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Abstract. This paper aims to determine the effect of the sector radius of a workpiece-deforming tool on the stress-

strain state in the center of elastoplastic deformation and residual stresses in the hardened zone of the surface l ayer of 
cylindrical workpieces. A mathematical model of local loading was constructed using the finite element method and AN-
SYS software. This model was used to determine the values of temporary and residual stresses and deformations, as 
well as the depth of plastic zone, depending on the sector radius of the working tool. The simulation results showed that, 
under the same loading of a cylindrical surface, working tools with different sector radii create different maximum tempo-
rary and residual stresses. An assessment of the stress state was carried out for situations when the surface layer of a 
product is treated by workpiece-deforming tools with a different shape of the working edge. It was shown that, compared 
to a flat tool, a decrease in the radius of the working sector from 125 to 25 mm leads to an increase in the maximum 
temporary and residual stresses by 1.2–1.5 times, while the plastic zone depth increases by 1.5–2.4 times. The use of a 
working tool with a flat surface for hardening a cylindrical workpiece ensures minimal temporary residual stresses, com-
pared to those produced by a working tool with a curved surface. A decrease in the radius of the working sector leads to 
an increase in temporary residual stresses by 2–7%. The plastic zone depth ranges from 1.65 to 2.55 mm when chang-
ing the sector radius of the working tool.   
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Резюме. Целью данной работы является определение влияния секториального радиуса рабочего инстру-
мента на напряженно-деформированное состояние в очаге упругопластической дефлорации и остаточных 
напряжений в упрочненной зоне поверхностного слоя цилиндрических деталей. Для достижения поставленной 
цели использован метод конечных элементов на основе компьютерной программы ANSYS для построения мате-
матической модели локального нагружения, позволяющей определить значения временных, остаточных напря-
жений и деформаций в зависимости от секториального радиуса рабочего инструмента. Представлены результа-
ты моделирования и определения влияния секториального радиуса рабочего инструмента на напряженно-
деформированное состояние поверхностного слоя, включая определение временных и остаточных напряжений, 
глубины пластической зоны. Полученные результаты компьютерного моделирования подтверждают, что при 
одинаковых условиях нагружения на цилиндрическую поверхность рабочий инструмент с разными секториаль-
ными радиусами создает разные значения максимальных временных и остаточных напряжений. При этом в слу-
чае воздействия на цилиндрическую заготовку рабочего инструмента с плоской поверхностью формируются ми-
нимальные значения временных остаточных напряжений по сравнению с результатами, полученными при упроч-
нении криволинейным рабочим инструментом. С уменьшением радиуса рабочего сектора увеличиваются значе-
ния временных остаточных напряжений в пределах от 2 до 7%. Глубина пластической зоны при изменении сек-
ториального радиуса рабочего инструмента находится в интервале 1,65–2,55 мм. 

Ключевые слова: поверхностное пластическое деформирование, упругопластическое состояние, рабочий 
инструмент, временное напряжение, остаточное напряжение, компьютерное моделирование 

Для цитирования: Зайдес С. А., Хо Куан Минь, Май Нгиа Дик. Влияние секториального радиуса деформи-
рующего инструмента на напряженно-деформированное состояние в зоне контакта с цилиндрической поверхно-
стью // iPolytech Journal. 2021. Т. 25. № 6. С. 696–707. https://doi.org/10.21285/1814-3520-2021-6-696-707. 

 
INTRODUCTION 

The technologies of surface plastic defor-
mation (SPD) are widely used to improve the 
quality and mechanical properties of the surface 
of machined parts. Hardening treatment by SPD 
improve such parameters, as wear and corro-
sion resistance, fatigue strength, tightness, etc. 
It has been shown that SPD contributes to an 
increase in the safety margins of products oper-
ated under variable loads by 1.5–3 times, and 
their lifespan by dozens of times [1–4]. 

