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A B S T R A C T

Introduction. In blank production, when replacing hard alloys with tool steels, difficulties arise in shaping 
surfaces to ensure the required parameters of productivity, quality and accuracy, due to the presence of incomplete 
information for assigning electrochemical processing modes for this class of materials. This fact requires additional 
research to determine rational processing modes that provide the necessary technological parameters (productivity, 
dimensional accuracy and surface roughness). The purpose of the work is to conduct research to establish the patterns 
of electrochemical shaping of tool steels and determine the modes of the shaping process. The work investigated the 
features of anodic dissolution of U10A tool steel in an aqueous NaCl solution of 10 % concentration. The range of 
potential changes was from 0 to 8 V. Technological performance parameters were determined (current output for the 
main reaction and the rate of electrochemical dissolution at a voltage of 8 V and an electrolyte pressure of 0.1 MPa). 
Research methods. For polarization studies, a potentiodynamic research method was chosen. Technological 
experiments were carried out using the model of piercing holes with a stationary cathode-tool made of stainless steel 
without insulation. A circular cross-section with outer diameters of 0.908 mm and inner diameters of 0.603 mm was 
chosen as a cathode tool. Results and discussions: it is revealed that the electrochemical dissolution of U10A tool 
steel in a 10 % aqueous solution of NaCl is active in the studied potential range from 0 to 8 V. The technological 
experiments carried out made it possible to establish the dimensions of the resulting holes — an average diameter of 
1.433 mm and a depth of 0.574 mm. The current efficiency was 70.83 %. Based on the analysis of the experimental 
data obtained, it is established that in order to ensure high productivity of the process of electrochemical forming of 
U10A steel in a solution of 10 % NaCl, the feed of the cathode tool should be 0.2232 mm/min, which corresponds to 
the rate of electrochemical dissolution under the studied forming conditions.

For citation: Yanpolskiy V.V., Ivanova M.V., Nasonova A.A., Yanyushkin A.S. Determination of the rate of electrochemical dissolution of 
U10A steel under ECM conditions with a stationary cathode-tool. Obrabotka metallov (tekhnologiya, oborudovanie, instrumenty) = Metal 
Working and Material Science, 2024, vol. 26, no. 2, pp. 95–106. DOI: 10.17212/1994-6309-2024-26.2-95-106. (In Russian).
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Introduction

The cost of a finished product is determined by a number of factors, including the initial cost of the 
workpiece and the cost of its machining. Currently, in order to make the most efficient use of material 
resources in mechanical engineering, expensive and difficult-to-process alloys are being replaced with a 
more economical alternative [1–5]. Consequently, the optimal use of resources enables the enterprise to 
enhance its economic profit and disseminate the principles of lean production [6–11]. In the context of 
limited raw materials and the ongoing escalation in the cost of transport logistics, energy, and other related 
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expenses in the production system, the imperative to conserve material resources is becoming increasingly 
urgent.

A typical example of this practice is the replacement of hard alloys with tool steels. Most often, the 
principle is applied to blank production, which includes the use of products with high accuracy and surface 
quality, such as matrices, punches, etc. In addition, the replacement of hard alloys with tool steels causes 
certain issues, both during the operation of products and during its manufacture. In particular, the direct 
transfer of processing modes of carbide dies to tool steels does not provide the required performance, 
accuracy, and quality parameters. In the processing of carbide dies, electrochemical and mechanical action-
based methods are typically employed [12–15]. The studies [16–23] describe the application features 
of dimensional electrochemical machining (DECM) for R6M5, HVG, and other steels. The works [12, 
14, 16–19, 23] indicate that the accuracy of the DECM is determined by the manufacturing errors of the 
cathode tool, the installation of the workpiece, the temperature of the working medium, the flow rate of the 
electrolyte, the irregularities in the electrode movement, etc. However, there is no data for shaping U10A 
tool steel.

Additional research is required to determine efficient processing modes that ensure the required 
performance, accuracy, and quality parameters for products made of tool steels that are shaped by 
electrochemical means.

Thus, the purpose of this work is to conduct research to establish the patterns of electrochemical shaping 
of tool steels (polarization studies) and to determine the modes of the electrochemical machining process 
(technological experiment).

