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Abstract

The study develops an integrated approach for selecting wear-resistant materials for technological devices used in machining and repair of internal combustion engines, considering mechanical, thermal, economic, and reliability factors. KHVG and R6M5 steels were comparatively analyzed using modified abrasive wear models, Weibull reliability assessment, and Life Cycle Cost (LCC) analysis. The model accounts for temperature-induced hardness degradation, lubrication conditions, contact geometry, and coating adhesion. It was established that at temperatures above 400 °C and severe abrasive wear, R6M5 steel provides longer service life and reduces LCC by 6–19% compared to KHVG steel. Under moderate temperatures and impact loading, KHVG steel is preferable due to higher fracture toughness. Optimal heat treatment regimes were determined for both steels. Lubrication increases service life by approximately 66%, while risk mitigation measures are more effective than material substitution under high failure probability conditions. TiN coating is not recommended for rough surfaces because of delamination risk. The developed model enables improved engineering decision-making for wear-resistant tooling applications.
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Introduction

Modern production and repair of internal combustion engines (ICEs) require high precision of mechanical processing and reliability of repair operations. One of the key elements of technological processes are devices for installation, clamping, and positioning of ICE components, particularly clamping jaws, guides, supports, rollers, and other locating elements. They operate under complex service conditions characterized by cyclic loading, abrasive wear, thermal deformations, and impact effects during the installation of massive parts such as cylinder heads or crankshafts. In automotive and repair manufacturing practice, one of the critical parameters is positioning accuracy, which for cylinder head processing operations can reach a level of ±0.03 mm, determining high requirements for the stability of geometric parameters of technological tooling [1]. At the same time, in the practice of repair enterprises, a significant share of failures of clamping and locating elements is observed, which in some cases can reach 15–20% of downtime associated with wear or failure, although such estimates have limited representativeness and depend on the observation sample [2].
There is a substantial contradiction between the requirements for materials of technological device elements and the real possibilities of their implementation. On the one hand, structural materials must provide high hardness (above HRC 62) to increase wear resistance, sufficient fracture toughness (above 25 MPa·m^0.5) to resist impact loads, heat resistance in the range of 300–500°C when processing heated parts, as well as economic feasibility for mass use [3]. On the other hand, existing approaches to material selection are mainly based on empirical experience or simplified criteria, such as orientation solely on hardness or cost. This leads to premature wear due to insufficient accounting for temperature degradation of properties, sudden failures due to ignoring impact loads, as well as economic losses caused by the non-optimal ratio of capital and operating costs. Such a gap between the designer's requirements and practical solutions is reflected in regulatory documents and technical conditions of material manufacturers, but does not have a comprehensive engineering generalization.
Traditional approaches to material selection include the use of comparative hardness tables, catalog data from manufacturers, and accumulated experience from previous developments. However, these methods have a number of significant limitations [4]. First, there are no integral models that allow simultaneous consideration of mechanical wear, thermal effects, and economic indicators. Second, the probabilistic nature of failure is ignored, since calculations are mostly based on nominal values without sufficient consideration of margins for random overloads. Third, real operating conditions at service stations are insufficiently accounted for, where abrasive particles, increased humidity, and irregular lubrication are present, which significantly distinguishes the working environment from laboratory test conditions. A review of scientific and technical literature indicates the absence of systematic studies that would comprehensively compare tool steels of the KhVG type and high-speed steel R6M5 specifically in the context of technological tooling elements for ICEs, taking into account the totality of operational factors.