However, conventional SPD methods have a 
number of technological limitations when applied 
to hardening long-span and low-rigidity cylindri-
cal parts, e.g. shafts and axles.  Thus, even un-
der the conditions of low output, it is hard to 
achieve the specified accuracy of diametral di-
mensions and the stability of the geometric 
shape of non-rigid cylindrical parts. Another sig-
nificant problem in the manufacture of such 
parts is the distortion of their rectilinear axis [4]. 
As a result, the products manufactured using 
SPD either fail to meet the established require-
ments or demonstrate failures and breakdowns 
in the course of further operation.  

When using SPD for treating non-rigid cylin-
drical parts, e.g. shafts and axles, it is difficult to 
obtain the specified quality, since a high radial 
load from the working tool distorts the shape of 
the workpiece, failing to provide the stability of 
mechanical properties along its length. At the 

same time, a reduction in the radial load does 
not always ensure the required quality of the 
surface layer under an acceptable productivity 
level. 

The described limitations can be overcome 
by intensifying the stress state in the defor-
mation zone, providing for the required degree 
of hardening at a constant radial interference. 
We developed a new design of the working tool 
for SPD based on a sectorial pendulum, the ef-
fect of which on the stress-strain state of the 
surface layer must be assessed. 

In this work, we aim to determine the effect 
of the sector radius of a workpiece-deforming 
tool on the stress-strain state in the center of 
elastoplastic deformation and residual stresses 
in the hardened zone of the surface layer of cy-
lindrical parts. 

 
ANALYSIS OF A KNOWN SOLUTION 

Specialists at the Irkutsk National Research 
Technical University developed a new hardening 
method based on oscillating smoothing of such 
workpieces as shafts and axles [5]. The method 
uses the oscillating motion of a deforming tool, 
which is a flat plate with a spherical radius (fig. 
1). Despite a number of distinct advantages, the 
method has limitations when applied to harden-
ing low-rigidity parts. The reason is a rather high 
radial load on the workpiece, which leads to its 
bending. This load can be reduced by reducing 
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the value of radial interference; however, it will 
negatively affect the productivity of hardening 
treatment. 

An analysis of the contact between the work-
ing tool and the workpiece (fig. 2) showed that, 
at a constant value of radial interference (t), a 
flat tool has the largest contact zone (L), and, 
consequently, the area of plastic indentation will 
be the largest. For a working tool of curved ge-
ometry, the contact area decreases, increasing 
the pressure in the contact zone.  
 
PROBLEM STATEMENT 

It seems expedient to investigate the stress-
strain state in the contact zone of the workpiece 
and a workpiece-deforming tool in the form of a 
circular sector using computer simulation and to 
determine temporary and residual stresses at 
different radii of such a tool. 
 
FINITE ELEMENT MODELING 

Computer modeling based on the finite ele-
ment method (FEM) has been efficiently used to 
determine the values of temporary and residual 

stresses and to analyze the stress-strain state in 
the deformation zone during hardening by vari-
ous SPD methods. In this work, FEM was im-
plemented using ANSYS4 [6], a software appli-
cation broadly used for these purposes. 

When simulating hardening and concurrent 
processes, either static and dynamic analysis is 
selected, depending on the complexity of 
movements of both the deforming tool and the 
workpiece [7]. In this work, static simulation was 
applied, since the investigated tool – a circular 
sector with a spherical radius – does not per-
form complex movements. This approach allows 
static data on the processes occurring in the 
simulated system to be obtained [8]. At the 
same time, time and its division, the method of 
constructing network models and their parame-
ters are the main factors for obtaining an accu-
rate assessment of the characteristics of the 
simulated system [9]. 

To carry out calculations under static load-
ing, a geometric model was built in the form of a 
cylinder and a circular sector with a spherical 
radius on the cylindrical surface (fig. 3). 