The work is relevant and has practical significance for blank production.

Research methodology

Specimen preparation

The U10A tool steel, which is widespread in blank production, was chosen as the material for research. 
Specimens for conducting polarization studies were made by means of electric erosion machining of 
parallelepipeds with dimensions of 1×1×20 mm. The working surface of the specimen for polarization 
studies is shown in Fig. 1.

Fig. 1. Appearance of the specimen working surface for polarization studies

To localize the dissolution process and evaluate the current parameters, the side surfaces of the 
specimens were isolated according to the scheme shown in Fig. 2. The specimen (1) was connected to 
the contact wire (2) by soldering and placed in a dielectric fixture (3), followed by pouring epoxy resin 
with a hardener (4).

The specimen for conducting technological experiments was a parallelepiped of a model material with 
the dimensions of 50×50×50 mm.

Polarization studies

The anodic dissolution of U10A steel was studied using the potentiodynamic method, with the current 
density as the dependent variable and the anode potential as the independent variable. The range of anode 
potentials was from 0 to 8 V.
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Fig. 2. Specimen for polarization studies: 
1 – specimen; 2 – contact wire; 3 – dielectric mandrel; 4 – epoxy resin with hardener

Polarization studies were carried out on an experimental installation, the scheme and appearance 
of which are shown in Fig. 3. The installation consists of a three-electrode electrochemical cell (1),  
a potentiostat-galvanostat Elins P-20X (2), and a PC (3) for measurement, recording, and data processing. 
A copper ring with the following dimensions was used as a cathode: width 10 mm, outer and inner radii 35 
and 31 mm, respectively.

Fig. 3. Scheme and appearance of the experimental setup  
for potentiodynamic studies: 

1 – three-electrode electrochemical cell; 2 – potentiostat-galvanostat 
Elins P-20X; 3 – PC

The scanning speed was 1,000 mV/s with increments of 0.011 mV. The gap between the anode and 
the platinum reference electrode was 0.1 mm. After each experiment, the surface of the test specimen 
was cleaned with abrasive paper with a grain size of 20–28 µm (R600). The working medium for the 
electrochemical processing was a conductive electrolyte solution. In the electrochemical treatment, the 
most widely used solution was a neutral salt of sodium chloride (NaCl) in water [17–20, 27–29]. The 
electrolyte concentration of 10 % was chosen, according to the literature sources [29–33]. The kinematic 
viscosity (v) of the electrolyte was 1.11∙10-6 m2/s [30].
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                            a                                                              b                                                           c
Fig. 4. Hole shaping schemes:  

a – with a cathode-tool without insulation; b – with an insulated cathode-tool; c – with an insulated cathode-tool with  
a working belt (shoulder): 1 – cathode; 2 – anode; 3 – insulating layer

                            a                                                                         b
Fig. 5. Appearance of: 

a – the cathode tool; b – tooling for cathode tool

Schemes for perforation by the DECM method

The following schemes were considered for shaping deep holes [32], shown in Fig. 4.
The chosen research scheme employs a cathode tool without insulation, with a supply set to zero. This 

allows for the determination of the technological parameters of the current output for the main reaction and 
the rate of electrochemical dissolution under selected initial conditions. The characteristics that emerge 
when determining the current output are presented in the work of Y. M. Kolotyrin and G. M. Florianovich 
[34]. The calculation of the current output was carried out according to the method presented in [29, 31–34].

The calculation assumes that the change in the temperature of the electrolyte and its heating during 
electrolysis is insignificant and is not taken into account, and the axis of the cathode coincides with the axis 
of the resulting hole.

Hollow circular needles made of stainless steel with outer and inner diameters of 0.908 mm and 0.603 
mm, respectively, were used as the cathode tool. The area of the outlet was 0.362∙10-6m2. The appearance 
of the cathode tool and tooling is shown in Fig. 5.

An experimental installation for electrochemical hole processing is shown in Fig. 6 and consists of the 
following elements: an electrolyte supply system (1), an electrochemical cell (2) with an anode (3) and a 
cathode tool (4), a three-coordinate machine (5), and a technological current source (6).