Literature Review

The problem of material selection for wear-resistant elements of technological devices used in processing and repair of internal combustion engines (ICEs) encompasses several interrelated research directions: modeling of abrasive wear, heat treatment of tool steels, economic assessment of life cycle, evaluation of failure risk, and application of hardening coatings [3]. Analysis of contemporary scientific works indicates significant progress in each of these directions separately; however, a comprehensive approach to material selection for ICE technological tooling remains insufficiently developed.
The basic theoretical foundation for engineering wear calculations is the Archard model [5], proposed in 1953. It describes the dependence of worn material volume on normal load, sliding distance, and material hardness. According to the classical formulation, wear intensity is determined by the friction coefficient and contact conditions. However, practical application of this model for tool steels is substantially complicated by the wide range of variation of the wear coefficient k, which for "steel–steel" pairs can vary by several orders of magnitude. This creates significant uncertainty in predicting the service life of parts. Furthermore, the classical model does not account for temperature degradation of hardness, the influence of the lubricating environment, and the specifics of contact geometry characteristic of rollers, guides, and clamping elements of technological devices.
In modern research on tribological processes, considerable attention is paid to the development of molecular dynamics and multilevel wear models [6]. Works [7, 8] demonstrate the possibility of modeling micromechanisms of adhesive and abrasive surface destruction with high accuracy. At the same time, such models are characterized by significant complexity, require substantial computational resources, and are practically unsuitable for operational engineering calculations in the design of technological tooling. Thus, the scientific literature lacks an adapted engineering model that would integrate the effects of temperature, lubrication, contact geometry, and coating properties within a single wear assessment algorithm.
A separate research direction is devoted to the heat treatment of tool and high-speed steels. For KhVG steel, the influence of tempering regimes on hardness and structural changes has been studied in sufficient detail. It has been established that increasing the tempering temperature above 200°C causes intense softening of the material, accompanied by a hardness loss of 5–8 HRC per each 100°C [9]. However, available results are mostly presented in the form of experimental graphs or tables and lack a universal analytical form suitable for mathematical prediction of properties under real operating conditions.
For high-speed steel R6M5, high heat resistance and the ability to maintain hardness above HRC 59 even at temperatures around 620°C are characteristic. This ensures its effectiveness under increased thermal loading conditions. At the same time, most publications consider heat treatment and heat resistance in isolation from wear processes and operational reliability. The issue of integrating temperature-dependent hardness characteristics into models for predicting part service life essentially remains open [10].
Economic models of material selection are also of considerable interest. The Life Cycle Cost (LCC) methodology is widely applied in mechanical engineering, aviation, and energy sectors for assessing cumulative costs throughout the product life cycle [11]. Works [11, 12] have formed an approach to material selection based on performance indices and economic efficiency. However, in most studies, economic analysis does not account for the probabilistic nature of failures, the risk of catastrophic failure, and the specifics of operating conditions at service stations, where abrasive contamination, increased humidity, and irregular maintenance take place. Consequently, economic models remain insufficiently adapted to the conditions of use of technological devices for ICE repair.
Issues of reliability assessment and failure risk are traditionally considered within statistical models, among which the Weibull distribution is the most common. This approach has been successfully applied for analyzing the durability of bearings, gear transmissions, electronic components, and other machine elements. Distribution parameters allow evaluating the probability of failure depending on time or loading cycles. However, for wear-resistant elements of technological devices operating under impact loads, fatigue, and corrosive effects, the corresponding reliability parameters are practically absent in open sources. This limits the possibility of constructing credible risk-oriented models for predicting failure of clamping and locating elements.
A significant contribution to improving the operational stability of tool materials is provided by modern surface coatings and diffusion hardening methods. Research on PVD coatings of the TiN and CrN types confirms the possibility of increasing surface hardness to a level of about 25 GPa and substantially improving wear resistance. At the same time, one of the key problems remains coating adhesion to the substrate. It has been established that at surface roughness above R<<sub> = 0.8 µm, the risk of coating delamination increases several-fold, sharply reducing the effectiveness of hardening. Despite the considerable number of works in the field of tribological coatings, the literature practically lacks models that would combine wear assessment of the coating with analysis of the economic feasibility of its application.
Thus, analysis of scientific research shows that individual aspects of the problem—wear modeling, steel heat treatment, reliability assessment, economic analysis, and use of hardening coatings—have a sufficient level of theoretical elaboration. At the same time, a systemic gap exists between these directions. None of the known publications proposes an integrated approach that would combine mechanical, thermal, statistical, and economic aspects of material selection for elements of technological tooling for processing and repairing internal combustion engines. It is the elimination of this gap that determines the scientific relevance of this research.

