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Abstract: The paper examines the possibility of increasing the wear and corrosion resistance of a CP-Ti surface 

by duplex plasma electrolytic treatment (borocarburizing and polishing). The structure and composition of 

diffusion layers, their microhardness, surface morphology and roughness, wear resistance during dry friction 

and corrosion resistance in Ringer’s solution were studied. The formation of a surface hardened layer up to 200 

μm thick with a microhardness of up to 950 HV, including carbides and a solid solution of boron and carbon, 

is shown. Subsequent polishing makes it possible to reduce surface roughness and remove weak areas of the 

porous oxide layer, which is formed during high-temperature oxidation in aqueous electrolyte vapor during 

borocarburizing. Changing the morphology and structural-phase composition of the CP-Ti surface helps 

reduce weight wear by 3 times (the mode of frictional interaction changes from microcutting to oxidative wear) 

and corrosion current density by 4 times after borocarburizing in a solution of boric acid, glycerin and 

ammonium chloride at 950 °C for 5 minutes and subsequent polishing in an ammonium fluoride solution at a 

voltage of 250 V for 3 minutes. 

Keywords: CP-Ti; plasma electrolytic treatment; borocarburizing; plasma electrolytic polishing; 

microhardness; surface roughness; wear resistance; corrosion resistance 

 

1. Introduction 

Titanium alloys have found wide application in various industries, such as aircraft, rocket and 

shipbuilding, medical and space technologies, food industry, and energy. This is primarily due to its 

lightness, ductility, and high corrosion resistance. Despite a number of advantages of titanium-based 

alloys as structural materials, their use as functional materials is limited by high toughness and low 

machinability, as well as low wear resistance. To solve these problems, protective coatings are often 

used in functional components and mechanisms made of titanium materials. Among the widely used 

technologies for creating protective coatings are spraying and fusion of wear-resistant coatings [1–7], 

thermal and plasma electrolytic oxidation [8–22]. 

The intensive development of plasma electrolytic technologies has not left this issue aside. In 

addition to the previously mentioned plasma electrolytic oxidation, used to create protective ceramic-

like coatings, there are two more types of the method: plasma electrolytic polishing and plasma 

electrolytic chemical-thermal treatment. Polishing in electrolysis plasma is used on an ongoing basis 

to solve problems of reducing the roughness and decorating of metal surfaces, as well as removing 

coatings from them [23–29]. Chemical-thermal treatment in electrolysis plasma solves the main 

problems of traditional methods of chemical-thermal treatment (surface hardening and concomitant 

improvement in the mechanical characteristics of the surface and product), and can additionally be 

used to increase wear resistance and corrosion resistance due to the formation of a multiphase 

structures. 

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
from any ideas, methods, instructions, or products referred to in the content.
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The largest amount of work in the field of plasma electrolytic chemical-thermal treatment has 

been carried out for the treatment of steels [30–43]. The effect of the complex effect of changes in the 

structural-phase composition and surface morphology on increasing wear resistance and corrosion 

resistance is shown. The processing of titanium alloys by plasma electrolytic chemical-thermal 

treatment has also been studied, but special cases of processing of certain alloys were mainly 

considered [44–58]. Positive results were shown in increasing hardness, wear resistance and 

corrosion resistance. Among the types of processing considered, attention is paid to nitriding, 

carburizing and nitrocarburizing. Boriding is occasionally considered. In this work, it is proposed to 

expand the methods of diffusion saturation of titanium alloys – to study the process of joint saturation 

of CP-Ti with boron and carbon. 

One of the key disadvantages of using plasma electrolytic treatment is the uncontrolled 

formation of a multiphase structure of the surface oxide layer, which can have significant 

irregularities, as well as weak areas that are prone to peeling during operation, especially in frictional 

contact. In this regard, this work proposes a variant of complex surface treatment, which consists of 

plasma electrolytic chemical-thermal treatment and subsequent polishing. This technology will allow 

finishing treatment to be carried out immediately after the hardening treatment, removing all 

irregularities and weak areas of the outer oxide layer. 

2. Materials and Methods 

2.1. Materials 

Cylindrical samples ( 10 mm × 15 mm) of CP-Ti (99.33 wt.% Ti; 0.25 wt.% Fe; 0.2 wt.% O, 0.1 

wt.% Si; 0.07 wt.% C; 0.04 wt.% N; 0.01 wt.% H) were ground with SiC abrasive paper grit size P120 

to Ra~1.0 μm and ultrasonically cleaned with acetone. 

