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Abstract 

This study aims to reduce the surface roughness of high-strength steel to meet the 

stringent requirements for high surface quality in engineering applications. To achieve 

this, the electrolyte plasma polishing (EPP) technology is proposed for precision 

machining of its surface. Centering on the material removal mechanism of EPP, a 

systematic investigation is carried out by integrating multi-physics field modeling and 

simulation with experimental validation. The paper elucidates the fundamental 

principles and material removal mechanism of electrolyte plasma polishing. It 

establishes mathematical models for the electric and flow fields, gas-liquid two-phase 

flow, and the process characterizing "peak removal". Dynamic simulation analysis is 

conducted on key physical phenomena during polishing, focusing on simulating the 

formation and evolution of the gaseous insulating layer on the anode surface and the 

"peak removal" behavior reflecting the surface leveling process. Research shows that 

the "peak removal" process is initiated by electrochemical dissolution at the workpiece 

surface along with the associated bubble evolution and collapse. The material removal 

mechanism is ascribed to the combined action of fluid erosion, formation of local 

discharge channels, and discharge at the tips of surface asperities. A series of polishing 

experiments was conducted, enabling systematic characterization of the specimens' 

surface roughness, microscopic morphology, 3D topography, elemental composition, 



and microhardness both pre- and post-polishing. The results indicate that the polishing 

treatment significantly enhances surface smoothness, imparting a metallic luster, 

substantially reduces surface roughness, and leads to a marked improvement in surface 

morphology. A significant decrease in surface oxygen content, a slight increase in 

chromium content, and a minor reduction in microhardness were observed. This 

research deepens the mechanistic understanding of the Electrolyte Plasma Polishing 

process, thereby furnishing a theoretical foundation and experimental data to support 

its optimization and precise control. 
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1 Introduction 

As the core key component of the artillery fire system, the processing quality of 

its internal rifling directly determines the projectile's directivity, initial motion state, 

and the gun's firing accuracy, range and service life [1-4]. As the body tube is generally 

made of special performance alloy steel with high strength, high hardness and high 

abrasion resistance, and the rifling itself is a kind of large depth-to-diameter ratio, 

heteromorphic cross-section of the deep bore silhouette structure, resulting in the 

machining of the surface quality is difficult to ensure that there are often microscopic 

unevenness, residual stress and surface defects and other problems [5,6]. 

At present, mechanical polishing remains the predominant process for artillery 

barrel rifling in China, primarily involving traditional methods such as honing and 

manual brushing with lead laps. While capable of reducing surface roughness to a 

certain degree, these techniques are inherently limited by low efficiency, high labor 

intensity, and poor processing uniformity [7]. Particularly in geometrically complex 

regions like the rifling groove bottoms and land edges, conventional polishing tools are 

inadequate for achieving uniform and effective surface finishing, which critically 

compromises the homogeneity and stability of the barrel's performance. Furthermore, 

the metal dust produced during mechanical polishing operations presents significant 

health risks to personnel [8]. Although chemical polishing can adapt to complex 

geometries, the strong acidic media commonly used can easily cause environmental 

pollution, incur high waste liquid treatment costs, and the achievable surface roughness 

range (typically 0.5–10 µm) struggles to meet the requirements for high-precision 

barrels [9]. Consequently, there is a pressing industrial demand to develop an 

environmentally friendly and highly efficient polishing technique suitable for complex 

profiles, which is crucial for advancing barrel manufacturing quality and ensuring 

weapon system reliability. 

In this context, electrolyte plasma polishing (EPP) has garnered considerable 

interest as a novel non-contact finishing technique, owing to its distinct benefits for 

surface processing of components with intricate geometries. The process relies on 



applying a high voltage within a dilute neutral salt electrolyte to generate a vapor sheath 

and plasma discharge, which enables material removal and surface smoothening via 

preferential removal of microscopic surface peaks [10-12]. In contrast to traditional 

techniques, EPP presents benefits including absence of tool wear, high adaptability, 

environmental compatibility, and elevated processing efficiency, rendering it especially 

apt for the precision polishing of parts with deep-hole and complex internal cavity 

structures, such as gun barrels [13-16]. 

In recent years, scholars both domestically and internationally have conducted 

fruitful explorations regarding the theory and process of electrolyte plasma polishing. 
Wang et al. [8,17,18] studied the underlying mechanism of EPP on metallic surfaces, 

developed a model demonstrating a proportional relationship between material removal 

rate and current density, and highlighted electrolyte temperature, concentration, and 

immersion depth as key process parameters. Through orthogonal experiments, Yuan et 

al. [19] optimized the EPP parameters for selective laser melted 316L stainless steel, 

achieving a notable reduction in surface roughness from 2.108 µm to 0.213 µm, 

alongside an increase in surface chromium content and improved corrosion resistance. 
Zai et al. [20] optimized the EPP parameters for TC4 titanium alloy, successfully 

lowering the surface roughness from 0.368 µm to 0.024 µm under conditions of 400 s, 

90 °C, and 300 V, thereby offering an environmentally friendly process alternative for 

precision machining of high-strength alloys. Dai et al. [21] applied an environmentally 

benign EPP process to 316L stainless steel ornaments. Through regulation of the initial 

electrolyte temperature, pre-polishing sandpaper grit, and an estimated polishing time 

of 0.37 min/cm², they successfully diminished surface roughness and markedly 

improved luminosity, accomplishing a high-quality mirror-finish polish on the 

ornamental surfaces. Liu et al. [22] studied the influence of plasma electrolytic 

polishing (PEP) on the surface topography and corrosion resistance of SLM-produced 

TC4 titanium alloy components. Their findings demonstrated that PEP effectively 

removed the characteristic surface imperfections from the SLM process, resulting in a 

more uniform and smoother finish that exhibited superior corrosion resistance. 
Regarding specialized barrel machining, Ge [23] investigated the electrochemical 



machining of rifling for thin-walled aluminum alloy barrels, attaining a surface 

roughness of Ra 0.741 µm alongside a dimensional accuracy of 0.035 mm. Innovative 

approaches introduced by Xue et al. [24], including the forced helical flow method, 

high-pressure water jet circulation method, and magnetorheological fluid-based 

techniques, have also offered fresh perspectives for tackling the difficulties in 

processing barrel rifling grooves and lands. 

