TexHika, eHepreTuka,

Nel (132) /2026 TpaHcnoprt AIIK
% E H } o Technology, energy,
ISSN: 2520-6168 Vol. 132, Ne1 /2026 agriculture transport AIC

UDC 621.787.4
DOI: 10.37128/2520-6168-2026-1-11

INCREASING THE WEAR RESISTANCE OF PARTS OF SOIL TILLING MACHINES BY THE
METHOD OF HYDRO-IMPULSE SURFACE PLASTIC DEFORMATION

Yuriy PALADIYCHUK, Candidate of Technical Sciences, Associate Professor
Inna TELIATNYK, PhD, Senior Lecturer
Vinnytsia National Agrarian University
Savelii KUKHARETS, Doctor of Technical Sciences, Professor
Agriculture Academy of Vytautas Magnus University
lhor NISHCHAKOV, Assistant
Vinnytsia National Agrarian University

HAJIAI[IPI‘IYK IOpiii bornanoBu4, K.T.H, TOLEHT
TEJATHUK Inna AnarodaiiBaa, Ph.D, cr. Buknagau
BinHMIbKHI HalliOHATBHUI arpapHUil YHIBEPCHTET
KYXAPEUD Casediii, 1.17.H, mpodecop
AkaneMisi CLIBCBKOTO TocTiofapcTBa Y HiBepcuteTy BiToBTa Bemmkoro
HIIIAKOB Irop BiraaiiioBuy, acuctent
BinHWIbKHI HalllOHATBHUI arpapHUil YHIBEPCHTET

Increasing the operational reliability of agricultural machinery components operating under
conditions of intensive abrasive wear is a priority task of modern mechanical engineering. Surface plastic
deformation using hydropulse devices is an effective method of forming a hardened layer, however, the stability
of this process is significantly limited by the degradation of the geometric shape of the working tool.

The article analyzes the dynamics of the interaction of impact tips of various configurations (sphere,
cone, trapezoid) with the treated surface. The evolution of the tool shape change under conditions of high-
frequency cyclic loading and its influence on the energy parameters of the impact are considered. The study
is based on the method of mathematical modeling of viscoelastic systems based on the Kelvin-Voigt model,
which allows describing the hydropulse drive as a parametric system with a built-in pressure pulse generator.

In the course of the work, mathematical dependencies were determined for estimating the force of
impact interaction, which took into account the elastic-plastic response of the part and the involutely small
deformation of the tip. The kinematic characteristics of the piston-striker were calculated, in particular the
maximum speed at the moment of contact and the rebound parameters. The use of the “elastic-concentrated
model” of the energy carrier was justified to minimize the dimensions of the device while maintaining a high
pulse frequency (up to 100 Hz). It was established that the use of the refined mathematical model allows
adapting the processing modes to increase the wear resistance of agricultural machinery parts by 1.5-2 times.

The proposed approach, combining a refined mathematical model with adaptive control of the energy
and geometric parameters of hydropulse loading, ensures the predictable formation of a hardened surface
layer with enhanced wear resistance and stable properties over a wide range of operating conditions.

Keywords: hydropulse device, surface plastic deformation, impactor, plastic deformation,
mathematical modeling, pressure pulse generator, impact kinetic energy, forging, wear resistance, Kelvin-
Voigt model.

Eq. 20. Fig. 10. Ref. 15.

1. Problem formulation

The modern development of agricultural and general mechanical engineering is characterized by a
constant increase in the requirements for the operational reliability of components and assemblies. The operating
conditions of soil tillage equipment, in particular, constant abrasive action and significant dynamic loads, require
the introduction of high-tech methods for increasing the wear resistance and fatigue strength of parts. One of the
most promising and cost-effective areas in this area is surface plastic deformation (SPD) technology. Among
SPD methods, a special place is occupied by the use of hydropulse devices, which allow generating significant
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pulse loads [1,2]. This ensures the formation of a high-quality hardened surface layer (hardening) with specified
physical and mechanical properties, which significantly extends the service life of machine parts.

However, the practical implementation of the potential of hydropulse hardening faces a number of
technical difficulties. The efficiency of the process and the stability of the results obtained critically depend on
the dynamic stability of the hydropulse drive and the preservation of the functional characteristics of the
working tool (hammer). In real operating conditions, the striker is subjected to intense high-frequency cyclic
loads. Such an impact leads to the gradual accumulation of microdamage and plastic deformation of the striker
material, which inevitably leads to a change in its initial geometric shape [1,2].

A significant problem arises: the discrepancy between the actual geometry of the striker and the
calculated parameters entails a chain reaction of negative consequences. In particular, the stability of the transfer
of kinetic energy of the impact is disrupted, the area of contact interaction changes, which leads to unpredictable
variations in the depth of the hardened layer and the heterogeneity of hardening over the entire machined surface.
As a result, the overall quality of hardening decreases, which negates the advantages of the technology.

Thus, in modern mechanical engineering there is a clear scientific contradiction: on the one hand, it is
necessary to provide high energy of the impact pulse for effective deformation of the surface of the part, and on the
other hand, under the influence of this same energy, the tool loses its geometric stability and resource [2-4].
Resolving this contradiction requires research into the dynamics of the interaction of the striker with the machined
surface, studying the processes of tool shape change, and developing mathematical models of the hydropulse drive.

2. Analysis of recent research and publications

The issue of increasing the durability of machine parts by surface hardening has been the focus of
attention of many scientists for a long time. A significant number of fundamental works have been devoted to
the study of the processes of pulse loading and deformation hardening of surfaces. In particular, the foundations
of the dynamics of hydraulic impact systems are laid in the works of such scientists as Obertyukh R.R., Slabky
A.V., Iskovich-Lototsky R.D. and others. The issue of contact interaction of bodies during high-speed collision
was considered in detail in the classical Hertz theory, as well as in modern studies [2,3,4], where the main
attention is focused on the energy balance between the kinetic energy of the impactor and the potential energy
of deformation of the workpiece. It is generally accepted that the effectiveness of the hardening process directly
depends on the kinetic energy of the impact and the current state of the working tool. In the works [3,4] it is
substantiated that the striker of the hydraulic impulse device is a critically important element, since it directly
interacts with the surface and transfers the energy of the hydraulic shock to it. However, despite significant
successes in modeling hydraulic impulse systems, the issue of the evolution of the shape of the tool itself
during long-term operation remains insufficiently studied.