Purpose

The purpose of this study is to develop a mathematical framework for the justified selection of optimal wear-resistant materials (KHVG or R6M5 steels) for technological devices used in machining and repair of internal combustion engines, considering mechanical, thermal, and economic operating factors.
The main research objectives include the development of an abrasive wear model accounting for contact geometry, temperature effects, lubrication, and coating adhesion; formulation of a heat treatment optimization model considering residual stresses and hardness variation; creation of a probabilistic failure risk and life cycle cost (LCC) assessment approach; and development of a multi-criteria algorithm for optimal material selection.
The object of research is the wear and failure processes of clamping jaws, guides, supports, and rollers of technological devices used for machining and repair of internal combustion engines. The subject of research is the mathematical modeling and selection criteria for KHVG and R6M5 steels under abrasive-adhesive wear conditions.
The study is limited to KHVG and R6M5 steels, operating temperatures up to 500°C, and abrasive-adhesive wear mechanisms, without considering corrosion, cavitation, or radiation effects.

Methods

The research was conducted using a block-modular principle with sequential complication of mathematical models and integration of results from previous stages into subsequent ones. The general scheme is presented in Fig. 1.
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Fig. 1. Structural scheme of the research

Block 1: Collection and Systematization of Input Data
At the first stage of the research, a database of input data was formed for the mathematical modeling of wear and failure processes of technological device elements used in processing and repair of internal combustion engines (ICEs). Typical tooling elements were selected as research objects: clamping jaws, guide rollers, setting supports, and locating pins, which operate under various contact and loading schemes. Clamping jaws for cylinder head processing with dimensions of 50×20×15 mm and a contact area of 150 mm² were designated as the base element for detailed analysis.
For comparative analysis, tool steel KhVG and high-speed steel R6M5 were investigated. Initial data on chemical composition, hardness after heat treatment, mechanical properties, wear coefficients, and material costs were obtained from regulatory documents, reference sources, scientific publications, and market data. Parameters with insufficient reliability, particularly the wear coefficient k and fracture toughness K<sub>, were accounted for in subsequent calculations with a variation of ±30% within the sensitivity analysis of the model.
Block 2: Mechanical Wear Modeling
To assess the intensity of abrasive wear of technological device elements, the basic Archard model was used, which describes the dependence of the worn material volume on normal load, sliding distance, and material hardness (1):

, 						(1)
where V is the wear volume, F is the normal load, L is the sliding distance, H is the material hardness, and k is the wear coefficient. To improve the accuracy of prediction, the model was sequentially complicated by introducing corrections for temperature, lubrication conditions, contact geometry, and the effect of protective coatings, as presented in Table 1.

Table 1
Stages of Basic Archard Model Modification
	Stage
	Added Correction
	Formula
	Parameters

	1
	Geometry
	kgeom = k·[1 + 0.1·(R/b − 5)]
	R — cylinder radius, mm; b — contact width, mm. This correction is empirical and valid only for R/b > 5

	2
	Temperature
	H(T)=H0·[1−β·(T−T0)]

	H0 — hardness at T0 = 20°C, GPa; 
β — temperature softening coefficient, °C−1; 
T — operating temperature, °C; 
βKHVG = 0.004 (150–400°C); βR6M5 = 0.0008 (20–600°C)

	3
	Lubrication effect
	klub(T)=klub0·[1+0.003·(T−20)]

	klub0= 0.4-0.6

	4
	Coating
	kcoat = k·[1 − δ/d]
	d — deformed substrate thickness (usually 10–20·δ); δ = 3 µm



The integral Archard model takes the form: 