Despite the proven effectiveness of electrolyte plasma polishing in areas like 

aerospace and medical device manufacturing, its application to polishing high-strength 

steel gun barrel rifling is still nascent. Significant gaps exist in systematic research, 

particularly concerning the control of uniform plasma distribution within deep holes 

featuring large aspect ratios and non-circular cross-sections, the modulation of 

electrochemical responses in high-strength steels, and the establishment of correlations 

between process parameters and resultant surface quality. Consequently, this work 

proposes employing electrolyte plasma polishing to improve the surface quality of 

artillery barrel rifling. A systematic study on the material removal mechanism of this 

technique applied to barrel-grade high-strength steel is conducted. The feasibility and 

efficacy of the process for finishing the interior of deep-hole components with large 

aspect-ratio and complex cross-sections are evaluated by comparative analysis of 

surface roughness, micro-morphology, three-dimensional topography, compositional 

changes, and microhardness of specimens before and after polishing. This study 

possesses considerable theoretical merit and practical engineering significance for 

pioneering new rifling polishing methodologies and advancing the comprehensive 

performance of gun systems. 
 

 

  



2.1 Material removal mechanism 

2.1 Fundamentals of electrolyte plasma polishing 

As illustrated in Fig. 1, the principle of electrolyte plasma polishing involves using 

the workpiece 1 as the anode, with the polishing electrolyte 3 and the processing tank 

4 jointly serving as the cathode. When a voltage between 250 and 400 V is applied, a 

coherent vapor layer 2 instantly forms on the workpiece 1 surface, effectively isolating 

it from the surrounding electrolyte 3. Upon electrical breakdown of this vapor layer, 

discharge channels are preferentially established at surface micro-peaks, resulting in 

their selective removal and consequently producing a smoothing and polishing effect. 

 

Fig. 1 Schematic diagram of the electrolyte plasma polishing principle 

During operation, the workpiece is initially immersed in the polishing solution 

maintained at a specified temperature and concentration. Upon power application, 

electrolysis of the electrolyte occurs concurrently with a momentary short circuit 

resulting from direct workpiece-electrolyte contact, producing intense Joule heating. 

This rapidly vaporizes the liquid film near the workpiece surface, establishing a stable 

vapor sheath predominantly consisting of superheated steam. This gaseous envelope 

markedly elevates the electrical resistance across the anode-cathode gap, causing a 

localized voltage surge that eventually triggers ionization and breakdown of the vapor 

sheath, establishing plasma discharge channels. A vigorous and complex physico-



chemical interaction occurs between the plasma and the metal surface: chemical 

reaction products are generated on the surface, while the discharge activity 

simultaneously etches them away. A net removal of material from the metal surface is 

achieved when the etching rate surpasses the formation rate, resulting in a polishing 

effect evidenced by increased surface brightness and diminished roughness. 

2.2 Material removal mechanism in electrolyte plasma polishing 

Throughout the electrolyte plasma polishing operation, with a gradual increase in 

the inter-electrode voltage, the evolution of bubbles surrounding the anode workpiece 

is observable, encompassing their nucleation, enrichment, and eventual coalescence 

into a continuous vapor insulation layer. This progression corresponds to three separate 

phases within the polishing process. 

(1) Electrochemical corrosion — Bubble formation 

In the absence of an externally applied voltage and with ammonium sulfate 

solution used as the electrolytic medium, the system is in a state of static equilibrium. 
Under these conditions, ammonium sulfate dissociates in the aqueous solution into 

SO4
2-, NH4

+, H+ and OH− ions, as shown in Fig. 2-a. Thus, the main molecular and ionic 

species existing in the polishing solution are H2O, SO4
2-, NH4

+, H+ and OH−. This 

dissociation process is described by the following equation: 

H2O→H++OH− 

(NH4)2SO4→2NH4
++SO4

2- 

After applying an external electric field, under its influence, H+ ions become 

enriched near the cathode region, leading to hydrogen evolution. Simultaneously, OH− 

ions accumulate around the anodic workpiece, which subsequently triggers the oxygen 

evolution reaction. The specific process is illustrated in Fig. 2-b. 

The following electrochemical reaction takes place at the anode interface: 

Fe-2e−→Fe2+ 

Fe-3e−→Fe3+ 

4OH−-4e−→O2+2H2O 

Conversely, at the cathodic interface, the following electrochemical reaction 



occurs: 

2H++2e−→2H2 

Prior to reaching the high-voltage threshold, a gradual increase in the applied 

voltage intensifies energy accumulation at the anode interface. This promotes bubble 

nucleation and growth, resulting in the formation of a continuous, stable gaseous 

insulating layer on the workpiece surface. This gas film effectively isolates the 

electrode from the polishing solution, thereby increasing the overall circuit resistance. 

As a result, the current initially rises to a peak and subsequently decays, marking the 

onset of the polishing transition stage. 

 

Fig. 2 Schematic illustration of bubble formation during electrochemical 

corrosion 

(a) State of static equilibrium 

(b) Ion migration upon application of an electric field 

(2) Polishing transition phase — Bubble collapse and impact 

In the polishing transition stage, significant heat accumulation occurs at the anode 

surface region owing to the Joule heating effect. This triggers localized boiling of the 

adjacent polishing solution, resulting in bubble generation and their subsequent 

coalescence into a vapor-gas layer. To elucidate the impact of bubble collapse on the 

workpiece surface, an analysis of the collapse mechanism of an individual bubble is 

presented. As bubbles nucleate in a high-temperature, high-energy environment, the 



coalesced vapor-gas layer commonly comprises electrons, electrolyte ions, and metal 

ions derived from anodic dissolution. Driven by the elevated temperature, the internal 

pressure within the bubble increases swiftly, causing a transient volumetric expansion, 

as illustrated in Fig. 3-a. During the expansion phase, the internal bubble pressure 

gradually declines, leading to a deceleration of the expansion rate until a pressure 

equilibrium between the inside and outside of the bubble is established. The moment of 

rapid bubble expansion generates high-intensity shock waves in the surrounding liquid. 

A portion of this energy is dissipated within the polishing solution, while the remainder, 

upon reflection from interfaces, returns to compress the bubble, as illustrated in Fig. 3-

b. This compression wave causes the internal bubble pressure to drop below the external 

hydrostatic pressure, inducing inward bubble collapse. This reduces the volume and 

subsequently increases the internal pressure. Once the internal pressure surpasses the 

external fluid pressure, further collapse is counteracted, ultimately resulting in bubble 

implosion, as depicted in Fig. 3-c. During bubble implosion, anions from the vapor-gas 

layer are transported to the anode surface, propelled by both the electric field and shock 

waves, where they interact with cations dissolved from the metal. Concurrently, the 

micro-jets and impact forces resulting from the bubble collapse impose a localized 

mechanical action on the metal surface, as illustrated in Fig. 3-d. 

