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Abstract

:

Thermoforming (TF) is a process used for fabricating products by applying heat and vacuum pressure to a plastic film or plate. Typically, TF molds require post-processing, resulting in additional costs and time consumption. Furthermore, continuous application of lubricant is necessary to prevent corrosion and facilitate mold release. Electrochemical polishing (ECP) is a technique used to achieve a polished surface on metal through an electrochemical reaction. In this research, a novel approach is proposed as a solution to the need for lubricants and manual post-processing in mold preparation, utilizing pulse electrochemical polishing (PECP). A comparative analysis is conducted on the reproducibility of products and the forces required for mold release among molds prepared using PECP, lubricated molds, and unpolished molds. To assess product reproducibility, the radii of curvature of all mold steps and grooves are determined and compared. Furthermore, peeling tests are conducted to estimate the forces required for mold release. Product surface evaluation is performed using atomic force microscopy, while lateral force microscopy is employed to measure the reductions in surface frictional force achieved by PECP.
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1. Introduction


1.1. Thermoforming


Thermoforming (TF) is a versatile manufacturing method that employs heat and pressure to deform flat or film-like plastic materials into predefined shapes by aligning them with simple mold structures devoid of undercuts [1]. This technique is advantageous for the rapid forming of plastic sheets and is particularly effective in prototyping applications. The thermoforming process begins by heating a flat plastic sheet to a specific forming temperature, thus rendering it malleable. Following this, the plastic sheet is pressed tightly against a mold. The application of consistent air pressure and force allows the malleable plastic to adapt to the intricate contours of the mold. The inclusion of a vacuum in the interstitial space between the plastic sheet and the mold further enhances this molding process, thereby enabling the final product to precisely mirror the shape of the mold [2]. Therefore, TF has been extensively adopted across various sectors, including prototype manufacturing and education [3]. With the progressive miniaturization and personalization of products in contemporary industries, TF has emerged as an appropriate process to meet these demands. Nevertheless, the application of simple metal molds in TF poses certain challenges. Molds created using machining processes necessitate supplementary post-processing procedures, given that the machining tools make direct contact with the material, leaving discernable feed marks on the surface. The surface roughness of thermoforming molds depends on the characteristics of the product. For non-appearance products, roughness is typically set in the 200 to 300 µm range and is achieved most commonly by sandblasting. In contrast, for appearance products, mold tolerance, surface roughness, and texture are influenced by the intended application of the product and the tactile requirements of the end user. As a result, mold surface standards vary from industry to industry. The thermoforming process can replicate textures approaching 50 µm in roughness, meaning that the texture of the mold can significantly affect the surface finish of the final product [4]. These finishing tasks are often manual and consume substantial time and resources, undermining the objectives of expedited production and shaping. The situation becomes more challenging when the molds have curved surfaces, as accessing them with tools becomes difficult. After manufacturing, molds require regular lubrication to safeguard against corrosion and aid in the releasing process. During the forming process, the use of lubricants is inevitably expended due to the essential requirement for mold release, thus leading to continuous consumption as the process ensues. With growing environmental consciousness and stricter global environmental regulations, continuous lubricant consumption has become less desirable. Moreover, the residual lubricant on the product surface may pose potential health risks to users, necessitating the degreasing of the thermoformed products before their introduction into the marketplace [5]. Nonetheless, eliminating residual lubricants from the micro-scale valleys or depressions on the surface poses several technical challenges.




