as the output. The corresponding gain coefficient K, time constant Ts, and time lag coefficient τ are identified.
[image: image]
The positive step value of forming speed is ΔV = 1.5 mm s−1, the positive step change in forming speed is 2.5–4 mm s−1, the negative step change of forming speed is ΔV =−1.5 mm s−1, and the negative step change in forming speed is 2.5–1.0 mm s−1. The other process parameters remain unchanged. The change in forming speed will lead to a total change in forming time, that is, a change in the number of sampling points. Data processing was performed on data collected before and after the issuance of the step signal, with a sampling period of 0.2 s.
The single-variable control method is also used in the forming process experiment of the step response of arc current, and the digital control of Fronius MW3000 is carried out by the host computer. The positive step change value of arc current is ΔI = 40 A, the positive step change range of arc current is 220–260 A, the negative step change value of arc current is ΔI =−40 A, and the negative step change range of arc current is 220–180 A.
The wire feeding speed Vs can directly change the effect of droplet feeding into the molten pool and has a significant influence on the formed layer or substrate of the formed layer. This parameter change can obviously affect the macro-morphology of the formed deposition layer. The step response of wire feeding speed is realized by adjusting the wire feeding control system; the positive step change value of wire feeding speed is ΔVs = 0.8 m min−1, and the step change range is 2.2–3.0 m min−1. The negative step change value of wire feeding speed is ΔVs =−0.8 m min−1, and the step change range is 2.2–1.4 m min−1. The aforementioned experimental parameters are identified by the first-order system, and the gain coefficient, time constant, and time lag coefficient are also determined.
The identification results of the system are shown in Table 5. In the table, the relevant data given are not the variations of experimental parameters, but the values of the system dynamic response parameters, which are calculated according to the first-order system transfer function Formula 1 and system input (forming speed, arc current, and wire feeding speed) and system output (layer height and width) according to the MATLAB system identification toolbox. In the case of step-forming speed, the time lag coefficient of layer width is smaller than that of layer height. According to the step of the arc current, the gain coefficient of layer width change caused by arc current change is larger than that of layer height change. The time lag coefficient of arc current response to layer height and width is almost real-time. From the gain coefficient of the wire feeding speed step, the negative step is found to be greater than the positive step. The negative step of wire feeding speed has more effect on the width than on the height of the deposit layer.
TABLE 5 | Relationship between forming speed steps and deposited feature size analysis under response factors.
[image: Table 5]The step of forming speed has the greatest influence on the feature size of the deposited layer, and the gain coefficient and time lag coefficient are 2.15 and 0.26, respectively. The response of deposition layer feature size to arc current is the fastest, followed by that of forming speed and wire feeding speed. The gain coefficient of the deposition layer feature size was found to be the highest for the step of forming speed, followed by wire feeding speed, and the smallest for arc current. Additionally, there was a time lag in the response of the deposition layer feature size to the process parameters. Based on the response speed and gain coefficient of the deposition layer size, it is recommended to select forming speed as the control variable for deposition layer size in dynamic control.
3.3 Verification of the feature size prediction model
Figures 6A–L represent the experimental results for the following steps: a: the width of the positive step layer of forming speed, b: the height of the positive step layer of forming speed, c: the width of the negative step layer of forming speed, d: the height of the negative step layer of forming speed; e: the width of the positive step layer of arc current, f: the height of the positive step layer of arc current, g: the width of the negative step layer of arc current, h: the width of the negative step layer of arc current; i: the width of the positive step layer of wire feeding speed, j: the height of the positive step layer of wire feeding speed, k: the width of the negative step layer of wire feeding speed, and l: the height of the negative step layer of wire feeding speed. An analysis was conducted on the width and height of the positive and negative step layers of wire feeding speed, revealing that deposition layer morphology was primarily influenced by the negative step-forming speed. The positive step of wire feeding speed had a negligible effect on the width of the layer, whereas the positive step of arc current had a minimal impact on the height of the layer.
[image: Figure 6]FIGURE 6 | Sample morphology of the step experiment.
Taking the forming speed step as an example, the local magnification near the step point is shown in Figures 7, 8. Combined with the deposition layer feature size and process parameter model established in the previously mentioned section, the theoretical layer height and layer width of the prediction model can be obtained from the deposition layer prediction formula of Eqs. 1, 2.
[image: Figure 7]FIGURE 7 | Near the step point when the forming speed changes in a positive step. (A) Width. (B) Height.
[image: Figure 8]FIGURE 8 | Near the step point when the forming speed changes in a negative step. (A) Width. (B) Height.
Finally, the error between the dynamic monitoring and prediction models is obtained through calculation. During the actual measurement with the vernier caliper, we remove the starting position of the head and the ending position of the tail, set a measurement point every 10 mm, measure each point three times, the error of each point is within ±0.1 mm, and then take the average value for recording, as shown in Table 4 in the paper. The statistical results are shown in Table 6. According to the comprehensive analysis given in the table, the average relative error of the layer width is 8.21%, the average relative error of the layer height is 9.29%, and the comprehensive accuracy can reach more than 90%. The results show that the prediction model based on a vision sensor can meet the requirements of submillimeter measurement accuracy and repeatability of the deposition layer in the TIG arc additive manufacturing process.
TABLE 6 | Comparison of height/width dynamics monitoring and prediction models under step experiment.
[image: Table 6]4 CONCLUSION
In this paper, we developed a morphology control method for the aluminum alloy WAAM deposition layer based on machine vision. This method allows for real-time monitoring of the deposition process, which can help improve the stability and quality of the forming layer. The researchers conducted experiments to verify the effectiveness of this method and found that it was successful in controlling the morphology of the aluminum alloy WAAM deposition layer. The main conclusions are as follows.
• A prediction model for the characteristic size of a deposited layer in WAAM was established. This model takes the forming speed, arc current, and wire feeding speed as inputs and was developed using a central composite experiment. Dynamic experiments were conducted, and it was found that the results of monitoring the layer height and width were consistent with the predictions made by the model. In fact, the maximum error of the deposition layer height is 9.88%, the maximum error of the deposition layer width is 7.6%, and the error is within 10%.
• Step-response identification and dynamic characteristic analysis were used to determine the weight of process parameters in WAAM. Forming speed has the greatest influence on the feature size of the deposited layer, and the gain coefficient and time lag coefficient are 2.15 and 0.26, respectively. Based on the analysis, the forming speed should be selected as the main control variable for deposit characteristic size in dynamic control. This decision was made based on considerations of the response speed and gain coefficient of deposit size.
• In this study, we focused on analyzing the effect of three main process parameters on the morphology of the aluminum alloy WAAM deposition layer. However, there are many other process parameters that could also affect the morphology of the deposited layer. Therefore, in subsequent work, we plan to analyze the angle of welding wire entering the molten pool and the interlayer temperature distribution, and the feedback control system of the forming process will be improved in combination with visual monitoring. Technical support for the production and manufacturing of large-sized aerospace components will be provided.
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