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A B S T R A C T

Introduction. Currently, many mathematical approaches exist for approximating surface profile curves. Most 
employ volumetric mathematical expressions to describe surface profile parameters after various types of processing. 
Purpose of the work is to select a mathematical apparatus that is simple enough from an engineering perspective to 
approximate the surface profile of VT22 titanium alloy samples after surface plastic deformation (SPD) and various 
electromechanical processing (EMP) modes, with the possibility of eliminating random technological errors. The 
paper investigates the effect of EMP modes using alternating and direct current at densities of 100, 300, and 600 
A/mm2, considering both the application of force by the deforming tool-electrode (150 N) and its absence (10 N), 
on the surface geometry of VT22 titanium alloy samples. The electromechanical processing of metal alloys used 
in this work can significantly change the geometric profile, structure, and operational properties of the surface. Its 
distinctive feature is the creation of both microdeviations (roughness) and macrodeviations and relief (waviness, 
“oil pockets”, build-ups from metal surfacing to the repair size) on the surface. Research methods. Profilometric 
analysis was performed using a PM-7 device, followed by processing of the roughness measurement results using the 
fast Fourier transform (FFT) on the surface of a cylindrical sample made of VT22 titanium alloy with a diameter of 
16 mm after electromechanical rolling with an tool-electrode, previously subjected to semi-finish turning. The error 
of the model curves of the surface profile was estimated using the Pearson correlation coefficient (R). Results and 
discussion. The use of high-density direct current helps to obtain a surface with a high relative support length of the 
profile (98.8%), a low arithmetic mean deviation of the profile (1.9 μm), and an average step of profile irregularities 
(56 μm). Based on the FFT, the considered modes of electromechanical processing contribute to the formation of 
profile waviness with different pitch and height. The greatest correlation is observed for modes 2, 4, and 9 (R > 0.7), 
while the lowest correlation coefficient was noted for EMP with a direct current density of 100 and 300 A/mm2 
(modes 5 and 6, R < 0.25).

For citation: Romanenko M.D., Zakharov I.N., Bagmutov V.P., Barinov V.V., Nguyen M.T. Mathematical analysis of the titanium alloy surface 
profile under various modes of electromechanical treatment. Obrabotka metallov (tekhnologiya, oborudovanie, instrumenty) = Metal Working 
and Material Science, 2025, vol. 27, no. 4, pp. 80–95. DOI: 10.17212/1994-6309-2025-27.4-80-95. (In Russian).
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Introduction

The ability to control the macro- and microgeometry of metal alloy surfaces following various processing 
methods is a critical objective throughout the entire lifecycle of machine components in mechanical 
engineering – from manufacturing and assembly to operation, such as ensuring durable contact interaction 
between surfaces.
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The theory of technological inheritance plays a significant role in mechanical engineering in forming the 
required quality of a part’s surface layer. In manufacturing, to achieve a specified set of surface properties, all 
operations and their respective technological stages are taken into account. Quantitative assessment typically 
employs empirical coefficients of inheritance, which include factors for their mutual influence [1–3].

High-energy surface treatment of metal alloys induces significant restructuring of the crystal lattice 
and microstructure, alters the stress-strain state, and modifies surface geometry [4–6]. For instance, 
electromechanical processing (EMP) using alternating current on steel alloys can reduce the arithmetic mean 
deviation of the profile (Ra) to 0.2–0.63 μm in a smoothing mode with a moving tool (roller). Using direct 
current can reduce Ra by a factor of 2–3 compared to the preceding value [7]. Direct current application, 
compared to alternating current, enables a higher degree of micro-roughness smoothing (eliminating 
“noise”) [8]. According to [9–14], several surface hardening technologies can substantially improve surface 
micro-geometry parameters, for example, through high-speed plastic deformation (ultrasonic treatment 
[12–13]), local melting (laser treatment [13–14]), and positively impact the static and fatigue strength of 
metal alloys.

Applying mathematical models and methods allows for a detailed analysis of component surface profiles, 
identifying patterns in their geometry formation, and assessing the contribution of each technological 
operation to the final quality [15–22].

Most publications utilize combined models based on contact mechanics and fractal theory [15, 16], the 
geometry of hardening/cutting tools and Hertz theory [17, 18], regression and statistical models (linear and 
stepwise regression, pairwise correlation matrix, particle swarm optimization), discrete Fourier transform, 
and machine learning [19–22].