Implementing electrochemical processing assumes that the electrolyte supply to the zone between the 
electrodes is uniform to ensure the stability of the electrochemical dissolution process of the workpiece. 
The rate of electrolyte flow and the rate of electrochemical processes depend on the pressure in the system 
and hydraulic losses. The influence of hydrodynamic parameters on the performance of anodic dissolution 
is described in [16, 23, 28–30]. During experimental studies, the pressure in the system was pumped by 
a diaphragm pump and was equal to 0.9 MPa. The electrolyte supply system (1), in addition to the pump, 
includes a power supply unit for the pump, hoses and containers for supplying and draining electrolyte. 
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Fig. 6. Experimental setup for electrochemical hole machining: 
1 – electrolyte supply system; 2 – electrochemical cell; 3 – anode (blank); 
4 – cathode-tool; 5 – three-coordinate machine; 6 – technological power 

source

The gap between the anode and the cathode during the technological experiment was 0.1 mm  
[29, 31–34].

Following the experiment, the sample was placed in an ultrasonic sludge cleaning bath and subsequently 
weighed on high-precision laboratory scales (the division value is 0.1 mg). The depths of the holes were 
measured by digital micrometer GRIFF (0–12.7 mm; with the division value of 0.001 mm). Photographs of 
the specimen were taken using a Nikon MM-400 microscope with 30× magnification.

Results and discussion

The results of polarization studies have enabled the features 
of anodic dissolution of tool steel U10A to be established  
(Fig. 7). The anodic behavior of the steel under study in a 10 % 
solution of a neutral salt of NaCl in water exhibits a characteristic 
curve. This curve indicates that the active dissolution of 
steel occurs within a specific potential range between  
φ = 0.3...8.0 V with slight inhibition in the potential range  
φ = 2.1...2.6 V and φ = 3.9...4.3 V. This is probably due to 
phenomena that occur during the electrolysis of steel in an 
aqueous salt solution, such as the oxidation of the material 
under study and the decomposition of water [28–30, 31–33]. 
The general nature of the electrochemical dissolution of U10A 
steel in 10 % NaCl in water indicates the absence of passivation 
sites. This is due to the fact that during the electrochemical 
dissolution of materials in sodium chloride, passivation phenomena are removed by increasing the voltage 
without introducing additional activating processes [28–34].

Fig. 7. Anodic polarization curve of U10A 
tool steel in 10 % aqueous NaCl solution
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Thus, the dissolution of tool steel U10A in a 10 % aqueous NaCl solution has an active character within 
the potential ranges φ = 0.3...2.1 V, φ = 2.7...3.8 V and φ = 4.4...8.0 V. Thus, a voltage of 8 V was chosen 
to determine the output technological performance parameters, namely, the current output for the main 
reaction and the rate of electrochemical dissolution.

To calculate the current output according to the formula [29], we determine the necessary values.
Experimental studies were carried out to determine the volume of the removed metal, which in turn 

allowed for determining the mass of the dissolved material during electrochemical dissolution of U10A 
steel. Fig. 8 shows that the average value of the current with an interelectrode gap of 0.1 mm at the initial 
time was 0.099 A. The duration of the experiment equal to 7 minutes is due to the stabilization of the 
current value, i.e. the interelectrode gap increased by the maximum permissible value at the specified initial 
parameters.

To determine the mass of the dissolved material, a series of experiments was carried out at a constant 
current I = 0.099 A and an initial end-to-end interelectrode gap Δf = 0.1 mm. Figure 9 shows a graph of 
voltage versus time for a series of experiments for 3 minutes.

Fig. 8. Graph of current versus time at 
constant voltage

Fig. 9. Graph of voltage versus time at  
a constant current of 0.099 A

As a result of weighing, the following masses mfact were obtained: for the first experiment, 0.0054 g; 
for the second experiment, 0.0047 g; for the third experiment, 0.0053 g. Thus, the arithmetic mean mass is 
0.0051 ± 0.0009 g.

Figure 10 shows photos of the resulting hole and its profile. Notably, the formation of a taper is typical 
for processing with a fixed cathode tool.

                               a                                                                                                  b
Fig. 10. A hole in 10 % NaCl with a stationary cathode-tool of circular cross-section with outer  

and inner diameters of 0.908 mm and 0.603 mm with a duration of 7 minutes: 
a – top view; b – profile
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Figure 11 shows the cross-sectional dimensions of the hole measured in increments of 0.027 mm, the diameter 
of the chamfered hole is 1.433 mm, the diameter of the bottom of the hole is 0.389 mm, the depth of the hole hav was 
0.574 mm.

