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KINETICS OF DESTRUCTION AT THE SURFACE STRENGTHENING OF MACHINE PARTS 
 

Studying the influence of various factors on the strengthening effect and the kinetics of destruction of 

surface-hardened parts under cyclic loading is important for strength and durability calculations.  

A curve is indicated that characterizes the distribution of residual stresses after surface hardening of a 

part. The diagrams obtained in the work were constructed as a result of algebraic summation of the original 

diagrams. The analysis performed makes it possible to explain the nature of the crack occurrence: a crack 

nucleates under certain conditions under a surface-hardened layer in the core material of the part in a half-

cycle of tensile stresses from an external load. 

The research was carried out on samples made of steel 45 with a boron-chromed diffusion layer ob-

tained by successively saturating the surface with boron and chromium. 
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КІНЕТИКА РУЙНУВАННЯ ПРИ ПОВЕРХНЕВОМУ ЗМІЦНЕННІ ДЕТАЛЕЙ МАШИН 

 

Широке впровадження в практику прогресивних методів розрахунку несучої здатності та тех-

нологічних процесів поверхневого зміцнення деталей дозволяє підвищити їх ресурс при одночасному 

зниженні матеріалоємності. Вивчення впливу різних факторів на ефект зміцнення та кінетику руй-

нування поверхнево зміцнених деталей при циклічному навантаженні має важливе значення для роз-

рахункових оцінок міцності та довговічності. Виконані у цьому напрямі роботи показали, що труд-

нощі, які виникають при розрахунку меж витривалості поверхнево зміцнених деталей, пов'язані з 

роллю залишкових напружень наявністю концентраторів, градієнта напруги в концентраторі і не-

однорідністю напружень. Наявність залишкового напруження і напруження, викликаного зовнішнім 

навантаженням, визначає напружено-деформований стан матеріалу при циклічних навантаженнях 

деталей. Показано, що науковцями недостатньо уваги приділено питанням дослідження процесу 

зародження втомних тріщин під поверхнево зміцненим шаром.  

Розглянуто випадок циклічного навантаження згинанням поверхнево зміцненої круглої деталі з 

концентратором напружень. Вказано криву, що характеризує розподіл залишкових напружень після 

поверхневого зміцнення деталі, характер зміни яких наступний: стискають – в поверхневому шарі 

заданої товщини і розтягують – в серцевині матеріалу деталі (внутрішніх шарах). Отримані в ро-

боті епюри побудовані в результаті алгебраїчного підсумовування вихідних епюр. Операція підсумо-

вування носить формальний характер і виконана тільки для того, щоб уявити загальний характер 

картини напружено деформованого стану в досліджених областях деталі. 

Проведений аналіз дозволяє пояснити характер виникнення тріщини: тріщина зароджується за 

певних умов під поверхнево зміцненим шаром у матеріалі серцевини деталі в напівциклі напружень, 

що розтягують, від зовнішнього навантаження. Особливий інтерес для практики представляють 

відомості про розвиток тріщини при циклічному навантаженні поверхнево зміцненої деталі як ма-

лоциклової, так і багатоциклової втоми.  

Ключові слова: руйнування, міцність, циклічні навантаження, зміцнення, деталі машин, залиш-

кове напруження.  
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Introduction 

The study of the influence of various factors on 

the strengthening effect and the kinetics of destruc-

tion of surface-strengthened parts under cyclic load-

ing is important for calculated estimates of strength 

and durability. 
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Analysis of recent research and publications 
As the analysis of the operation of various types 

of machines and the nature of destruction of their 

surface-reinforced parts shows, an important factor 

in preventing the destruction of structural elements 

is their design and manufacture with appropriate 

values of bearing capacity. This can be achieved by 

improving existing methods of calculating strength 

and durability. The basic principles of assessing the 

strength of surface-reinforced machine parts are 

shown in works [1-3]. 

When calculating strength, experts, as a rule, 

use recommended analytical methods for determin-

ing the endurance limit of surface-reinforced ma-

chine parts. However, there are difficulties in dura-

bility calculations due to the lack of data on the loca-

tion of the slope of the fatigue curve section [4]. 

Construction of fatigue curves for each specific 

case experimentally using classical methods is cum-

bersome and expensive, and, more often than not, it 

is impossible and unacceptable. But in order to con-

struct fatigue curves a priori or with the use of a 

minimum number of experiments, it is necessary to 

have a certain mathematical model and recommen-

dations for the selection or determination of its pa-

rameters [5]. 