2.2. Processing 

These samples were subjected to duplex surface treatment, which includes sequential anodic 

PEBC and PEP. PEBC was carried out in a cylindrical electrolyzer with an axially symmetric 

electrolyte flow supplied through a nozzle located at the bottom of the electrolyzer (Figure 1). 

In the upper part of the electrolyzer, the electrolyte was overflowing into the sump and was 

further pumped through a heat exchanger at a rate of 2.5 L/min. The solution temperature was 

measured using a thermosensor, placed at the bottom of the chamber and maintained at 22 ± 2 °C. 

The samples were connected as the positive output, and the electrolyzer was connected as the 

negative output of the 15 kW DC power supply. An aqueous solution of boric acid (3 wt.%), glycerin 

(8 wt.%) and ammonium chloride (10 wt.%) was used as the working electrolyte. The PEBC time was 

5 minutes and carried out at temperatures of 800, 850, 900, and 950 °C. After PEBC, the samples were 

quenched in the electrolyte in which they were treated (hardening). 

PEBC samples were further polished PEP in an aqueous solution of ammonium fluoride (4%) at 

a temperature of 90 °C. The operating voltage during PEP was 250 V. The electrolyte flow rate was 1 

L/min. PEP times were 1, 3 and 5 minutes. 

2.3. Study of the Surface Morphology and Microstructure 

The Micromed MET (Observing devices, St. Petersburg, Russia) optical metallographic 

microscope with digital image visualization served to study the surface morphology and 

microstructure of cross-section of the CP-Ti samples. 
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Figure 1. PEBC and PEP installation scheme: 1 – ventilation duct; 2 – protective screen of the working 

chamber; 3 – linear drive; 4 – workpiece-electrode (anode); 5 – cylindrical cell-electrode (cathode); 6 – 

working chamber; 7 – valve with electric drive; 8 – flow meter; 9 – heat exchanger; 10 – pump; 11 – 

water filter. 

2.4. Study of the Phase Composition 

The phase composition of PENC layers was determined using a PANalytical Empyrean X-ray 

diffractometer (XRD) (Malvern Panalytical, Malvern, UK) with CoKα radiation using PANalytical 

High Score Plus software, program [59] and ICCD PDF-2 and COD [60]. 

2.5. The Microhardness Measurement 

The microhardness of the PEBC layers was measured using a Vickers microhardness tester 

(Falcon 503, Innovatest Europe BV, Maastricht, The Netherlands) under a load of 0.1 N. 

2.6. The Surface Roughness and Weight of Samples Measurement 

The geometric characteristics of the surface were measured using a Hommel tester t8000 

profilometer (Jenoptik, Jena, Germany). 

Weight measurements were performed on a CitizonCY224C electronic analytical balance 

(ACZET (Citizen Scale), Mumbai, India). 

2.7. Study of Tribological Properties 

The “shaft-block” friction scheme was used in friction tests (Figure 2). The counterbody was 

made of tool alloy steel (wt.%: 0.9–1.2 Cr, 1.2–1.6 W, 0.8–1.1 Mn, and 0.9–1.05 C) in the form of a plate 

with a semicircular notch 10 mm in diameter enclosing the surface of the sample. The cylindrical 

sample was rotated, and a counterbody was pressed against it. Friction tests were carried out in dry 

friction mode under a load of 10 N. The sliding speed of the sample along the counterbody was 1.555 

m/s. The sliding distance was 1000 m. The temperature of the friction contact was measured on the 

friction track directly at the exit from the contact area using an MLX90614 digital infrared 

thermometer (Melexis Electronic Technology, Shanghai, China). 
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Figure 2. Friction scheme and unit: 1 – cylindrical sample; 2 – counter body; 3, 4 – shaft; 5 – crank; 6 – 

pneumatic cylinder; 7 – guides; 8 – table; 9 – strain gauges. 

2.8. Study of the Corrosion Resistance 

The corrosion resistance of the samples was determined by potentiodynamic polarization curves 

using a Biologic SP-150 potentiostat-galvanostat (Biologic Science Instruments, France) with a 

standard three-electrode cell in Ringer’s solution (8.6 g/L NaCl, 0.3 g/L KCl, 0.25 g/L CaCl2), at a 

sweep rate of 1 mV/s. Before the corrosion testing, the samples were cleaned with acetone in the 

ultrasonic bath for 5 min, then washed with distilled water and dried until their weight stabilized. 