 

Fig. 3 Schematic illustration of the bubble implosion process 

(a) Bubble expansion (b) Bubble contraction 



(c) Bubble implosion (d) Material removal 

(3) Formation of discharge channels — Gas layer ionization 

With increasing voltage, the polishing process transitions into the gas layer 

ionization stage, as illustrated in Fig. 4. Breakdown of the gas layer occurs when its 

thickness results in a substantial voltage drop across it, leading to the generation of 

electrons and positive ions. Owing to their low mass, electrons are accelerated rapidly 

toward the anode (the workpiece surface) by the electric field. The heavier positive ions 

and neutral particles migrate more slowly, effectively forming a quasi-stationary space 

charge within the gas layer [25], as depicted in Fig. 4-a. The high-velocity electrons 

collide with neutral species in the gas layer, inducing ionization and photon emission. 

These photons, in turn, excite other neutrals to emit secondary electrons, resulting in an 

avalanche multiplication of electrons—a process termed an electron avalanche, as 

shown in Fig. 4-b. As the electric field produced by the accumulated space charge nears 

the intensity of the external field, field distortion occurs, leading to the formation of an 

initial discharge channel. Discharge channels preferentially initiate at surface asperities 

where the gas layer is thinner and the local electric field is enhanced, as illustrated in 

Fig. 4-c. The increase in charge carrier density within the channel intensifies particle 

collisions, raising its temperature and converting it into a plasma channel. High-energy 

electrons within the plasma continuously bombard the surface, inducing localized 

melting. Simultaneously, the self-induced magnetic field compresses the channel 

inward via the "pinch effect," further constricting and heating the plasma. The interplay 

between gas expansion and magnetic compression triggers localized micro-explosions. 

The resulting cavitation effect dislodges the molten surface material, as shown in Fig. 

4-d. Throughout this process, the metal surface is continuously oxidized, and the oxides 

formed are concurrently removed. This creates a dynamic balance between oxidation 

and material removal, which effectively erases surface irregularities, blunts sharp edges, 

eliminates burrs, and results in global surface planarization. 

 



 

Fig. 4 Schematic illustration of the gas layer ionization process 

 

 

  



3. Simulation and analysis of electrolyte plasma polishing 

3.1 Electric and flow field simulation 

3.1.1 Mathematical model 

During electrolytic plasma polishing (EPP), the generated heat and gaseous 

products alter the electrical conductivity of the electrolyte and the local current density 

in the machining zone, which subsequently impacts the processing precision and 

stability. In practice, however, the electrolyte temperature is regulated by forced 

circulation, resulting in minimal temperature variation across the machining zone. 

Hence, the electrolyte temperature T is assumed to be spatially uniform [26]. This work 

assumes the electrolyte is maintained at a preset constant temperature T0. Thus, the 

effect of electrolyte temperature fluctuation on the process is neglected, and the analysis 

focuses exclusively on the influence of the electric and flow fields. 

(1) Electric field modeling 

Electrolytic plasma polishing operates at voltages as high as approximately 380 V. 

Consequently, the electric field distribution within the polishing cell is highly 

dependent on the spatial configurations of both the gas layer and the electrolyte. Given 

that the electrolyte is a dilute salt solution, the effect of concentration polarization on 

the potential distribution is negligible [26]. Assuming the polishing solution is isotropic, 

and based on the law of charge conservation and Ohm's law, the electric field 

distribution satisfies the Laplace equation, i.e.: ∂2߮∂2ݔ + 2ݕ∂2߮∂ + 2ݖ∂2߮∂ = 0 (1) 
The electric field strength at any spatial location is equal to the negative gradient 

of the electric potential at that point, i.e.: ܧ = −∇߮ (2) 
Since both the anode and cathode in electrolytic plasma polishing are metallic, 

their potential distributions can be treated as equipotential surfaces. Thus, the boundary 

condition on the anode surface is defined as: ߮௔ = ܷ (3) 



And the boundary condition on the cathode surface is: ߮௖ = 0 (4) 
The electric field mathematical model constructed for the polishing process is: 

2ݔ∂2߮∂} + 2ݕ∂2߮∂ + 2ݖ∂2߮∂ = ܧ0 = −∇߮ (5) 
(2) Flow field modeling 

The development of the flow field mathematical model for the polishing process 

is based on the following premises: ①  the polishing solution is modeled as an 

incompressible, steady-state fluid with constant viscosity; ② the flow field adheres to 

the momentum conservation law, and thermal effects are disregarded. Under these 

assumptions, the momentum-conserving Navier-Stokes equations for a viscous, 

incompressible fluid [27] are employed to describe the flow field characteristics of the 

polishing solution during processing. ݑߩ ⋅ ݑ∇ = ܫܲ−]∇ + ݑ∇)ߟ + [(்(ݑ∇) + ܨ (6) 
where: ߩ denotes the electrolyte density; ݑ represents the flow velocity; ∇ is 

the gradient operator; ߏ  indicates the fluid pressure; ܫ  is the identity tensor; ߟ 

stands for the dynamic viscosity; ܨ signifies the body force. The body force acting on 

the electrolyte is typically negligible in polishing operations. 

The kinematic viscosity coefficient is defined as: ߟ = ௩ܲݒ (7) 
where ݒ  denotes the kinematic viscosity, a temperature-dependent parameter. 

The viscous friction pressure loss for the polishing solution is given by: 

௩ܲ = ߣ ℎܦܮ ∙ 022ݑߩ (8) 
where ܮ represents the flow length across the gap, ܦℎ is the hydraulic diameter, 

and ߣ = 0.3164ோ೐0.25 . Since the electrolyte flow is turbulent during polishing, the Reynolds 

number Re is set to 2300 [28,29]. 0ݑ is the inlet flow velocity of the electrolyte. 

Boundary conditions for the flow field: The inlet is specified with a total pressure 

0ܲ , where 0ܲ = ௨ܲ + ௗܲ + ௘ܲ  . The dynamic pressure is ௗܲ = ఘ௨022  . The outlet is 



prescribed with a back pressure ௘ܲ. 