The purpose of this work is to determine the principal components of the surface profile geometry 
and to identify the patterns of microgeometry formation on a VT22 alloy sample subjected to various 
electromechanical processing (EMP) modes using mathematical processing of discrete signal data (fast 
Fourier transform).

To achieve this purpose, the following research tasks were defined:
1) Prepare a sample from VT22 titanium alloy and strengthen it according to specified processing modes.
2) Obtain surface profiles and key roughness parameters using an “ABRIS PM7” profilograph-

profilometer.
3) Perform FFT analysis to obtain the main harmonics of the surface profile for each processing mode.
4) Construct model curves of the surface profile for each mode.
5) Classify the model curves and their harmonics according to the type of longitudinal surface profile 

deviation.
6) Use the correlation coefficient to identify the electromechanical processing (EMP) and surface plastic 

deformation (SPD) modes that most accurately represent the surface profile of the sample.

Methods

Cylindrical sample preparation through turning (final diameter 16 mm) and subsequent electromechanical 
processing (EMP) was performed on a 16K20 lathe (Fig. 1). Machining was conducted at a minimum feed 
rate of 0.125 mm/rev, with two sequential passes removing a 0.2 mm layer from the diameter.

The process of setting up and adjusting the devices for electromechanical treatment is described as 
follows.

The titanium sample (1) is secured in the chuck jaws (2). The tailstock quill (3) with the current collection 
unit (4) and a centering cone is advanced toward the sample (1).

The spring-loaded EMP device (6) is clamped with the bolts of the tool holder (5) through current-
insulating gaskets. The tool-electrode (7) is manually brought into contact with the sample with the required 
force (calibrated via the device’s spring). 

The coolant supply tube (8) is attached to the tool holder (5), and power cables with terminals (9) are 
connected to the current collection unit (4) and the EMP device (6). A coolant collection container (10) is 
positioned beneath the processing zone.
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Electromechanical processing involves passing a high-density electric current through the small con-
tact area between the working tool and the part surface (Fig. 2), with continuous coolant (technical water) 
supply. This process is characterized by: high local heating and cooling rates (10⁵–10⁶ оС/с), high current 
density (up to 1,500 A/mm²), and low voltage (2–6 V). Coolants used include machine oil, specialized 
emulsions (as in turning/milling), and technical water for achieving hardened microstructures [23].

Fig. 2. Schematic of electromechanical processing

Constant parameters for both alternating current (AC) and direct current (DC) EMP were: Longitudinal 
feed (0.4 mm/rev), rotating frequency (13 rpm).

The tool-electrode was a toroidal roller made of VK6C hard alloy (94% WC, 6% Co) with a 60 mm 
diameter and a 5–6 mm profile radius. Variable mode parameters are summarized in Table 1.

For all modes, the initial surface was the semi-finish turned surface. Higher initial roughness does not 
qualitatively improve with additional EMP passes [23]. Current densities exceeding 600 A/mm² (regardless 
of type) were excluded as they caused surface burning and cavity formation. Low current density EMP 

Fig. 1. Schematic of the experimental device for conducting EMP on a 16K20 
lathe. Key components: 

1 – titanium workpiece; 2 – chuck; 3 – tailstock quill; 4 – current collection device;  
5 – toolholder; 6 – device for EMP; 7 – tool-electrode (roller); 8 – coolant supply tube;  

9 – power cables with tips; 10 – container
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(100 A/mm²) is recommended for surface smoothing without altering microstructure or hardness [23]. Tool-
electrode forces below 10 N were deemed impractical, as they prevented reliable contact and led to micro-
arcing.

Surface roughness parameters were measured five times per processing mode using an ABRIS PM-7 
profilometer-profilograph.

The fast Fourier transform (FFT) was employed to determine the duration of periods and amplitude-
phase characteristics of height and step irregularities. This method decomposes the original discrete 
profile signal into a series of harmonic (spectral) components – sinusoids defined by amplitude, phase, and 
frequency, ordered by magnitude [24].

For constructing predictive models, a general equation (1) describes the dynamics of the studied 
parameter. 

When constructing predictive models of various quantities, a general equation (1) is used to determine 
the dynamics of the studied quantity: ( )D t

	 ( ) ( ) ( ) ( )D t T t C t R t= + + ,	 (1)

where T(t)  is the main trend; C(t)  is the cyclical component; R(t)  is the random component (“noise”).
The primary equation (2) for constructing the time series yt, incorporating harmonics identified via FFT, is:

	 0 0
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where 0a  is the constant component (zero harmonic); 2 2
i i ic = a b+  is the amplitude of the i-type harmonic; 

/iT = N i  is the period of the i-type harmonic oscillation; N is the number of original data in the time se-
ries; i ia , b  are the Fourier time series coefficients [24].