Its durability depends on the ability of the material to resist plastic deformation, which, with repeated
loading cycles, leads to irreversible changes in the geometry of the striker [3,4]. In particular, ball strikers are
characterized by a gradual flattening of the contact surface, which transforms the initial point interaction into
a planar one, and for conical ones, blunting or flattening of the apex. Such shape changes critically affect the
stability of the hardfacing distribution in the metal and the quality of the hardened layer.

In addition, special attention is required to study the relationship between the frequency of pressure
pulses and the dynamic response of the system, which is implemented in modern devices with built-in
parametric pressure pulse generators (PGP). Unlike traditional vibration drives, such systems provide greater
flexibility of technological settings, but require a refined mathematical description based on complex
viscoelastic models, in particular the Kelvin-Voigt model [2-5]. Thus, the need to develop a mathematical
apparatus that would take into account both the dynamics of the drive and the gradual deformation of the
working tool makes this study relevant.

In the design of modern hydropulse systems, the impactor performs the function of a key link, providing
direct kinetic interaction with the treated surface and implementing the directional transfer of hydroshock energy.
The performance indicators and resource durability of this element are determined by its ability to withstand
extreme dynamic loads that arise at the moment of high-speed collision of the tool with the part [2, 4].

Under conditions of cyclic loading-unloading with high frequency, the material of the working part of
the striker is subjected to intense mechanical influences, which initiate the processes of plastic deformation.
This leads to irreversible degradation of geometric parameters and changes in the physical and mechanical
properties of the surface layer of the tool [3-5]. Understanding the mechanisms of such shape changes is a
fundamental basis for optimizing the design parameters of working tips, rational selection of wear-resistant
materials and development of accurate algorithms for predicting their service life [4]. Manifestations of plastic
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deformation of strikers are usually identified as local dents, residual curvatures of the working faces and radial
flattening (especially for spherical and conical shapes), which tend to accumulate progressively over time [3,4].
The intensity of this process is a multifactorial function that depends on the magnitude of the generated impact
energy, the rheological properties of the impactor material (in particular, the combination of hardness and
impact toughness), the resistance to deformation of the processed material, as well as the initial geometric
configuration of the tool contact zone [4-6]. To analyze the processes of wear and loss of geometric accuracy,
we will consider the characteristic features of shape changes for the most common types of working tips.

Spherical (ball) striker

The spherical impactor (Fig. 1) due to its ideal geometric symmetry provides a uniform distribution of
internal stresses in the material while observing the conditions of the central impact. In the initial phase of
interaction, contact occurs at a point that allows achieving high values of instantaneous pressure necessary to
overcome the yield point of the material of the processed part and the formation of the hardening zone [4-6].

However, in real operating modes of a
hydraulic pulse drive, ideal conditions are often
violated due to off-center impacts, dynamic rod
beating or microstructural heterogeneity of the tool
S=4nR’ material itself. This leads to the occurrence of
iiif;ma tangential stresses, which cause the formation of

local defects: microdents, chips and cuts on the

T N working surface.
7 < Systematic high-frequency impact action
initiates the processes of plastic flow of metal in the
contact zone, which inevitably leads to gradual

P flattening (flattening) of the spherical surface. This
process of geometry transformation is critical, since
Fig. 1. Ball striker it changes the nature of the interaction from the

initially point to planar.

Such a change in the contact area significantly reduces the specific pressure at a constant impact
energy, which negatively affects the depth of strain hardening and the uniformity of the distribution of residual
stresses in the surface layer of the part [4,5].

Conical striker

The conical impactor (Fig. 2) is characterized by a high ability to concentrate the energy of the shock
pulse on the minimum contact area.

|t s Due_to the s_h_arp geometry of the tip, an
AN A extremely high specific pressure is created in the
= = contact zone, which allows you to effectively
R=2..4mm overcome the forces of interatomic bonding in the

Sk surface layers of the processed material. This

provides a high penetrating ability of the tool, which

is critically important for the processes of

Z g perforation, local destruction or deep marking of
T p hard materials [4, 5].

(Farce / Load)
Fig. 2. Conical striker

However, a significant gradient concentration of contact stresses in the narrow near-apex zone of the
cone makes it most vulnerable to degradation processes. Under the action of cyclic dynamic loads, the stresses
in the tip material often exceed its local yield strength, which initiates intense plastic deformation.

During long-term operation, the shape of the tip evolves: it gradually becomes blunt, undergoes radial
flattening or microcracking due to the accumulation of fatigue microcracks. These structural changes lead to
an increase in the actual contact area, which, at a constant pulse energy, significantly reduces the specific
pressure and, as a result, sharply reduces the penetration efficiency and the quality of strain hardening of the
surface [5].Rounded top striker (rounded cone)

The striker with a rounded top (Fig. 3) in its geometric configuration is a rational constructive
compromise between spherical and conical tips. This shape allows you to combine the advantages of both
types: it provides a higher concentration of the energy of the impact pulse compared to the sphere, but at the
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same time significantly reduces the gradient of peak contact stresses inherent in a sharp cone. Due to the radius
of curvature, it is possible to achieve optimal distribution of forces in the contact zone, which contributes to
the formation of a uniform layer of hardening with a lower probability of microfractures of the tool [4,5].

The use of a rounded cone allows stabilizing
the strain hardening process due to a smooth change
in the contact area during the tool's penetration into
the part material. This ensures the effective
occurrence of dislocation hardening processes in the
near-surface layers [5].

