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Abstract 
Local electrochemical deposition is an emerging technique, used in the field of additive 
manufacturing. The advantage of electrochemical additive manufacturing lies in the 
utilization of room temperature electrolyte and permits to manufacture microscale objects 
with high precision. The increase in deposition current increases the deposition area, so 
measures are to be taken to focus the electric field. This work describes the influence of 
polarization curve slope on the accuracy of local deposition, both experimentally and by 
computer modelling. The copper was deposited using rotating anode on the surface of 
stainless steel from sulphate electrolyte. The influence of electrolyte composition on the 
accuracy of deposition was investigated. The profile of deposited parts was analyzed by 
profilometry and microscopy. The increased amount of sulfuric acid and presence of the 
additive in the electrolyte was shown to increase the accuracy of deposition by changing the 
slope of cathodic polarization curve from 320 to 1100 mA V–1cm–2. 
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Introduction 

Additive manufacturing (AM) or 3D-printing is a manufacturing technique, rapidly developing in 

recent years. AM utilizes a bottom-up approach, when the material is added layer by layer, in 

contrast to traditional manufacturing techniques, where the needed part is produced from blank 

though removing the excess material. The cost of 3D-printed parts decreases, with the increase of 

part complexity, due to lower consumption of material, despite subtractive production, where the 

more complex part is, the more operations is required for its production. Thus, the research in the 

field of AM is of extreme importance [1].  

Metal AM remains one of the most demandable techniques, because metals remain on the first 

positions of the world most used materials. The existing metal AM techniques require application 
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of high energy devices for local metal melting: selective laser melting (SLM) and electron beam 

melting (EBM) [2-5], and the precision of AM is limited to the size of a metal powder (for laser or 

electron beam sintering). Unlike them, electrochemical additive manufacturing (ECAM) enables AM 

production at room temperature by using the metal electrodeposition principles [6-7].  

Electrochemical deposition enables the use of the smallest species of a material – ions. Other 

techniques use metal powders or wires, that are bigger sizes. Thus, the main investigation direction 

is electrochemical additive manufacturing of micron and submicron scale objects. The application 

of fluidic force microscope (FluidFM) permits the production of pillars, needles, helix, connectors, 

and other objects of only few micrometers in size [8-12]. The technique is extremely precise; 

however, the deposition rate is slow. 

A faster approach for bigger objects is a meniscus confined deposition [13-18]. Here the deposition 

is located in the small volume of electrolyte solution between the capillary and substate. The anode is 

placed inside the capillary and the substrate is polarized cathodically. This technique permits to print 

flat objects; however, they can be produced from different metals, that are deposited layer by layer. 

The deposition rate is faster than FluidFM technique, because the volume of electrolyte is larger, 

however, the growth rate is determined with the diffusion rate of metal ions in meniscus.  

Even faster deposition rates can be achieved using electrodeposition from a large volume of elec-

trolyte [14-26]. High deposition rate requires high concentration of metal ions, that makes an 

electrolyte conductive and electric field distributes easily around the anode. To localize the depo-

sition region, masks are applied on the substate [27], or the size of the anode is miniaturized [28]. 

Typical objects are printed by sequential deposition of the metal under anode until deposited layer 

touches the anode. After this, the anode is moved to another position or upwards and the process 

repeats. In this condition, the deposition is also limited by the diffusion rate of metal ions, but their 

concentration is much higher than in meniscus deposition. To achieve higher deposition rates the 

pulsed current is applied instead of constant.  

The aim of this work was to test the influence of copper plating electrolyte composition on the 

accuracy of local deposition in conditions of working electrode rotation. 

Experimental 

Local electrochemical deposition 

The electrodeposition process was organized in the electrochemical cell. The stainless-steel plate 

AISI 321 was placed on the bottom of the plastic vessel and was connected to the negative pole of 

current source. The stainless-steel was chosen to ensure separation of the printed part from the 

base after deposition. The working electrode was rotated with an electric motor, the rotation speed 

was 1 s-1. The working electrode was a cylinder-shaped platinum foil, connected to the positive pole 

of current source. The design of the laboratory set-up is given in Figure 1. 

The stainless-steel substrate was polished with SiC emery paper, degreased, and placed on the 

bottom of the vessel. The 1 L of electrolyte solution was poured into the vessel, the level of 

electrolyte was 20 mm above the substrate. The composition of the electrolyte is given in Table 1. 

The anode was placed 5 mm above the substrate and started to rotate. The current was applied 

with a density of 40-50 mA cm-2, for the 60-460 min. 