FFT and graph construction were performed in Microsoft Excel. The analyzed data series was limited to 
2,048 points due to the FFT requirement for data length to be a power of two (2¹¹ = 2,048). Subharmonics 
were selected based on Pearson’s correlation coefficient, maximizing its value for each specific case – a 
method aligned with prior work [25]. A maximum of five harmonics were used in the equations describing 
the time series.

Following established literature [26], macro- and micro-deviations of a part’s longitudinal surface 
profile are classified by the ratio of the step length to the height of the protrusion (l/H): 

Macro-deviation: l/H ≥ 1,000
Waviness: 50 ≤ l/H ≤ 1,000
Roughness: 0 ≤ l/H ≤ 50
A diagram illustrating these scale levels of longitudinal profile deviations is shown in Fig. 3. These 

ratios were used to classify the model curves by their deviation scale.
A diagram explaining the difference in scale levels of profile deviations of longitudinal sections is 

presented in Fig. 3. 

T a b l e  1

Electromechanical treatment modes with alternating and direct current

Mode No.
1 2 3 4 5 6 7 8 9 10

Parameters of EMP

Current density, A/mm² – – 600 600 100 300 600 100 300 600

Tool pressing force, N – 150 10 10 150 150 150 150 150 150

Note: mode 1 represents the initial state after turning. The symbol “∼” denotes alternating current, “–“ denotes direct current.
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These ratios were used to classify the model curves by their deviation scale.

Results and Discussion

Electromechanical processing (EMP) of a VT22 titanium alloy sample under eight distinct modes yielded 
surfaces with varied macro- and micro-geometric parameters and discoloration (Fig. 4).

Fig. 3. Scheme of differentiation of surface quality parameters of parts:
H1 – shape deviation (barrel shape), H2 – surface waviness (second-order shape 
deviation), H3 – surface roughness (third-order shape deviation, microroughness), l – 

base length

Fig. 4. Micrographs showing the surface morphology of VT22 titanium alloy sample 
following different electromechanical processing (EMP) modes. Modes:

1 – 150 N; 2 – 100  A/mm2, 150 N; 3 – 300  A/mm2, 150 N; 4 – 600  A/mm2, 10 N;  
5 – 600  A/mm2, 150 N; 6 – 100  A/mm2, 150 N; 7 – 300  A/mm2, 150 N; 8 – 600  A/mm2, 10 N; 

9 – 600  A/mm2, 150 N; 10 – initial (conventional turning, feed: 0.125 mm/rev)

The reference state was the initial surface after semi-finish turning, with the following roughness 
parameters: Ra = 12.42 µm; Sm = 128 µm; t60 (60%) = 44.7%. The section level of the profile’s support 
length was chosen to be 60%. The arithmetic mean deviation of the profile (Ra) was used as the primary 
height parameter due to its informativeness. Surface processing analysis revealed that modes No. 3, 7,  
and 9 were optimal in terms of height, step, and structural surface layer parameters (Fig. 5).

The mode of electromechanical smoothing (EMS) with high-density direct current (600 A/mm2,  
Mode 3) reduced the indicators: Ra by a factor of 6.52, Sm by a factor of 1.27, and t60 increased by a  
factor of 2.21.

EMP with direct current of the same density with a pressing force of 150 N (Mode 7) reduced Ra, Sm  
by factors of 4.43 and 2.28, respectively, and practically doubled the t60.

Alternating current with a density of 600 A/mm2 during EMP (Mode 10) resulted in the appearance of 
secondary roughness due to the higher amplitude of AC compared to Mode 9 [8], while the step parameter 
(Sm) for these modes decreased by 6%, and the t60 parameter increased by 1.58 times (Fig. 5).
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Rolling without current (Mode 2) and EMS with low current density (100 A/mm²) using either AC 
(Mode 5) or DC (Mode 8) did not qualitatively alter the surface profile (Fig. 5).

Despite the low processing speed and low deformation force (10 N) in Modes 3 and 4, Ra decreased 
significantly (to 1.9 µm) and t60 increased to 98.8% (Figs. 5 and 6, Mode 3), a similar effect was observed 
in the prior research [27].