However, under conditions of prolonged
. cyclic loading, the material of the rounded part is
Contact Area subject to fatigue and plastic redistribution. Plastic
’ deformation in this case manifests itself in the form
of a gradual flattening of the contact zone and
degradation of the spherical segment of the tip. Such
a shape change leads to a gradual deviation from the

R=2._4mm

calculated impact dynamics: an increase in contact

P time and a decrease in peak pressure values. As a

(Force fLoad) result, a decrease in the technological efficiency of

Fig. 3. A striker with a rounded top processing is observed, which requires adjusting the

operating parameters of the hydraulic pulse drive or
replacing the working tip [4,5].
Trapezoidal striker
The trapezoidal impactor (Fig. 4) is specially designed for technological operations that require the
formation of extended deformation zones, the creation of wide technological grooves or the processing of
significant surface areas in one working cycle. Due to the presence of a flat or slightly inclined working face,
such a tool provides the transfer of hydraulic impact energy to a significantly larger contact area compared to
other types of tips. This allows achieving high productivity when performing deformation strengthening
operations on large flat surfaces [4-6].
A feature of the functioning of the
trapezoidal shape is the specific distribution of
_m:;.ft;:m..; contact stresses: their greatest concentration is
observed not in the center, but along the perimeter of
o2 Smd d, /2 siny= /2 sink the working area (edge effect). This nature of the
T2sns - load requires high accuracy of positioning the
Contact Area impactor relative to the part and stability of the
/"m dynamic characteristics of the hydraulic drive.
During intensive operation, due to the

significant interaction area and cyclic heating of the

P contact zone, the striker undergoes degradation
(Force fosd changes. Plastic deformation manifests itself in the
Fig. 4. Trapezoidal-shaped striker form of general flattening (settling) of the working
face, loss of flatness and curvature of the side
surfaces.

A characteristic defect is the formation of characteristic notches along the edges of the working area,
which is due to the edge concentration of stresses at the contact boundaries [5]. Such structural and geometric
changes lead to an uneven distribution of hardening over the width of the treated area, which negatively affects
the operational characteristics of the hardened surface layer.

A comprehensive study of the kinetics of shape change of strikers taking into account the accumulation
of plastic deformations is a critically important stage in the design and modernization of hydraulic impulse
systems. Analysis of the mechanisms of degradation of working surfaces allows not only to predict the residual
resource of the tool, but also to scientifically substantiate the choice of materials with increased operational
stability. In particular, the use of superhard alloys, materials with a high fracture toughness index and the
application of special functional coatings that minimize adhesive wear and fatigue cracking are promising [5-8].
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The physical and mechanical characteristics of the surface layer, in particular hardness, directly
correlate with the duration of trouble-free operation of machine components and depend on the strength
gradient and surface resistance to abrasive wear. For parts of soil tillage equipment operating in harsh
environmental conditions, hardness testing is the main indicator of their potential durability and ability to resist
plastic deformation [5, 6].

It has been established that under the dynamic influence of a spherical impactor of a hydropulse device,
the nature of strain hardening (hardening) changes significantly depending on the pulse energy and rheological
properties of the metal. The process of impact introduction of the tool initiates the redistribution of dislocations
and grinding of the metal structure, which is reflected in the change in the microhardness profile with depth
(Fig. 5). Understanding these patterns allows us to develop new design solutions that ensure the stability of the
energy parameters of the impact action and high wear resistance of both the workpiece and the working body.

AHB
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Fig. 5. Degree of maximum hardening for steels 50 and 65G

The transformation of the geometry of the working surface of the striker due to its plastic deformation
directly correlates with the nature of the formation of the stress-strain state in the workpiece. The evolution of
the shape of the contact zone leads to a significant redistribution of stresses, which, in turn, changes the kinetics
of dislocation accumulation and the structure of the hardening zone (Fig. 6, 7). In particular, the deviation of
the striker shape from the calculated one causes instability of the tool penetration depth and variability of the
microhardness gradient along the depth of the surface layer [6-8].

Fig. 6. Distribution of hardfacing zones and their depth with a ball-shaped striker:
1 — part 2 — deformation zone

It has been established that with an increase in the radius of curvature of the striker (for example, when
the sphere is flattened), the area of elastic-plastic contact expands, which reduces the peak values of the contact
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pressure at constant Kinetic energy. This leads to a decrease in the maximum depth of penetration of the striker
and the dissipation of impact energy over a larger volume of metal, which can cause an insufficient level of
hardening in the target hardening zones [6-8].

The study of the nature of the distribution of the hardened zone under the surface of the imprint (Fig.
7) confirms that to ensure the uniformity of the hardened layer, it is critically important to maintain the stability
of the geometric parameters of the striker. Any deviations in the shape lead to a distortion of the isolines of the
hardening distribution, which can provoke the appearance of zones with residual tensile stresses, which are
potential foci of fatigue failure of the part during further operation [6]. Thus, the control of the shape change
of the striker is a necessary condition for stabilizing the depth and quality of deformation hardening in high-
performance hydraulic pulse technologies.

The assessment of the effectiveness of the impact effect in hydraulic pulse systems is based on the
analysis of the kinetic energy generated by the working element (striker) immediately before the act of
collision, as well as on the study of the dynamics of its transformation into the deformation energy of the
workpiece. The quantitative indicator of this energy is determined by the mass of the moving parts of the drive
and the square of their speed at the moment of contact, which is a determining factor for the formation of the
depth and intensity of the hardened layer [4, 8].