The constructed mathematical model for the polishing solution flow field is: 

{  
  
   
ݑߩ  ⋅ ݑ∇ = ܫܲ−]∇ + ݑ∇)ߟ + [(்(ݑ∇) + ߟܨ = ௩ܲݒ

௩ܲ = ߣ ℎܦܮ ∙ 0220ܲݑߩ = ௨ܲ + ௗܲ + ௘ܲ
ௗܲ = 022ܲݑߩ = ௘ܲ

(9) 

3.1.2 Simulation process 

The finite element analysis method was adopted to simulate the electric field and 

flow field in the electrolytic plasma polishing process. To improve computational 

efficiency, the solution domain was restricted to a region 4-8 times larger than the 

specimen, given that the predominant voltage drop occurs across the gas layer and the 

flow field is confined by the apparatus and fixture configuration. Simplified models 

were constructed as illustrated in Fig. 5. For the electric field simulation (a), the model 

includes a workpiece and a rectangular parallelepiped electrolyte domain. The flow 

field model (b) contains a workpiece and a cylindrical electrolyte domain. The 

workpiece material was high-strength steel, the cathode was copper, and the electrolyte 

was an aqueous solution of ammonium sulfate with a concentration of 4 wt.%, held at 

a constant temperature of 85°C. Key parameters used in the simulations are summarized 

in Table 1. 

 

Fig. 5 Schematic diagram of the simplified model for electrolyte plasma 



polishing 

(a) Geometric model of the electric field 

(b) Geometric model of the flow field 

Table 1 Simulation parameters for the electric and flow field models 

Parameters Value 

Anode voltage/V 300 

Anode conductivity/(S·m-1) 1.38×106 

Anode relative permittivity 1×106 

Cathode voltage/V 0 

Cathode conductivity/(S·m-1) 1.38×106 

Cathode relative permittivity 1×106 

Electrolyte conductivity /(S·m-1) 10 

Electrolyte relative permittivity 55 

Dynamic viscosity /(Pa·s) 1.03 

Inlet pressure /MPa 0.2 

Outlet pressure /MPa 0.01 

An initial physics-controlled mesh was generated, and the element size was 

subsequently adjusted to improve solution accuracy. To ensure mesh independence, 

three distinct mesh densities were evaluated: a coarse mesh (I), a standard mesh (II), 

and a fine mesh (III). All three meshes shared identical settings for the maximum 

element growth rate, curvature factor, resolution of narrow regions, and initial 

conditions. For each mesh, the steady-state distribution of the electric field norm on the 

workpiece surface was simulated. The maximum and minimum values of the field norm 

on the side surface were then extracted and compared. The results, presented in Table 

2, indicate a substantial difference between meshes I and II, with a 31.3% relative error 

in the maximum electric field norm, while the minimum values were nearly the same. 

The discrepancy between meshes II and III was smaller, showing an 11.7% error in the 

maximum norm, and the minimum values were in agreement. Moreover, the 

computational time for mesh II was reduced by about 50% compared to mesh III. 



Considering its favorable trade-off between computational cost and accuracy, mesh II 

was adopted for all subsequent numerical simulations in this work. 

Table 2 Mesh independence analysis 

 Mesh I Mesh II Mesh III 

Max element size/mm 1 0.7 0.6 

Min element size /mm 0.7 0.6 0.5 

Max element growth rate 1.1 1.1 1.1 

Curvature factor 0.3 0.3 0.3 

Resolution of narrow regions 1 1 1 

Degrees of Freedom 5999501 17529479 27852747 

Computation Time /S 43 127 214 

Max electric field norm /(KV/m) 72.8 106 120 

Min electric field norm /(KV/m) 19.1 19.2 19.2 

3.1.3 Analysis of simulation results 

(1) Electric field characteristics of the electrolytic plasma polishing process 

Fig. 6 shows the distribution of electric potential and electric field within the 

electrolyte solution domain. As can be seen from Fig. 6-a, the potential drop in the 

external polishing solution region is primarily concentrated near the specimen and 

gradually attenuates with increasing distance from it. This distribution pattern aligns 

with the voltage distribution characteristics in actual polishing processes where the 

specimen acts as the anode and the electrolytic cell as the cathode. Fig. 6-b indicates 

that the electric field strength around the specimen is relatively uniformly distributed 

overall, with values stably ranging between 20 and 60 kV/m. This suggests a strong 

consistency in current density distribution in this region, which is conducive to 

achieving uniform surface polishing. However, a significant increase in electric field 

strength is observed at the edges and corners of the specimen, where local field strength 

exceeds 140 kV/m. This phenomenon can be attributed to the electric field 

concentration effect caused by abrupt changes in geometric curvature. It may lead to an 

increased material removal rate at these locations, thereby adversely affecting the shape 



accuracy of the specimen. 

 

Fig. 6 Distribution of electric potential and electric field in the polishing solution 

domain 

(a) Electric potential distribution 

(b) Electric field distribution 

(2) Flow field characteristics of the electrolytic plasma polishing process 

A stable electrolyte flow is crucial for ensuring process stability during electrolytic 

plasma polishing. The flow field dictates the efficiency of by-product removal and the 

thermal distribution in the inter-electrode gap. To maintain process control, the 

electrolyte is often delivered at an elevated inlet pressure. The simulated flow field 

under steady-state conditions is presented in Fig. 7. As shown in Fig. 7-a, the electrolyte 

velocity field is largely uniform. A velocity decrease is mainly confined to the vicinity 

of the workpiece. Notably, localized vortices form in the wake of the workpiece, 

potentially degrading the polishing quality there. This flow pattern is consistent with 

the anticipated behavior for an anode (workpiece) and cathode (tank) configuration. Fig. 

7-b further illustrates a gradual decline in flow velocity from the inlet to the outlet. High 

flow velocities promote efficient removal of reaction products and heat, contributing to 

process stability. However, flow obstruction in the workpiece wake reduces fluid 

motion, potentially impairing machining uniformity in that region. 



 

Fig. 7 Flow field distribution under steady-state polishing conditions 

(a) Velocity field distribution 

(b) Pressure cross-section distribution 

3.2 Simulation of the gas layer formation process 

3.2.1 Mathematical model 

(1) Tertiary current distribution 

The mathematical model for electrochemical transport is established on these 

premises: ① the electrolyte is a dilute solution where ion-ion interactions can be 

neglected; ② the system operates under isothermal, uniform-temperature conditions; ③ electroneutrality is rigorously maintained throughout the solution bulk. Under these 

assumptions, a set of governing equations is formulated to describe ion transport and 

charge conservation. This framework captures the coupled behavior of ionic 

concentration and electric field distributions in the electrochemical polishing process. 

