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Abstract: A method has been developed for performing electrolyte-plasma treatment (EPT) of internal surfaces. The method is based on the 

use of an electrode device that moves along the inner surface of the tubular workpiece and provides the necessary electrical and 

hydrodynamic conditions. The design of the electrode device combines a counter-electrode and a nozzle for supplying polarized electrolyte 

to the treated surface. The study presents the results of investigations into the electrical and hydrodynamic conditions during EPT of internal 

surfaces, as well as the influence of hydrodynamic characteristics on current parameters, metal removal rate, and the quality of the resulting 

surface. 
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1. Introduction 
As an alternative to electrochemical methods for improving 

the surface quality of metal products, electrolyte-plasma treatment 

(EPT) is widely used in industry. Its main advantage lies in the use 

of aqueous salt-based electrolytes [1]. One of the most promising 

applications of the method is in the manufacturing of medical 

devices. Based on previous research, a number of new high-

efficiency processes have been developed and implemented using 

EPT, ensuring improved surface quality of products made from a 

wide range of materials, including corrosion-resistant steels, 

titanium and titanium alloys, cobalt-chromium alloys, and Nitinol 

[2–4]. 

EPT of external surfaces of such products presents no 

significant technological challenges and is typically performed 

using a conventional setup with free immersion in the electrolyte. 

However, the treatment of internal surfaces using this approach is 

difficult due to electrostatic shielding effects [5]. In such cases, the 

use of auxiliary electrode devices is required to create the necessary 

electrical and hydrodynamic conditions on the internal surface. 

A review of literature on EPT of internal surfaces of tubular 

products has shown that existing methods suffer from several 

significant drawbacks, which prevent the establishment of a stable 

EPT process with consistently high surface quality [6–8]. To 

address these issues, a technical solution has been developed based 

on the use of an electrode device that moves along the treated 

internal surface of a tubular product and ensures the required 

electrical and hydrodynamic conditions [9]. 

 

1. Analysis of anodic processes and 

hydrodynamic conditions 
The design of the electrode device combines a counter-

electrode (cathode) and a nozzle for supplying polarized electrolyte 

to the treated surface. Fig. 1 shows the design of the developed 

electrode device. The electrode device is connected to the pressure 

pipe (8) made of corrosion-resistant steel using a nut (7). The 

negative pole of the power supply is connected to the pipe (8). The 

electrolyte is supplied under pressure into the electrode device, then 

flows through the cavity and openings in the nut (7) to the cathode 

(3) and is flowed into the treatment zone through the adjustable gap 

between tubes (4) and (5). The cathode (3) is fixed to the nut (7) 

using a clamping screw (6). The gap (δ) between tubes (4) and (5), 

which forms an annular slit nozzle, is adjusted by placing shims 

between the cathode (3) and the nut (7). 

The current-carrying parts of the electrode device are 

protected from short-circuiting with the treated surface by a housing 

made of electrically insulating material (fluoroplastic), which 

consists of tubes (4) and (5), plugs (1, 2), and a cap (9). To connect 

tubes (4) and (5) with plugs (1) and (2), respectively, pins (10) 

positioned at 120° intervals are used. Additionally, the pins (10) 

ensure a uniform gap between the electrode device and the treated 

surface during movement inside the pipe. The used electrolyte 

drains from the treatment zone through the lower annular gap by 

gravity, while the generated vapor-gas shell is removed through the 

upper gap. 

 

 
 

a b 

Fig. 1 Electrode device for internal surface treatment of tubular 

products: a – model of the electrode device; b – design of the 

electrode device with a schematic representation of electrolyte flow 

 