After the deposition, the current was turned off, the solution was drained from the vessel. The 

deposited part in the form of the ring was cleaned with distilled water, removed from substrate, 

and investigated. The experimental conditions are provided in Table 2. Expected thickness was 

calculated by COMSOL software, based on Faraday’s law. 
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Figure 1. The scheme of laboratory set-up: 1 - platinum foil (anode); 2 - stainless steel base (cathode);  

3 - polypropylene capillary; 4 - electrolyte 

Table 1. Electrolyte composition 

Component 
Content, g L-1 

Electrolyte 1 Electrolyte 2 

CuSO4·5H2O 200 200 

H2SO4 10 75 

KCl 1 0.3 

Fe2(SO4)3 10 - 

Gelatine 0.05 - 

Additive RUBIN T-200* - 
2 mL L-1 of RUBIN T200-A; 8 mL L-1 of RUBIN T200-G 

2 mL L-1 of RUBIN T200-E [29] 
*Leveling and brightness additive, KIESOW OBERFLÄCHENCHEMIE GmbH & Co. KG 

Table 2. Experimental conditions 

Sample number Electrolyte i / mA cm-2 Expected thickness,  m 

1 1 11 20 

2 1 20 40 

3 2 40 50 

4 2 50 50 

5 2 40 200 

6 2 50 200 

Local electrochemical deposition 

The geometry of printed objects was analyzed (Figure 2).  
 

 
Figure 2. The scheme of locally deposited metal characterization 
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For this purpose, the profilograms of the rings were measured in 4 positions (every 90°). The 

profilometry results were compared to the thickness measurements on the cross-sections of the 

printed rings. The sections of the rings were cut, sealed with epoxy resin, polished, and prepared for 

optical microscopy. The cross section of the printed rings was observed using iScope IS.1053-PLMi 

optical microscope (Euromex Microscopen BV). The accompanying software was used to conduct 

linear measurement. 

Results and discussion 

Copper deposition is an electrochemical process of Cu2+ ion reduction on the surface of negatively 

charged substrate. The electrochemical reaction can be expressed by the following reaction: 

Cu2+ + 2e− = Cu (1) 

The rate of the reaction is expressed in terms of electric current that passes through the 

electrochemical cell and corresponds to the number of copper ions being reduced in certain time 

intervals. The deposited copper ions form a metal lattice. The dependence between the charge 

passed through the cell, and the mass of the deposited metal is expressed by the Faradays law: 

m = MIt / zF (2) 

where m /g is the mass of deposited metal; M / g mol-1 is atomic mass; I / A us current; t / s is time,; 

z is number of electrons required for ion reduction; F / C mol-1 is the Faraday constant,. 

The dependence between the applied voltage and the deposition rate is expressed by the 

current-voltage dependence or the polarization curve. The typical polarization curve for copper 

deposition is given in Figure 3. Two regions can be determined in the curve. The first one shows the 

growing current-voltage dependence and is characterized by the slope of polarization curve di/dE. 

The second region is a limiting current region, where deposition rate is independent of the applied 

potential. The limiting current, ilim, can be increased in the same electrolyte by applying 

electrode/electrolyte movement, see curves 1 and 2. 

 
Figure 3. Typical polarization curve for copper deposition: 1 - stationary deposition;  

2 - relative movement of electrode and solution 

COMSOL MULTIPHYSICS 4.3 (https://www.comsol.com/) [30] was used for computer modeling 

of the secondary distribution of the current density in the space between the electrodes (the 

working area of the 3D printer) and on the surface of the cathode. Based on the built-in model of 
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"Long-term growth of copper deposits" [20], a model of the working area of the 3D printer was 

developed (Figure 1). The used model can be described by the following equations. 

Electric field distribution in the body of the electrodes: 

i = 0, i = V (3) 

Electric field distribution in the volume of the electrolyte: 

i = 0, i = κ (4) 

On the surface of electrodes, the simplified linear dependence was used: 

i n = b  (5) 

 = V –  – E (6) 

where: i – the current density; σ and κ – electrical conductivities of electrode material and 

electrolyte, respecxtively; V – cell voltage; η – overvoltage; b – constant; n – the normal vector, 

pointing out of the domain;  – potential in the electrolyte; E0 – equilibrium electrode potential. 

The distribution of the current density in the electrolyte corresponds to the secondary one and 

depends both on the geometric parameters of the cell and characteristics of the electrode reaction, 

the polarization of the cathode and is generally described by the Wagner criterion [30,31]. It is also 

assumed that the electrical conductivity of the solution in the interelectrode space is constant. In 

particular, one of the determining parameters according to the used model [30], is the derivative of 

the current density by overvoltage (di/dE). This value is determined based on the polarization 

characteristics of the working electrodes of the used electrochemical system and corresponds to 

the slope of their linear sections. 