An important component of the analysis is the high-speed deformation mode, which characterizes the
intensity of the course of plastic processes in the metal. The high loading rate inherent in the hydropulse method
initiates specific mechanisms of dislocation rearrangement of the crystal lattice, which allows achieving
significant strengthening with minimal residual changes in the macrogeometry of the part [6,7]. In this case,
the strain rate affects the material's resistance to plastic flow, which must be taken into account when adjusting
the frequency characteristics of the pressure pulse generator.

d, mm d, mm d, mm
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Fig. 7. The nature of the distribution of the riveted zone under the surface of the imprint:
a) steel 10; b) steel 50; c) steel 65G

In the process of interaction, the impact energy is distributed between the tool and the processed body,
being spent on elastic recovery, plastic deformation and heat dissipation. Optimization of this energy balance
by choosing rational modes of energy supply and parameters of the hydraulic link allows to ensure maximum
efficiency of the deformation hardening process [7]. Thus, a complex combination of kinetic parameters of the
impactor and rheological response of the material of the part is the basis for creating stable technological
processes of surface-plastic deformation.

The generation of the required impact energy in devices for surface-plastic deformation is based on
the use of various physical principles, the choice of which depends on the required frequency and amplitude
of the pulses. The main methods are: the use of hydrodynamic fluid pressure, which allows for accurate dosing
of energy through parametric GIT; the use of centrifugal forces arising from the rotation of unbalanced masses;
and the use of vibrational oscillations of the working medium, which are transformed into shock pulses through
the deforming tool [7, 8]. In addition, the energy efficiency of the process correlates with the design features
of the impactor: its geometric configuration and the physical and mechanical properties of the material, in
particular the hardness, which determines the ability to accumulate and transfer momentum without significant
losses due to elastic dissipation.

At the microstructural level, the process of deformation strengthening of metals is based on the
dynamics of the accumulation of dislocations, which act as the main carriers of plastic flow. Under the
influence of the impact pulse, a series of dislocation loops are generated from the sources, which move along
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the slip planes of the crystal lattice. In the event of the first dislocation encountering an obstacle (grain
boundaries, inclusions or other dislocations), the following loops, approaching the braking zone, cause
progressive local distortion of the lattice [8].

The interaction of closely located dislocation areas creates fields of internal stresses that spread to
adjacent microvolumes of the crystal. This leads to an intensification of the hardening process and a
significant expansion of the volume of the deformed lattice around such clusters. As a result, a fine-grained
structure with a high density of defects is formed, which provides a significant increase in the hardness and
wear resistance of the hardened layer of the part [7-9].

3. The purpose of the article

The purpose of the study: to justify the choice of the optimal shape of the striker and calculate the
operating parameters of the hydropulse device for stable surface hardening of parts.

To achieve the goal, the following tasks need to be solved:

- To analyze the influence of the geometric shape of the striker (sphere, cone, trapezoid) on the nature
of the stress distribution and the accumulation of plastic deformations in the instrument itself.

- Describe using mathematical equations the process of movement of the striker inside the hydraulic
impulse drive, taking into account the fluid pressure and spring stiffness.

- Determine a mathematical relationship that will allow you to accurately calculate the force of impact
interaction between the tip and the part, taking into account the elastic properties of materials.

- Taking into account the information received, draw conclusions.

4. Results and discussion

The use of hydropulse drives for surface strain hardening processes with an operating frequency range
of up to 100 Hz demonstrates significant advantages over traditional mechanical vibration drives. The main
design and technological preferences of such systems are their high energy consumption with relatively
compact dimensions, as well as the possibility of precise flexible adjustment of the amplitude-frequency
parameters of the vibration loading of the impact element [8, 9]. Such adaptability is a critical condition for
identifying and implementing optimal hardening modes that provide the required depth of hardening and
surface microgeometry without the risk of overhardening or thermal destruction of the material.

According to the results of the analysis of existing technical solutions, the design schemes of
hydropulse equipment for strain hardening are classified according to the principle of pulse source placement
into two main types:

1. Systems with remote GIT, which allows servicing several actuators from one pumping station.

2. Devices with integrated GIT directly into the actuator, which minimizes hydraulic losses and
increases system performance.

Design and engineering implementation of highly efficient hydraulic impulse devices requires a
comprehensive study of their dynamic characteristics. The fundamental stage of development is the synthesis
of adequate mathematical and dynamic models that allow describing transient processes in hydraulic and
mechanical subsystems [8, 9]. The construction of a dynamic model of a device with a built-in parametric GIT
is based on the analysis of the structural and calculation scheme (Fig. 8), which takes into account the masses
of moving parts, the stiffness of elastic elements, viscous friction and nonlinear characteristics of the
compressibility of the working fluid [9]. Such a comprehensive approach, combining theoretical modeling
with subsequent experimental verification, is the key to creating reliable equipment for PPD.

To minimize the overall dimensions of the equipment, the most appropriate is to use structures with a
GIT integrated into the actuator. Such a solution is especially effective when strengthening small-sized parts
(Fig. 9). The design of a device with limited dimensions is based on the need to provide a given hardening
energy at certain speed regimes, impact frequency and working fluid flow. Since the impulse energy is a
determining criterion when selecting power components, it is recommended to combine the elastic elements
of the GIT and the impact link to optimize the overall dimensions of the system [8, 10].

The key component that performs the power and distribution functions (Fig. 8) is the piston-hammer
(4) with a tip (4.2) fixed to the rod (4.1). It acts as a locking element of a single-stage GIT, which operates on
the parametric principle of pulse generation. The sealing of the working cavities is carried out using chamfered
and spool elements. In particular, the piston chamfer comes into linear contact with the seat (5), which is
adjacent to the inner surface of the sleeve in diameter [8, 9, 11].
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Fig. 8. Schematic hydro kinematic diagram of a prototype of a hydropulse device for deformation
hardening of parts: 1 —spring; 2 — adjusting screw; 3 —spring; 4 —striker; 4.1 —rod; 4.2 — impact tip; 4.3
— elastic part of the piston; 5 — seat; 6 — cup; 7-21 — hydraulic lines; d1, d, — diameter; ds — rod diameter;
Yoz —preliminary deformation; h, — additional overlap; Q., Wo, K, pr — energy supply; ki, Yo —Spring
stiffness and pre-deformation 1; ka, yoo —k,, v, — Stiffness and pre-deformation of the elastic part 4.3 of
the piston-hammer 4; ks, yo3 — spring stiffness and pre-deformation 3; mn i m¢ —respectively, the combined
masses of the piston-hammer; hnmax — hp,,  —maximum stroke of the piston - striker 1; yic, yin —the
beginning (direction) of the forward stroke, respectively, of the seat 5 and the piston-hammer 4;
A — pressure cavity; B —tank; C — intermediate cavity; D — workpiece; C — drain cavity;F — filter insert;
CV1, CV2 - check valve; AT — radiator; DCV - safety valve; RB — flow regulator; H — hydraulic pump;
HC — pumping station.