1.2. Electrochemical Polishing


Electrochemical polishing (ECP) is a non-traditional surface polishing technique that employs electrochemical reactions to accomplish surface refinement [6,7]. ECP shares its material removal mechanism with electrochemical machining (ECM) [8]. The configuration of the ECM process resembles that of an electroplating procedure but with reversed electrical polarity, leading to the dissolution of the material at the anode through electrochemical reactions, thereby enabling the material to be machined. ECM, which capitalizes on these electrochemical reactions, is predominantly utilized in various sectors for the machining of difficult-to-cut materials and deburring applications [9]. ECP is a process that minimizes surface machining in the fundamental mechanism of ECM and utilizes the effect of the film generated by relatively slow electrochemical reactions, resulting in various surface functionalities. Unlike traditional machining processes, ECP possesses a multitude of distinctive features. Conventionally machined metal surfaces often retain contaminants while maintaining altered layers that act as corrosion-initiation sites and facilitate corrosion propagation. Such corrosion advances persistently without the formation of passivation layers. Figure 1 illustrates the general procedure of ECP. Prior to the ECP process, tools and workpieces are secured at a predetermined distance, with the intervening space filled with an electrolyte. The workpiece and the electrode are connected to the anode and cathode, respectively. The electrochemical reaction commences upon the application of power. Once the current is applied, metal atoms at the anode surface oxidize and migrate into the solution. The current density intensifies at micro-scale peaks, causing faster dissolution compared to valleys, resulting in a smoother surface; hydrogen gas forms at the cathode, and oxygen gas forms at the anode along with metal dissolution. The electrochemical reaction operates under a diffusion mechanism. The diffusion mechanism mentioned leads to the formation of a viscous film on the anode. The increasing resistance of this film prevents the efficiency of the electrochemical reaction from increasing and aids in controlling the uniformity of metal dissolution. In Figure 2, the progression of polishing can be observed originating from the C-D region, often referred to as the plateau, in the depicted curve. As ECP progresses, impurities on the workpiece surface are eliminated, leading to the leveling and brightening of the anodic surface within this viscous film. Subsequently, a passive film forms. Over time, micro-scale valleys become smoother, resulting in a more uniform surface. This passive film enhances the corrosion resistance of the workpiece. Nonetheless, despite the broad surface appearing smoother, it does not become entirely flat, which is an inherent characteristic of ECP. The aforementioned electrochemical reaction also facilitates material removal in stainless steel. For stainless steel, elements like chromium on the surface react with the oxygen gas produced on the anode during electropolishing. This reaction results in the formation of a characteristic layer of chromium passivation film [10,11]. Another remarkable characteristic of ECP is its non-contact processing, wherein the workpiece and tool remain free from direct interaction. This approach effectively reduces residual stress on the surface, and the tools utilized in this process have an indefinite lifespan, ensuring long-term durability and sustained performance [12].




1.3. Literature Review


ECP, developed in the 1930s, saw significant contributions from Jacquet in establishing its foundations and investigating material removal and has been the subject of continuous research ever since [13]. Notably, “The double-layer theory” was supplemented by Hoar and Grimm to establish the operational mechanism of ECP [14,15]. Efforts have been directed towards enhancing the efficiency of ECP by investigating process variables. For instance, Park et al. developed pulse electrochemical polishing (PECP), a technique that modulates the rate of electrochemical reactions by utilizing pulsed signals for electrical power [16]. The anodic pulse modulates the current distribution by adjusting both the pulse duration and peak voltage, optimizing mass transport. Incorporating an off-time aids in the replenishment of reactive species and the expulsion of byproducts and heat. Notably, pulsed currents offer enhanced control over precise pattern transfer, presenting a distinct advantage over other variables, such as electrolyte composition, operational temperature, anode material, and meticulous mechanical experimental configurations [17]. This approach aids in maintaining surface shape during machining and reduces excessive electrochemical reactions. Kim et al. examined the relationship between bubble formation and electrochemical reaction by incorporating ultrasound into ECP [18]. Rech et al. researched the concept of hybrid machining, integrating electrochemical and physical techniques, to overcome the constraints of purely physical machining [19]. ECP has been adopted in a diverse range of industries that necessitate ultra-clean surfaces with high corrosion resistance, such as semiconductor equipment parts (valves, fittings, etc.), chemical industry pipes, and food manufacturing equipment. The biocompatible surface characteristics of ECP make it suitable for biomedical implants and dental applications [20,21,22]. Recently, ECP has been explored as a post-processing technique for additive manufactured products [23,24]. Despite its merits, the use of electrolytes in ECP, which comprise strong acids, is not exempt from recent environmental regulations. Therefore, research is being conducted to develop eco-friendly ECP processes. One such initiative involves the use of ionizing solutions as a substitute for strong acids in ECP, as investigated by Abbott et al. [25]. Additionally, to reduce the consumption of cleaning solutions and improve worker safety, a solid-state electrolyte-based process called DECP has been developed, sparking various associated studies [26,27]. In the field of lubricant research, environmental issues have led to a significant research effort focused on devising environmentally friendly methods to minimize the amount of lubricant used. Minimal quantity lubrication (MQL) technology has emerged as a promising avenue to mitigate the economic and environmental burden attributable to excessive lubricant usage [28,29]. Simultaneously, researchers are exploring potential environmentally friendly materials that could serve as viable alternatives to conventional petroleum-based lubricants. The distinct features of ECP, namely its non-contact machining process and elevated corrosion resistance, could potentially address the challenges of time and cost associated with the finishing of TF molds, as discussed previously. Moreover, it could offer an alternative to the lubricants used for corrosion prevention in molds. More recently, the footprint of manufacturing processes has been studied. P. Stavrpoulos et al. studied a comparison between traditional and non-traditional machining and concluded that replacing the finishing and lubrication of molds with a single ECP process would have an economic contribution by reducing processes in addition to the environmental benefits [30]. Due to its various characteristics, ECP is sometimes applied to the surface of the mold [31]. Furthermore, the variability in surface quality that arises due to manual finishing, a persistent issue in traditional finishing methods, could be effectively minimized using ECP. However, whether ECP can comprehensively replace lubricants, especially its effect on release properties, requires further investigation. In thermoforming applications, the impact of frictional forces is inextricably tied to the fabrication or release of a product. The material flow throughout the molding process is largely dictated by the frictional force exerted on the surface of the mold, which, in turn, determines the reproducibility of the final product. In conventional thermoforming processes, lubricants are typically employed to streamline the molding and releasing of products. The tribological properties are intrinsically connected to the surface profile. ECP has been recognized for its ability to refine surfaces, subsequently reducing surface roughness and diminishing friction [32]. Therefore, in terms of lubrication research, it is necessary to determine the feasibility of replacing lubricants used in TF applications with ECP.