Mass conservation is governed by the Nernst-Planck equation: ∇ ⋅ ௜ܒ + ܝ ⋅ ∇ܿ௜ = ܴ௜ (10) 
where ܒ௜ denotes the molar flux of ion ݅, ܿ௜ is its concentration, ܝ represents 

the solution velocity, and ܴ௜ is the source/sink term due to homogeneous chemical 

reactions, accounting for the production or consumption rate of ion ݅. 
Charge conservation is enforced in both the electrolyte and electrode phases as 

follows: 



∇ ⋅ ܑ௟ = ∑ܨ  ௜ ௜ܴ௜ݖ + ܳ௟ (11) 
∇ ⋅ ܑ௦ = ∑ܨ−  ௜ ௜ܴ௜ݖ + ܳ௦ (12) 

where ܑ௟ denotes the current density in the electrolyte, ܑ௦ is the electrode current 

density, ܨ  is Faraday's constant, ݖ௜  is the charge number of ion ݅ , and ܳ௟, ܳ௦  are 

source terms for interfacial electrochemical reactions, accounting for the charge transfer 

rate across the electrode-electrolyte interface. 

Electroneutrality ensures a balance of positive and negative charges in the bulk 

electrolyte: ∑ ௜ ௜ܿ௜ݖ = 0 (13) 
This assumption obviates the need for solving the Poisson equation, thereby 

greatly reducing computational complexity. 

The ionic flux is governed by a combination of diffusion and electromigration: ܒ௜ = ௜∇ܿ௜ܦ− − ௜∇߶௟ܿܨ௠,௜ߤ௜ݖ (14) 
where ܦ௜ denotes the diffusion coefficient of ion ݅, ߤ௠,௜ is its electrochemical 

mobility, and ߶௟ represents the electric potential in the electrolyte. 

The current density is computed from the coupled contributions of the ionic fluxes: ܑ௟ = ∑ܨ  ௜ ௜ܒ௜ݖ (15) 
The electrode current obeys Ohm's law: ܑ௦ = ௦∇߶௦ߪ− (16) 
where ߪ௦ denotes the electrode electrical conductivity, and ߶௦ is the electrode 

potential. 

The boundary conditions are specified as: the electrode surface is governed by an 

electrochemical reaction kinetic boundary, commonly expressed using the Butler-

Volmer equation; the electrolyte inlet has defined ion concentrations and flow velocity; 

an outflow condition is applied at the outlet; and insulating walls impose a zero normal 

flux condition. 



The complete set of governing equations for the electrochemical transport model 

is thus established: 

{  
   
  
   
  ∇ ⋅ ௜ܒ + ܝ ⋅ ∇ܿ௜ = ܴ௜∇ ⋅ ܑ௟ = ∑ܨ  ௜ ௜ܴ௜ݖ + ܳ௟∇ ⋅ ܑ௦ = ∑ܨ−  ௜ ௜ܴ௜ݖ + ܳ௦∑ ௜ ௜ܿ௜ݖ = ௜ܒ0 = ௜∇ܿ௜ܦ− − ௜∇߶௟ܑ௟ܿܨ௠,௜ߤ௜ݖ = ∑ܨ  ௜ ௜ܑ௦ܒ௜ݖ = ௦∇߶௦ߪ−

(17) 

(2) Bubbly flow 

The mathematical model for gas-liquid two-phase turbulent flow is developed 

based on these premises: ① an Eulerian-Eulerian (two-fluid) framework is adopted; ② the liquid is treated as a continuous phase and the gas as a dispersed bubble phase; ③ the flow is fully turbulent, with liquid-phase turbulence described by the standard 

k-ε model; ④ bubble-turbulence interactions are accounted for. Guided by these 

assumptions, a set of governing equations is formulated to describe the two-phase 

turbulent flow, capturing the coupling between bubble transport and turbulent features 

in the plasma polishing process. 

Conservation of momentum for the liquid phase is governed by the Reynolds-

averaged Navier-Stokes (RANS) equations: ߶௟ߩ௟(ܝ௟ ⋅ ௟ܝ(∇ = ∇ ⋅ ۷݌−] + ۹] + ߶௟ߩ௟܏ + ۴ (18) 
where ߶௟  denotes the liquid volume fraction, ߩ௟  the liquid density, ܝ௟  the 

liquid velocity vector, ݌  the pressure, ۷  the identity tensor, ۹  the Reynolds stress 

tensor, ܏  the gravitational acceleration, and ۴  the interphase momentum exchange 

term. 

The overall mass balance is enforced by the mixture continuity equation: ∇ ⋅ (߶௟ߩ௟ܝ௟ + ߶௚ߩ௚ܝ௚) = 0 (19) 
where ߶௚ denotes the gas volume fraction (with ߶௟ + ߶௚ =  ௚ is the gasߩ ,(1



density, and ܝ௚ is the gas velocity vector. 

The Reynolds stress tensor is closed via the Boussinesq hypothesis: ۹ = ߶௟(ߤ௟ + (்ߤ ௟ܝ∇) + ்(௟ܝ∇) − 23 (∇ ⋅ (௟)۷ܝ − 23߶௟ߩ௟݇۷ (20) 
where ߤ௟  denotes the molecular viscosity of the liquid, ்ߤ  represents the 

turbulent (eddy) viscosity, and ݇ is the turbulent kinetic energy. 

The transport of bubbles is governed by the gas-phase continuity equation: ∇ ⋅ (߶௚ߩ௚ܝ௚) = −݉௚௟ (21) 
where ݉௚௟ denotes the interphase mass transfer rate between the gas and liquid. 

The gas velocity is obtained from a drift-flux model, which relates it to the mixture 

velocity: 

௚ܝ = ௟ܝ + ௦௟௜௣ܝ − ௚௖߶௚ܦ ∇߶௚ (22) 
௚௖ܦ = ்ߪ௟ߩ்ߤ (23) 

where ܝ௦௟௜௣  denotes the bubble slip velocity, ܦ௚௖  the bubble dispersion 

coefficient, and ்ߪ the turbulent Schmidt number. 