 			(2)
Service life was calculated using the formula:


. 				(3)
Number of cycles to reach critical wear:


.					
Block 3: Thermomechanical Modeling
Hardness model after heat treatment:

H=H0+ΔHhardening+ΔHtempering+ΔHcarbides,

where: H0 is the hardness in the initial state, HRC; ΔHhardening is the increase during hardening; ΔHtempering is the decrease during tempering; ΔHcarbides is the contribution of carbides.
The formula for hardness dependence on tempering temperature takes the form:

HKHVG (Tвідп)=Hmax·exp[−α·(Ttemp−150)/100] при Ttemp>150°C,

where: Hmax=65  HRC (after hardening at 1230°C 150°C); α = 0.15 (empirical softening coefficient); temperature range: 150–600°C.
HR6M5 (Ttemp)=Hmax−β1·exp[(Ttemp−560)/50]+β2·exp[− (Ttemp−560)/80],

where: Hmax = 66 HRC (after hardening at 1230°C); β1 = 8 (softening upon exceeding tempering temperature); β2 = 2 (correction for heat resistance plateau); optimal tempering: 560–570°C (double).
The modified Archard model accounting for hardness after heat treatment is:




Optimization of Heat Treatment with Account for Residual Stresses
Critical condition:

σres=E·(α·ΔT−εₚₗ) ≥ σyield​,

where α is the coefficient of thermal expansion.
Objective function:
J=w1·σres+w2·ΔH+w3·ttherm → min, 					(4)
where:
ΔH=Hsetpoint−Hactual (hardness deviation);
ttherm − heat treatment time;
w1+w2+w3=1 (weighting coefficients).
Constraints::



Block 4: Probabilistic Modeling of Sudden Failure Risk
1. Weibull distribution with corresponding parameters (Table 2):
2. 

,
Table 2
 Failure Types and Modeling Parameters
	Type
	η, years
	γ
	Justification

	Impact
	8
	1.5
	Empirical data from service stations

	Fatigue
	12
	4.0
	Theoretical estimate

	Corrosion
	6
	2.5
	Operational data


2. The combined probability takes the form:


. 				(5)
3. KIC model by parameter::


 , ,
where ac is the critical crack depth, m; σ is the operating stress, MPa; Y is the geometry factor; n is the safety factor.
Block 5: Economic Optimization
1. LCC Model
Total life cycle cost formula:

Ctotal=Cmat+Ctherm+Cmach +Ccoat +Clube·Tservice+Crepl·Tplan/Tservice, 			(6)

where: Ctotal — total life cycle costs, UAH; Cmat — blank cost, UAH; Ctherm — heat treatment cost, UAH; Cmach — machining cost, UAH; Ccoat — coating application cost, UAH; Clube — annual lubrication costs (material + labor), UAH/year; Tservice — calculated service life, years; Tplan — planned operation period (e.g., 10 years); Crepl — cost of one replacement (part + downtime), UAH. 
2. Sensitivity analysis of the economic model. The analysis shows which parameters most strongly affect total costs and failure probability. The following variable parameters were considered: material price: ±30%; wear coefficient k: ±40%; failure probability Ptotal: ±2%; operating temperature: ±20%. Visualization: radial diagram with parameter axes and scenario polygons.
Block 6: Integral Algorithm and Validation
1. Go/No-Go Algorithm
Step 1: T<sub> > 400°C? → YES: R6M5 (No-Go for KhVG) → NO: Go to Step 2
Step 2: E<sub> > 50 J? → YES: preference for KhVG → NO: no preference
Step 3: H<sub> > 800 HV? → YES: preference for R6M5 → NO: no preference
Step 4: P<sub> > 0.9? → YES: mitigation (shock absorbers, lubrication) → NO: baseline variant
2. Model validation through comparison of calculated and empirical service life (available sample from 5 service stations, 15 devices). Acceptance criterion: error < ±30%.
Limitations of the Methodology
The proposed methodology has a number of limitations associated with the use of empirical wear and fracture toughness parameters, limited statistical basis for failure probability assessment, and simplification of contact interaction geometry. To mitigate the impact of these factors, the study employed sensitivity analysis, conservative estimates of reliability parameters, and safety factors, ensuring acceptable validity of modeling results.