In this study, we used three different types of molds to assess the potential application of ECP in TF molds. These consisted of a machined mold, a lubricant-sprayed mold, and an ECP mold. The mold characteristics were thoroughly analyzed via peeling tests and lateral force microscopy (LFM) facilitated by atomic force microscopy (AFM) [33]. Simultaneously, we conducted a comparative evaluation of the shape reproducibility during the TF process for each mold type and examined the impact of the mold on the thermoformed products through a detailed micro-surface analysis. Through the analysis of the surface profile and surface roughness of each mold and the surface roughness of the molded product, the correlation between the surface roughness and the molding quality of the product corresponding to each mold was determined. Based on these insights, we propose an environmentally friendly lubricant-free TF mold with ECP as an alternative to conventional lubricants used in molds.





2. Experimental Setup


The current study comprises an investigation of four stages to evaluate the effects and confirm the characteristics when implementing ECP on molds used in TF processes. In the first stage, ECP was applied to an unpolished mold (ECP mold) with different steps and grooves to create experimental groups. Control samples for comparison included an unpolished mold (original mold) and a mold that was sprayed with lubricants (lubricated mold). In the second stage, molds subjected to each condition were utilized in the TF process, and the reproducibility fidelity of the thermoformed products was compared. The third stage involved measuring the force required for mold and product release. Lastly, in the fourth stage, the product surface was analyzed using AFM, emphasizing the friction characteristics of the ECP surface as probed by LFM.



2.1. PECP Process for the TF Mold


The molds deployed in this study were fabricated through turning processes. The molds exhibited a diameter of 70 mm and a height of 33 mm. Figure 3a,b depict the isometric and side views of the molds, respectively. The molds were constructed from STS304 material and featured three distinct steps along with a single groove.



The composition of the acidic electrolyte used in the PECP is detailed in Table 1. The composition of the electrolyte is presented in terms of molarity. The pH value of the electrolyte is approximately zero, denoting a strongly acidic solution. PECP was chosen over the direct current approach to maintain the integrity of the mold shape by changing the type of electrical power used. Table 1 provides a detailed description of the specific electrical conditions implemented during PECP. The PECP process was executed based on optimized conditions derived from relevant references [34]. As depicted in Figure 4, the copper electrode was fabricated to match the shape of the mold, ensuring consistent spacing. While there exists a tolerance of approximately 2 mm in certain sections of the gap, it does not significantly influence the outcomes that are the primary focus of this study, specifically those concerning the presence or absence of PECP [35]. In the PECP process, a semi-permanent electrode surface that had not undergone oxidation was utilized, and it did not influence the polishing results [36]. The PECP process time was limited to 720 s, which is shorter than traditional post-processing times. After PECP, the molds were subjected to cleaning and drying operations to preserve their conditions, ensuring consistency among the molds.