The calculation of the electrochemical equivalent of U10A steel requires taking into account the mass 
fraction of the main elements related to metals: iron (98.47 %) and manganese (0.23 %) [35]. The chemical 
composition of the ladle analysis is taken from the regulatory and technical documents [32]. Table shows 
the weight and volume electrochemical equivalents of U10A steel. 

Fig. 11. Hole dimensions in 10 % NaCl with a stationary cathode-tool 
of circular cross-section with outer and inner diameters of 0.908 mm 

and 0.603 mm for a duration of 3 minutes

Electrochemical equivalents of U10A tool steel

Element
Electrochemical equivalent

εm, g/A∙min εV, сm3/А∙min

Fe 0.01736 2.22279

Mn 0.01708 2.18693

U10A 0.01759 2.25198

Thus, based on calculations carried out according to the formula presented in [29], the current output 
is 70.83 %, or 0.708. If the metal current output coefficient n is within the range of 0.5 to 1.0, it means that 
the anode is actively dissolved during electrolysis [29, 31–33]. This fact is consistent with the data obtained 
on the basis of polarization studies of the electrochemical dissolution of U10A steel in 10 % aqueous NaCl 
solution.

The experiments performed and calculations of the current output made it possible to evaluate the 
performance of the U10A steel electrochemical machining process in the selected electrolyte composition.

In the processing scheme with a fixed cathode, the size of the interelectrode gap a0 at the beginning of the 
process corresponds to the set end-to-end gap, while at the end of processing, the value of the interelectrode 
gap increases by an amount equal to the technological allowance z, and is equal to the expression, ak = a0 
+ z. When the electrode tool is fixed, the rate of electrochemical dissolution and processing performance 
decrease with an increase in the interelectrode gap value. The formula presented below [31–32] is valid 
provided that the value of the current output does not change with fluctuations in the current density.

,
2
0

mm/min,
( )

V
DECM

V

U

a U

ε θη
ϑ =

+ ε θητ



OBRABOTKA METALLOV TEchnOLOgy

Vol. 26 no. 2 2024

where εV is the volumetric electrochemical equivalent of steel U10A, cm3/A∙min (0.00225198 cm3/A∙min); 
U is the voltage at the electrodes, V (8 V); θ is the specific electrical conductivity of the electrolyte cm∙m-1, 
(12.11 cm∙m-1) [31–32]; ƞ is the current output coefficient; a0 is the interelectrode gap at the beginning of 
processing or end-to-end gap, mm (0.1 mm); τ is the processing time or electrolysis time, min (3 min).

Then the rate of electrochemical dissolution at the end of the 3rd minute is 0.2232 mm/min. Maintaining 
this rate of electrochemical dissolution requires the interelectrode gap and other parameters affecting the 
performance of the process to remain unchanged. The hole depth at DECM in 3 minutes in 10 % NaCl in 
the scheme with a fixed cathode instrument was 0.574 mm.

Conclusion

The results of the work demonstrate that the electrochemical dissolution of U10A tool steel in a 10 % 
aqueous NaCl solution occurs actively during the entire studied potential range. The highest current density 
is observed at a potential of φ = 8 V.

Under the conditions of electrochemical shaping of the hole in the U10A tool steel in a 10 % aqueous 
NaCl solution with a fixed hollow circular cathode tool with outer and inner diameters of 0.908 mm and 
0.603 mm, respectively (the area of the outlet is 0.362∙10-6 m2), the current output was 70.83 %.

The experimental data obtained made it possible to determine the main parameter of the DECM 
mode: the rate of electrochemical dissolution of U10A steel at 8 V and a pressure of 0.1 MPa in a 10 
% aqueous NaCl solution for electrochemical shaping conditions with a hollow cathode tool, which is 
0.2232 mm/min. The conducted studies allowed us to form recommendations regarding the supply of the 
cathode tool, which ensures the maximum rate of electrochemical dissolution of U10A steel in a 10 % 
aqueous NaCl solution. 
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