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In this study, we investigated the characteristics of the three-dimensional (3D) additive printing process of pure copper(Cu) on metal substrates through the localized electroplating with precisely controlled nozzle fluid dynamics. In addition, we analyzed the characteristics of 3D shape formations in relation to the changes in the main electroplating factors, such as electrolyte temperature, applied current, nozzle pressure, and distance between the working electrode and the nozzle. The variations of the surface texture and growth rate owing to these factors were confirmed and optimum condition was investigated. Finally, the successful fabrication of complicated 3D structures, such as micro coils and star-like pattern were demonstrated through the proposed method.
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INTRODUCTION

Following the introduction of the 3D printing technology in the early 1980's (Kodama, 1981), the requirements for the 3D metal additive printing process have increased continually due to the significant advantages associated with the technology, such as the low material usage, capability to construct complicated structures and the manufacturing of small parts (Koff and Gustafson, 2012; Huang et al., 2013; Conner et al., 2014; Research Nester, 2018). Additionally, the technology provides a highly safe working environment for engineers as well as reduces industrial waste (Huang et al., 2013). For example, General Electric Co. utilizes metal 3D printing technology for producing aircraft nozzles as one piece, which was previously assembled from 20 individual parts, thus reducing the weight by 20% (Tomas, 2017).

Admittedly, laser-assisted metal 3D printing technology provides a fascinating method for the preparation of industrial parts due to the high processing temperature of laser sintering; in addition, the microstructural anisotropy of the products is unavoidable (Murr and Johnson, 2017). Furthermore, the local defect owing to imperfect sintering, delamination from the substrate and distortion are critical problems hindering the success of the processing (Fierz et al., 2008; Branner, 2010; Hudák et al., 2013). During the sintering process, gas could be trapped, which would enhance the deformation of the product with comparably low stiffness (Gibson and Ashby, 1997; Kasperovich et al., 2016). Consequently, the total porosity, pore size and size distribution cannot be controlled (Kasperovich et al., 2016). Therefore, post-processes such as mechanical polishing, chemical etching, heat treatment and anodizing are very crucial (Tarafder et al., 2013; Sadie and Subramanian, 2014; Pequegnat et al., 2015; Bhaduri et al., 2017; Shamvedi et al., 2017).

Conversely, different types of low-temperature metal 3D printing processes have been introduced. The near-field electro-spinning (NFES) technique utilizes electrochemical ink as the meniscus at the tip of the nozzle, which can control the shape of the product by adjusting the droplet size. However, a low process rate (~100 nm/s) is a critical disadvantage for mass production (Morsali et al., 2017). Electro-nanowiring has been studied extensively; however, it can only be utilized to provide 2D patterns (Ahn et al., 2011; Wei and Dong, 2013; Xu et al., 2014; Jiang et al., 2018). Rajput et al. adopted a pulse deposition method with various process conditions (Rajput et al., 2014a,b).

In this study, the conventional electrochemical deposition technology is utilized with a high electrolyte flow rate through the nozzle. Basically, the accumulation of the metal is achieved by the electrochemical reduction on the cathodic substrate. Therefore, the physical properties of the product are like those of the products obtained from the conventional electrodeposition. In this work, the effects of temperature, applied currents, flow pressure, distance from the working electrode to the nozzle on the deposition rate and the relationship between voltage and current were systematically studied.



EXPERIMENTAL

The schematics of the experimental apparatus are represented in Figure 1. The device consists of three sections: a solution transfer section, a current control section and a moving stage section. The solution transfer section is composed of a magnetic pump for electrolyte transfer (MD-70RZM, IWAKI Co.), a flow pressure regulator and a thermoelectric device for temperature control. The current control division consists of a precision source measuring device (B2901A, Keysight Co.) that can supply up to 50 V and an industrial computer for controlling the instrument. The moving stage includes an xy-axis precision stage (XMPTG725-LN, Misumi Co.) with a resolution of 1 μm, a z-axis precision stage (ZCVLC650-1-1-GN, Misumi Co.), stepping motor and a 4-axis motion controller (WIMC CLX4, WIKAN). Various sensors are installed for monitoring the water level, temperature, jetting pressure, flow rate and electrolyte leakage during the experiment. An automatic replenishment tank is introduced to compensate the liquid loss due to electrolyte evaporation. The inner diameter of the nozzle is 1 mm. The product is deposited on an electrically conductive substrate, which is a Cu plate (50 × 50 mm). The distance between the nozzle and substrate is fixed at 15 mm.