2.2. TF and Analysis of Shape Reproducibility


TF experiments were conducted employing three different types of molds: original mold, lubricated mold, and the ECP mold. A standard mold release agent, comprising a combination of silicone and urethane, was utilized for mold lubrication. The lubricant was sprayed onto the mold in a circular pattern at regular intervals during the TF process. The TF process was carried out using a DT2 (Vaquform) system, as illustrated in Figure 5. Each mold was placed at the base of the TF machine, and an acrylonitrile butadiene styrene (ABS) sheet was placed on top. When heat is applied to the sheet, raising its temperature to 210 °C, the sheet is lowered to the bottom and pressed against the mold while air is sucked in from the bottom of the machine to continue the forming process. The products formed from each type of mold were examined under a microscope to evaluate shape reproducibility, with specific attention given to the locations of the first and third steps and the groove. The curvature radii were measured to enable comparison.




2.3. Peeling Test


A peeling test apparatus was employed to gauge the force required for mold release. Figure 6a showcases the jig used for the peeling test, while Figure 6b shows the top view of the thermoformed product. For the peeling test, the bottom section of the mold was bolted to the lower part of the peeling test machine for stability. The upper part of the peeling test machine made contact with the ABS sheet, which adhered to the mold, thus necessitating a jig that conforms to the shape. The jig was fixed using bolts with holes drilled in each of the same locations as the four holes in the ABS sheet (Figure 6a,b). After the TF process with each type of mold, the product and mold were affixed to the peeling test apparatus, while the ABS sheet maintained contact with the mold. Figure 6c depicts the configuration of the peeling test setup. The mold is not visible because it is inside the jig but is shown schematically in Figure 6d for clarity. The peeling test apparatus pulled the jig upward, and the force measured during this process was compared to analyze the release characteristics of the different mold conditions.




2.4. Measurement of Product Surface Morphology Using AFM and Tribological Characterization Using LFM Mode


The micro-scale surfaces of products formed with each mold type were measured using AFM (Park systems XE100 Korea, Suwon, Republic of Korea), facilitating a comparative analysis of the surfaces. This approach enabled us to examine the surface of the ABS sheet prior to TF and assess the impact of the mold surface on the ABS sheet. Initially, we measured the mold surface and compared it with the surface of the thermoformed product. The mold surface measurement was performed using a surface profiler (Mitutoyo SV2100M4, Kawasaki, Japan). The total measurement length was 1.5 mm. The micro-scale morphology of the ABS sheet surface was measured before TF. Subsequently, the surfaces of the products formed with the ECP mold and the original mold were measured using the surface of the ABS sheet as a reference. The analysis aimed to determine how the ABS surface changes with each type of mold surface quality. The measurement range was 30 × 30 μm2. We compared the cross-sectional profiles of the central region of each measured surface and performed a comparative analysis of the profiles based on Ra and Rz values. Furthermore, we also evaluated the friction of metal surfaces with and without PECP. This involved comparing and analyzing the lateral forces observed on flat surfaces comprised of the same material as the mold. This analysis was performed using the LFM mode of an AFM. LFM is acknowledged as a comprehensive technique for the evaluation of microscale surface tribological properties. The probe used in the LFM mode was the NSC36 (Silicon, Al BS.) contact-mode cantilever manufactured by Mikromasch. It is predominantly employed in LFM mode. In the context of our study, an apt methodology was determined to elucidate the surface tribology associated with an ECP process, known for its effectiveness in enhancing surface smoothness at a corresponding microscale. For this study, we selected a PECP plate with a surface area of 1 cm2 and an unpolished specimen for measurement, given their suitability for AFM measurement. The PECP process was repeated under specific electrical conditions described in Table 1. The PECP process was performed under optimized polishing conditions, as stated in reference [34]. The measurements were conducted with a scanning size of 30 × 10 μm2 and a scanning speed of 0.1 Hz. A constant tensile force of 8.5 nN was sustained throughout the measurement. Both topographical and lateral force data were recorded to facilitate a comparative analysis of the surface friction characteristics among different specimens. After measuring both forward and backward signals, we adjusted the waveform to obtain the LFM signal using the offset values derived from the flat region of the friction loop [37].