The transport equation for turbulent kinetic energy includes a source term due to 

bubble-induced turbulence: ߩ௟(ܝ௟ ⋅ ∇)݇ = ∇ ⋅ ௟ߤ)] + (௞ߪ்ߤ ∇݇] + ௞ܲ − ௟߳ߩ + ܵ௞ (24) 
where ߪ௞  is the turbulent Prandtl number for kinetic energy, ௞ܲ  denotes the 

shear production of turbulence, ߳ is the turbulent dissipation rate, and ܵ௞ represents 

the source term due to bubble-induced turbulence. 

The transport equation for the turbulent dissipation rate incorporates a term to 

account for bubble modulation: ߩ௟(ܝ௟ ⋅ ∇)߳ = ∇ ⋅ ௟ߤ)] + (ఢߪ்ߤ ∇߳] + ఢ1ܥ ߳݇ ௞ܲ − ௟ߩఢ2ܥ ߳ 2݇ + ఢܵ௞ܥ ߳݇ (25) 
where ߪఢ  is the turbulent Prandtl number for the dissipation rate, and ܥఢ1, ,ఢ2ܥ  .ఢare empirical model constantsܥ

The models for turbulent viscosity and the source terms are closed as follows: 



்ߤ = ఓܥ௟ߩ ݇2߳ (26) ܵ௞ = ݌∇௞߶௚ܥ− ⋅ ௦௟௜௣ܝ (27) 
where ܥఓ and ܥ௞ denote empirical model constants. 

The exact expression for the shear production of turbulent kinetic energy is given 

by: 

௞ܲ = ்ߤ :௟ܝ∇] ௟ܝ∇) + (்(௟ܝ∇) − 23 (∇ ⋅ [௟)2ܝ − ∇௟݇ߩ23 ⋅ ௟ܝ (28) 
The following boundary conditions are applied: the inlet is prescribed with liquid 

velocity, gas volume fraction, and turbulence parameters; a fully developed flow 

condition is set at the outlet; no-slip conditions are imposed on walls, with near-wall 

flow resolved using standard wall functions.  

The complete set of governing equations constituting the gas-liquid two-phase 

turbulent flow model is thus established: 

{  
   
   
  
   
   
   
 ߶௟ߩ௟(ܝ௟ ⋅ ௟ܝ(∇ = ∇ ⋅ ۷݌−] + ۹] + ߶௟ߩ௟܏ + ۴∇ ⋅ (߶௟ߩ௟ܝ௟ + ߶௚ߩ௚ܝ௚) = 0۹ = ߶௟(ߤ௟ + (்ߤ ௟ܝ∇) + ்(௟ܝ∇) = 23 (∇ ⋅ (௟)۷ܝ − 23߶௟ߩ௟݇۷∇ ⋅ (߶௚ߩ௚ܝ௚) = −݉௚௟ܝ௚ = ௟ܝ + ௦௟௜௣ܝ − ௚௖߶௚ܦ ∇߶௚ܦ௚௖ = ௟ܝ)௟ߩ்ߪ௟ߩ்ߤ ⋅ ∇)݇ = ∇ ⋅ ௟ߤ)] + (௞ߪ்ߤ ∇݇] + ௞ܲ − ௟߳ߩ + ܵ௞ߩ௟(ܝ௟ ⋅ ∇)߳ = ∇ ⋅ ௟ߤ)] + (ఢߪ்ߤ ∇߳] + ఢ1ܥ ߳݇ ௞ܲ − ௟ߩఢ2ܥ ߳ 2݇ + ఢܵ௞ܥ ்ߤ݇߳ = ఓܥ௟ߩ ݇2߳ܵ௞ = ݌∇௞߶௚ܥ− ⋅ ௦௟௜௣ܝ

௞ܲ = ்ߤ :௟ܝ∇] ௟ܝ∇) + (்(௟ܝ∇) − 23 (∇ ⋅ [௟)2ܝ − ∇௟݇ߩ23 ⋅ ௟ܝ

(29) 

3.2.2 Simulation process 

To better simulate the gas layer formation process, a computational domain as 

shown in Fig. 8 was established based on the electric and flow field simulation models, 

where Fig. 8-a depicts the geometric model and Fig. 8-b shows the meshing results. 



The left and right boundaries, which are parallel, represent the cathode and anode 

surfaces. As the anode surface continually produces bubbles during polishing, the right 

boundary functions concurrently as a gas-phase inlet. The top boundary is defined as 

the liquid-phase inlet and gas-phase outlet, and the bottom boundary is assigned as the 

liquid-phase outlet. Key simulation parameters are summarized in Table 3. 

 

Fig. 8 Simulation model for the gas layer formation process 

(a) Geometric model 

(b) Mesh generation result 

Table 3 Simulation parameter table for the gas layer formation process 

Parameters Value 

Conductivity of (NH₄)₂SO₄ solution/(S/m) 10 

Initial concentration of H+/(mol/m3) 1837 

Initial concentration of OH−/(mol/m3) 1837 

Diffusion coefficient of Fe/(m2/s) 7.2E-10 

Diffusion coefficient of H+/(m2/s) 9.31E-9 

Diffusion coefficient of OH−/(m2/s) 5.31E-9 

Standard equilibrium potential of Fe/V -0.44 

Exchange current density for Fe/(A/m²) 10 

Standard equilibrium potential of O2/V 1.23 



Exchange current density for O2/(A/m²) 3E-7 

Standard equilibrium potential of H2/V 0 

Exchange current density for H2/(A/m²) 1E-4 

Density of the electrolyte/(kg/m³) 1200 

Viscosity of the electrolyte/(kg/(m·s)) 8.35E-4 

Molar mass of O2/(kg/mol) 0.032 

Bubble diameter/m 1E-5 

Inlet velocity/(m/s) 0.01 

Anode voltage/V 380 

3.2.3 Analysis of simulation results 

Fig. 9 presents the evolution of gas generation at the anode surface over time. 

Individual panels show the gas volume fraction and its spatial distribution at different 

observation instants. During the initial phase (0.5 s), gas nucleation and accumulation 

commence at the anode surface. The maximum and minimum volume fractions are 

0.0695% and nearly negligible, respectively, reflecting a low concentration without 

notable spatial clustering. Over time, the gas volume fraction rises progressively, 

showing a distribution pattern that extends outward from the anode surface. At 20 s, the 

maximum volume fraction reaches 0.439%, demonstrating the ongoing accumulation 

of gas and the progressive establishment of a stabilized gas layer on the anode. 