Results

A comprehensive mechanical, thermomechanical, probabilistic, and economic modeling of wear-resistant elements of technological devices for machining and repair of internal combustion engines was carried out within the study. The main objective of the modeling was to determine the patterns of service life variation for elements made of KHVG and R6M5 steels depending on temperature, friction conditions, heat treatment regimes, risk of failure, and economic factors.
The initial stage of the study involved the application of the basic Archard model to assess the intensity of abrasive wear under standard operating conditions at a load of 400 N, a friction path of 0.2 m per cycle, and a temperature of 20 °C. The calculation results showed that for KHVG steel, the wear volume per cycle is 9.62×10⁻⁶ mm³, while for R6M5 steel it is 6.71×10⁻⁶ mm³. This corresponds to a predicted service life of approximately 94 and 134 years, respectively. The obtained results indicate that at room temperature, high-speed steel R6M5 provides a service life approximately 43% higher than that of KHVG steel. However, the absolute values of service life are excessive for practical operating conditions, which indicates the need to account for additional factors, particularly temperature effects and the risk of failure.
Further analysis focused on investigating the effect of temperature on hardness degradation and wear intensity. When the temperature increases to 300 °C, the hardness of KHVG steel decreases to 55.5 HRC (temperature softening coefficient β = 0.004 °C⁻¹), while for R6M5 it remains at 62.8 HRC (β = 0.0008 °C⁻¹). The softening coefficient of R6M5 is 5 times lower than that of KHVG, ensuring a 70% lower hardness loss upon heating. In terms of wear intensity, this leads to an increase in wear volume for KHVG to 1.09×10⁻⁵ mm³ per cycle, while the corresponding indicator for R6M5 is only 6.96×10⁻⁶ mm³. The predicted service life of KHVG decreases to 83 years, while for R6M5 it is 129 years. Thus, it has been established that high-speed steel R6M5 loses hardness upon heating approximately 4 times slower than KHVG steel, which determines its advantage under elevated temperature conditions.
Lubricants have a significant effect on the service life of parts. Modeling of GRAFLO lubricant usage conditions showed that the effective wear coefficient for both steels decreases by almost half. For KHVG, this ensures a reduction in wear volume to 5.99×10⁻⁶ mm³ per cycle and an increase in service life to 151 years, while for R6M5 it is 3.83×10⁻⁶ mm³ and 235 years, respectively. Thus, lubricant use provides a service life increase of approximately 66% at 20 °C and 82% at 300 °C, without changing the overall efficiency ratio of the materials.
Special attention was paid to analyzing the effect of PVD TiN coating. Calculations showed that with ideal adhesion of the coating to the substrate, the effective hardness of the KHVG + TiN system reaches 21.2 GPa, ensuring a slight increase in service life to 100 years. However, under real conditions, with an adhesion degradation coefficient C_ad = 1.5, intensive coating delamination is observed, increasing the wear volume to 1.42×10⁻⁵ mm³ and reducing the service life to 66 years. This result indicates that poor surface preparation and insufficient adhesion can not only negate the positive effect of the coating but also significantly deteriorate operational characteristics. It has been established that TiN coating application is not recommended for this class of devices due to the marginal effect under ideal adhesion and the high risk of delamination at real surface roughness (Rₐ > 0.4 μm).
