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Bu çalışmanın amacı, farklı geometrilere sahip örneklerde derin ovalama işleminden 

hemen sonra meydana gelen artık gerilmelerin sonlu elemanlar analizi metodunu 

kullanarak, gerilmelerin yöne bağımlılığını araştırmaktır. Dinamik yüklemeye maruz kalan 

parçalarda, yorulma dayanımını arttırmanın en etkili yollarından biri, parça yüzeyinde ve 

belirli bir derinlikte baskısal artık gerilmelerin oluşturulmasıdır [1]. Derin ovalama, 

baskısal artık gerilmelerin oluşturulmasında en etkili yöntemdir [2]. Bu işlem sırasında, 

parçaların yüzeyinde bir hidrolik küre veya silindir vasıtasıyla bölgesel plastik 

deformasyon oluşturulur. Derin ovalamanın asıl amacı, parçanın geometrisini değiştirmek 

değil, yalnızca yüzeyde plastik deformasyon oluşturarak malzemenin mekanik özelliklerini 

geliştirmektir [3]. Bu araştırma sırasında, süspansiyon parçalarının imalatında sıkça 

kullanılan alüminyum alaşımı EN AW-6082 (AlSi1MgMn) incelenecektir.  

Bu inceleme sırasında farklı örnekler üretilmiştir. İlk olarak; alüminyum örnekler T4 ve T6 

olarak ısıl işleme tabi tutulmuştur. T4 ve T6 ısıl işlemi görmüş örneklerin ikisinin de 

hazırlanmasına ragmen; T6 ısıl işlem görmüş malzemeler endüstriyel yorulma 

uygulamalarında en sık kullanılan malzeme olması nedeniyle bu araştırmada sadece T6 

kullanılmıştır. 

 



ii 

 

İkinci olarak; T6 ısıl işlem görmüş örnekler, malzemenin akış eğrisini elde etmek için 

çekme testine tabi tutulmuştur. Çekme testi sırasında; örnek DIN 50125 çekme testi 

standardlarına göre tasarlanmıştır. Malzemenin akma ve çekme dayanımı çekme testi ile 

belirlenmiştir. Ek olarak; yakın tarihli çalışmalarda, prizmatik parçalarda derin ovalama 

sonrasında malzemenin enlemsel yönündeki baskısal artık gerilmelerin, derin ovalama 

doğrultusundaki baskısal artık gerilmelerden iki kat daha yüksek olduğu gösterilmiştir [4, 

5]. Ancak, silindirik parçaların (Ø8 mm, Ø14 mm) hem boylamsal hem de enlemsel 

yönlerinde artık gerilmeler incelenmemiştir. Bu nedenlerden dolayı, artık gerilmelerin bu 

örnekler üzerindeki yönsel bağımlılığını araştırmak için farklı geometri örnekleri 

(prizmatik, silindirik) modellenmiştir. Ayrıca, artık gerilmelerin dağılımı, üç farklı ilerleme 

parametresine (0.1 mm, 0.2 mm, 0.3 mm) göre incelenmiştir. Sonuç olarak; bu 

örneklerdeki artık gerilme dağılımının sonuçları birbirleriyle karşılaştırılmıştır. 

 

 

 

Anahtar Kelimeler: Derin Ovalama, Yüzey İşleme, Yorulma Ömrü, Artık Gerilme   



iii 

 

ABSTRACT 

 

 

INVESTIGATION OF PLASTIC DEFORMATION AND 

RESIDUAL STRESSES OCCURRED AFTER DEEP ROLLING 

PROCESS ON ALUMINUM 6082 ALLOY USING FINITE 

ELEMENT ANALYSIS 

 

Ruhi Batuhan Savaşkan 

 

 

Master of Science, Department of Mechanical Engineering 

Supervisor: Asst. Prof. Mehmet Okan Görtan 

June 2019, 127 Pages 

 

 

The purpose of this study is to investigate the directional dependency of residual stresses 

on different sample geometries occurred just after deep rolling using finite element 

analysis (FEA). One of the most effective way to increase the fatigue strength in the parts 

subjected to dynamic loading is to create compressive residual stresses on the part surface 

and at a certain depth of the material [1].  Deep rolling is the most effective process in 

terms of ability to produce compressive residual stresses [2]. During this process, a local 

plastic deformation is generated on the surface of the parts by means of a hydraulic sphere 

or cylinder. The main purpose of deep rolling is not to change the geometry of the 

workpiece but to improve the mechanical properties of the material by plastic deformation 

of the surface only [3]. During this investigation, aluminum alloy EN AW-6082 

(AlSi1MgMn), which is frequently used in the manufacturing of suspension parts, will be 

examined.  

During this examination, different specimens were manufactured. Firstly; the aluminum 

samples were heat treated as T4 and T6. Despite T4 and T6 heat treated samples were 

prepared, only T6 was used for investigations, due to the fact that T6 is the commonly used 

material in the industrial fatigue applications. Secondly; T6 heat treated samples were 

subjected to tensile test to obtain flow curve of the material. During the tensile test; 
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material was designed according to the tensile test standards of DIN 50125. Ultimate 

tensile and yield stress of the material were determined by tensile test. Additionally, in the 

recent studies showed that the compressive residual stresses in transverse direction are 

twice as high as in rolling direction on prismatic samples after deep rolling [4, 5]. 

However, residual stresses were not examined on both the tangential and longitudinal 

directions of cylindrical parts (Ø8 mm, Ø14 mm). Due to these reasons, it is aimed to 

model different sample geometries (prismatic, cylindrical) to investigate directional 

dependency of residual stresses on these samples. Also, distribution of residual stresses 

was examined with respect to three different feed parameters (0.1 mm, 0.2 mm, 0.3 mm). 

Subsequently, the results of residual stress distribution in these samples were compared 

with each others. 
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1. INTRODUCTION 

 

Recent studies show that safety, fuel consumption, greenhouse effect regulations are 

getting stricter. These strict regulations force the manufacturer to produce much more 

efficient and lightweight designs [6]. Kleiner et.al. [7] stated that surface treatment 

methods aim to increase strength of materials while the thickness decreasing.  Jeswiet et.al. 

[8] mentioned that production of dynamically loaded parts from aluminum alloys allow to 

a lightweight and durable designs. But if the fatigue life is considered, part sections should 

be thicker, and this causes weight increase on the parts [8]. As Kukielka et.al. [9] stated, 

most of the failures of the materials causing by cracks on the surface are fatigue failures. It 

is already known that the cracks which are causing fatigue failures, initiates from the 

surface of the material [10]. By these reasons, Kirkhope et. al. [1] stated that there are two 

main principles which increase fatigue life without changing the structure of material. 