The shape and dimensions of the cathode determine the 

electrical conditions of the EPT process on the treated internal 

surface. They influence the distribution of electric field intensity 

lines in the treatment zone and, accordingly, the current density in 

the electrolyte-anode circuit, the stability of the vapor-gas shell, and 

the quality of the resulting surface. One of the key conditions for 

forming a stable vapor-gas shell during EPT is that the cathode 

surface area Sc must exceed the anode surface area Sа. The 

monograph [10] presents studies that established the influence of 

voltage, temperature, and electrolyte concentration on the critical 

values of the Sc/Sа ratio at which the stability of the EPT process is 

disrupted, causing a reversal to cathodic mode. It was found that, 

under conditions where the voltage is applied to a pre-immersed 

anode, the limiting values of the Sc/Sа ratio range from 2.00 to 2.85 

depending on the electrolyte temperature. Considering that internal 

surface treatment using an electrode device is also carried out under 

complex hydrodynamic and electrical conditions, it is necessary to 

provide a significantly higher Sc/Sа ratio to avoid process inversion 

and cathode damage. In addition to ensuring a larger cathode 

surface area compared to the anode when using an electrode system, 

it is also crucial for a stable EPT process that the electric field lines 

are equidistant from the treated surface to the cathode surface. To 

meet these conditions, the electrode system design should 

incorporate a cathode shaped as a globoid or a hyperboloid, which 

approximates a globoid in form (fig. 2). 
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Fig. 2 Electric field intensity lines when using a globoid-shaped 

cathode 

 

In the electrode device for processing the inner surfaces of 

tubular products, the cathode surface area Sc remains constant. 

Accordingly, to maintain the stability of the EPT process, it is 

necessary to control the surface area Sа being treated. The area Sа, 

which forms an annular treatment zone of height ℎ , depends on the 

gap size  forming the slit nozzle, and the hydraulic characteristics 

– namely, the flow rate Q and the average electrolyte flow velocity 

el. 

The flow of the electrolyte from the annular slit nozzle of the 

electrode device onto the inner surface corresponds to the scheme of 

a flat jet interacting with a barrier perpendicular to the flow. 

Optimal conditions for forming a vapor-gas shell are created when 

the jet between the electrode device and the treated surface remains 

compact – i.e., the flow continuity is maintained. Furthermore, the 

flow velocity must not exceed the limit at which the flow disperses 

upon impact with the barrier. Flow continuity ensures stable 

electrolyte conductivity, and the direction and intensity of the 

electric field lines remain unchanged. 

The maximum electric field intensity occurs in a narrow 

section of the treated surface directly opposite the slit nozzle. In this 

area, the intensity is sufficient to form a continuous vapor-gas shell 

and ensure stable EPT process. As the distance from this zone 

increases, the field intensity decreases and eventually reaches a 

critical value at which continuous vapor-gas shell formation is no 

longer possible. Due to the constant cathode size, the height of the 

area where stable EPT can occur does not depend on the width of 

the slit nozzle and is defined as hcr. In zones with lower field 

intensity, conditions similar to the switching mode arise, in which 

the continuity of the vapor-gas shell is periodically interrupted, with 

the process transitioning to the switching mode, accompanied by a 

chaotic increase in current, intense vapor and gas evolution, and the 

emergence of hydrodynamic flows. 

Fig. 3 illustrates process diagrams characterizing treatment 

zone behavior under various hydrodynamic conditions. When the 

height of the treated surface area is less than or equal to the critical 

value (ℎ ≤ hcr) and no flow dispersion occurs, a continuous vapor-

gas shell forms at the anode under the jet, and a stable EPT process 

is maintained (fig. 3a and 3b). Maximum efficiency and surface 

quality are achieved when ℎ  = ℎ cr, where the largest possible area 

is treated simultaneously (fig. 3b). 

As a result of increasing the width of the slit nozzle to values 

at which the height of the section of the treated surface becomes 

greater than the critical value (ℎ  > hcr), a switching mode arises in 

areas with low electric field strength, which complicates the process 

of EPT of the inner surface (fig. 3c). Steam and spray bursts cause 

unstable flow within the confined internal volume, leading to 

current fluctuations. Under these conditions, vapor-gas shell cannot 

be effectively vented through the upper annular gap. A similar 

switching mode may also occur if the flow disperses upon impact 

with the surface (fig. 3d), or if the flow rate increases to the point 

where the electrolyte fills the entire space between the electrode 

device and the surface, preventing free drainage through the lower 

annular gap. 