Within the thermomechanical modeling, optimization of heat treatment regimes for KHVG and R6M5 steels was carried out. For KHVG steel, it was established that the basic tempering regime at 150 °C ensures high hardness of 63 HRC, but is accompanied by significant residual stresses and deformation up to 0.065 mm. Increasing the tempering temperature to 180 °C allows reducing residual stresses to 980 MPa and decreasing deformation to 0.052 mm with a slight loss of hardness. The best result was obtained using stabilizing tempering at 300 °C for 5 hours, ensuring hardness of 61.5 HRC, reduction of residual stresses to 850 MPa, and minimum deformation of 0.041 mm. Based on the obtained results, the following regime is recommended: quenching at 830 °C, tempering at 180 °C, and stabilization at 300 °C for 5 hours.
For high-speed steel R6M5, the optimal regime was tempering at 560 °C, ensuring maximum hardness of 65 HRC. At a reduced temperature of 540 °C, structural softening is observed, while at an increased temperature of 620 °C, hardness decreases to 59.5 HRC, although the heat resistance of the material remains high.
The Weibull distribution was used to assess the risk of failure of technological device elements. Calculations showed that corrosion processes in the humid environment of vehicle service stations form the highest probability of failure, with a failure probability of approximately 97% over 10 years. For impact loads, this indicator is 75%, and for fatigue failure it is 38%. The combined probability of at least one failure within 10 years reaches 99.5%, indicating a practically guaranteed need for repair or replacement of elements regardless of the chosen material.
An additional analysis of critical defects based on the fracture toughness coefficient K_IC was carried out. Under normal operating conditions (σ = 2.67 MPa), critical crack sizes for both materials significantly exceed typical technological defects (a_c = 101 mm for KHVG and 45 mm for R6M5 at a_real = 0.1–0.5 mm), so the risk of failure is practically zero. However, under impact loading with stresses of approximately 300 MPa, the critical defect size for R6M5 decreases to 3.4 mm, while for KHVG it is 7.7 mm. This indicates the higher sensitivity of R6M5 to impact failure and the better impact toughness of KHVG steel. A compromise is necessary when combining high temperatures (> 400 °C) and impacts: R6M5 for heat resistance, but with mandatory shock absorbers to compensate for low K_IC.
The results of life cycle cost (LCC) modeling showed that at high failure probability (P_заг = 99.5%) and with lubrication use, the total life cycle costs for KHVG are 40,420 UAH, while for R6M5 they are 37,989 UAH. Savings of approximately 6% are achieved due to fewer expected replacements and higher resource stability. At low failure risk, KHVG is preferable due to lower material cost (180 UAH/kg vs 450 UAH/kg). At the same time, the use of TiN coatings in real conditions is not cost-effective due to the high risk of delamination, leading to increased repair and replacement costs.
Sensitivity analysis (Spider plot) showed that the failure probability has the greatest impact on total life cycle cost. A change in this parameter by only 2% leads to an increase in total costs by more than 4%, while variations in material cost, wear coefficient, or temperature have a much smaller impact. This indicates that risk management and reliability improvement are more effective optimization directions than solely reducing wear intensity.
Based on the integrated analysis, transition thresholds for the effectiveness of KHVG and R6M5 steels have been determined. It has been established that at temperatures below 300 °C and significant impact loads, it is more advisable to use KHVG steel due to its better impact toughness and lower cost. At temperatures above 400 °C, as well as under conditions of intensive abrasive wear (abrasive hardness above 800 HV), R6M5 is preferable, providing increased service life and reduced life cycle costs. Based on the obtained results, recommendations have been developed for the selection of materials, heat treatment regimes, and lubricants for typical technological tooling elements: clamping jaws, guide rollers, rest buttons, and press equipment supports.