Theoretical and experimental studies conducted 

by scientists in this direction of work showed that, 

mainly, the difficulties that arise when calculating 

the endurance limits of surface-strengthened parts 

are related to the role of residual stresses, the pres-

ence of concentrators, the stress gradient in the con-

centrator and stress heterogeneity [6-8]. Here, it is 

important to study the influence of various factors 

on the effect of strengthening and the kinetics of 

destruction of surface-strengthened parts under cy-

clic loading, which is important for calculated esti-

mates of strength and durability [9, 10]. 

It should be noted that scientists have not paid 

enough attention to the study of the process of fa-

tigue crack initiation under the surface-strengthened 

layer. There is an assumption that it is the surface-

strengthened layer that contributes to the later ap-

pearance of traces of plastic deformation and the 

nucleation of microcracks, which reduces the speed 

of their propagation, and thereby increases the dura-

bility of machine parts subjected to surface strength-

ening [11]. 

This work is dedicated to the solution of this 

problem. 

Presenting main material 

The presence of residual stress and stress 

caused by an external load determines the stress-

strain state of the material under cyclic loading of 

parts [12, 13].  

Using Fig. 1, consider the case of cyclic loading 

by bending a surface-reinforced part with a diameter 

of d by a stress concentrator  

 

σ1
ασ=σ 

max
 

where 
1

σ  is the endurance limit of the part 

with a symmetrical stress cycle;  

σ
α  is the theoretical coefficient of stress 

concentration. 

 

 
 

Figure 1 – Schematic representation of the surface strengthening of the part with a stress concentrator 
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Curve 3 characterizes the distribution of the re-

sidual stress after the surface strengthening of the 

part, the nature of which changes are as follows: 

compression – in the surface layer of thickness hе 

and stretching – in the core of the material of the 

part (inner layers). 

Curves 4 and 4′ are constructed as a result of 

the algebraic summation of curves 1 and 3. The 

summation operation is formal and is performed 

only to visualize the general nature of the picture of 

the stress-deformed state in the investigated areas of 

the part.  

The analysis of curves 4 and 4′ shows that the 

residual stresses in the half-cycle of working tensile 

stresses reduce the total stresses in the surface-

strengthened layer and increase them in the core of 

the part at a depth exceeding the thickness of the 

metal layer, where the residual stresses are equal to 

zero. 

Thus, the residual compressive stresses "un-

load" the metal in the field of tensile working stress-

es and "add load" in the core of the part. In this re-

gard, the strength of the surface-reinforced layers 

increases (the curve of total stresses 4 is located to 

the left of the plot of the ultimate working stresses 1 

of the unreinforced part), and the strength of the 

layers of the core of the part decreases (the curve 4 

is located to the right of curve 1). As the external 

load increases, the level of tensile working stresses 

increases and, therefore, the value of the total tensile 

stresses increases, reaching in the core the level of 

strength (curve 2) of the material of the part before 

hardening, which leads to the formation of irreversi-

ble damage to the metal and, therefore, to nucleation 

cracks under the reinforced layer. 

In the half-cycle of working compressive 

stresses, the presence of compressive residual stress-

es in the surface layer leads to an increase in the 

level of total compressive stresses (curve 4') and 

starting from a certain level of external load, the 

amount of total stresses in the concentrator zone 

reaches the yield point of the material. This leads to 

the occurrence of cyclic plastic deformations in the 

surface strengthened layer in the concentrator zone 

(the maximum stress reaches the yield point of the 

material), which leads to a higher level of compres-

sive residual stresses after the load is removed – the 

strength of the surface layer of the part material in-

creases. The tensile stress applied later in the half 

cycle from the external load is damaging to the inner 

layers of the material and does not damage the sur-

face layer. 

The conducted analysis allows us to explain the 

nature of the crack: the crack originates under cer-

tain conditions under a surface-strengthened layer in 

the material of the core of the part in a half-cycle of 

tensile stresses from an external load. The surface-

strengthened layer of the part is a barrier to crack 

propagation, which significantly increases the fa-

tigue strength of the part.  