 

 
 

Fig. 1. Oscillatory smoothing diagram [5]: 1 – workpiece; 2 – working tool (nwp – workpiece rotation frequency, rpm;  
ntool – working tool frequency, double stroke per minute) 

Рис. 1. Схема осциллирующего выглаживания [5]: 1 – заготовка; 2 – рабочий инструмент  
(nзаг – частота вращения заготовки, об/мин; nи – частота инструмента, двойные ходы/мин) 

 
___________________________________ 

4 
Bakov K. A. ANSYS. User manual. Moscow: DMK Press; 2005, 650 р. / Баков К. А. ANSYS. Справочник пользовате-

ля. М.: ДМК Пресс, 2005. 650 с. 
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Fig. 2. Diagram of influence of the indenter working part curvature on the contact zone size  
(R1 –  indenter with R1 radius, R2 – indenter with R2 radius) 

Рис. 2. Схема влияния кривизны рабочей части индентора на размер зоны контакта  
(R1 – индентор с радиусом R1, R2 –  индентор с радиусом R2) 

 

 
 

Fig. 3. Finite element model when loading a cylinder with a sectorial tool (P – contact force):  
1 – circular sector with a rounding radius rtool; 2 – cylinder with the diameter Dwp 

Рис. 3. Конечно-элементная модель при нагружении цилиндра секториальным инструментом  
(Р – контактная сила): 1 – круговой сектор с радиусом скругления ru; 2 – цилиндр диаметром Dзаг 

 

Main characteristics 
Workpiece: a cylinder with a diameter Dwp = 

20 mm; Workpiece material: steel 45 with elas-
toplastic and strain-hardening characteristics; 
modulus of elasticity E = 2 ∙ 105 MPa; Poisson’s 
ratio μ = 0.3; bilinear deformation diagram (yield 
limit σТ = 360 MPa, hardening modulus ET = 
1.45 ∙ 103 MPa). 

Tool: a circular sector with a spherical radius 
on the cylindrical surface; alloy VK8; modulus of 
elasticity E = 6 ∙ 105 MPa; Poisson’s ratio  
 

μ = 0.3; coefficient of friction in the  contact zone 
of the working tool with the workpiece f = 0.1; 
tool working radius rtool = 5 mm. 

To assess the stress state at different points 
of a cylindrical specimen, it is necessary to de-
termine the stress intensity (von Mises) and re-

sidual stresses along the axes Oz (axial   
   ), Ox 

(radial   
   ), Oy (tangential   

   ). In this case, 

when using principal stresses, the stress-strain 
state of the cylinder according to Von Mises is 

determined by the stress intensity   
5 [10–12]: 

   √
 

  
     

      
          

      
          

      
      ]  

________________________________ 

5 
Bruyaka V. A., Fokin V. G., Kuraeva Ya. V. Engineering analysis in ANSYS Workbench. Part 2: learning aid. Samara: 

Samara Polytech Flagship University; 2013, 149 р. / Бруяка В. А., Фокин В. Г., Кураева Я. В. Инженерный анализ в 

ANSYS Workbench. Ч. 2: учеб. пособ. Самара: Изд-во СамГТУ, 2013. 149 с. 
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Table 1. Basic simulation modes 
Таблица 1. Базовые режимы моделирования 
 

Workpiece  
rotation  

frequency nwp, rpm 

Tool rotation 
frequency ntool, 

rpm 

Negative  
allowance t, 

mm 

Workpiece  
diameters Dwp, 

mm 

Radius of the working  
sector Rtool, mm 

Tool working radius 
ru, mm 

0 0 0,1 20; 40; 60 25; 50; 75; 100; 125;  5 

 
To assess the stress state in the deformation 

zone and compare the regularity of changes in 
temporary and residual stresses in the surface 
layer with an increase in the radius of the working 
sector, the following basic modes were selected. 
 
SIMULATION RESULTS 

The stress state of a material during SPD is 
differentiated into temporary and residual 
stresses. Temporary stresses occur under the 
action of external forces, while residual stresses 
occur when these forces are absent. Temporary 
stresses affect the power characteristics of the 
process, the depth of the hardened layer, the 
pressure in the deformation zone, as well as the 
strength and wear resistance of the workpiece-
deforming tool. Residual stresses determine the 
fatigue strength, fracture processes, wear re-
sistance, corrosion and other operational prop-
erties of products [13–16]. 