Fig. 5. Comparison of different processing modes (1–10) for three types of roughness  
parameters (Ra, Sm, t60)

Fig. 6. The surface layer profilograms of titanium alloy after different processing  
modes (1–10)
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Profilogram analysis (Fig. 6) indicated that AC-based processing promotes pronounced waviness and 
a high-rigidity profile (Fig. 6, Mode 10). DC causes greater heating of the initial micro-protrusions from 
turning, reducing their deformation resistance and minimizing vibration during smoothing (Fig. 6, Mode 7) 
[8]. EMP with DC of 300 A/mm² showed partial technological inheritance of the semi-finish turning profile 
(Fig. 6, Mode 6).

Profiles from Modes 4 and 7, despite their concave shape and lower rigidity, and load-bearing capacity, 
possess adequate oil retention and can be suitable for specific friction pair applications [7, 8].

Applying the fast Fourier transform (FFT) yielded characteristic profilograms representing the 
main amplitude-frequency components of the discrete signal, excluding subharmonic “noise” (Fig. 7, 
Modes 1–10).

Fig. 7. The surface model profilograms of titanium alloy VT22 after FFT by fundamental harmonics

For the initial state and modes involving simple running-in or low-current-density processing (100 A/
mm²), the dominant harmonic corresponds to the semi-finish turning (Fig. 7, Modes 1, 2, 5, 8).

EMP with high current density (Modes 3-4, 6-7, 9-10) generated profiles with a prominent low-frequency 
component and smoother irregularities (reducing Ra by up to 9.2 times and Sm by 2.28 times). Fig. 7 shows 
that increasing current density during EMP suppresses high-frequency profile components, giving rise to a 
dominant (“carrier”) frequency.

Fig. 8 presents the curves of relative bearing surfaces for different levels of P Modes 1–10. Based on 
these curves, microprofiles are classified as:

Low-rigidity: Modes 1–6
Medium-rigidity: Modes 8 and 9
High- rigidity: Modes 7 and 10.
For applications requiring reliable interference fits (resistant to premature loosening from asperity 

crushing) and low wear in friction pairs, DC EMP at 300 or 600 A/mm2 – in either smoothing (10 N) or 
deformation (150 N) modes – is recommended. The improvement stems from increased actual contact 
area [26].

The strength of the interference fit and the tightness of the connections are achieved due to larger actual 
contact support areas [26].
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Fig. 8. Profile reference line curves for modes 1–10

For example, model surface profile curves for Modes 2, 4, and 5 are decomposed into their constituent 
harmonics (Figs. 9, a–f).

As shown in Fig. 9, d, it is evident that despite the plastic deformation of the surface by the roller, the 
prevailing period remained the feed rate of the cutter during semi-finishing, i.e., 0.125 mm.

For DC EMP with a current density of 600 A/mm² (Fig. 9, e, Fig. 6, 9, Mode 7), the main harmonic shifts 
toward longer periods, indicating profile waviness. The large roller radius caused overlapping processing 
tracks, which broadened (blurred) the main peak in the spectrogram (Fig. 9, e). A similar effect is observed 
for Mode 10 (Fig. 9, f), where a minimum of five harmonics were required to achieve a visually accurate fit 
to the original profilogram and the highest correlation coefficient (Fig. 9, c).

To classify the scale of longitudinal profile deviations for the model curves, the ratio of the step length 
to the height of the protrusion (l/H) was calculated for each mode and harmonic (Fig. 10).

Fig. 9. Example of harmonic decomposition of model surface profile curves for modes 2, 7, and 10 (a–c). Numbers 
in a–c indicate harmonics (in order of decreasing amplitudes), d–e – spectrograms (periods are indicated in brackets)
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Fig. 10. Example of a diagram for determining the type of deviation of the longitudinal profile

Fig. 10 illustrates the determination of the l/H ratio and the corresponding deviation scale using five 
harmonics from Mode 10 as an example.

The l/H ratios calculated for all processing modes of the VT22 titanium alloy sample are presented in 
Fig. 11.

Harmonics corresponding to surface roughness are evident in Modes 1, 2, 5, 6, and 8 (Fig. 11). These 
are inherited from the preceding semi-finish turning operation (0.125 mm/rev feed rate) and persist on the 
profilograms (Fig. 6) due to the weak thermomechanical impact of the working tool under these conditions. 
In contrast, these roughness-related harmonics are entirely absent in modes processed with higher current 
densities (Modes 3, 4, 7, 9, and 10), regardless of current type (Fig. 11). The lowest l/H ratios were recorded 
for Modes 5 and 8.