In the operating state of the system, the elastic part of the piston (4.3), made in the form of a slotted
spring, and the additional spring (1) installed in parallel have a preliminary deformation Do.This ensures that
the piston surface is located with a diameter d; at a distance of positive overlap X, relative to the drain channels.
The initiation threshold (opening pressure) of the GIT is adjusted using a screw (2) in the cup (6), which
changes the compression of the spring (1), as well as due to the elastic properties of the striker itself [8, 11].

The structural and calculation diagram (Fig. 8) shows the main calculation parameters:

- Qn —energy consumption from the pumping unit;

- V, —total volume of the pressure main and cavity A,

- E andpa — modulus of elasticity and current fluid pressure;

- C1, D1 and Cus, D43 —stiffness and deformation of the corresponding spring elements;

- m,, and m.;, —combined masses of moving parts (firing and saddle);

- hmax — maximum piston stroke.
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The machining process is accompanied by intense force interaction directly at the interface "tool -
part”. The most significant microstructural transformations are localized in subsurface zones at small depths
relative to the newly formed surface. Under typical deformation conditions, there is a simultaneous action of
thermal and mechanical factors, the gradient of which determines the final state of the material [10, 11]. The
nature of the microstructure is significantly determined by the intensity of the external influence. With
moderate machining, characterized by balanced thermal and force loads, the thickness of the hardened layer
(the so-called resistance layer) is 11-15 um (Fig. 10). Such hardening parameters are recorded when using
tools made of polycrystalline cubic boron nitride and cemented carbides [9, 12]. It is characteristic that under
moderate deformation the properties of the formed layer remain stable and similar, regardless of the specific
combinations of thermomechanical factors inherent in different types of tool materials [10, 11].

In contrast, aggressive deformation modes cause much deeper structural disturbances. In this case, the
depth of hardening reaches 24-28 um, which is accompanied by the formation of specific “white layers” in the
subsurface. The emergence of such structures indicates extreme gradients of temperatures and plastic flow rates,
which leads to grain refinement to the nanoscale level and phase transformations [11, 12]. Understanding these
mechanisms is key to ensuring the operational reliability of parts operating under conditions of increased wear.

Fig. 10. Microstructural integrity of the surface as a result of normal plastic deformation conditions; a
— material resistance caused by intermediate thermal effects and low-intensity mechanical effects; b —
details of deformation traces caused by low-intensity thermal effects and intermediate mechanical
effects on the workpiece surface

The complete dynamic picture of each stage of the device's operation is described by a system of
differential equations. These equations allow simulating the movement of the mechanical drive links and the
balance of energy consumption in the hydraulic cavities at the same time, which is the basis for optimizing the
parameters of the hydraulic drive [10, 11].

To optimize the analytical description and increase the efficiency of the numerical solution of the
system of equations, the complex eight-stage operating cycle of the device is classified according to functional
features into two main periods [10, 12]:

1. The period of direct travel (stages 1-5): characterized by active movement of inertial masses
m. and m, under the action of increasing pressure of the energy carrier. The kinematics of this period is
described in the coordinate system Xc, and X.n (where the index «n» indicates the straight direction of
movement) [10, 12].

2. The return period (stages 6-8): corresponds to the return of the masses to their original position
after the act of impact interaction is completed. The movement is recorded by the coordinates x.; and X, (where
«z» indicates the reverse stroke), the countdown of which begins from the far right position of the working
links.
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When designing high-frequency hydraulic pulse systems, special attention is paid to minimizing the
volume of the pressure cavity. Vs, which is a necessary condition for the generation of high-frequency pulses.
In view of this, when constructing the mathematical model, an elastic-concentrated model of the energy carrier
was used. This assumption allows us to neglect the inertial properties (mass) of the fluid in cavity A, focusing
on its elastic characteristics [11,12].

The hydraulic drive link in this study is presented as a classical viscoelastic model. It consists of an
inertialess elastic component Cor and dissipative element kor. Within this rheological approach, the hydraulic
subsystem of the device is identified as a Kelvin-Voigt body, which allows for an adequate description of the
damping and energy accumulation processes in the working environment [11, 12].

Throughout the cycle, the hydraulic link undergoes deformation at a variable rate, entering into
dynamic interaction with the reduced masses. m¢ and m,. The relationship between the hydraulic and
mechanical parameters of the system is established through the corresponding gear ratios, which are
determined by the geometric parameters of the working chambers and the cross-sectional area of the links [11].

io]' = A]2 'AO_2 1)
where A; — cross-sectional area of the moving link of the device; Ao —the cross-sectional area of the
averaged pressure hydraulic line of the device drive.

A=Yl A @

where Iy, Ax —respectively, the length and cross-sectional area k of the hydrochannel.

The elastic component of the hydraulic link, which within the framework of the adopted Kelvin-Voigt
model is considered as inertialess, is characterized by the combined stiffness relative to the design area Ao.
This parameter is crucial for assessing the dynamic response of the energy carrier to the high-frequency
disturbance generated by the HIT [10, 11].