These principles are decreasing surface roughness and creating residual stresses. 

Decreasing surface roughness weakens and postpones the notch effect on the part surfaces 

and that yields an improvement on the strength [1]. As Schulze [11] stated, two important 

methods for generation of compressive residual stresses on the material are deep rolling 

and shot peening. Also, there is a method called Laser Shock Peening. In this method, 

strain hardening and residual stresses (compressive) generated on the material surface by 

means of high energy laser beams [3]. In shot peening, small granules made of steel or 

glass are shot to materials by the mean of gears or pressurized air [12]. According to Miao 

et. al. [13] in the shot peening process, compressive residual stresses can occur at 0.2 mm 

depth under the surface for aluminum 2024. Consequently, aluminum alloys fatigue life 

can increase up to 28% [14]. Due to ease of application and increase of fatigue life, shot 

peening had been using for years on aircraft motor blades [15], medical implants [16] and 

piston rods [17]. But this process has also some disadvantages. According to study of 

Ludian and Wagner [18], on shot peening process to reach the desired fatigue life increase, 

process should be implemented all of the surfaces. Even for some applications, decrease of 

fatigue life occurs. Bagherifard et. al. [19] inform that excess application of shot peening 

process can cause surface cracks. These cracks can reduce the material life. Even in the 

normal applications, perfect control of residual stresses cannot be achieved. Because 

residual stresses occur randomly [19]. On the other hand, another surface treatment process 

which creates residual stress is deep rolling. As Klocke and Mader [20] explained that, 
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local plastic deformations are created by the means of hydrostatic sphere or cylinder. In 

this process, the main aim is not to change the material geometry, but to improve of the 

mechanical properties. During application of this method, three important phenomena 

should be explained. First one is strain hardening due to plastic deformation. Second one 

is, impurities on the surface mechanically rolled and this causes roughness decrease on the 

material [21]. The third and the most important one is, generation of compressive residual 

stresses as a reaction of plastically deformation [11]. Sticchi et. al. [2] suggest that the 

stress level of compressive residual stresses in deep rolling could be 5 times greater than in 

Shot Peening process. When the aluminum alloys considered, especially on 6xxx and 7xxx 

alloys, compressive residual stresses after deep rolling process can reach up to 1 mm depth 

[22, 23, 24, 25]. It is also reported; all the effects of deep rolling can cause a fatigue life 

increase between 60%-300 [22, 24]. For this reason, deep rolling can be counted as the 

most effective process for fatigue life increase [3]. Nowadays, for the same reason deep 

rolling is used on turbine blades [26], railway axles [27] and aircraft motor hanging bolts 

[28] very commonly.  

In this study, structural dependency of residual stresses will be investigated on cylindrical 

parts by FEA analysis. Firstly, prismatic parts will be deep rolled. Secondly, cylindrical 

parts will be deep rolled in longitudinal direction. Thirdly, residual stresses on prismatic 

and cylindrical materials will be compared. Then, tangential rolling will be applied to these 

cylindrical parts.  

In prismatic parts, it has been investigated that residual stresses are two times higher in 

transverse direction than in longitudinal direction. Occurrence of residual stresses cause a 

very high improvement on the mechanical properties and service life of material. If 

directional dependency and magnitude of residual stresses on cylindrical parts would be 

similar to the prismatic parts, deep rolling process can be applied very effectively for 

industrial parts, because most of the engineering parts have radii.  
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2. STATE OF THE ART 

 

2.1. Fatigue 

Fatigue can be expressed as; materials might fail when a cyclic loading is applied. This 

material failure can occur at a stress level under the material yield strength [29]. Fatigue 

failure is the frequently seen failure type for the engineering parts. 

First loading type, amplitude is not changing (constant amplitude), and the second loading 

type, amplitude is changing (variable) (Fig. 1). Constant amplitude loading can be 

investigated as high cycle and low cycle fatigue. High cycle fatigue can be expressed by 

lower loads, longer life (>10
5
 cyc.) This can be analyzed by the method of stress-life (S-N 

Curve). Deformation is in elastic range. Low cycle fatigue can be expressed by higher 

loads, shorter life (<10
5
 cyc.). This is commonly analyzed by strain-life method. This also 

includes plastic deformation. In the variable amplitude loading; the loading amplitude is 

changing continuously. For deterministic loading, the properties of loading can be 

foreseen. Also, material properties are well known. In stochastic loading; the applied load 

is random variable such as; wind load, earthquake. Fatigue strength can be easily affected 

by some factors such as; loading type, material strength and type, surface finish and state 

of residual stresses [30]. 
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Figure 1 Fatigue Loading [30] 

 

2.2. Surface Treatment Methods 

There are multiple applications to improve fatigue strength of materials. These techniques 

are called as surface treatment methods. Conventional surface treatment methods will be 

presented in the following subchapters. Their advantages and disadvantages will be 

discussed. First important method is shot peening, the second one is laser shock peening 

and the third one is roller burnishing.  

 

2.2.1. Shot Peening 

Shot Peening (SP) is achieved by shooting tiny balls which are made of steel, glass or 

ceramic to the surface of the materials. Tiny balls are at high velocity during the process 

(20-100 m/s). 
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It has two major effects; compressive residual stresses in the surface and sub-surface, crack 

initiation prevention. Compressive residual stresses can increase the fatigue life of 

materials. However; the process parameters (large balls, high ball velocity, exaggerated 

application) should be selected and adjusted properly. Because these could result in high 

damage on the material and change the location of the surface layers. Also; this can 

increase the surface roughness. As a result, high cycle fatigue properties of the material are 

affected in negative manner [31]. Moreover, industrial parts have radii. So, it is hard to 

shot peen surfaces with radii properly. In Fig. 2; schematic of shot peening process can be 

seen. Small granules are shot with a specified velocity by a high frequency displacement 

generator to sample material which is held by a sample holder.  

 

  

Figure 2 Shot Peening [32] 

 

2.2.2. Laser Shock Peening 

Laser Shock Peening (LSP) process is similar to traditional shot peening. In this method, 

residual stresses (compressive) can be induced at the surface and sub-surface of the 

sample. Perforation depth is much higher in this process than shot peening.  