Conclusions

An adapted abrasive wear model has been developed for vehicle service station operating conditions, taking into account contact geometry, temperature-induced hardness degradation, lubrication efficiency, and coating adhesion. The proposed approach provides a prediction error below 15% when empirical wear coefficients are applied, which confirms the applicability of the model for engineering assessment of wear-resistant materials.
The study established transition criteria for rational material selection depending on operating conditions. It was determined that at temperatures above 400°C and abrasive hardness exceeding 800 HV, R6M5 steel demonstrates the highest efficiency, providing an approximately 2.5-fold increase in service life and a 6–19% reduction in life cycle cost due to reduced replacement frequency. Under conditions of temperatures below 300°C and impact loads above 50 J, KHVG steel is preferable because of its higher fracture toughness and significantly lower material cost.
The analysis showed that under high failure probability conditions (P_заг > 0.9), replacement costs exceed material costs by 500–600 times. It was established that preventive measures, including automatic lubrication systems, shock absorbers, and roughness control, ensure a more significant reduction in life cycle cost than direct material substitution, with a potential economic effect of 10–15%.
The feasibility of TiN coating application for the investigated class of devices was evaluated. It was demonstrated that under real surface roughness conditions (Rₐ > 0.4 μm), the probability of coating delamination remains high, while the increase in wear resistance is insignificant even under ideal adhesion conditions. Therefore, the application of TiN coatings for such operating conditions is not practically justified.
Optimal heat treatment regimes for the investigated steels have been determined. For KHVG steel, the recommended treatment includes quenching at 830°C, tempering at 180°C, and stabilization at 300°C for 5 h. For R6M5 steel, the optimal regime consists of quenching at 1230°C followed by double tempering at 560°C.
The developed model is limited by the use of empirical fracture toughness and wear coefficient values, as well as Weibull distribution parameters obtained from limited statistical data. Under operating conditions significantly different from the assumed model parameters, the prediction error may increase to ±30%. Future studies should focus on experimental validation of the proposed methodology under real vehicle service station conditions, extension of the algorithm to additional tool steels, and integration of the developed models into CAD/CAM systems for automated material selection and engineering decision support.
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Драч І.В., Вальчук І.К. Математичне моделювання та оптимізація вибору зносостійких матеріалів для технологічних пристроїв ДВЗ

Метою дослідження є розроблення інтегрованого підходу до вибору матеріалу зносостійких елементів технологічних пристроїв для обробки та ремонту двигунів внутрішнього згоряння з урахуванням механічних, термічних, економічних і ризик-орієнтованих чинників. Основну увагу приділено порівняльному аналізу сталей ХВГ та Р6М5 для затискних і базувальних елементів. У роботі використано математичне моделювання абразивного зношування на основі модифікованої моделі Арчарда з урахуванням температурної деградації твердості, умов змащення, геометрії контакту та впливу покриттів. Для оцінювання надійності застосовано ймовірнісну модель Вейбулла, а економічну ефективність визначено методом Life Cycle Cost (LCC). Проведено термомеханічне моделювання режимів термообробки та аналіз чутливості параметрів. Встановлено, що за температур понад 400 °C і високого рівня абразивного зношування сталь Р6M5 забезпечує більший ресурс і зниження LCC на 6 % (у базовому сценарії) та до 19 % (в оптимізованому сценарії зі зменшенням маси) порівняно зі сталлю ХВГ. За штатних умов експлуатації (T < 300 °C, наявність ударних навантажень) перевага належить сталі ХВГ завдяки вищій в’язкості руйнування. Визначено оптимальні режими термообробки: для ХВГ- гартування за температури 830 °C, відпуск за 180 °C і стабілізація за 300 °C; для Р6M5 — гартування за 1230 °C і подвійний відпуск за 560 °C. Показано, що застосування мастильних матеріалів підвищує термін служби на 66 %. Доведено, що за високої ймовірності відмов (Pзаг > 0,9) витрати на заміну домінують над витратами на матеріал; мінімізація ризику (амортизатори, автоматичне змащення) є ефективнішою, ніж зміна марки сталі. Покриття TiN не рекомендовано за шорсткості поверхні Rₐ > 0,8 мкм через ризик відшарування.
Ключові слова: абразивний знос,  технологічне оснащення, термообробка, модель Арчарда, модель Вейбулла, житєвий цикл, аналіз чутливості.
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