This phenomenon is confirmed by numerous 

experimental data [4, 13, 14]: surface strengthening 

significantly increases the fracture endurance limit 

and affects the crack formation endurance limit to a 

lesser extent. The existence of fatigue cracks in 

surface-strengthened parts operating below the frac-

ture toughness limit is safe, as these cracks are non-

propagating. This is characteristic of parts with 

residual compression stress in the surface layer, 

regardless of their origin (mechanical, thermal) [15, 

16]. 

Of particular interest for practice is information 

on the development of a crack under cyclic loading 

of a surface-strengthened part, both in low-cycle and 

multi-cycle fatigue.  

The change in patterns of fatigue crack devel-

opment on smooth samples subjected to surface 

diffusion alloying was investigated. Samples from 

steel 45 with a borochromized diffusion layer, ob-

tained by successive saturation of the surface with 

boron and chromium, were subjected to research. 

Residual voltages were determined on the "Pe-

ony" installation by measuring the deformation of 

the sample during sequential electrolytic etching of 

the diffusion layer. 

Figure 2 shows the graphs of residual stresses 

after borochroming. The depth of the diffusion lay-

ers was 60...500 µm. 

The formation of borides and carbides during 

cooling after diffusion saturation contributes to the 

emergence of a diffusion layer of residual compres-

sive stresses. As the thickness of the borochrome 

layer increases, the residual stress graph changes. 

The maximum value ( MPa1000
ост

=σ ) of re-

sidual stress is reached in borochromized layers with 

a thickness of 60 µm (curve 1). In layers with a 

thickness of 80 and 125 µm (according to curves 2 

and 3), a bend is observed in the residual stress dis-

tribution plots at a depth of 15...25 µm from the 

surface. When the layer thickness increases to 

200 µm or more, the value of the residual stress de-

creases (curves 3 – 6). The difference in the charac-

ter of the residual stress plots is related to the change 

in the structure and phase composition of the boro-

chromized layer, with the increase in its thickness 

and the volume of the diffusion layer and core. 

The results of the study of the effect of heat 

treatment of steel 45 on residual stresses are present-

ed in Fig. 3. The analysis (curve 4) shows that nor-

malization does not have a noticeable effect on the 

magnitude and sign of the residual stresses in the 

surface-reinforced layer. 
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Figure 2 – Distribution of residual stresses in borochromized layers of different thicknesses on steel 45 

 

 

 
 

Figure 3 – Distribution of residual stresses  

in borochromized samples on steel 45: 

1 – before heat treatment; 2 – after hardening and 

low tempering; 3 – after hardening and medium 

tempering; 4 – after hardening and high vacation 

 

Quenching followed by tempering to martensite 

(curves 2 – 3) changes the pattern of residual stress-

es: it causes significant tensile stresses in the sur-

face. In connection with this study, the fracture ki-

netics of surface-strengthened samples made of steel 

45 was studied before heat treatment on a special 

installation [2].  

Samples with a rectangular cross-section 

(5.5 x 3) mm after diffusion saturation were subject-

ed to multi-cycle bending action with a symmetrical 

cycle (R = – 1). The surface of the sample, which is 

in the plane perpendicular to the bending plane, was 

prepared for testing as a microsand, which made it 

possible to study the fracture kinetics of steel with a 

diffuse (reinforced) layer. To study the phenomenon 

of fatigue, a microstructural method of research us-

ing an optical microscope was used, which allows 

observing the initiation of cracks, the kinetics of 

their growth, and obtaining information about the 

nature of the destruction during the test. 

Conclusions 

The conducted studies showed that the nature of 

the destruction depends on the thickness of the dif-

fusion layer and the amplitude of the stresses caused 

by the external load. Thus, in steel 45, not subjected 

to normalization after diffusion saturation, with a 

thickness of borochromized layers of 60…120 µm, 

at stress amplitudes of the test duration of 0.1-2 % of 

the total durability, traces of the plastic behavior of 

the metal appear in the ferrite grains. 

As the duration of the test increases, the shear 

lines thicken and move deep into the sample to the 

neutral line, areas of loosening and submicroscopic 

cracks appear, which then develop into microscopic 

ones (the duration of this process is 10-20 % of the 

total durability). In the next period (40-80 % of the 

total durability), the microstructural picture changes 

insignificantly, mainly due to the slow growth of 
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microcracks. At the same time, microcracks grow 

more intensively deep into the metal of the sample, 

some of the microcracks develop into macrocracks, 

macroscopic cracks grow. 