 

 
Fig. 3 Processes in the treatment zone under various hydrodynamic 

conditions: а – h  hcr; b – h = hcr; c – h  hcr; d – spreading of the 

continuous jet 

 

To ensure a stable EPT, both the average velocity and the flow 

rate of the electrolyte through the annular slit nozzle must be taken 

into account, as they are interrelated according to relation (1). On 

the one hand, the electrolyte flow during processing must be 

sufficient to provide heat exchange and to remove the products of 

anodic dissolution from the treatment zone. At the same time, the 

flow must have a velocity that ensures its continuity in the gap 

between the electrode device and the surface being treated, and 

spreading of the jet upon impact with the surface should be avoided. 

On the other hand, the flow rate and velocity are limited by the 

condition that the spent electrolyte must be able to drain freely from 

the treatment zone through the lower annular gap under the force of 

gravity, while the resulting vapor-gas mixture is removed through 

the upper annular gap, 

 

el

Q
 


,             (1) 

 

where  – the live cross-sectional area of the flow, which depends 

in part on the slit nozzle width δ. 

The current and metal removal rate during the processing of 

the inner surface are also determined by the hydrodynamic 

characteristics and the width of the slit nozzle. As shown above, 

increasing the slit width up to a certain value – while maintaining 

other conditions necessary for a stable EPT process – allows for an 

increase in the treatment zone height up to hcr. In this case, the 

current density is significantly influenced by the jet pressure force 

on the surface 𝑃, which is determined by formula (2). The greater 

the jet pressure force, the thinner the vapor-gas shell becomes, 

which in turn reduces its electrical resistance and increases the 

current density. 

 

el elP Q   ,            (2) 

 

where el – electrolyte density. 

Thus, the combined effect of hydraulic conditions and 

geometric parameters of the electrode device on anodic processes in 

the treatment zone, current density, metal removal rate, and 
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consequently, the quality of the resulting surface necessitates 

comprehensive experimental studies to establish the 

interrelationships of these factors and to optimize the processing 

parameters. 

 

 

3. Materials and methods 
 
The samples for the study were sections of AISI 321 steel 

tubes with an inner diameter of 26.5 mm. The outer diameter of the 

electrode device was 25 mm (resulting in a gap of 0.75 mm between 

the electrode device and the surface being processed). The width of 

the slit nozzle of the electrode device (δ) varied from 0.5 to 2.0 mm 

in 0.5 mm increments. A 6% ammonium sulfate solution was used 

as the electrolyte. Since the electrolyte flow processing is localized 

and the treated surface has a simple shape, to improve productivity 

and reduce thermostatting costs, the electrolyte temperature during 

the study was set at 75 °C. The electrolyte flow rate (Q) was 

controlled by adjusting the pump motor power using pulse-width 

modulation (PWM). Prior to the experiments, for each δ value, the 

relationship between the flow rate and the PWM duty cycle was 

experimentally determined. The average flow velocity of the 

electrolyte (el) from the electrode device was calculated using 

equation (1). EPT was carried out at a voltage of 300 V. The current 

was measured using UNIT-203 current clamps. The mass of the 

samples before and after treatment was measured with an Ohaus 

Pioneer 214-PA analytical balance (0.0001 g resolution). Surface 

roughness was measured using a MarSurf PS1 profilometer. 

 

 

4. Results and discussion 
 

Fig. 4 shows the dependencies characterizing the effect of 

electrolyte flow rate on current intensity at various slit nozzle 

widths (δ). The study results revealed that for any value of δ, an 

increase in flow rate leads to a directly proportional increase in 

current intensity. Moreover, the dependencies for different slit 

widths converge into a single line and differ only in the magnitude 

of the achievable current. The maximum current was observed at δ 

= 1.0 mm. It should be noted that variations in electrolyte flow rate 

– and, accordingly, in current intensity – significantly affected the 

nature of the treatment process. For each slit width value, at a 

certain flow rate Q, instability in the electrolyte-plasma mode was 

observed, resulting in current surges characteristic of the switching 

mode, accompanied by electrolyte splashing. 