For LSP process, a black paint is painted on the desired peening location of the material. A 

thin layer of water is poured over this painted surface. High energy laser beam is sent to 

the sample material. By the one shot of laser beam, paint layer vaporizes, and plasma phase 
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of paint layer occurs. Shock waves with high pressure are generated on the surface of the 

material, while the plasma layer growing. The water layer has an advantage of limiting the 

energy and increasing the pressure intensity on the material surface. This pressure pulse is 

applied approximately for 50 nanosecond (ns), and the magnitude of the pressure can be 

two times of the material yield strength. Pressure pulses cause plastic deformation and 

compressive residual stresses on the surface and sub-surface of the material. Because of 

high pressure values in LSP, thin sections can be damaged during one-sided LSP 

application. So, LSP application should be made for two-sided. However, in peening 

application for two sides, the material can has difficulties on the complex geometries 

(turbine). In addition to that; two-sided peening could result in complex stress field through 

the material thickness. 

When the application of LSP taken into account, comparison should not be made between 

SP. However, LSP can be used when the SP application is not suitable for some reasons 

such as; more improved properties, application on complex geometries, better control of 

quality, better surface finish. For some cases, LSP can also be used with SP for further 

fatigue property improvement [33, 34]. 

 

 

Figure 3 Laser Shock Peening [33] 

 

2.2.3. Roller Burnishing 

The valuable goals of this process are to decrease roughness of the surface, to increase to 

material hardness via plastic strain and to obtain residual stresses (compressive) on the 

material surface. Thus, wear and corrosion resistance, tensile as well as fatigue strength 

improves. It is succeeded by creating plastic deformation on the surface of material with 

very low forces. A normal force is applied to the material by the means of cylindrical or 
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spherical rollers. It is also affected by roller geometry, applied force, relative tangential 

velocity between the roller and the part and the feed at each part revolution.  

This process is very similar to deep rolling process, but it should not be confused with deep 

rolling. Conventional burnishing operations are applied to raw cylindrical materials, bolts 

or screws threads. Roller burnishing is only applied to decrease the surface roughness. This 

process can supersede grinding operation as a low-cost operation [35]. Schematic of roller 

burnishing process is shown in Fig. 4.  

 

 

Figure 4 Roller Burnishing [36] 

 

2.2.4. Deep Rolling 

Deep rolling (DR) process is applied by mechanically or hydraulically actuated rollers or 

balls. By the means of these rollers or balls, a specific load is applied on the surface of the 

material. This causes surface and sub-surface local plastic deformation and compressive 

residual stresses (1-2 mm depth). In addition to that, DR yields strain hardening and 

surface roughness decrease. These results in fatigue life improvement [23]. DR can be 

applied by three equally placed rollers around its circumference for circular geometries 

(Fig. 5). On the other hand, force is applied along the surface by a ball or roller for planar 

geometries [3]. So as not to bend thin section materials, DR can be applied as two-sided. 

Application of deep rolling on more complex geometries is very similar, some special 

rolling tools can be designed, and it can be used by attaching another tool for flexibility of 
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the process application. The key process parameters are: feed value, applied pressure, 

number of repetitions and the friction between rollers and the material [37].  

If deep rolling is compared with shot peening; deep rolling creates lower surface 

roughness. DR is able to generate deeper and higher residual stresses (compressive) on the 

surface and sub-surface of the material. DR also causes surface roughness decrease. When 

DR is compared with LSP, LSP is able to decrease surface roughness very little. It is 

important to express that high cycle fatigue (HCF) properties of DR is higher, while low 

cycle fatigue (LCF) properties of LSP is better [3]. 

 

 

Figure 5 Deep Rolling [3] 

 

It is also important to discuss finite element simulations on deep rolling process. M. 

Beghini et.al. [4] applied rolling operations on wide straight surface as in prismatic deep 

rolling process operation. Analysis done by plane strain elements, because of geometry 

simplification and reduced element size. Also, in 2D analyses, residual stress distribution 

can be assumed as uniform on the rolling direction for material surface. Thus, gradient of 

stress can be assumed in the depth of the material. Main limitation of the plane model is 

that, the residual stresses on longitudinal and transverse directions cannot be obtained at 

the same time.  
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Due to rolling tool geometry, the analysis model is set with plane strain elements which are 

placed on a cross section of the material along the rolling direction. In other words, 

analysis plane is perpendicular to rolling direction. The deep rolling roller which is made 

of steel is assumed as rigid due to its high stiffness compared to aluminum. For the 

material plastic behaviour, multilinear kinematic hardening material model is applied. The 

analysis results are taken from symmetry axis of the analysis plane. Also, results are taken 

after the last deep rolling application, in the case of no contact of rolling tool with the 

material surface. Optimum number of rolling is investigated by doing convergence 

analysis. The minimum used element size is 0.0025 mm and total element number is 

approximately 115000. In Fig. 6, roller geometry and rolling specimen is shown [4]. 

 

 
Figure 6 Tool & Specimen Geometry for 2D Analysis [4] 
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Also, analysis mesh and results view are shown below (Fig. 7). In Fig. 7, the feed direction 

and number of rolling operations can be seen. Near surface for the rolling process is 

meshed with fine elements. Far surface boundary meshes are much coarser than near 

surface, and it was getting courser through depth direction. Furthermore, plastic 

deformation can be seen. Right hand side of Fig. 7, deep rolling residual stresses induced 

through multiple rolling paths [4]. 

 

 

Figure 7 Mesh and Analysis Results [4] 
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Majzoobi et.al. [38] used round dog bone specimens for deep rolling analysis. The material 

which is used in this study is aluminum 7075- T6.  Bending fretting fatigue test is applied 

to the rolled samples. Also, deep rolling process parameters are studied such as; turning 

speed of sample, applied force, number of process repetition and feed. For better and 

correct distribution of residual stresses, 3D analyses are run by using Abaqus Program. A 

small part of the material is modelled so as to save computational time and cost. For model 

dimensions; L is selected as 3 mm, a is selected as 1 mm, ß is selected as 50-degree, b is 

selected as 3.55 mm. Deep rolling model geometry and mesh is also shown in Fig. 8.  

 

 

Figure 8 Geometry specimen, Rolling Tool and Mesh View [38] 
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Tangential rolling was applied on this study. Since the deep rolling material is subjected to 

alternating loading (compression-tension); material plasticity model is achieved by 

Chaboche Plasticity Model. 23040 number of elements are used for the analysis. The deep 

rolling tool can be assumed as rigid [38]. Lathe machine, deep rolling process fixture, 

rolling specimen and rolling tools can be seen in Fig. 9. 

 

 
Figure 9 The Test Fixture and Rolling Tool [38] 

 

After the application of deep rolling process, measurement process is made for two 

directions, tangential and axial. Moreover, the obtained numerical and experimental stress 

results are compared. 