The polarization curves for the two tested electrolytes are given in Figure 4. Polarization 

parameters and electrolyte conductivity used in the computed model are given in Table 3. 

 
Figure 4. The stationary cathodic polarization curves of copper deposition: 1 - Electrolyte 1;  

2 - Electrolyte 2. Potentials are given vs. saturated silver chloride electrode (SSCE) 

Table 3. Electrochemical parameters of the electrolyte 

Electrolyte number σ / S сm-1 [32] (di/dE) / mA V-1 cm-2 Applied voltage, V 

1 0.068 320 0.3-0.5 

2 0.231 1100 0.2-0.5 

The results of electrochemical manufacturing are given in Figure 5. The copper deposits obtained 

from Electrolyte 1 at a current density of 10-20 mA cm-2 were mostly fine-crystalline and had a light 
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color. At the same time, their thickness did not exceed 40 μm. The copper deposits obtained from 

electrolyte 2 at current densities of 40-50 mA cm-2 had a compact but coarser crystalline structure 

and a darker color. In particular, the formation of spherulitic deposits was observed at a deposit 

thickness of 200 μm, electrodeposited at a current density of 50 mA cm-2. The metallic copper is 

deposited in the form of rings, easily detached from the stainless-steel substrate. The morphology 

of the deposited rings was investigated using profilometry technique. The profilometry results are 

given in Figure 6, along with the profile of deposited metal, calculated using the Comsol Multiphysics 

software. The height of the deposited copper agrees with the results of computer modelling. The 

modelled profile shows the typical shape of Gaussian distribution. The shape of the real deposited 

copper profile differs from normal distribution. 

The profile of deposited copper has an uncommon shape, with the increased height at the edges. 

This is caused by the internal stress of copper deposits. As it can be seen from the deposited profile, 

this is tensile stress. The reason for tensile stress is the formation of crystal lattice defects, caused 

by the presence in the electrolyte of surface-active substances [33]. 

Due to absorption and incorporation in metal structure of surface-active substances during 

electrodeposition the defects of crystal lattice appear, namely vacancies. The presence of vacancies 

leads to the deformation of metal structure. In this case of local electrodeposition, the electrolyte 

contains gelatin and iron (III) sulphate, that cause vacancies incorporation in the lattice. 
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Figure 5. Copper rings manufactured by local electrodeposition using rotating anode 

While the thickness of deposited metal agrees well with the model, the thickness distribution 

under the anode is different. In particular, the area of metal deposition under the anode in computer 

model is wider than the experimental one. The following explanation may be suggested. The 

COMSOL software models the deposition profile using the constant polarizability of the process. At 

the same time, the real polarization curve (Figure 4, curves 1, 2) has a constant slope value only in 
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a short potential range. Below this potential range, the slope differs, so practically no deposition 

may occur. That is what can be seen from Figure 6.  

On the other hand, according to the theory of electrocrystallization [34] in the range of low current 

densities (the polarization resistance range), which is characterized by a linear current-potential de-

pendance, metal deposition occurs in the singe crystal form. Some parts of the surface are not suitable 

for deposition at all. Moreover, it is worth mentioning that electrodeposition was performed on the 

surface of stainless steel. The base, made from metal different from the deposited one, also leads to 

the increase of phase overvoltage and, as a result, to the reduction of deposition rate in the low 

current density regions. The latter also suggests using stainless steel as a base metal for 3D electro-

chemical printing. 

  

  

  
Figure 6. The profile of deposited copper parts: 1 - averaged profilometry results;  

2 - computer simulation of deposited copper 

The thickness values measured in the profilometry test agree well with the results of cross-

section microscopic investigation (Figure 7). However, the microphotographs show no wrapped 

edges, so the thickness measurements were performed accurately. Samples 1-5 show dense metal 
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structure on the cross-section, but sample 6 appeared to be fractured. This was caused by the 

application of high current density, 50 mA/cm2. This led to the formation of powder-like large copper 

crystals with low cohesion. So, current density above 40 mA/cm2 should not be recommended when 

objects higher than 50 m are electrodeposited. 
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Figure 7. Cross-section photographs of deposited copper rings 

Conclusions 

1. Local electrochemical deposition makes it possible to form parts from aqueous solutions without 

the use of high energy. 

2. It is possible to increase the accuracy of printing by choosing an electrolyte that has a narrow 

range of deposition potentials. When the polarizations value is below this region, no deposition 

occurs. In this work, the additive RUBIN T-200 efficiently prevented deposition at low potentials. 

3. The differences in the deposits profile in the model and the experiment are caused by the fact 

that the model assumes a linear dependence of polarization in the entire range of potentials. In 

fact, this is true only for a certain range of potentials. 
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