[image: Figure 1]
FIGURE 1. Schematic diagram of the electroplating system, in which the small letters denote the following: (A) concept of 3D printing by the electrochemical method with an electrolyte jet; (B) experimental setup; (C) photo of the actual experimental configurations.


The nozzle section is designated as an anode and it can move through three dimensions (XYZ) with computational control. A cathode is connected to the substrate on which the electrodeposition of the product occurs. A leveling device is installed to maintain a horizontal substrate level.

The composition and properties of the electrolyte for 3D printing are shown in Table 1.


Table 1. Electroplating bath compositions and physical characteristics.

[image: Table 1]

In this experiment, the electrochemical and nozzle fluid dynamics were employed for the additive process, which was carried out as shown in Table 1. The Cu electrolyte solution was selected for the 3D printing because the electrodeposition of Cu exhibited almost 100% cathodic efficiency. The solution in the electrolyte tank supplied by the magnetic pump was jetted through a nozzle at a constant flow pressure. In addition, the solution in the electrolyte tank was mixed using an impeller mixer during the deposition process to make the solution homogeneous. The anode was connected to the nozzle and the cathode was connected to the substrate to apply a constant current. Subsequently, the nozzle was moved at a speed of 500 μm/s using a linear stepping motor. The products were observed using a 3D optical microscope. (RH-8800, HYROX Co.).



RESULTS AND DISCUSSION

Different sizes of Cu pillars were formed by the 3D electrochemical deposition system, which was introduced in the experimental section with different temperatures. From previous research, it was demonstrated that an increase in temperature can enhance the electrical conductivity as well as the solubility of metal salt, which is a positive factor that increases the deposition rate (Matula, 1979; Hayashi, 2004). Therefore, the rate of the pillar formation was expected to increase. However, as is shown in Figure 2A, the deposition rate decreased as the temperature increased, which was contrary to expectations. Such contradictory results are owing to the different latency times at different temperatures for the formation of the initial convex structure, as shown at Figure 2B, which is required to initiate the growth of the pillars. The initial convex structure is very critical to the 3D structure formation because the reduction in current would be concentrated at the top of this convex structure, which would provide a selectively rapid growth rate and promote the directional growth of the pillar. Figure 2C clearly shows the initial area of Cu deposits before the formation of the convex structure at 55°C, which is significantly larger (area = ~2.58 mm2) than that at 25°C (diameter = ~1.82 mm2). At relatively high temperatures, the movement of water molecules by convection becomes significant and the overpotential at the interphase decreases; therefore, the current concentration, which is essential for establishing the 3D structure, is hindered by increasing the temperature. Figure 2D represents the shape of the Cu pillars obtained at different temperatures. As shown in the figures, a relatively long Cu pillar is obtained at 25°C, which delivers the fastest deposition rate. At 55°C, the total length of the Cu pillar is relatively low, and the surface is very rough. Such roughness could be owing to the occurrence of unspecific oxidation during the deposition by the dissolved oxygen in the electrolytes at relatively high temperatures.


[image: Figure 2]
FIGURE 2. Electroplating characteristics according to the electrolyte temperature, in which the small letters denote the following: (A) electrodeposition rate depending on the electrolyte temperature; (B) initial convex shape of deposition of Cu; (C) shape of the initial Cu deposit structures obtained at different temperatures; (D) directional growth of the pillars depending on the electrolyte temperature.


The effect of applied current on the deposition rate was also investigated. Basically, a relatively high applied current enhances the deposition rate of the electrochemical deposition process (Golden et al., 1996; Bohannan et al., 1999). In our experiments, the deposition rate was also increased by increasing the applied current (Figure 3A). However, when the current was increased, the shape of the Cu pillar became irregular. As the current was sufficiently high, the nucleation of new grains at the top of the pillar, which was the current concentrated position, was enhanced. Therefore, the initiation of new grains became more favorable, compared to the continual growth of existing grains. The emergence of new grains promoted the irregular shape of the pillar when the applied current was high, i.e., I = 25 mA (Figure 3B).


[image: Figure 3]
FIGURE 3. Electroplating characteristics according to the applied current, in which the small letters denote the following: (A) electrodeposition rate depending on the applied current; (B) directional growth of the pillars depending on the applied current.