Fig. 4 shows the distribution fields of tempo-
rary and residual stresses in the cross section of 
a cylinder at the moment of direct external influ-
ence (see fig. 4 a) and in its absence (see fig. 4 
b). A working tool with a sector radius Rtool = 25 
mm acts on the surface of a workpiece with a 
diameter Dwp = 20 mm under loading in basic  
 

modes. Fig. 5 shows the components of tempo-
rary and residual stresses along the radius of a 
workpiece with a diameter Dwp = 20 mm.  

During SPD under the action of a working 
tool in the form of a circular sector, residual 
stresses of compression and residual stresses 
of tension arise in the surface layer and central 
zone, respectively. The maximum axial and tan-
gential residual compression stresses are 
formed on the surface of parts [17, 18]. Radial 
residual stresses on the surface of the work-
piece are equal to zero. 

Tab. 2 presents the maximum temporary and 
residual stresses in the workpiece under the ac-
tion of a deforming tool in the form of a circular 
sector with different radii.  

On the basis of the data in tab. 2 (with the 

exception of Rtool = ), dependencies were con-
structed (fig. 6) for the maximum temporary and 
residual stresses on the sector radius of the de-
forming tool for workpieces of various diameters. 
 
EFFECT OF THE SECTOR RADIUS  
OF THE WORKING TOOL (Rtool) 

The radius of the working sector (sector ra-
dius of the working tool) is an important element 
in the mechanics of deformation and structure 

  
 

а           b 
 

Fig. 4. Distribution zone of intensity of temporary (a) and residual (b) stresses in the cross section  
of the sample after loading and unloading 

Рис. 4. Зона распределения интенсивности временных (a) и остаточных (b) напряжений  
в поперечном сечении образца после нагружения и разгрузки 
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а              b 
 

Fig. 5. Distribution of components of temporary (а) and residual (b) stresses along the radius of the sample  
Рис. 5. Распределение компонент временных (а) и остаточных (b) напряжений вдоль радиуса образца 

 
Table 2. Values of maximum temporary and residual stresses at different values of the working tool sectorial radius  
Таблица 2. Значения максимальных временных и остаточных напряжений при разных значениях секториального 
радиуса рабочего инструмента 
 

Working sector 
radius Rtool, mm 

Maximum 
stress values, MPa 

25 50 75 100 125  

Dwp = 20 mm 
    

   
 418.31 403.91 382.46 367.81 342.71 285.24 

    
   

 395.28 373.46 363.02 346.96 327.47 266.86 

Dwp = 40 mm 

    
   

 403.45 393.67 373.78 355.32 331.88 264.98 

    
   

 365.22 350.58 342.38 329.76 309.88 228.12 

Dwp = 60 mm 

    
   

 385.43 366.11 356.45 342.99 321.55 233.67 

    
   

 324.11 303.77 288.55 267.06 255.32 199.85 

 

 
 

а           b 
 

Fig. 6. Influence of the working sector radius on the intensity of maximum temporary (a) and residual (b) stresses: D wp1 = 20 
mm; Dwp2 = 40 mm; Dwp3 = 60 mm 

Рис. 6. Влияние радиуса рабочего сектора на интенсивность максимальных временных (а) и остаточных ( b) 
напряжений: Dзаг.1 = 20 мм; Dзаг.2 = 40 мм; Dзаг.3 = 60 мм 
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а             b 
 

 
 

c            d 
 

 
 

e             f 
 

Fig. 7. Distribution fields of maximum residual stress intensity in the cylinder cross section under basic loading conditions : 
a – Rtool = 25 mm; b – Rtool = 50 mm;  

с – Rtool = 75 mm; d – Rtool = 100 mm; e – Rtool = 125 mm; f – Rtool =  
Рис. 7. Поля распределения интенсивности максимальных остаточных напряжений в поперечном сечении цили н-

дра при базовых режимах нагружения: a – Rи = 25 мм; b – Rи = 50 мм;  

c – Rи  = 75 мм; d – Rи = 100 мм; e – Rи = 125 мм; f – Rи =  

 
formation. This radius should be optimal to en-
sure the intensification of the deformation pro-
cess. It can be noted that an increase in the ra-
dius of the working sector leads to a decrease in 
the corresponding temporary and residual 
stresses (see fig. 6). This can be explained by 
the fact that an increase in the radius of the 

working sector leads to an increase in the con-
tact area. As a result, the stresses are reduced 
at the same interference values t. 