Further, each samples’ surface was insulated by a dielectric mask with a circular aperture with a 0.132 

mm2 area located at the distance of 2 mm from the lower edge of the sample. Graphite was used as 

the auxiliary electrode. The saturated silver chloride electrode served as the reference one. The 

working electrode (sample) was kept in the Ringer’s solution for 60 min before testing to steady the 

constant value of the corrosion potential. The corrosion current density was determined by Tafel’s 

extrapolation of the polarization curves using EC-Lab software (v.11.43). 

3. Results and discussion 

3.1. Structure, Composition, Morphology and Roughness of CP-Ti Surface after PEBC 

During the PEBC, the processes of high-temperature oxidation, anodic dissolution and diffusion 

saturation simultaneously occur on the surface, which is typical for anodic plasma electrolytic 

chemical-thermal treatment [37,42]. The result of high-temperature oxidation was the formation of 

an oxide layer containing many pores, the sizes of which increase with increasing treatment 

temperature (Figure 3). The composition of the oxide layer, according to X-ray analysis, includes 

oxides of the composition TiO0.325, TiO2 (rutile and anatase) and Ti3O (Figure 4). 

Anodic processes are characterized by electrochemical dissolution of the surface, which is 

accompanied by a weight loss of the samples (Table 1) and affects its morphology. In this case, we 

can talk about competition between the processes of oxidation and anodic dissolution. When surface 

oxidation dominates, an increase in roughness is observed, and when anodic dissolution prevails, the 

opposite trend is observed. The surface roughness Ra of samples after PEBC at 950 °C increases from 

1.00 ± 0.10 μm (untreated sample) to 1.27 ± 0.56 μm (Table 1). At lower processing temperatures, 

surface roughness decreases. The maximum reduction in average roughness to 0.46 ± 0.09 μm is 

observed after PEBC at 800 °C, which is 2 times lower than that of the untreated sample. Further, 

with increasing processing temperature, the roughness increases as a result of the intensification of 

high-temperature oxidation. The data obtained indicate the predominance of anodic dissolution at 

temperatures of 800, 850 and 900 °C and high-temperature oxidation at 950 °C. 
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(a) (b) 

  

(c) (d) 

Figure 3. Surface morphology of CP-Ti samples after PEBC at different temperatures: (a) 800°С; (b) 

850°С; (c) 900°С; (d) 950°С. 

 

Figure 4. X-ray diffraction pattern of the surface of CP-Ti samples after PEBC at different 

temperatures. 

Table 1. Values of weight loss of samples during PEBC, surface roughness, temperature in the 

tribological contact zone, friction coefficient, weight wear and corrosion current density after PEBC 

at different temperatures. 
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PEBC 

temperature 

(°С) 

Weight 

loss (mg) 

Surface 

roughness 

Ra (μm) 

Temperature in 

the tribological 

contact zone (°С) 

Friction 

coefficient 

Weight wear 

(mg) 

Corrosion 

current density 

(μA/cm2) 

Untreated  1.00±0.10 56.0 0.465±0.005 3.70±0.04 0.32 

800 2.7 0.46±0.10 68.2 0.341±0.003 1.65±0.02 0.38 

850 3.4 0.56±0.18 69.0 0.399±0.004 2.48±0.03 1.27 

900 4.2 0.61±0.26 75.4 0.418±0.004 3.03±0.04 1.62 

950 17.0 1.27±0.56 73.3 0.393±0.004 3.95±0.05 1.78 

According to metallographic analysis, under the surface oxide layer as a result of diffusion 

saturation, the formation of a PEBC layer is observed (Figure 5), which, according to X-ray analysis, 

contains titanium carbide, as well as a solid solution of diffusants (Figure 4). Metallographically, 

PEBC layer consists of an unetched carbide layer and a diffusion layer. The resulting PEBC layer has 

increased microhardness, which increases with increasing PEBC temperature and is more than 3 

times higher than the value of the initial microhardness (Figure 6). The thickness of the hardened 

layer, in turn, after treatment at 950 °C reaches 200 μm. 

  

(a) (b) 

  

(c) (d) 

Figure 5. Microstructure of the cross section of CP-Ti samples after PEBC at different temperatures: 

(a) 800°С; (b) 850°С; (c) 900°С; (d) 950°С. 1 – oxide layer; 2 – carbide layer; 3 – diffusion layer; 4 – 

initial structure. 
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Figure 6. Microhardness of the surface layer of CP-Ti samples after PEBC at different temperatures. 