 

Fig. 9 Time-dependent evolution of gas generation at the anode surface 

3.3 Simulation of the "peak removal" process 

3.3.1 Mathematical model 

The electromagnetic field model for the "peak removal" process is established 

based on these premises: ① the medium is linear and isotropic with time-invariant 

electromagnetic properties; ② the electromagnetic field obeys charge conservation and 

is governed by the quasistatic approximation. Under these assumptions, the 

electromagnetic field governing equations, which describe the current density 

distribution, are formulated. These equations capture the inherent coupling between 

electrode surface evolution and charge transport in the electrochemical system. 

The generalized current continuity equation is given by: ∇ ⋅ ۸ = ܳ௝,௩ (30) 
where ۸  denotes the total current density, and  ܳ௝,௩  is the volumetric current 

source term, characterizing the rate of charge generation or consumption per unit 

volume. 

The constitutive relation between current density and electric field is given by the 



generalized Ohm's law: ۸ = ۳ߪ + ݐ∂۲∂ + ۸௘ (31) 
where ߪ denotes the electrical conductivity of the medium, ۳ is the electric field 

strength, ۲ is the electric displacement field, and ۸௘ signifies the external (impressed) 

current density, which accounts for charge transport driven by non-electromagnetic 

mechanisms. 

The electric field is related to the electric potential gradient by: ۳ = −∇ܸ (32) 
where ܸ  denotes the scalar electric potential, which describes the potential 

energy landscape of the field. Employing the quasistatic approximation allows neglect 

of the displacement current, and the constitutive relation for the electric displacement 

is ۲ =  .being the permittivity of the medium ߝ with ,۳ߝ

Modeling the consumption of the anode material necessitates a moving boundary 

approach, as the geometry and consequently the current density distribution evolve over 

time. A simplified model for material removal is adopted, positing that the removal rate 

is proportional to the normal component of the current density at the electrode surface. 
The velocity ܷ normal to the electrode surface is then expressed as: ܷ = ௡ܬܭ− (33) 

Here, ܭ is the proportionality constant, and ܬ௡ represents the normal component 

of the current density. 

Consequently, the total anode material removal ݀(Δݐ)  evolves with time 

according to: ݀(Δݐ) = |ܷ|Δt = ݐ௡|Δܬ|ܭ (34) 
The boundary conditions for the electromagnetic field are defined as follows: a 

fixed potential 0ܸ (Dirichlet condition) is applied on the electrode surface; insulating 

walls impose a zero normal current density (۸ ⋅ ܖ = 0, Neumann condition); and both 

potential continuity and current continuity are enforced at interfaces between different 

media. 

The complete set of equations constituting the electromagnetic field model for the 



"peak removal" process is thus established as follows: 

{  
   
 ∇ ⋅ ۸ = ܳ௝,௩۸ = ۳ߪ + ݐ∂۲∂ + ۸௘۳ = −∇ܸ۲ = ۳ܷߝ = (ݐΔ)௡݀ܬܭ− = |ܷ|Δt = ݐ௡|Δܬ|ܭ

(35) 
3.3.2 Simulation process 

To simulate the "peak removal" process, a computational domain as shown in Fig. 

10 was established based on the previous work, where Fig. 10-a depicts the geometric 

model and Fig. 10-b shows the meshing results. The left and right boundaries represent 

the cathode and anode surfaces, respectively. The anode surface incorporates several 

protrusions to simulate surface defects. The top and bottom boundaries are defined as 

electrically insulating. Key simulation parameters are listed in Table 4. 

 

Fig. 10 Simulation model for the "peak removal" process 

(a) Geometric model 

(b) Mesh generation result 

Table 4 Simulation parameter table for the "peak removal" process 

Parameters Value 

Proportionality coefficient/(m³/(As)) 1E-11 



Conductivity of (NH₄)₂SO₄ solution/(S/m) 10 

Dielectric constant of (NH₄)₂SO₄ solution 55 

Anode voltage/V 380 

3.3.3 Analysis of simulation results 

Fig. 11 illustrates the time-dependent evolution of the anode surface 

microstructure. Each panel depicts the surface displacement distribution at a specific 

observation time. During the initial phase (0.1 min), the anode surface exhibits minimal 

change. With a maximum displacement of 0.103 mm and a minimum near zero, the 

deformation is limited, yet the peak-leveling mechanism has commenced. With 

continued polishing, the surface morphology is substantially reconfigured. After 15 min, 

the maximum displacement reaches 4.49 mm, indicating a pronounced enhancement of 

the peak-leveling effect. The original microscopic asperities on the anode are largely 

eradicated, and the overall profile is leveled. 

 

Fig. 11 Time-dependent evolution of the anode surface microstructure 

 

  



4. Experimental validation and results analysis 

4.1 Experimental validation 

(1) Sample preparation 

This study selected high-strength steel from the same batch of artillery barrel 

material for polishing experiments. Specimens, as shown in Fig. 12, were prepared via 

wire cutting with dimensions of 15mm × 15mm × 5mm. Their primary chemical 

composition is presented in Table 5 [5]. Considering that the specimen surface might 

be covered with an oxide layer and other impurities that could affect polishing results, 

and to ensure all specimens had the same surface roughness before polishing, the 

specimen surfaces were sequentially ground using 200#, 400#, and 800# grit sandpaper 

prior to the experiment. This process exposed the metallic luster and achieved a surface 

roughness of approximately 2.3 µm. Subsequently, ultrasonic cleaning and drying were 

performed. 

 

Fig. 12 Diagram of specimen sample prepared by wire cutting 

Table 5 Chemical composition of the high-strength steel (wt%) 

C Mn Si Cr Ni Mo V S P 

0.40 0.41 0.25 1.28 3.14 0.37 0.20 0.001 0.012 

(2) Construction of the test platform 

The polishing test platform employed in this study was custom-designed and 

fabricated, as illustrated in Fig. 13-a. The platform is comprised of a DC power supply 



system, a polishing electrolyte circulation system, a polishing electrolyte temperature 

control system, a polishing cell, and a sample holder. The DC power supply, rated at 20 

kW, allows for the adjustment of key process parameters including the plasma polishing 

voltage and current. The polishing electrolyte circulation system, consisting of a 220V 

small pump and PVC tubing, facilitates rapid electrolyte flow. An intelligent 

temperature-controlled electric heater is employed in the temperature control system, 

providing real-time display and regulation of the electrolyte temperature. The polishing 

cell has a capacity of 10 liters. As shown in Fig. 13-b, the sample holder was 

monolithically printed using Bambu Lab PAHT-CF high-temperature resistant material 

to fulfill the multifunctional requirements of sample clamping, electrolyte sealing, 

electrical conductivity, and thermal resistance. 