Microcracks grow discretely, which is associated 

with the braking effect of the plastic deformation zone 

that occurs at the top of the crack. Due to plastic 

deformation, the metal is riveted, the stresses neces-

sary for the development of plastic deformation in 

local volumes must increase, the growth of the crack 

stops. At the moment of exhaustion of the strength of 

the metal at the top, the crack advances in leaps and 

bounds. Under the diffusion layer, crack growth in the 

direction of the surface of the sample is delayed by 5-

8 % of the total durability, which is explained by the 

barrier effect of the diffusion layer as a stronger layer 

compared to the metal core and less loaded. 

It should be noted that as the layer thickness in-

creases from 60 to 120 µm, the time until the appear-

ance of traces of plastic deformation and micro- and 

macrocracks increases, the endurance limit increases, 

and the overall durability of the samples before de-

struction increases. 

At stress amplitudes 
y1a

σ=σ


, where 
y

σ
1

 is 

the endurance limit of surface-strengthened samples, 

which is 20-40 % of the test NG = 5⸱10
6
 cycles, the 

growth and development of microcracks stopped 

completely. 

The conducted studies confirmed the assumption 

about the nucleation of fatigue cracks under the sur-

face-strengthened layer. 

It has been established that the surface-

strengthened layer contributes to the later appearance 

of traces of plastic deformation and the initiation of 

microcracks, a decrease in the speed of their propaga-

tion, and, therefore, an increase in the durability of 

parts subjected to surface strengthening. 
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TWO-GYROSCOPIC SENSITIVE ELEMENT OF THE STABILIZATION COMPLEX 
 

The proposed two-gyroscopic SE is designed to measure acceleration and belongs to the area of 

acceleration measurements on a moving base and can be used in stabilization systems. The purpose of the 

article is to increase the accuracy of acceleration determination. To do this, it is necessary to eliminate 

methodical errors of gyroscopic moments-obstacle from the cross angular velocities of the base and from the 

angular velocity of the Earth's rotation. The proposed two-gyro SE consists of a three-stage gyroscope 

located in the inner and outer frames, equipped with an inter-frame correction system, which includes an 

angle sensor located on the axis of the inner frame of the gyroscope, the output of which is connected to a 

moment sensor located on the axis of the outer frame. 

What is new in the two-gyro SE stabilizer is the application on the axis of the inner frame of the 

gyroscope with the possibility of rotating the rotor in the opposite direction of the main gyroscope, equipped 

with an inter frame correction system, which includes an electric angle sensor located on the axis of the 

inner frame of the gyroscope, to the output of which the control winding of the electric moment sensor is 

connected. Located on the axis of the outer frame, and both gyroscopes are equipped with two additional 

angle sensors located on the axes of the outer frames, the outputs of which are connected to two additional 

moment sensors located on one axis of the inner frame, the centers of gravity of the two three-stage 

gyroscopes are equally shifted to one side along the axes of rotation gyroscope rotors relative to the axes of 

the outer frames. 

Keywords: sensitive element, stabilization complex, methodical errors, measurement of acceleration. 
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ДВОГІРОСКОПІЧНИЙ ЧУТЛИВИЙ ЕЛЕМЕНТ КОМПЛЕКСУ СТАБІЛІЗАЦІЇ 
 

Пропонований двогіроскопічний чутливий елемент призначений для вимірювання прискорення та 

відноситься до області вимірювань прискорення на рухомій основі і може використовуватися в 

системах стабілізації.  

Метою статті є підвищення точності визначення прискорення. Для цього необхідно усунути 

методичні похибки гіроскопічних моментів – перешкод від поперечних кутових швидкостей основи і 

від кутової швидкості обертання Землі. Чутливий елемент складається з триступінчастого 

гіроскопа, розташованого у внутрішній і зовнішній рамах, оснащеного системою міжрамкової 

корекції, яка включає датчик кута розташований на осі внутрішньої рами гіроскопа, вихід якого 

підключений до розташованого на осі зовнішньої рами датчика моменту. 

Новим у конструкції чутливого елементу комплексу стабілізації є застосування на осі 

внутрішньої рами гіроскопа з можливістю обертання ротора в протилежну сторону основного 

гіроскопа, оснащеного системою міжрамкової корекції, яка включає в себе електричний датчик кута 

розташований на осі внутрішньої рами гіроскопа, до виходу якого підключена керуюча обмотка 