The effects of the flow pressure, which is the direct parameter for controlling the mass transport of electrolytes during the electrodeposition, on the deposition rate and the shape of the pillar were also investigated. The relatively high flow pressure could increase the transport of metal ions by increasing the convection effect, which would prevent the ion depletion at the growth interface. Figure 4 shows the variation in the deposition rate with the flow pressure. As shown in the graph, when the flow pressure was 5 kPa, the growth rate was ~15 μm/min; however, it was increased and saturated at ~50 μm/min and the shapes of the deposited pillars became increasingly similar as the flow pressure increased over 15 kPa. Evidently, this indicates that the 5 kPa pressure was inadequate to overcome the depletion of ions and the rate of ion transport was saturated when the flow pressure reached 15 kPa.


[image: Figure 4]
FIGURE 4. Electrodeposition rate depending on the nozzle pressure.


As the deposition progressed, the height of the Cu pillar changed, which spontaneously changed the distance between the top of the Cu pillar and the nozzle. Such variation in the distance could affect the deposition process. However, the deposition rate was maintained, even though the distance was varied from 5 mm to 35 mm (Figure 5). This was attributed to the constant current flowing between the nozzle and the pillar at any distance.


[image: Figure 5]
FIGURE 5. Electrodeposition rate depending on the distance from the working electrode to the nozzle.


Figures 6A,B shows the current variation during the 150-min deposition. When the deposition was performed for 150 min, with an initial distance of 15 mm, the final distance was 6.5 mm owing to the growth of the Cu pillar. During the deposition, the current was maintained as a constant and this evidently confirmed that the applied current was not changed by the distance, at least within this range. However, the responding voltage was decreased from ~12 V to ~8.8 V (Figure 6C), which was owing to the decrease in the electrical resistance as the distance decreased. Although, the deposition rate did not vary with distance, the variation in the responding voltage was not favorable for maintaining the quality of the electrodeposited metal structure because it could cause a change in the microstructure and other physical properties of the deposited materials. Therefore, the movement of the nozzle was automated. If the responding voltage is decreased to more than 1 V, the nozzle is automatically moved upward through 2.7 mm to minimize the variation in the responding voltage. Consequently, as shown in Figure 6D, the responding voltage was maintained within the range of ±1.7 V from the initial voltage.


[image: Figure 6]
FIGURE 6. Comparison of the electrical signal (current, voltage) with/without a gap change (distance between the substrate and working electrode) during the stacking of the Cu pillar for 150 min. The small letters denote the following: (A) a nozzle fixed current variation; (B) gap controlled current variation; (C) nozzle fixed voltage variation; (D) gap-controlled voltage variation.


A 3D square wall structure with Cu was successfully constructed through this process (Figure 7A). The size of the square wall was 9 × 9 mm with a height of 1 mm. The applied current was 12 mA, with a nozzle pressure of 15 kPa. Unexpectedly, as shown in Figure 7B, the height at each square corner was slightly higher than at the middle of the wall, which might be owing to the different overlapped sections during the process. Figure 8 demonstrates the increment in the overlapped area at the edge of the square, which was not observed in the case of the circular shape. Therefore, the over-deposition at the corner would be minimized by controlling the moving speed at each corner.


[image: Figure 7]
FIGURE 7. Three-dimensional square wall structure with Cu, in which the small letters denote the following: (A) top view and (B) side view.



[image: Figure 8]
FIGURE 8. Increment of the overlapped area at the edge of the square, in which the small letters denote the following: (A) overlapped area in square and (B) in circle.


In Figure 9A, Micro coils mostly applied in micromechanical systems(MEMS) device was fabricated using our electrochemical 3D method. the overall structure is 3 × 4 mm, and the line/space is precisely controlled as 4.40/1.25 micrometer. More complicated 3D structure, star-like pattern was also successfully prepared as shown at Figure 9B. The total process time was 400 min for obtained 1,012 micrometer height of star-like structure. Applied current was 2 mA and temperature was maintained at 25°C.


[image: Figure 9]
FIGURE 9. (A) The 2D micro-coils structure and (B) the 3D star-like structure fabricated using electrochemical 3D printing technology.




CONCLUSIONS

In this research, a 3D metal additive manufacturing technology with Cu was demonstrated by the electrochemical deposition process through the electrolytic jetting method. The effects of applied current, temperature, jetting pressure and the distance between the nozzle and substrate were studied. The applied current critically affected the growth rate of the Cu deposits, as well as their shapes. The jetting pressure also influenced the growth rate of deposits; however, the effect was saturated above 15 kPa. The distance was not a very critical deciding factor in the deposition; conversely, the scanning rate was precisely controlled to obtain a uniform 3D structure.
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