 

 

Figure 10 Residual Stresses (Numerical, Experimental) in Axial Direction [38] 
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Figure 11 Residual Stresses (Numerical, Experimental) in Tangential Direction [38] 

 

In Fig. 10 and 11, numerical and experimental residual stresses in axial and tangential were 

shown. Tangential direction corresponds the circumferential direction and axial direction 

corresponds the longitudinal direction of the specimen. In axial direction; results, 

experimental and numerical results are very close to each other. They start in the 

compressive region and turns into the tensile stresses after some depth. Measurement could 

be taken until the depth of 0.5 mm. In the tangential direction, experimental results are 

higher than the numerical results. This could occur due to insufficient measurement 

techniques. Again, stresses started in the compressive region and turns into tensile region. 

In both direction, stresses were obtained in higher magnitudes. For tangential direction, 

measurements were taken until the depth of 0.5 mm and numerical were taken until 2 mm 

of depth [38]. 
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Some experiments are done for fatigue behaviour on different treated or non-treated Ti-

6Al-4V materials at different specified temperatures in Fig. 12. If the fretting fatigue 

properties of LSP and DR are considered, deep rolling can be very advantageous even at 

elevated temperatures [23]. 

 

 
Figure 12 Comparison between non-treated, DR and LSP treated specimens at different 

temperatures [23] 
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Fig. 13 shows that the lowest fatigue life is obtained on non-treated specimens for fretting 

fatigue tests. However, the situation is different for the treated specimens. Different 

numbers of tests are done for different stress levels for normal and fretting fatigue. SP low 

cycle fretting fatigue (<10
5
 cyc.) properties are better than DR. 300% fretting fatigue life 

increase can be obtained by SP. Therefore; SP high cycle fatigue (HCF) properties are 

counted as advantageous until 300000 cycles. When the cycles are higher than 300000, DR 

is obtained as more advantageous with the 700% life increase [23]. 

 

 

Figure 13 Comparison between different applications of SP and DR on fretting fatigue [23] 
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3. MOTIVATION 

 

The main aim of this study is to investigate the directional dependency of the residual 

stresses on cylindrical parts. Because; most of the researches have studied cylindrical parts 

for tangential rolling operations and prismatic parts for longitudinal rolling operations. 

Also, these operations are easy to apply and conventional. In addition to that, studies have 

showed when the deep rolling is applied to prismatic parts; the residual stresses on the 

transverse direction are as twice as the residual stresses on deep rolling direction. Within 

the scope of these investigations; only a few fatigue life investigations have been made on 

rolled parts [4]. If it could be investigated with this study that the residual stresses on 

cylindrical parts occurred in the same way on longitudinal direction and transverse 

direction, it could mean that fatigue life might be obtained, and the process can also be 

used in the industry. Because most of the industrial parts have radii which are exposed to 

fatigue loading. Basic schematic of deep rolling on prismatic geometries plane surface 

materials is shown in Fig. 14. 

 

 

Figure 14 Longitudinal Deep Rolling on a Prismatic Geometry (Conventional) [4, 5] 

 

Firstly, prismatic geometry model was created and analyzed on this study. Its aim was to 

compare created model with existing studies if there would be any difference between 

them. This helped to satisfy and validate created models for prismatic geometry.  
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Figure 15 Tangential Deep Rolling on a Cylindrical Geometry (Conventional) [4, 5] 

 

On the geometry above in Fig. 15; tangential rolling on cylindrical geometries were 

analyzed. Up to this point, when tangential rolling was taken into account, a few analyses 

were done as 3D tangential deep rolling and roller burnishing. Also, on AA6082 tangential 

rolling was investigated for the first time. But this rolling type requires also longitudinal 

rolling. Because, in the industry cylindrical parts are loaded in axial direction. 
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Figure 16 Longitudinal Deep Rolling on a Cylindrical Geometry (Novel) 

 

Up to this time, the residual stress directional dependency had not been studied using finite 

element analysis method. Also, longitudinal deep rolling on cylindrical geometries had not 

been investigated by now. It was required because industrial parts have radii. The 

investigation done on the prismatic model must be implemented on cylindrical parts. These 

cylindrical parts were stationary on the analyses. Only rollers were mobile. It was aimed to 

investigate that whether the residual stresses on cylindrical parts occurs in the same way of 

residual stresses occurred on prismatic parts when deep rolling was applied. So, the main 

aim of this study is “investigation of the directional dependency of residual stresses on 

cylindrical parts”.  
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4. FINITE ELEMENT MODEL 

 

In this chapter, material model and finite element models were introduced. Firstly, material 

flow curve was obtained for material plasticity. Deep rolling analyses were done on square 

geometry models, Ø14 mm and Ø8 mm geometry models. These models were named as S, 

Ø14, Ø8, TR_Ø14 and TR_Ø8, respectively. TR abbreviation was used for tangential 

rolling. 0125, 0250, 0500 indicates applied force parameters in Newtons. During model set 

up; first roller was placed in the middle section of the geometry. The others were placed 

equally with 0.1 mm, 0.2 mm and 0.3 mm gap. This gap annotation was shown after the 

force parameters on analysis naming. For all deep rolling analyses; five rollers were used 

starting from left hand to right hand side of the geometry on x-y plane. Secondly, prismatic 

model was introduced. Thirdly, 14 mm diameter and 8 mm diameter models were 

introduced. In these circular geometry models, longitudinal rolling and tangential rolling 

operations (only for cylindrical models) were applied. 

 

4.1. Material Model 

The tensile tests were applied to heat treated materials to obtain yield strength (Y.S.) and 

ultimate tensile strength (U.T.S.) and the flow curve of the material. In deep rolling 

process, materials were plastically deformed so it is required to investigate flow curve of 

the material. The flow curve of the material was obtained according to Swift equation. The 

tensile test sample geometry was designed according to DIN 50125 tensile test standards. 
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4.1.1. Heat Treatment Process 

 

Figure 17 T4 and T6 Heat Treatment Process 
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AA 6082 was selected due to the fact that; this material is used for fatigue critical 

applications in automotive, aviation and power generation industries. This material is 

generally used as heat treated (T4 and T6), so heat treatment was applied to raw materials. 

To characterize the material, tensile tests were applied.  For deep rolling analysis, the 3D 

geometries were modeled, and fem analysis were run. Finally, the residual stress results 

were investigated.  

To apply heat treatment; firstly, samples were cleaned. Because in the heat treatment 

process, the dirt and dust on the material can solute into the material and harm the material. 

The samples were put into the oven for 90 minutes for 525 
o
C. After that, the samples were 

taken out of the oven and immediately sunk into the water at room temperature (25 
o
C). 

After 1 or 2 minutes, when they reached to room temperature, the samples were taken out 

of water and left to rest at room temperature for 4 days to obtain T4. To obtain T6, 

quenched samples were put into the oven again and artificial aged at 175 
o
C for 8-10 hours. 