 

 
Fig. 4 The influence of electrolyte flow rate on current intensity at 

various slit nozzle widths 

 

Fig. 5 shows the dependencies characterizing the effect of the 

average electrolyte velocity from the electrode device on current 

intensity at various slit nozzle widths. Unlike the dependencies 

shown in fig. 4, these graphs allow for a clearer assessment of the 

parameter ranges that ensure the feasibility of internal surface 

treatment. In the graphs, solid lines indicate regions corresponding 

to the stable existence of the vapor-gas shell with a stable 

electrolyte-plasma mode, while dashed lines mark regions where a 

switching mode occurs. From the fig. 4, it is evident that stable EPT 

is not possible at slit widths of δ = 1.5 mm and δ = 2.0 mm. 

Relatively wide operational ranges of average electrolyte velocity 

(el) are achieved with slit nozzle widths ranging from δ = 0.25 to 

1.0 mm. The broadest range (el = 0.38–0.78 m/s) corresponds to 

the smallest slit width (δ = 0.25 mm). It is apparent that the working 

range of average electrolyte velocity can be expanded by increasing 

the electrolyte temperature. However, this approach would reduce 

processing productivity, which is undesirable given the small area 

of the surface being treated at any one time. 

 
Fig. 5 The influence of electrolyte flow velocity from the electrode 

device on current intensity at various slit nozzle widths: 1 –  = 

0,5 mm; 2 –  = 1,0 mm; 3 –  = 1,5 mm; 4 –  = 2,0 mm 

 

Since a stable electrolyte-plasma mode could not be achieved 

at slit nozzle widths of 1.5 mm and 2.0 mm, further research was 

conducted at δ = 0.25, 0.5, and 1.0 mm. To determine the current 

density during processing at various electrolyte flow velocities from 

the electrode device (and correspondingly at different current 

values), the processing area had to be established. The processing 

area was defined as the product of the circumference of the 

sample’s inner surface and the height of the processing zone h. To 

determine the height h, processing was performed with a stationary 

electrode device. Depending on υₑ ,l the average values of h were: 

1.9–2.4 mm for δ = 0.25 mm; 2.5–3.2 mm for δ = 0.5 mm; and 

0.30–0.43 mm for δ = 1.0 mm. 

Figure 6 shows the current density as a function of the 

average electrolyte velocity for various slit nozzle widths. The 

current density was calculated as the ratio of the current during 

sample processing to the area of the processing zone. As υₑ  l

increases within the ranges that ensure a stable EPT, current density 

also increases: from 1.14 to 3.67 A/cm² for δ = 0.25 mm and from 

1.76 to 3.04 A/cm² for δ = 1.0 mm, which is related to the 

increasing pressure force of the jet on the vapor-gas shell according 

to equation (2). These dependencies exhibit a parabolic character. 

 
Fig. 6 The influence of the average electrolyte velocity on the 

change in current density during the processing of internal surfaces 
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The metal removal rate ΔG during the processing of internal 

surfaces of tubular components was evaluated based on the change 

in mass per unit surface area per unit time (mass removal rate). To 

determine the removal, the sample mass was measured before and 

after processing for a duration of 3 min. The dependencies 

characterizing the effect of current density on the change in removal 

rate for slit nozzle widths of δ = 0.25 mm and δ = 1.0 mm are 

shown in fig. 7. The relationships are linear in nature. For 

comparison, a similar dependence of removal rate on current 

density obtained during EPT using the traditional method 

(immersion in electrolyte) for the external surface of a flat sample is 

also presented. This processing was carried out under the same 

voltage and electrolyte concentration as for the internal surface 

treatment. To control the current density, the electrolyte temperature 

was varied from 60 to 80 °C in 5 °C increments. 

 

 
 

Fig. 7 The influence of current density on the change in removal 

rate during surface processing: 1 – δ = 0.5 mm; 2 – δ = 1.0 mm; 3 

– processing of the external surface of a flat specimen 

 

Due to the low temperature of the electrolyte, treatment the 

external surface by immersion in the electrolyte resulted in a 

relatively high current density – ranging from 0.605 to 0.305 A/cm². 