Mathematically, the stiffness of the hydraulic elastic element is determined according to the following
functional dependence:

Kor = AgiW 75 (3)

To ensure the universality of the mathematical model and the possibility of its adaptation to various
design parameters of the device, the calculated stiffness of the hydraulic link can be transformed relative to
any characteristic cross-section. Based on the fundamental principles of the theory of hydraulic impulse
systems [11,12], the recalculation of the stiffness for the selected cross-sectional area of the drive elements is
carried out using the following analytical relationship:

Ky =ik (@)

oj “or

where J =12....1 _ the sequence number of the drive element link.

Based on the energy carrier model presented in fundamental works [11,12], the viscous resistance
force parameter is used to describe energy losses in the hydraulic system Fs. This force arises in an inertialess
dissipative element that models internal friction and hydraulic losses in the pressure line.

Mathematically, the viscous drag force is calculated using the following relationship:

I:fo = Co ’ Xor (5)
where Xor = dXor [/ dt -strain rate Xxor hydraulic link (Kelvin-Voigt bodies);
Co = mpdo/4~0,785ud, — coefficient of viscous resistance to deformation of the hydraulic link (here p is the

dynamic viscosity of the energy carrier; 4, =2y(A, /7)),

To ensure the adequacy of the dynamic model and take into account energy losses in the moving
couplings of the device, it is necessary to reduce the dissipative characteristics to the main working links.
According to the provisions of the theory of hydraulic impulse systems [11, 12, 13], if the parameters of the
dissipative element of the hydraulic subsystem are reduced to the characteristic cross-sectional areas of the
moving parts of the drive, the calculation of the dissipative resistance force is carried out using the following
dependence:

05

Ffj = i;jO's -G, (XAj * y]) (6)
where Xai = Xor “loi " _ geformation of the hydraulic link, reduced to the cross-sectional area
Aji - Y —speed of the i-th drive link.
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To describe the fundamental relationship between the state parameters of the working fluid and its
deformation characteristics within the framework of the developed dynamic model, it is advisable to use the
following scientific statement:

In the mathematical model of the hydraulic impulse drive, the current value of the pressure pr of the
energy carrier in the averaged pressure main Ao directly correlates with deformation Xor rhydraulic link. The
dependence is based on the principles of linear elasticity of the medium and is determined by the ratio between
the potential energy of a compressed fluid and its geometric volume [10, 11].

Mathematically, this relationship is described by the following dependence:

Pr =Xo - kor ’ A(;l (7)

To clarify the calculation scheme and simplify the mathematical modeling of the hydraulic impulse
drive, the method of assumptions is used, which is based on the analysis of the significance of the influence
factors. Based on the results of research [12, 13], when developing dynamic models of the hydraulic impulse
drive systems, it is customary to ignore both the excess pressure of the energy carrier and the stiffness of the
hydraulic link in the drain line. This is due to the fact that the pressure in the drain cavity approaches
atmospheric, and its effect on the dynamics of the striker compared to the high pressure in the pressure chamber
is negligible and does not introduce a significant error into the energy calculations.

Analytical comparison of functional dependencies for work processes allows you to establish a
mathematical relationship between the critical parameters of the system state. In particular, a comparison of
mathematical descriptions (1.8) and (1.9) allows us to determine the correlation between the pressure levels of
“opening” (initiation) and “closing” of the GIT and the corresponding deformation changes of the hydraulic
link [12, 13].

This ratio is the basis for determining the pulse amplitude and the operating frequency of the valve
mechanism. It allows you to calculate the deformation X.r at the moments of changing the cycle phases, which
IS necessary to stabilize the hardening energy when the working fluid flow rate varies. The use of these
dependencies provides an adequate description of hysteresis phenomena in the operation of the HIT, which
directly affects the accuracy of setting the processing modes of parts [11, 13].

Xomax = plAO ’ kc;'l (8)
Xox = pZAO ' kc;rl = Xomax * Al ) Agl = XOmaxiSi5 (9)

where 1,, = Af A ? _internal gear ratio in the GIT between the areas of the working sections of the
piston-hammer.

The dynamic stability of the operation of the hydropulse device is determined by the complex
interaction of hydraulic and mechanical forces acting on its main links. An important parameter of the model
is the gear ratio between the hydraulic energy and the mechanical movement of the piston-hammer (4) (Fig.
8), which determines the efficiency of the transformation of pressure into kinetic energy [13].

During the movement in the precision couplings of the piston-hammer (4) and its rods (4.1, 4.3) with
the guide surfaces of the sleeve, a total resistance force R arises, which in its nature corresponds to semi-dry
or semi-liquid friction. Dissipative processes in the system are described through the coefficients of viscous
friction: c1 — for the locking element of the piston-firing device in the axial bore of the sleeve, and c; — for
the guide surfaces of the saddle. Taking these factors into account is necessary for accurate calculation of the
pre-deformation acceleration rate and rebound energy [13, 14].

The central power parameter is the force Fy, which is generated at the moment of high-speed collision
of the tip (4.2) with the surface of the workpiece (D). The magnitude and law of change of force Fy depend not
only on the kinematics of the drive, but also on the physical and mechanical properties of the materials of the
contact pair, including the elastic moduli, yield strength, and local hardness [13].

To derive a scientifically based dependence of the impact force Fy It is necessary to analyze the energy
balance of the system. According to the fundamental principles of impact mechanics [11,13], the kinetic energy
accumulated by the piston-hammer at the end of the return phase is transformed into deformation work at the
moment of contact. This energy is distributed into the elastic component d,, (potential energy of elastic
compression) and the plastic component d,.0, which is directly responsible for the formation of the hardened
layer and the change in the surface microstructure [12].