3. Results


3.1. Comparative Analysis of the Reproducibility of Thermoformed Products in Different Types of Molds


Figure 7 illustrates the radius of curvature at each step and groove for the thermoformed products created with each mold type. Figure 7A represents the first step, Figure 7B indicates the groove between the second and third steps, and Figure 7C illustrates the third step. Figure 7(1) shows the radius of curvature at each position of the part thermoformed from the original mold. Figure 7(2,3) show the radius of curvature at each location for products molded with an ECP mold and a lubricated mold. The radius of curvature for each step and groove of the products formed with the mold in Figure 7(1) was larger than that of the corresponding locations in Figure 7(2,3). Specifically, the radius of curvature for the groove section was 5 mm for the original mold, 9.38 mm for the product formed with the ECP mold, and 10.58 mm for the product formed with the lubricated mold. These values were closer to the original radius of curvature than the 15.56 mm value for the product formed with the original mold. Figure 7 represents the general trend of shape reproducibility, and the values have a margin of error in each case. To investigate the average values, Figure 8 presents the average, maximum, and minimum radius of curvature at various locations of the thermoformed products created with each mold type. Each data point represents the average radius of curvature of five products thermoformed in the same location. The radius of curvature at position A for the products formed with the original mold was 32.97 mm, and for the lubricated mold was 32.78 mm, both of which were larger. In contrast, it was 23.89 mm for the products formed using the ECP mold, which was smaller. However, for the groove and the third step, the products thermoformed with the lubricated mold had the lowest values, 10.37 mm and 9.47 mm, respectively, compared to the average values of the other products. In summary, the products thermoformed with the lubricated mold demonstrated lower radii of curvature compared to those formed with the original mold, while the products thermoformed with the ECP mold exhibited similar radii of curvature. As the radius of curvature signifies reproducibility, the ECP mold and the lubricated mold showed superior performance compared to the original mold. The lubricated mold exhibited higher values compared to the products formed with the ECP mold at location A, while in locations B and C, the values were similar or slightly lower than those of the products formed with the ECP mold. This difference seems to be attributable to variations in the degree of lubricant application depending on the location. However, it is clear that products formed with the ECP mold demonstrated higher shape reproducibility compared to those created with the original mold.




3.2. Analyzing the Impact of Mold Surface Quality on the Surface of Thermoformed Products


Figure 9 presents the measured results of the mold’s surface according to the application of ECP. The original mold denotes the profile of the mold prior to polishing (Figure 9A). The feed marks generated by the machining process are clearly visible, along with micro-scale peaks. Following the application of PECP, the mold exhibits a modified profile, as depicted in Figure 9B. Electrochemical reactions have melted and smoothed the profile peaks, whereas the valleys are in the process of being leveled due to the formation of passivation layers. Since PECP does not effectively reduce waviness, broad-range leveling was not observed, but a more localized smoothing effect is visible. AFM morphology images in Figure 10 show the impact of mold surface quality on the ABS sheet surface. Figure 10a depicts the surface of the ABS plate before TF. While some defects are present, the overall surface appears flat. The Ra and Rz values for the A-A′ cross-sectional profile are 11 nm and 72 nm, respectively. Figure 10b illustrates the surface of the product thermoformed with the original mold, which has the roughest surface profile with an Ra of 29 nm and an Rz of 115 nm for the B-B′ cross-sectional profile. Figure 10c illustrates the surface of the product thermoformed with the ECP mold. The Ra value is 15 nm, not significantly different from the surface of the original ABS sheet. However, the Rz value has decreased slightly to 56 nm. The C-C′ cross-sectional profile is smoother than the pre-formed profile demonstrated in Figure 10a. These findings suggest that the fine surface smoothing of the mold via PECP has a notable effect on the surface of the thermoformed product.