 

Fig. 13 Schematic of the polishing test platform design 

The experimental procedure was conducted as follows: The sample to be polished 

was connected to the anode (positive terminal), and the polishing cell was connected to 

the cathode (negative terminal). The polishing electrolyte, prepared using deionized 

water as the solvent and pre-selected salts as solutes, was heated to a predetermined 

temperature within the polishing cell. The electrolyte circulation system was connected. 



Upon reaching the target temperature, the circulation system was activated and the 

voltage was applied and adjusted. Following the polishing process, the sample surface 

was rinsed with deionized water, dried, and stored for subsequent use. 

4.2 Analysis of experimental results 

4.2.1 Surface morphology changes 

(1) Macroscopic surface morphology 

The macroscopic surface morphology of the high-strength steel specimen before 

and after the polishing process is compared in Fig. 14. The results reveal that the 

unpolished specimen surface contained significant defects including corrosion, pits, 

and machining traces, which compromised its surface integrity. Following polishing, 

the specimen surface displayed a uniform metallic sheen, a substantial reduction in 

macroscopic undulations, and an overall smoother topography, indicating a notable 

enhancement in surface finish and overall quality. 

 

Fig. 14 Macroscopic morphology comparison of the high-strength steel surface 

before and after polishing 

(a) Surface macroscopic morphology before polishing 

(b) Surface macroscopic morphology after polishing 

(2) Surface roughness 

As shown in Fig. 15, the electrolytic plasma polishing process substantially 

improved the surface quality of the workpiece. The process markedly reduced the 

surface roughness (Ra) from an initial value of 2.370 µm to 0.879 µm, corresponding 



to a decrease of 62.9%. This outcome confirms that the process effectively removes 

surface asperities and defects, thus resulting in a smoother surface topography. 

 

Fig. 15 Surface roughness measurement results for the high-strength steel before 

and after polishing 

(a) Surface roughness curve before polishing 

(b) Surface roughness curve after polishing 

(3) Surface microstructure and morphology 

Scanning electron microscopy (SEM) observations in Fig. 16 reveal that the 

original surface microstructure of the high-strength steel was markedly altered after the 

plasma polishing process. The initially dense network of micron-scale grooves was 

effectively leveled by the plasma interaction, with surface scratches being largely 

removed, leading to a notable improvement in overall surface smoothness. 



 

Fig. 16 Surface microstructure and morphology of the high-strength steel before 

and after polishing 

(a) Microstructure and morphology of the unpolished surface 

(b) Microstructure and morphology of the polished surface 

(4) Surface 3D topography 

The 3D surface topography of a 2.4 mm × 2.4 mm area on the specimen was 

characterized using laser scanning confocal microscopy before and after polishing, as 

presented in Fig. 17. The results indicate that the maximum peak-to-valley height (S z) 

was reduced from 57.8 µm to 47.2 µm, signifying a transition from pronounced 

macroscopic undulations to a notably smoother surface. The post-polishing 

microstructure exhibited fine-scale "asperities" or "protrusions" attributed to plasma 

bombardment and gas blasting effects. This resulted in a dual enhancement of surface 

quality, concurrently improving overall flatness and modifying the micro-scale surface 

architecture. 



 

Fig. 17 3D surface topography of the high-strength steel before and after 

polishing 

(a) 3D surface topography before polishing 

(b) 3D surface topography after polishing 

4.2.2 Surface elemental composition and hardness variations 

(1) Surface elemental composition 

Fig. 18 presents the EDS (Energy Dispersive X-ray Spectroscopy) spectra 

obtained from the high-strength steel surface prior to and following the electrolytic 

plasma polishing process. Variations in the surface elemental composition of the sample 

before and after polishing are illustrated in Fig. 19. Following the polishing treatment, 

the oxygen content on the specimen surface was markedly reduced, whereas the 

chromium (Cr) content exhibited a slight increase. This phenomenon can be attributed 

to the removal of surface oxides via plasma interaction during polishing. Concurrently, 

the chromium-depleted layer near the surface, characterized by its lower Cr content, is 

preferentially etched away. This results in the relative enrichment of the underlying 

chromium-rich layer at the surface, thereby increasing the measured Cr content. 



 

Fig. 18 EDS spectra of the high-strength steel surface before and after polishing 

(a) EDS spectrum before polishing  

(b) EDS spectrum after polishing 

 

Fig. 19 Variation in surface elemental composition of the high-strength steel 

before and after plasma electrolytic polishing 

(2) Surface hardness 

Vickers hardness measurements were performed on the samples both before and 

after polishing. For statistical reliability, 15 indentation points were tested on each 

sample, and the results are presented in Fig. 20. The results indicate a modest decrease 

in the hardness of the high-strength steel following the polishing process. This 

reduction in hardness is attributed to the removal of the original surface layers 

possessing relatively higher hardness, including oxides, surface defects, and carbon-

enriched layers, which were eroded by the plasma bombardment during processing. 



 

Fig. 20 Variation in surface Vickers hardness of the high-strength steel before 

and after polishing 

 

 

  



5. Conclusions 

(1) A multi-physics coupled simulation model incorporating the electric field, flow 

field, gas-liquid two-phase flow, and the peak removal process was developed to 

dynamically simulate the peak removal process initiated by electrochemical dissolution, 

bubble evolution, and collapse at the workpiece surface. The results indicate that the 

peak removal process is initiated by electrochemical dissolution along with concurrent 

bubble evolution and collapse at the surface. The mechanism responsible for material 

removal is attributed to the synergistic effects of fluid erosion, the formation of 

localized discharge channels, and discharge from the peaks of surface asperities. 

(2) Analysis of the surface microstructure of the polished high-strength steel 

reveals a markedly enhanced surface finish, characterized by a distinct metallic luster 

and a substantial reduction in surface roughness. A decrease in the density of micro-

scale surface undulations and a reduction in scratch count contribute to effective surface 

leveling, leading to a significantly improved microscopic topography.  

(3) Following polishing, the surface oxygen content of the specimen decreased 

significantly, while the chromium content exhibited a marginal increase, accompanied 

by a slight reduction in microhardness. These results demonstrate that the polishing 

process leads to a significant enhancement in the surface characteristics of the high-

strength steel. 
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