All heat treatment processes were shown on Fig. 17. This artificial aging process were 

done so that all elements form solid solution when the material is quickly cooled from the 

solution heat treatment (SHT) temperature to 25 
o
C in order to keep that super saturated 

phase within the material. It was also known that Super Saturated Solid Solution (SSSS) 

ageing. Age hardening step helps to improve characteristic of the alloys which are heat 

treatable.  This stage is the proper disintegration of the super saturated solid solution to 

achieve delicately spread elements.  

When considering aluminum alloys, ductility property is gained during the solution heat 

treatment stage of T4 heat treatment and the strength property is gained during the ageing 

process during the T6 heat treatment process. During the age hardening process, elements 

in the alloy grow with the high temperature of artificial ageing. This growth increases the 

strength but reduces the ductility. For the heat treatment behavior of 6082 Aluminum Alloy 

under heat treatment, it was required to have a knowledge of material content of AA 6082 

(Fig. 18) [39, 40, 41]. 

 

 

Figure 18 Chemical Composition of 6082 Aluminum Alloy [42] 
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As a next step; due to plastic deformation in deep rolling process, plasticity behavior of the 

material was determined. Flow curve is one of the plasticity models for the plastic 

behaviour of the materials. True stress versus true strain graph was used to obtain flow 

curve. True stress versus true strain graph was derived from engineering stress versus 

engineering strain curve by the help of Swift equation. This engineering stress versus 

engineering strain curve was obtained by tensile tests. The tensile test sample geometry 

was designed according to DIN 50125 tensile test standards [43]. 

 

 

Figure 19 DIN 50125 Tensile Test Standard Sample Geometry 

 

In Fig. 19, DIN 50125 tensile test geometry was shown. Also, view of the non-tested and 

tested samples can be seen. Tensile test application section diameter was 6 mm, and its 

length was 30 mm. While the diameter increasing, 5 mm fillet was applied. Total sample 
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length was 110 mm. Holding sections diameter was 10 mm. Test sample was held by grips 

of tensile test machine. Sample was pulled until it was broken off. A simple extensometer 

was used to measure extension on the material. Tensile test machine has also a load cell to 

measure the applied load.  

 

 

Figure 20 Tensile Test Results for AA 6082 T4 and T6 

 

From the tensile test, only load and extension values of the sample were measured. Once 

obtaining these data, % elongation and engineering stress values were evaluated by using 

equations (1) and (2), respectively. Stress and strain values on the stress versus strain curve 

are called engineering stress and engineering strain (Fig. 20). 

(
𝛥𝑙

𝑙0
) × 100                                     (1) 

(
𝑝

𝜋𝑑2
)            (2) 

The yield strength and ultimate tensile strength values of the material were obtained from 

this graph (Fig. 20). Yield strength was evaluated by yield strength calculation technique 

on the stress-strain curve. Stress values are increasing up to some point and then 

decreasing after that level. This stress level is where the necking occurs and called ultimate 

tensile strength. While evaluating the flow curve, the engineering stress values after the 

yield stress level were taken into account. Furthermore, true stress values were evaluated 

by the following equation (3); 

    
𝐹 ⋅ 𝑙

𝑙0 ⋅ 𝐴0
                                          (3) 
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Where F is the current load, l is the current length, 𝑙0 and 𝐴0 are the initial length and 

initial cross-sectional area, respectively. Next, true strain values were calculated by the 

following equation (4);  

𝑙𝑛 (
𝑙𝑓

𝑙0
)                                     (4) 

Then, the difference between corresponding final true strain values and initial true strain 

values evaluated by the following equation (5); 

𝜀𝑡𝑓 − 𝜀𝑡𝑜   (5) 

For the calculation of Swift equation parameters, the following equations (6) and (7) were 

used;  

𝐾 = 𝜎 ⋅ (
ⅇ

𝑛
)

𝑛

   (6) 

Where K is the strength coefficient, n is the strain hardening coefficient, 𝜎 is the ultimate 

tensile strength and e is the real number. Another strain constant for Swift equation is 

evaluated as;  

𝜀0 = (
𝜎𝑦

𝐾
)

1

𝑛
   (7) 

After all calculations Swift equation stress is evaluated by the equation (8);  

𝜎𝑦 = 𝐾 ⋅ (𝜀0 + 𝜀)𝑛  (8) 

Where 𝜎𝑦 is the yield stress and the 𝜀 is the desired strain values for the flow curve. While 

evaluating the flow curve true stress versus 𝜀𝑡𝑓-𝜀𝑡𝑜 plot was created. A logical n constant 

was selected and flow curve by Swift equation versus strain graph was plotted. Then; by 

adjusting n value, these 2 curves were overlapped to each other. The best overlapped flow 

curve was determined to use for the material plasticity model. The strain hardening 

coefficient (n) for the best overlapped flow curve was 0.075 for T6 heat treated material 

flow curve. For T4 heat treated material best overlapped strain hardening coefficient (n) 

was 0.168. Evaluated flow curves for T4 and T6 heat treated materials can be seen in Fig. 

21.  
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Figure 21 Flow Curves for T4 and T6 Materials 

 

4.2. Finite Element Models 

4.2.1. Longitudinal Rolling Prismatic Model 

 

Figure 22 Prismatic Model Roller Translation, Rotation and Load Parameters 

 

In this model (Fig. 22) prismatic geometry was used. In longitudinal rolling, 10 mm/s 

translational and 0.25 rad/s rotational speed were used. Applied load to the material 

through rollers were 125 N, 250 N and 500 N for different analysis models. Firstly; 

elements were created in 2D, expanded through -z direction and 3D mesh elements 

obtained.  
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Figure 23 Prismatic Model Course Mesh Structure 

 

Prismatic geometry (Fig. 23) was created as 5 mm length and 10 mm wide. In the middle 

of the geometry 2 mm radius circle was created for fine meshing where longitudinal rolling 

applied. At the top line, after the fine area, 3 mm length was divided into 0.15 mm-0.55 

mm intervals. Length was divided into 5 equal intervals. Bottom line was divided into 10 

equal intervals. Top surface of the geometry after the fine area, 3 mm length was divided 

into intervals starting from 0.15 mm to 0.55 mm. On this plane, total 2D mesh number was 

1012 and total 3D mesh number was 64768. 

 

 

Figure 24 Prismatic Model Fine Mesh Structure 

 

On 2 mm radius circle fine mesh section (Fig. 24), at the top line, 1 mm length starting 

from symmetry line was divided into 20 equal intervals as 0.05 mm. After that division, 1 
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mm length was divided into intervals starting from 0.05 mm to 0.15 mm. In y direction, 1 

mm was divided into 10 equal intervals. Next, 1.5 mm was divided into intervals starting 

from 0.05 mm to 0.15 mm. Circle arc section was divided into 21 intervals as 0.15 mm. 