3.3. Peeling Test Results


Figure 11 illustrates the measured release force over time for the three different mold conditions. The recorded maximum forces were 129.5 N for the lubricated mold, 142.8 N for the ECP mold, and 205.1 N for the original mold. The maximum force differential was approximately 10 N between the lubricated mold and the ECP mold. Between the lubricated mold and the original mold, there was a difference of approximately 70 N and a difference of roughly 60 N between the ECP mold and the original mold. These results offer clear evidence of the positive impact of PECP on the release process of the formed products.




3.4. Analysis of Friction Properties Using LFM


Figure 12 presents the topography and LFM measurements performed on the original STS304 surface and the PECP surface (STS304). This was done using AFM to investigate the friction properties. The topography, LFM, and cross-sectional view are shown in Figure 12 in this order. In LFM mode, the intensity of the measured voltage was used to determine the friction characteristics of the relative surfaces. Figure 12a depicts the topography of the original STS304 surface, whereas Figure 12d shows the topography of the surface post-PECP. Notably, Figure 12a exhibits the original surface with its characteristic deep valleys, while Figure 12d reveals a considerably smoother surface after PECP but with some particle boundaries remaining. In Figure 12b, the LFM visualization distinctly highlights augmented transverse forces alongside isolated regions rendered in a pronounced red hue, attributable to considerable value fluctuations. Concurrently, the minimal values are discernibly associated with the groove region, manifested in a vivid blue coloration. A correlation between the groove and peak regions presented in Figure 12a and the LFM measurements delineated in Figure 12b is evident. The cross-sectional profiles A-A′ and B-B′ of the original surface and the PECP surface are shown in Figure 12c and Figure 12f, respectively. Lateral force signal intensity on the PECP surface is observed to be lower than that of the original surface. These results suggest that the lateral force decreases as the PECP progresses on the original surface.





4. Discussion


ECP represents a technique for surface modification aimed at altering the surface profile to incorporate additional functionalities, such as improved release characteristics and moldability. Conventional lubricants achieve similar results through their friction-reducing properties. In our study, we have demonstrated the potential substitutability of lubricants by comparing the outcomes of molded products created with and without lubricants, as well as the results derived from the utilization of ECP-enhanced molds.



As evidenced by the extensive results presented in Figure 11, the force required for releasing with ECP mold is significantly less than that for the original mold. While the releasing force for the ECP mold is marginally less than that for the lubricated mold, the difference is not sufficiently significant to be consequential. This outcome substantiates the potential for replacing the mold release agent, a central objective of this study. Additionally, as highlighted in Figure 12, micro-scale smoothing of the surface leads to a decrease in friction signal intensity. Moreover, as suggested by Figure 9 and Figure 10, the surface quality of the mold evidently impacts the surface of the thermoformed product. Therefore, if TF is performed on a micro-scale smoothed surface, the product surface also becomes smoothed at a similar scale. On the other hand, if the mold surface is rough, heat and pressure result in some transfer, culminating in a rough profile, as depicted in Figure 10b. Contrary to the general expectation that a rough surface would have a smaller contact area than a smooth surface when in contact with another surface, the profile compatibility between the contacting surfaces suggests that the contact area per unit length is higher in Figure 10b and lower in Figure 10c. This phenomenon appears to stem from the transfer that takes place during TF, resulting in similar surface profiles, as represented in Figure 9 and Figure 10. From this, it can be deduced that an increase in mold surface roughness contributes to augmented friction during the TF process, an undesirable outcome. The negative influence of mold surface friction on material behavior during forming is well-known. Figure 7 supports this finding by indicating that as friction decreases, material behavior improves, leading to enhanced shape reproducibility at each location. Considering the growing emphasis on surface quality in contemporary trends, smoothing the mold surface can be regarded as beneficial for surface quality. Therefore, it is a logical conclusion that ECP molds exhibit superior shape reproducibility compared to the original molds and also facilitate mold release during TF. Historically, applying lubricants to mold surfaces has been a prevalent strategy to maintain internal corrosion resistance and minimize friction during mold variations and maintenance. Nevertheless, this approach comes with its own set of complications, such as incurred costs, environmental concerns, and the necessity of additional degreasing processes to eliminate the lubricant residues from the surface. The consumption of time and resources attributed to these processes often outweigh the benefits of the TF process. Through our experimental outcomes, we have showcased the potential of PECP in addressing the finishing challenges and substituting lubricants in TF molds. Depending on the process conditions, PECP can effectively replace surface finishing operations of molds by offering uniform material removal rates and more efficient process durations. Additionally, owing to its high corrosion resistance, PECP can potentially substitute for lubricants used in mold maintenance. In addition to these advantages, ECP mold experiences diminished friction due to the smoother surface, thereby facilitating more convenient mold release and yielding improved shape reproducibility. As such, PECP can also serve as a mold release agent. Consequently, the deployment of ECP presents a viable alternative for finishing, mold release, and maintenance in TF molds. It efficiently integrates the functions of surface finishing operations and conventional lubricants.