However, as the dependencies show, even these values are 

significantly lower than those achieved during internal surface 

processing using the electrode device. For example, at an electrolyte 

temperature of 75 °C, the processing performance for internal 

surfaces at δ = 0.25 mm is 1.2 to 3.0 times higher than that of 

traditional external surface processing by immersion in the 

electrolyte. The dependence of the removal rate on current density 

differs from similar dependencies for internal surfaces by its slope. 

The dependencies for internal surface processing are more gradual, 

which is due to the lower current efficiency during processing with 

electrolyte jets compared to traditional EPT of external surfaces by 

immersion. 

When processing internal surfaces, the metal removal rate 

and, consequently, the final surface roughness will be determined 

by the movement speed of the electrode device inside the 

workpiece. In developing the technological process, this parameter 

must be selected individually depending on the condition of the 

initial surface and the surface quality requirements of the finished 

product. Since the flow rate and flow velocity of the electrolyte 

significantly affect the current and the performance of the internal 

surface EPT process, it is evident that the resulting surface quality 

will also depend on these hydrodynamic characteristics. 

Fig. 8 presents the dependencies of changes in the surface 

roughness parameter Ra of the internal surface on the average 

electrolyte flow velocity from the electrode device, for a slit nozzle 

width of δ = 0.25 mm, obtained from processing at electrolyte 

temperatures of 75, 80, 85, and 90 °C. The initial surface roughness 

was Ra = 0.586 µm. During processing, the electrode device moved 

inside the workpiece at a speed of 1 mm/min. The total length of the 

processed section was 12 mm. From the presented dependencies, it 

is evident that the higher the average electrolyte velocity, the 

greater the change in the Ra parameter achieved during processing. 

The intensity of surface roughness change varies depending on the 

temperature. As the electrolyte temperature increases, the surface 

quality declines due to reduced metal removal, which is generally 

characteristic of EPT processes. 

 

 
 

Fig. 8 The influence of average electrolyte velocity on the change in 

Ra surface roughness parameter of the internal surface at various 

electrolyte temperatures (δ = 0.25 mm) 

 

 

5. Conclusion 
 

In the electrolyte-plasma treatment (EPT) of internal surfaces 

of tubular products, the electrolyte flow from the annular slit nozzle 

of the electrode device onto the treated internal surface corresponds 

to the interaction of a flat jet with an obstacle positioned 

perpendicular to the flow. The optimal conditions for forming a 

vapor-gas shell are created when the jet in the section between the 

electrode device and the treated surface is compact, meaning the 

flow continuity within it is not disrupted. The height of the section 

where stable EPT process flow is possible is independent of the slit 

nozzle width. Beyond this section, the electric field decreases to 

values where conditions similar to the switching mode arise. This 

leads to periodic disruptions in the continuity of the vapor-gas shell 

and a transition to the switching mode, accompanied by chaotic 

current growth, intensive vapor and gas release, and the formation 

of hydrodynamic flows. 

For a tube made of corrosion-resistant steel AISI 321 with an 

inner diameter of 26.5 mm, it was found that the optimal conditions 

for forming the vapor-gas shell are achieved when the slit nozzle 

width of the electrode device is from 0.25 to 1.0 mm, and the jet 

between the electrode device and the treated surface remains 

compact, ensuring flow continuity. The widest range of electrolyte 

velocity (el = 0.38–0.78 m/s) that ensures a stable EPT process 

without transition to the switching mode with current surges and 

electrolyte splashing corresponds to δ = 0.25 mm. With an increase 

in el, the current density rises from 1.14 to 3.67 A/cm², which is 

due to the increased pressure of the electrolyte jet on the vapor-gas 

shell, leading to a reduction in its thickness and, accordingly, the 

electrical resistance of the shell. At an electrolyte temperature of 75 

°C, the processing productivity for internal surfaces with δ = 0.25 

mm is 1.2–3.0 times higher than the productivity of traditional 

external surface treatment by immersion in electrolyte. 
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