Fig. 7 shows the distribution fields of  
the maximum residual stresses depending  
on the sector radius. Tab. 3 presents the  
components of the maximum temporary and  
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residual stresses for a workpiece with a diame-
ter of Dwp = 20 mm.  

When a flat plate acts as a working tool (see 
fig. 7 f) on the cylindrical surface of a workpiece, 
minimal distortion of the microstructure occurs in 
the contact zone with the formation of the lowest 
maximum stresses.  

With a decrease in the sector radius (see fig. 
7 b, c, d, e) of the working tool, residual stresses 
increase due to a change in the contact area in 
the deformation zone. As a result of using a 
working tool with the smallest sectorial radius 
(Rtool = 25 mm), the surface layer of the work-
piece undergoes significant plastic deformation 
(see fig. 7 a) with the accumulation of a large 
number of distortions. The latter has a significant 
effect on the quality of hardened products. It 
should be noted that the area, in which severe 
plastic deformation occurs, is concentrated in the 
local zone of contact with the deforming tool, thus 

leading to an increase in the maximum stresses. 
 

SURFACE LAYER DEFORMATION UNDER 
LOADING BY A WORKING SECTOR TOOL 

When a cylindrical workpiece is loaded with 
a working sector tool, the as-formed plastic de-
formation changes the structure and properties 
of the surface layer. The strain state is assessed 
by relative deformations ɛ, which, similar to 
stresses, are distributed along the three main 
coordinate axes. 

Fig. 8 presents the dependence of relative 
deformations on the sector radius at a constant 
penetration depth of the working tool. Obviously, 
under the same loading, the relative deformation 
ɛ is inversely proportional to the sector radius of 
the working tool. It should be noted that the 
greatest relative deformations under static load-
ing occur in the circumferential (tangential) di-
rection. 

 
Table 3. Values of the components of maximum temporary and residual stresses at different radii of the working sector 
(workpiece diameter Dwp = 20 mm) 
Таблица 3. Значения компонент максимальных временных и остаточных напряжений при разных радиусах рабо-
чего сектора (заготовка диаметром Dзаг = 20 мм) 
 

Rtool, mm 
Temporary stress component, MPa Residual stress component, MPa  

  
      

      
      

      
      

   
 

25 -1300.41 -859.69 -914.37 -317.44 -159.44 -328.25 

50 -1228.32 -837.65 -870.28 -301.06 -154.58 --319.51 

75 -1171.31 -813.93 -846.51 -286.22 -146.06 -301.55 

100 -1102.09 -774.51 -825.14 -264.83 -140.95 -288.74 

125 -1033.12 -738.31 -807.42 -251.35 -135.32 -261.42 

 -838.43 -512.45 -754.13 -197.64 -112.432 -183.42 

 

  
Fig. 8. Influence of the working sector radius  

on the maximum components of relative deformations  
under interaction with a cylindrical surface 

Рис. 8. Влияние радиуса рабочего сектора на максимальные 
компоненты относительных деформаций при  

взаимодействии с цилиндрической поверхностью 

Fig. 9. Distribution of plastic deformations along the depth  
of a cylindrical sample when loaded with a working sector  

with the radius Rtool = 25 mm 
Рис. 9. Распределение пластических деформаций  

по глубине цилиндрического образца при нагружении  
рабочим сектором радиусом Rи = 25 мм 
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Fig. 9 shows the distribution of three types of 
deformation in the respective axes along the 
depth of a cylindrical workpiece under the action 
of a working sector tool with a radius of Rtool = 
25 mm. Here, the relative tangential deformation 
has the maximum value in the contact zone and 
decreases towards the center of the workpiece. 
At the same time, the radial and axial defor-
mations are less significant compared to that in 
the circumferential (tangential) direction. 