E =05m, V2 (10)

where V,.qx —maximum speed of the striker piston 1 at the end of its return stroke; mmax — the mass of
the impactor piston [12].
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In the mechanics of high-speed hardening impact, the nature of the energy distribution is determined
by the ratio of the elastic and plastic properties of the contact pair. Since in rational modes of PPD the
magnitude of the plastic deformation of the part J..s is significantly smaller than its elastic deformation d,,
(Omo < Ono), It can be argued that the accumulated kinetic energy of the piston-hammer is almost completely
transformed into the potential energy of elastic compression of the metal [10, 12].

At the same time, according to the law of conservation of energy and taking into account the rebound
phenomenon, a certain fraction of energy is spent on changing the kinematic state of the system after the
impact. This process is accompanied by the movement of the piston-striker (4) and the elastic deformation of
its power part in the direction of the forward stroke, which is denoted by the coordinate y,;. This redistribution
of energy is due to the action of reactive forces of elastic recovery of the part, which initiate the reverse
movement of the tool [11, 14].

For the mathematical description of this balance, the equation of the energy state of the system at the
moment of maximum deepening of the striker is used:

E,=E,+E, =05k, 62, +E Kk (11)

or
05k, 07, (1-k?), (12)

where k, — local (contact) stiffness of the part D being processed; k., —coefficient of recovery for a
partially elastic impact of the tip (4.2) on the part D. For a steel-on-steel impact, the coefficient
ke =5/9 = 0,59 (Vimax<3m/s);

At the moment of completion of the convergence phase, the accumulated potential energy of elastic
deformation is transformed into mechanical work performed by the impact force of the tip (4.2) at the site of
introduction of the tool into the material. J,,. The calculation of this work is based on the fundamental
principles of classical mechanics. In order to simplify the mathematical model, the assumption of collinearity
of the vectors of the applied impact force is made. Fy and the vector of the maximum velocity of the piston-
hammer V... immediately before contact [14, 15].

Mathematically, the work of the impact force can be represented as an integral characteristic of the
loading process:

=E (1-k%)=05m, V?

1T max

I:y '51717 = O’Smﬂ Vlimax (1_ kez)’ (13)
where
F,=05m, V. (A-k})-67,. (14)

Determining the maximum speed of the piston-hammer (4) at the moment of completion of its return
stroke is a critical stage of the calculation, since it is this indicator that determines the magnitude of the impulse
transmitted to the workpiece. The calculation is based on the previously accepted assumption of a
predominantly elastic nature of the deformation, which allows us to relate the speed Vime i3 energy
characteristics of the elastic elements of the drive [10, 15].

Mathematical estimation of speed is carried out by analyzing the dynamic equilibrium of masses
under the action of the pressure of the energy carrier and the reaction of the spring components. According
to studies [11, 14], this approach allows to take into account the inertia of the moving links and hydraulic
losses that occur when changing the direction of movement.

Ek'kez=0’5'V2Hmax'm17'k62=0’5'k2'hnze’ (15)
where
VHmax = T(m ! n:(iz = hne T Wy - ke_l’ (16)

where h,, — the rebound stroke of the piston-hammer (1) after its interaction with part D; [ 1o, — natural
frequency of mass oscillations my;.
Substituting (1.9) into (1.7), we find:

F, =05 g (k,* ~Dh;, 5,5, 1
or taking into account k, = 0.56
F,=1094-m, -y, -h; -5,. (18)

In the phase of maximum penetration of the tip into the material of the workpiece, a state of dynamic
equilibrium occurs. Dynamic force Fy, generated as a result of the shock pulse, is completely balanced by the
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elastic reactive force of the metal resistance. The latter is due to internal stresses that arise in the crystal lattice
of the part (D) as a result of its elastic deformation [13-15]. According to the provisions of the mechanics of
continuous media, this reactive force is directly proportional to the magnitude of the compression and the
contact stiffness of the interaction zone.

Mathematically, this state can be represented as:

F =k, 0, (19)

The fundamental dependence given in [15] can be obtained by analytical transformation and algebraic
simplification of equations (1.11) and (1.12). When constructing a mathematical model of the interaction
process of the tip (4.2) with the workpiece (D), it is advisable to consider this act as a classical contact of two
spherical bodies. Such an assumption is quite legitimate, for example, in the strengthening treatment of
cylindrical surfaces with a spherical indenter. According to the provisions of the Hertz theory of contact
deformations, under the action of impact load in the contact zone, a local area of elastic-plastic compression is
formed. Within the framework of the adopted geometric model, this zone is identified with a spherical segment.
The radius of the base of this segment a, which determines the actual area of instantaneous contact, is calculated
according to the following dependence [15]:

E'+E)
r=088F, L A (20)
R, +R;

where E,, E;— Moduli of elasticity of materials of the tip (4.2) and parts /J; Ry, R;—radii of the impact
part of the tip (4.2) and the part.

In the process of dynamic loading, the zone of elastic disturbance covers a certain area of both the
workpiece (D) and the working tip (4.2). However, to simplify the calculation scheme and increase its
efficiency, it is advisable to take into account the gradient of the physical and mechanical properties of
materials. Since the deforming element (tip) is usually made of high-alloy tool steels (for example, ShKh-15)
and undergoes special heat treatment to achieve maximum hardness, its resistance to deformation significantly
exceeds the similar indicator of the part material.

Given the high stiffness of the tip material and the significant gradient of the yield point of the mating
elements, the model takes into account only the elastic-plastic response of the part, while the deformation of
the tool is neglected. Thus, all the work of the shock pulse is directed to deformation changes exclusively in
the workpiece (D). This assumption allows us to identify the tip with a completely rigid indenter, which
simplifies the determination of the insertion depth. J,, and calculation of the stress-strain state in the subsurface
layers of the metal being strengthened [11, 12, 15].

The use of the rigid indenter model is a standard method for studying the processes of PPD, since it
provides sufficient accuracy for engineering calculations in determining the kinetic energy necessary for the
initiation of dislocation strengthening [11, 15].