As noted in prior studies [7, 8, 28], surface engineering technologies such as vibro-rolling and 
electromechanical processing can create specific micro-reliefs designed to enhance lubrication. This is 
achieved by forming artificial micro-wedges between friction pairs, which can initiate a hydrodynamic 
lubrication effect. For instance, electromechanical processing was shown to increase the wear resistance 
of Steel 45 (0.45% C) and VT22 titanium alloy by factors of 5 and 100, respectively, compared to their 
initial states. This significant improvement is attributed to the formation of oil-retaining pockets and a high-
strength surface layer [29, 30].

Fig. 11. Diagrams of the l/H ratio of modes 1–10 (the numbers above the columns 
are the l/H harmonic values). Note: the ordinate axis is given on a logarithmic scale
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T a b l e  2

Correlation coefficients between experimental data and model profile curves

Mode No. 1 2 3 4 5 6 7 8 9 10
Correlation coefficient |R| 0.57 0.71 0.51 0.73 0.20 0.23 0.37 0.26 0.74 0.40

Analysis of the correlation coefficients (Table 2) reveals a strong correlation (R ≥ 0.7) for the surface 
layer hardened by roller tool processing (Mode 2) and for electromechanical smoothing/processing with 
alternating current (Modes 4 and 9). A moderate correlation (0.5 ≤ R ≤ 0.7) is observed for Modes 1 and 3.

In contrast, a weak correlation between the model curves and experimental data is found for EMP using 
direct current with a 150 N force at densities of 100, 300, and 600 A/mm² (Modes 5, 6, 7), as well as for 
alternating current EMP at 100 and 600 A/mm² with the same force (Modes 8 and 10).

The low correlation coefficient for Mode 5 may result from spectral amplitudes falling into adjacent 
frequencies, which can distort or mask lower-amplitude peaks [31]. The authors attribute the small R-value 
for Mode 6 to the absence of a distinct cyclic component over more than one-third of the profile length, 
indicating the limited sensitivity of this mathematical approach to localized signal variations.

Optimum interference fits for movable joints require surfaces with low height parameters. High-profile 
asperities promote premature loosening and wear via plastic deformation, compromising joint sealing and 
accelerating corrosion [32]. Furthermore, increasing the bearing length ratio (tp) and mean spacing of profile 
irregularities (Sm) reduces the friction coefficient and enhances wear resistance. A high Sm combined with 
a low Ra significantly mitigates the stress-concentrating effect of surface irregularities, thereby improving 
fatigue strength and durability [33].

Proper selection of EMP and SPD modes, coupled with precise process control and analytical techniques 
like FFT, enables the production of high-quality surface profiles. This approach minimizes artifacts 
from sample vibration, fluctuating contact pressure against the current collector, and other experimental 
variabilities.

Conclusion

1. Analysis of surface profilograms for the VT22 titanium alloy demonstrated that all applied processing 
modes reduced height parameters (achieving Ra as low as 1.35 µm) and improved the surface finish grade 
from 3 to 6. Electromechanical processing (EMP) with high-density direct current was particularly effective 
in qualitatively suppressing profile “chatter” inherited from the preceding semi-finish turning.

2. Electromechanical processing and smoothing (Modes 3, 6, 7) significantly reduce the profile step 
parameter by up to a factor of 2.28 and increase the relative bearing length to 98.8%, producing “oil-pockets” 
profiles with varying rigidity levels and waviness characterized by different step and height parameters.

3. The application of the fast Fourier transform (FFT) enabled the identification of principal components 
resulting from the complex multi-stage processing, isolation of the profile’s cyclic component, generation 
of profile irregularity distribution graphs based on approximation models, and filtering of random artifacts 
from the process (e.g., potential vibration, low system rigidity, and sample flapping in the chuck) for correct 
interpretation of the results obtained. The highest correlation coefficient (R > 0.7) was observed for surface 
plastic deformation (SPD) and alternating current electromechanical processing (EMP), attributable to the 
combined dominance of the trend from the preceding semi-finish turning and the waviness induced by EMP 
(Modes 2, 4, 9).

4. Fast Fourier transform (FFT) can be used as an express assessment and classification by the scale 
factor of longitudinal deviations of the machine parts’ surface profile after various types of processing.

5. As the most optimal processing mode in terms of surface microgeometry parameters for a mechanical 
engineering technologist, Mode 3 is recommended. It effectively reduces height and step parameters and 
significantly increases the structural parameter responsible for the load-bearing capacity of mating parts.
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