3.2. Tribological Properties of CP-Ti Surface after PEBC 

As a result of tribological tests after treatment at all temperatures of PEBC, the friction coefficient 

decreases compared to the untreated sample (Table 1). The greatest reduction in the friction 

coefficient occurs after PEBC at 800 °C. It is under these conditions that the minimum wear rate is 

observed. 

An increase in the treatment temperature entails a linear increase in weight wear, which on 

samples after treatment at 950 °C exceeds the value of the untreated sample. In this case, the friction 

coefficient also increases and has similar values in the temperature range from 850 to 950 °C. 

An increase in weight wear with increasing processing temperature can be associated with an 

increase in the porosity of the oxide layer, which will be destroyed by friction. Analysis of the 

morphology of the friction tracks indicates oxidative wear of the samples after PEBC, while on the 

friction tracks of the untreated sample, in addition to traces of oxidative wear, traces of microcutting 

are visible (Figure 7). In this case, the oxide layer formed during PEBC will wear off and prevent the 

rapid destruction of oxidation products during tribocoupling, which have a lubricating effect when 

sliding surfaces. When testing an untreated sample, this does not happen; oxidation products during 

friction are quickly destroyed and the material is destroyed by cutting by wear products. 

3.3. Corrosion Properties of CP-Ti Surface after PEBC 

The results of corrosion tests in Ringer’s solution showed an increase in corrosion current 

density after PEBC (Table 1). A close value of the corrosion current to the initial surface is observed 

only on samples processed at a temperature of 800 °C. An increase in the PEBC temperature leads to 

an increase in the corrosion current. This pattern can be associated with the development of surface 

relief - an increase in the porosity of the oxide layer, which will accumulate corrosive agents. In this 

case, a correlation between the corrosion current density and surface roughness is observed. 

Thus, to obtain a surface with maximum microhardness, it is more expedient to carry out PEBC 

at a temperature of 950 °C. The tribological and corrosion properties of PEBC samples will be 

determined primarily by the surface morphology, which in fact represents the morphology of the 

oxide layer. The outer oxide layer, which influences the tribological and corrosion behavior of the 

surface, can be partially or completely removed using PEP. To study the effect of PEP on surface 

properties, it is proposed to use samples after treatment at a temperature of 950 °C, which have 

maximum microhardness. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 19 August 2024                   doi:10.20944/preprints202408.1299.v1

https://doi.org/10.20944/preprints202408.1299.v1


 8 

 

  

(a) (b) 

  

(c) (d) 

 

(e) 

Figure 7. Morphology of friction tracks of CP-Ti samples before (a) and after PEBC at different 

temperatures: (b) 800°С; (c) 850°С; (d) 900°С; (e) 950°С. 

3.4. Structure, Composition, Morphology and Roughness of CP-Ti Surface after Duplex Processing 

(PEBC+PEP) 

Polishing in ammonium fluoride solution for varying durations revealed that after 1 minute of 

PEP, the visible pores of the oxide layer are removed (Figure 8b); while at the same time, the surface 

roughness increases (Table 2). Increasing the PEP duration to 3 minutes made it possible to 

significantly smooth out the surface relief (Figure 8c) and reduce roughness. After 5 minutes of 

polishing, the oxide layer is completely removed (Figure 8d), and the roughness increases slightly. 
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(a) (b) 

  

(c) (d) 

Figure 8. Surface morphology of CP-Ti samples before (a) and after PEP at different times: (b) 1 min; 

(c) 3 min; (d) 5 min. 

Table 2. Values of surface roughness, temperature in the tribological contact zone, friction coefficient, 

weight wear and corrosion current density after PEP at different times. 

PEP time 

(min) 

Surface 

roughness Ra 

(μm) 

Temperature in the 

tribological contact 

zone (°С) 

Friction 

coefficient 

Weight wear 

(mg) 

Corrosion 

current density 

(μA/cm2) 