A comparative analysis of the obtained dependencies with the results of previous experimental tests
confirmed the high adequacy of the proposed mathematical model. Taking into account the relationship
between the characteristics of the energy carrier and the geometry of the contact zone allows adapting the
design of the device to the strengthening of a wide range of parts of agricultural engineering, increasing their
wear resistance by 1.5-2 times.

5. Conclusion

According to the results of the study, it was established that the geometric stability of the working tool
is a determining factor in ensuring the quality of surface deformation hardening. Analysis of the shape change
of the impactors showed that the accumulation of plastic deformations in the apical zones leads to an
uncontrolled increase in the contact area, a decrease in the specific pressure and a violation of the uniformity
of the hardening.

A complex mathematical model of the hydropulse device has been developed, which is based on the
elastic-concentrated representation of the energy carrier and the dynamics of a two-mass vibro-impact system,
allowing for precise prediction of the kinetic energy of the pulse. The obtained analytical dependencies for
calculating the force of the impact interaction, which are based on Hertz's theory and take into account the
elastic properties of the contact pair, have confirmed their adequacy in comparison with experimental data.

The proposed methodological approach to the design of hydropulse systems with integrated GIT
provides the possibility of flexible adjustment of frequency modes (up to 100 Hz). This guarantees the stability
of the technological parameters of the tillage equipment even with a partial change in the tip profile, which is
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a necessary condition for increasing the operational reliability and durability of soil tillage equipment
components under abrasive wear conditions.
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NIJIBUINEHHA 3HOCOCTIVMKOCTI JETAJIEM IPYHTOOBPOBHUX MAIIIMH METOJIOM
rapPOIMIyYJbCHOI'O MOBEPXHEBOI'O INJIACTUYHOI'O JE®OPMYBAHHS
Hiosuwenns excniyamayitiHoi HAdiUHOCMI 8Y371i8 CLIbCbKO20CNOOAPCHKOI MEXHIKU, Wo NPAymy 6

YMOBAX — [HMEHCUBHO20 — aOPA3UBHO20  3HOWLYBAHMSA, €  HNPIOPUMEMHUM  3AB0AHHAM  CYHACHO20
Mmawunobyoysanns. Tlosepxuege niacmuune 0epopmy8anHs 3 6UKOPUCIAHHAM 2IOPOIMIYIbCHUX NPUCMPOLE
€ ehexmugHUM MemoOoM HOpMYBAHHS 3MIYHEHO20 Wapy, npome CMAbITbHICMb Yb020 NPoYecy CYMmeEo
obmedcena 0ecpadayiero 2eomempudtoi hopmu pobo1oeo iHcmpymenma.

Y cmammi npoananizosano OuHamixy 63aemooii yoapHux HaKOHeuHuKi6 pi3Hoi KoHgiypayii (cghepa, KoHyc,
mpaneyis) 3 0Opobmosanolo  nogepxuero.  Pozensinymo  esomoyilo  (oopMoaMiHU  THCHPYMEHMA 8 YMOBAX
BUCOKOUACMOMHO20 YUKTTUHOL0 HABAHMANCEHHSL MA 11 6ITUE HA eHEpeemUYHE napamempu yoapy. B ocHogy docriodicenis
NOKIAOEHO MEeMO0 MAMeMamu4HO20 MOOEIOBAHHS 8 S3KO-NPYIICHUX cucmem Ha 6asi modeni Kemvsina-Dotiema, wjo
003607151€ ONUCYBAMU 2IOPOLMIYTbCHULL IPUBIO SIK NAPAMEMPULHY CUCTIEMY 3 80Y008AHUM 2EHEPATNOPOM IMNYJIbCI6 MUCKY.

B x00i pobomu eusnaweno mamemamuuni 3a1edHCHOCMI O OYIHKU CUNU YOAPHOI 83a€MO0iL, Oe
BPAX0BAHO NPYHCHO-NAACUYHUL GIO2YK 0emali Mma HeXMO8HO MAy deghopmayiio Hakoneyrnuxa. Pospaxosaro
KIHEeMamuyuHi XapaxmepucmuKky ROPuHsI-yOapHUKd, 30KpemMa MaKCUMaibHy WeUOKICIb Y MOMEHM KOHMAKMY
ma napamempu 8i0ckoky. OOIPYHMOBAHO GUKOPUCIMAHHSL «APYICHO-30CePeI’CEHOT MOOELy eHepeoHOCIA OISl
MiHIMIzayil 2abapumie npucmpoio npu 30epedxicenti sucokoi wacmomu imnyavcie (0o 100 I'y).

Bcemanoesneno, wo euxopucmanms ymouneHoi MamemamusHoi MoOen 00360J51€ a0ANmy6amu  Pejicum
00poOKU 0711 NIOBULYEHHSL 3HOCOCMILIKOCIMIE OemaJietli CLIbCbKO20CN00apCbKo2o MawuHooyoyeanus y 1,5-2 pasu.

Po3spobnenuii nioxio nocoOnanns ymounenoi mamemamuynoi Mooeni ma adanmueHo20 pecyno8anHs
EHeP2eMUYHUX | 2eOMEMPUUHUX NAPAMEMPIE CI0POIMNYIbCHO20 HABAHMANICEHHS 3a0e3neuye npocHO308aHe
Popmyeanns 3MIYHEHO20 NOBEPXHEEO20 WAPY 3 NIOBUWYEHOIO 3HOCOCMIUKICMIO ma CcmabiibHICMIO
eracmugocmeti y mupoxKomy 0ianaszoni eKCuIyamayiuHux ymoe.

Knwuosi cnoea: ciopoimnynvcruii npucmpiti, nosepxrese niacmuune 0eq)opmy8anHs, YOAPHUK,
nracmuyna oegopmayis, mamemamuirne MOOe08AHHs, 2EHEPAMOp IMNYIbCI8 MUCKY, KIHEMUYHA eHepeis
yoapy, Hakien, 3Hococmilikicms, modenv Kenvsina-Dotiema.
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