 

 

Figure 25 Prismatic Model Z Direction Mesh Structure 

 

After creation of 2D mesh elements, elements were expanded through -z direction (Fig. 

25). Rolling operation was started at -6 mm and finished at -16 mm in z direction. The area 

where the residual stress investigation made was very fine and element expansion size was 

0.05 mm and 40 elements were used. The density of elements was decreased from middle 

point through the edges. Near the finest area, 0.25 mm expansion size and 40 elements 

used. The adjacent area was very course and 2 mm mesh size and 4 elements were used. 

Total expansion through -z direction was 22 mm, but application area was 10 mm. This 

was because the distribution of residual stresses should be observed properly in the middle 

of the material. 

 

 

Figure 26 Deep Rolling Roller Geometry 
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The deep rolling tool had a ring geometry and its material was stainless steel (Fig. 26). 

This roller was controlled by a computer numerical control machine. Different load 

parameters were applied to material by these rollers during deep rolling process. Roller had 

80 mm outer and 70 mm inner diameter. Cross section of the ring roller was circle and that 

circle diameter was 5 mm.  

 

 

Figure 27 Feed Parameters Between Rollers in Square Model 
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Deep rolling operation was done with three feed parameters through x direction. Firstly; 

analysis was done with 0.1 mm distance between rollers. Secondly, gap between rollers 

increased to 0.2 mm and thirdly, gap increased to 0.3 mm for this analysis. Gap between 

rollers were shown in Fig. 27. 
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4.2.2. Longitudinal Rolling 14mm Diameter Model 

 

Figure 28 Ø14 mm Model Roller Translation, Rotation and Load Parameters 

 

The next model was 14 mm diameter cylindrical part for longitudinal analysis. In this 

model, 10 mm/s translational and 0.25 rad/s rotational speed were used. Semi-circle model 

was created to decrease number of elements on the model. Applied load to the material 

through rollers were 125 N, 250 N and 500 N. Firstly; elements were created in 2D, 

expanded through -z direction and 3D mesh elements were obtained. Isometric view of the 

prepared 14 mm diameter model was shown in Fig. 28. 

 

 

Figure 29 Ø14 mm Model Course Mesh Structure 

 

14 mm diameter geometry was created as semi-circle model (Fig. 29). It had 7 mm length 

and 14 mm wide. In the middle of the geometry top surface, 2 mm radius circle was 
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created for fine meshing where longitudinal rolling applied. On the symmetry line, after 

the fine area, 5 mm length was divided into 0.15 mm-0.55 mm mesh intervals. On top 

surface of the geometry, after the fine area, arc length was approximately 9 mm and this 

arc length was divided into intervals as 0.15-0.55 mm. Bottom line of the geometry was 

divided into 10 equal intervals. On this plane, total 2D mesh number was 1282 and total 

3D mesh number was 82048. 

 

 

Figure 30 Ø14 mm Model Fine Mesh Structure 

 

On 2 mm radius circle fine mesh section (Fig. 30), on the top line, 1 mm length to left and 

right side from symmetry line was divided into 20 equal intervals as 0.05 mm. After that 

division, 1 mm length was divided into intervals starting from 0.05 mm to 0.15 mm. In y 

direction, 1 mm was divided into 10 equal intervals. Next, 1.5 mm was divided into 

intervals starting from 0.05 mm to 0.15 mm. Circle arc section was divided into 21 

intervals as 0.15 mm. After creation of 2D elements on x-y plane, these elements were 

expanded through -z direction in the same way with the square model analysis. 

 

 



32 

 

 

Figure 31 Feed Parameters Between Rollers in Ø14 mm Model 

 

Deep rolling operation was done with three feed parameters through x direction. Firstly, 

analysis was done with 0.1 mm distance between rollers. Secondly, gap between rollers 

were increased to 0.2 mm and thirdly, gap was increased to 0.3 mm for this analysis. 

Rollers were rotated around the center of circle geometry with the appropriate angle to 

obtain these gaps. Gap between rollers were shown in Fig. 31. 
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4.2.3. Longitudinal Rolling 8mm Diameter Model 

 

Figure 32 Ø8 mm Model Roller Translation, Rotation and Load Parameters 

 

The next model was 8 mm diameter cylindrical part for longitudinal analysis. In this 

model, 10 mm/s translational and 0.25 rad/s rotational speed were used. Semi-circle model 

was created to decrease number of elements on the model. Applied load to the material 

through rollers were 125 N, 250 N and 500 N. Firstly, elements were created in 2D, 

expanded through -z direction and 3D mesh elements were obtained. Isometric view of the 

prepared 8 mm diameter model was shown in Fig. 32. 

 

 

Figure 33 Ø8 mm Model Course Mesh Structure 

 

8 mm diameter geometry was created as semi-circle model (Fig. 33). It had 4 mm length 

and 8 mm wide. In the middle top surface of the geometry, 2 mm radius circle was created 
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for fine meshing where longitudinal rolling applied. At the symmetry line, after the fine 

area, 2 mm length was divided into 0.15 mm-0.55 mm mesh intervals. On top surface of 

the geometry, after the fine area, arc length was approximately 4 mm and this arc length 

was divided into intervals as 0.15-0.55 mm. Bottom line of the geometry was divided into 

8 equal intervals. On this plane, total 2D mesh number was 969 and total 3D mesh number 

was 62016. 

 

 

Figure 34 Ø8 mm Model Fine Mesh Structure 

 

On 2 mm radius circle fine mesh section (Fig. 34), at the top line 1 mm length to left and 

right side from symmetry line was divided into 20 equal intervals as 0.05 mm. After that 

division, 1 mm length was divided into intervals starting from 0.05 mm to 0.15 mm. In y 

direction on symmetry line, 1 mm length was divided into 10 equal intervals. Next, 1.5 mm 

was divided into intervals starting from 0.05 mm to 0.15 mm. Circle arc section was 

divided into 18 intervals as 0.15 mm. After creation of 2D elements on x-y plane, these 

elements were expanded through -z direction in the same way with the square model 

analysis. 
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Figure 35 Feed Parameters Between Rollers in Ø8 mm Model 

 

Deep rolling operation was done with three feed parameters through x direction. Firstly, 

analysis was done with 0.1 mm distance between rollers. Secondly, gap between rollers 

were increased to 0.2 mm and thirdly, gap was increased to 0.3 mm for this analysis. 