 
PLASTIC ZONE DEPTH 

Plastic zones formed under the action of the 
working tool serve as a link between the struc-
ture and mechanical properties of the treated 
material, reflecting the peculiarities of its behav-
ior under specific loading conditions [19]. SPD 
forms plastic zones differing both in shape and 
size. This has a significant effect not only on the 
destruction of metallic materials, but also on 
their resistance to crack propagation [20, 21]. 
Information on the effective penetration depth of 
SPD is used for assessing the physical, me-
chanical and operational properties of hardened 
parts. Fig. 10 shows the depth of plastic defor-
mation (h) under the basic modes of exposure. 
Tab. 4 describes the depth of hardening at dif-
ferent sector radii of the working tool. 

 

 

 
Fig. 10. Distribution fields of plastic deformation in the 
cross section of the sample at basic loading modes:  

1 – working sector; 2 – workpiece 
Рис. 10. Поля распределения пластической деформа-
ции в поперечном сечении образца при базовых режи-

мах нагружения: 1 – рабочий сектор; 2 – заготовка 

 

Table 4. Influence of the working tool sectorial radius on 
the depth of the plastic zone and the magnitude of the 
radial stress in the deformation zone 
Таблица 4. Влияние секториального радиуса рабочего 

инструмента на глубину пластической зоны и величи-
ну радиально напряжения в зоне деформации 
 

Ru, mm   
   , MPa h, mm 

25 -859.69 2.55 

50 -837.65 2.25 

75 -813.93 1.95 

100 -774.51 1.80 

25 -738.31 1.65 

 -512.45 1.05 

 
The obtained simulation results showed that 

a decrease in the radius of the working sector 
increases the depth of the hardened layer. It 
should be noted that the magnitude of the radial 
stress in the contact zone is the main factor de-
termining the plastic zone depth. Moreover, 

when using a flat plate (Rtool = ), the formed 
depth of plastic zone has the smallest value 
compared to that obtained with a circular sector. 

Our studies showed that the sector radius of 
the working tool has a significant effect on the 
stress-strain state of the surface layer of cylin-
drical workpieces exposed to SPD, in compari-
son with hardening with a working tool in the 
form of a flat plate. 

Therefore, our data on the stress-strain state 
of the surface layer of cylindrical workpieces 
outline promising directions for the application of 
SPD for improving the quality of hardened parts, 
consisting in the use of deforming tools differing 
from those having a rectilinear shape. 

 
CONCLUSION 

The data on changes in the values of tempo-
rary and residual stresses obtained under basic 
loading conditions using the ANSYS software 
have allowed us to draw the following conclu-
sions: 

1. Under a constant penetration depth of the 
working tool, the decrease (from 125 to 25 mm) 
in the sector radius of the working tool leads to 
an increase (within 4–7%) of the temporary 
maximum stresses and their constituent compo-
nents. 

2. Upon elimination of the external action of 
the working tool, residual stresses are formed, 
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the value of which increases (within 2–6%) with a 
decrease in the sector radius of the working tool. 
There is an optimal sector radius (in this study, 
Rtool = 25 mm), which ensures the formation of 
the maximum residual stresses that do not ex-
ceed the strength limit of the selected material. 

3. The inversely proportional dependence of 
the plastic zone depth on the working sector ra-
dius confirms the possibility of a more efficient 
process of SPD by selecting optimal geometric 
parameters of the circular sector. 
 

4. An assessment of the stress state of the 
surface layer under the action of workpiece-
deforming tools with a different shape of the 
working edge was carried out. It was found that, 
compared to a flat working tool, a decrease in 
the radius of the working sector from 125 to 25 
mm lead to a 1.2–1.5-fold increase in the maxi-
mum temporary and residual stresses, and a 
1.5–2.4-fold increase in the depth of plastic 
zone. When using a flat working tool, the maxi-
mum temporary and residual stresses are char-
acterized by the smallest values. 
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