Untreated 1.00±0.10 56.0 0.465±0.005 3.70±0.04 0.32 

Before PEP 1.27±0.56 73.3 0.393±0.004 3.95±0.05 1.78 

1 1.38±0.41 81 0.248±0.002 1.40±0.02 0.34 

3 0.61±0.09 83 0.231±0.002 1.22±0.02 0.08 

5 0.67±0.08 59 0.331±0.003 1.69±0.03 0.16 

Analysis of the microstructures of the surface layers showed that after PEP for 1 and 3 minutes, 

the oxide and hardened layers are preserved (Figure 9b,c). Microhardness in this case also does not 

change (Figure 10). According to X-ray analysis, a decrease in the intensity of the peaks of titanium 

oxides with preservation of carbides is observed (Figure 11). Increasing the duration of PEP to 5 

minutes leads to the removal of the oxide layer and part of the hardened one (Figure 9d) with a 

decrease in microhardness (Figure 10). The absence of titanium carbide indicates partial dissolution 

of the hardened layer (Figure 11). 
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(a) (b) 

  

(c) (d) 

Figure 9. Microstructure of the cross section of CP-Ti samples before (a) and after PEP at different 

times: (b) 1 min; (c) 3 min; (d) 5 min. 1 – oxide layer; 2 – carbide layer; 3 – diffusion layer; 4 – initial 

structure. 

 

Figure 10. Microhardness of the surface layer of CP-Ti samples before (0 min) and after PEP at 

different times. 
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Figure 11. X-ray diffraction pattern of the surface of CP-Ti samples before (0 min) and after PEP at 

different times. 

3.5. Tribological Properties of CP-Ti Surface after Duplex Treatment (PEBC+PEP) 

Tribological tests showed that after polishing PENC samples, a decrease in the friction coefficient 

is observed (Table 2). The largest reduction in the friction coefficient from 0.393 to 0.231 is observed 

in samples subjected to PEBC followed by PEP for 3 minutes. In this case, weight wear is also 

minimal, 3.1 times lower compared to the untreated sample and 3.3 times lower compared to the 

PEBC sample. 

After PEP for 1 and 3 minutes, dark oxide films are visible on the friction tracks (Figure 12). 

Oxide films shielding the friction contact surfaces have lower hardness than the surface hardened 

layer of the sample. This leads to the fact that during friction it is removed from the surface of a metal 

body more easily than the surface layer. Wear occurs as a result of the removal of the oxidized layer. 

In addition, the oxide film can act as a friction lubricant. After five minutes of polishing, the leading 

wear mechanism changes. The photograph of the friction track shows stripes in the sliding direction 

without sharp boundaries, showing plastic deformation of the base metal by the roughness 

protrusions of the counter body. There are practically no traces of dark oxide films in the 

photographic field and wear occurs directly along the metal base material, which explains the higher 

values of both the friction coefficient and weight wear. 

3.6. Corrosion Properties of CP-Ti Surface after Duplex Treatment (PEBC+PEP) 

Subsequent PEP of the PEBC surface in an ammonium fluoride solution favors a decrease in the 

corrosion current density (Table 2). After just 1 minute of polishing, the corrosion current decreases 

by 5.2 times and becomes close to the value of the untreated sample. The greatest reduction occurs 

after 3 minutes of PEP - the corrosion current density becomes 22.2 times lower than the PEBC surface 

and 4 times lower than the untreated surface. After 5 minutes of PEP, there is an increase in corrosion 

current density, but to a lower value than that of the untreated sample. 

The results obtained indicate a correlation between corrosion current density and morphology 

and roughness surface. The formation of a morphologically homogeneous surface, including oxides 

and having low roughness, will determine the corrosion resistance of the PEBC surface of CP-Ti. 
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(a) (b) 

  

(c) (d) 

Figure 12. Morphology of friction tracks of CP-Ti samples before (a) and after PEP at different times: 

(b) 1 min; (c) 3 min; (d) 5 min. 

4. Conclusions 

Based on the results of the work, a variant of complex treatment of the surface of CP-Ti was 

proposed, consisting of plasma electrolytic borocarburizing and subsequent polishing. This 

technology makes it possible to form on the surface of CP-Ti a hardened layer up to 200 μm thick 

with a microhardness of up to 950 HV, including carbides and a solid solution of boron and carbon. 

Polishing in electrolysis plasma in the same electrolyzer after hardening treatment makes it possible 

to remove unevenness and weak areas of the outer porous oxide layer. A comprehensive reduction 

in roughness and surface hardening contributes to increased wear resistance and corrosion resistance. 

Weight wear is reduced by 3 times due to a change in the frictional interaction mode from 

microcutting to oxidative wear, and the corrosion current density in Ringer’s solution is reduced by 

4 times after PEBC in a solution of boric acid, glycerin and ammonium chloride at 950 °C for 5 minutes 

and subsequent PEP in ammonium fluoride solution at 90 °C at 250 V for 3 minutes. 
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