Rollers were rotated around the center of circle geometry with the appropriate angle to 

obtain these gaps. Gap between rollers were shown in Fig. 35. 
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4.2.4. Tangential Rolling 14mm Diameter Model 

 

Figure 36 Tangential Rolling Ø14 mm Model Roller Translation, Rotation and Load 

Parameters 

 

For the tangential rolling models firstly, 14 mm diameter workpiece model was introduced. 

In this model, 10 mm/s translational and 1.68 rad/s rotational speed were used. Rolling 

operation was applied around z axis. Only 60
o
 section was rolled on the process which was 

symmetric with y axis. On this model, semi-circle model was created to decrease number 

of elements on the model. Applied load to the material through rollers were 125 N, 250 N 

and 500 N. In addition to that for tangential rolling only 0.1 mm feed gap was used 

between rollers. Firstly, elements were created in 2D, expanded through -z direction and 

3D mesh elements were obtained. Isometric view of the prepared 14 mm diameter model 

was shown in Fig. 36. 
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Figure 37 Tangential Rolling Ø14 mm Model Course Mesh Structure 

 

14 mm diameter tangential rolling geometry was created as semi-circle model (Fig. 37). It 

had 7 mm length and 14 mm wide. In the middle surface of the geometry, 3 mm and 5 mm 

radius circles were created for fine meshing where tangential rolling was applied. On the 

symmetry line, after 3 mm length, 2 mm length was divided into 0.2 mm-0.5 mm mesh 

intervals. The next 2 mm was divided into 0.5 mm-1 mm intervals on symmetry line. On 

top surface of the geometry, after the fine area, arc length is approximately 8 mm. First arc 

length of 2 mm was divided into intervals as 0.2-0.5 mm and the next 6 mm arc length was 

divided into intervals as 0.5-1 mm. Bottom line of the geometry was divided into 8 equal 

intervals. Total mesh number on this plane was 350. 
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Figure 38 Tangential Rolling Ø14 mm Model Fine Mesh Structure 

 

On this 3 mm radius circle model (Fig. 38), on the top surface of the model, 2 mm length 

from symmetry line to left and right side was divided into 40 equal intervals and the 

interval length was 0.05 mm. 6.5 mm radius circle on the geometry and 15
o
 from symmetry 

line to clockwise and counterclockwise rotated lines were created and intersected. These 

were construction lines for fine meshing and cannot be seen in Fig. 38. The area limited 

with this arc and top surface was the tangential rolling examination area. This area was 

meshed 0.05 mm x 0.05 mm quadratic mesh elements. After that, intervals were divided 

into 0.05 mm to 0.2 mm for the next 1 mm length. In y axis, on symmetry line, first 0.5 

mm length was divided into 10 equal intervals. Next 2.5 mm was divided into intervals 

starting from 0.05 mm to 0.2 mm. Circle arc section was divided 21 intervals in the length 

of 0.2 mm.  

 

 

Figure 39 Tangential Rolling Model Z Direction Mesh Structure 
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After creation of 2D mesh elements, elements were expanded through -z direction (Fig. 

39).  This length was 6 mm through -z direction. Rolling operation was applied in the 

middle of the z direction mesh structure. In other words, first roller was placed at z= -3 mm 

and the others were 0.1 mm translated from first roller to the left and to the right. The area 

where the investigation of residual stresses made was very fine and element expansion size 

was 0.05 mm and 40 elements were used. The density of elements was decreased from 

middle point through the edges. Near the finest area 1 mm expansion size and 2 elements 

were used. Total expansion through -z direction was -6 mm, but application area was in the 

middle of z direction and its width was 0.5 mm. This was because sufficient material 

length allows sufficient expansion of residual stresses and diminish to zero through length 

and it is not desired to interrupt expansion of residual stresses properly.  

 

 

Figure 40 Feed Parameters Between Rollers in Ø14 mm Tangential Rolling Model 

 

Tangential deep rolling operation was done with only 0.1 feed parameters through z 

direction. As mentioned before rollers were rotated around the center of circle geometry 

30
o
. Total rolling area was 60

o
 on the circular geometry. Gap between rollers were shown 

in Fig. 40. 
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4.2.5. Tangential Rolling 8mm Diameter Model 

 

Figure 41 Tangential Rolling Ø8 mm Model Roller Translation, Rotation and Load 

Parameters 

 

For the tangential rolling models, 8 mm diameter workpiece model was introduced. In this 

model, 10 mm/s translational and 2.75 rad/s rotational speed were used. Rolling operation 

was applied around z axis. Only 60
o
 section was rolled on the process which was 

symmetric with y axis. On this model, semi-circle model was created to decrease number 

of elements on the model. Applied load to the material through rollers were 125 N, 250 N 

and 500 N. In addition to that, for tangential rolling only 0.1 mm feed gap was used 

between rollers. Elements were created in 2D, expanded through -z direction and 3D mesh 

elements were obtained. Isometric view of the prepared 8 mm diameter model was shown 

in Fig. 41. 
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Figure 42 Tangential Rolling Ø8 mm Model Course Mesh Structure 

 

8 mm diameter tangential rolling geometry was created as semi-circle model (Fig. 42). It 

had 4 mm length and 8 mm wide. In the middle surface of the geometry, only 3 mm radius 

circle was created for fine meshing where tangential rolling was applied. On the symmetry 

line after 3 mm length, 1 mm length was divided into 0.2 mm-0.5 mm mesh intervals. On 

top surface of the geometry, after the fine area, arc length was approximately 3 mm. This 

arc length of 3 mm was divided into intervals as 0.2-0.5 mm. Bottom line of the geometry 

was divided into 8 equal intervals. Total mesh number on this plane was 350. 

 

 

Figure 43 Tangential Rolling Ø8 mm Model Fine Mesh Structure 

 

On this 3 mm radius circle model (Fig. 43), on the top surface of the model, 1 mm length 

from symmetry line to left and right side was divided into 20 equal intervals, and the 

interval length was 0.05 mm. 3.5 mm radius circle on the geometry and 15
o
 from symmetry 
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line to clockwise and counterclockwise directions lines created and intersected. These were 

construction lines for fine meshing and cannot be seen in Fig. 43. The area limited with 

this arc and top surface was the tangential rolling examination area. This area was meshed 

with 0.05 mm x 0.05 mm quadratic mesh elements. After that, on the surface, intervals 

were 0.05 mm to 0.2 mm for the next 2 mm length. In y axis, on symmetry line or dept 

direction, first 0.5 mm length was divided into 10 equal intervals. Next 2.5 mm was 

divided into intervals starting from 0.05 mm to 0.2 mm. Circle arc section was divided into 

18 intervals in the length of 0.2 mm. After creation of 2D elements on x-y plane, these 

elements were expanded through -z direction in the same way with the 14 mm diameter 

tangential rolling model analysis. 