One of the main environmental benefits of ECP is that it eliminates the need for continuous lubricant application, unlike traditional lubricants, which require ongoing application. Furthermore, the utilization of a singular ECP process can replace multiple post-processing stages of molds, including finishing, lubricant application, and degreasing, thereby offering environmental benefits in terms of reduced carbon emissions. Nonetheless, it should be noted that the ECP process itself has elements that could contribute to environmental issues, and there are constraints concerning the materials to which ECP can be applied. These issues are the focus of ongoing research, suggesting the potential for more environmentally friendly process technologies when green ECP methods are deployed in future mold applications. To fully replace lubricants, ECP needs to be validated for its durability and effectiveness. ECP surfaces typically have a high resistance to corrosion [38]. While the corrosion characteristics of ECP and non-ECP surfaces are frequently investigated to verify the sustainability of ECP surfaces, the resilience of these surfaces when in contact with the product during thermoforming requires further investigation. We believe that deformation can occur due to thermal factors and physical contact during the release phase. PECP is particularly beneficial for regrinding, as it maintains low material removal rates and high geometric precision at the micron level. This is consistent with our proposal that ECP can replace lubricants in thermoforming processes.




5. Conclusions


Mold post-processing is associated with significant time and cost implications, and the use of lubricants raises environmental concerns. In order to address these challenges, PECP was implemented for the mold, aiming to assess its impact on mold release and reproducibility. The analysis of the results yielded the following key findings. The molds polished with PECP demonstrated favorable shape reproducibility and facilitated releasing, comparable to the performance achieved with lubricated mold. Furthermore, this ECP mold exhibited improved material flow, as indicated by the reduced friction observed on the product surface. Notably, the superior surface quality of the mold directly influenced the quality of the resulting product surface, establishing a clear correlation between exceptional mold surfaces and superior product surfaces. The research indicates that products thermoformed with an ECP mold achieve similar levels of shape reproducibility and release performance as a lubricated mold, highlighting the potential application of PECP in TF molds. Applying PECP to the mold eliminates the need for lubricants, resulting in significant environmental benefits.
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Figure 1. Schematic diagram of ECP. 
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Figure 2. Current density–voltage curve of electrochemical polishing. A–B: etching region, C–D: polishing region and D–E: pitting region. 
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Figure 3. Three-dimensional schematic of TF mold. (a) Isometric view and (b) front view. 
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Figure 4. Schematic of experimental PECP setup for mold. 
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Figure 5. TF process. (a) Mold placement before TF. (b) Product formation using heat and a vacuum. 
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Figure 6. Peeling test setup. (a) Jig for peeling test. (b) Thermoformed product. (c) Peeling test configuration. (d) Schematic of peeling test configuration. 
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Figure 7. Radii of curvature at various locations in products thermoformed by each mold, A product thermoformed by (1) original mold, (2) ECP mold, and (3) lubricated mold. The (A) first step, (B) groove and (C) third step of each product. 
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Figure 8. Mean radii of curvature at various locations in products thermoformed using each type of mold. 
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Figure 9. Surface profiles of two molds. (A) Original mold. (B) ECP mold. 
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Figure 10. Images measured by AFM. (a) ABS plate. (b) ABS surface thermoformed by the original mold. (c) ABS surface thermoformed by ECP mold. 
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Figure 11. Results of peeling test between products thermoformed with each type of mold under different conditions. 
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Figure 12. Topography, lateral force image, and cross-s