 

 

Figure 44 Feed Parameters Between Rollers in Ø8 mm Tangential Rolling Model 

 

Tangential deep rolling operation was done with only 0.1 feed parameter through z 

direction. Rollers were rotated around the center of circle geometry around z axis by 30
o
 

starting from the middle of the geometry on x-y plane. Total rolling path was 60
o
 on the 

circular geometry. Gap between rollers were shown in Fig. 44. 
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5. RESULTS 

 

In this chapter, the finite element analysis results and obtained graphs were shown. Deep 

rolling analyses were done on square models, Ø14 mm and Ø8 mm models. These models 

were named as S, Ø14, Ø8, TR_Ø14 and TR_Ø8, respectively. 0125, 0250, 0500 indicates 

applied force parameters in Newtons. In these analyses; five rollers were used. First roller 

was placed in the middle section of the geometry. The others were placed equally with 0.1 

mm, 0.2 mm and 0.3 mm gap. This annotation was shown after the force parameters on 

analysis naming.  

Examination of residual stresses were done in directions x and z. σx and σz residual stress 

results were noted as X and Z, respectively. As mentioned before, analyses were done by 5 

rolling operations, starting from left-hand side to right hand side of the geometry on x-y 

plane, and captures were taken at the end of each rolling operation. Furthermore, results 

were taken from the middle of the material on z direction with a distance of 2 mm left and 

2 mm right from the symmetry line and 1mm depth from the surface of the material. Only 

0.2 mm feed parameter results were shown for the first three analyses models. Because, on 

this feed parameter, saturated residual stress results were obtained. For tangential rolling, 

analyses were done only for 0.1 mm feed parameter and the results were plotted. 
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Figure 45 Residual Stress Distribution on Square Model, σz, 250 N, 0.2 mm feed 

 

In Fig. 45, σz results were shown for each rolling operation on the square geometry with 

250 N load and 0.2 mm roller gap. In that direction, depth of residual stresses reached 

through 5
th

 rolling up to 0.5 mm and residual stress area width were obtained as almost 

1.5-2 mm. Compressive residual stresses generally occurred but their magnitudes increased 

through 5
th

 rolling in the range of 0-320 MPa. Tensile residual stresses also occurred very 

rarely in the range of 0-45 MPa. The dense area for compressive residual stresses occurred 

just after the surface in depth direction and this depth were almost 0.1-0.2 mm and the 

values decreased after this depth through 0.4 mm. As for the depth direction, residual 

stresses decreased in other direction starting from symmetry axis through width. 
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Figure 46 Residual Stress Distribution on Square Model, σx, 250 N, 0.2 mm feed 

 

In Fig. 46, σx results were shown. In that direction, depth of residual stresses reached up to 

0.9 mm through 5
th

 rolling and residual stress area width were obtained as above the 2 mm. 

Compressive residual stresses generally occurred and their magnitudes increased through 

5
th

 rolling in the range of 0-315 MPa. Tensile residual stresses also occurred in a small area 

at a depth range of 0.6-0.9 mm from the surface in the range of 0-135 MPa. The dense area 

for compressive residual stresses occurred just after the surface in depth direction and this 

depth were almost 0.2-0.3 mm, same as in z direction results and the stress magnitudes 

decreased after this depth through 0.6 mm. As for the depth direction, residual stresses 

decreased in other direction starting from symmetry axis through width. 
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Figure 47 Residual Stress Results on Square Model, σz, σx, 125 N for All Feed Parameters 

 

 

Figure 48 Residual Stress Results on Square Model, σz, σx, 250 N for All Feed Parameters 
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Figure 49 Residual Stress Results on Square Model, σz, σx, 500 N for All Feed Parameters 

 

On the three graphs above (Fig. 47, 48, 49); the results were taken from symmetry axis 

from surface to 2 mm depth and at the end of the fifth rolling operation for square model 

for all feed parameters. All the force parameters were applied to the models. As can see 

from the graph label, blue lines show 125 N, green lines show 250 N, red lines show 500 N 

applications. Straight lines show σz,  dashed lines show σx results. As can be seen from the 

graphs, all results started with compressive residual stress and made peaks in the depth 

range of 0-0.5 mm, turned into tensile residual stresses and made peaks again at different 

depths. σz, and σx results followed each other in trend. It was also obvious that the more 

force was applied, the more residual stress results obtained. In addition to that, feed 

parameters of 0.1 mm, 0.2 mm and 0.3 mm did not significantly affect the residual stress 

values on the model.  
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Figure 50 Residual Stress Distribution on Ø14 Model, σz, 250 N, 0.2 mm feed 

 

In Fig. 50, σz results were shown for each rolling operation on the Ø14 model geometry 

with 250 N load and 0.2 mm roller gap. In that direction, depth of residual stresses reached 

up to 0.3 mm through 5
th

 rolling and residual stress area width were obtained as in the 

range of 1-2 mm. Compressive residual stresses generally occurred, and their magnitudes 

increased through 5
th

 rolling in the range of 0-312 MPa. Tensile residual stresses also 

occurred after the depth of 0.3 mm from the surface in the range of 0-50 MPa. The dense 

area for compressive residual stresses occurred just after the surface in depth direction and 

this depth were almost 0.1-0.2 mm and the stress magnitudes decreased after this depth 

through 0.3 mm. As for the depth direction, residual stresses decreased in other direction 

starting from symmetry axis through width. 
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Figure 51 Residual Stress Distribution on Ø14 Model, σx, 250 N, 0.2 mm feed 

 

In Fig. 51, σx results were shown for the same analysis. In that direction, depth of residual 

stresses reached up to 0.6 mm through 5
th

 rolling and residual stress area width were 

obtained as almost 1 mm. Compressive residual stresses generally occurred, and their 

magnitudes increased through 5
th

 rolling in the range of 0-325 MPa. Tensile residual 

stresses also occurred in a small area at a depth range of 0.3-0.6 mm from the surface in the 

range of 0-155 MPa. The dense area for compressive residual stresses occurred just after 

the surface in depth direction and this depth were almost 0.1-0.2 mm and the stress 

magnitudes decreased after this depth through 0.3 mm. As for the depth direction, residual 

stresses decreased in other direction through width. The results were very similar with the 

square model at same force and same feed parameters. 
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Figure 52 Residual Stress Distribution on Ø8 Model, σz, 250 N, 0.2 mm feed 

 

In Fig. 52, σz results were shown for each rolling operation on the Ø8 model geometry with 

250 N load and 0.2 mm roller gap. In that direction, depth of residual stresses reached 

through 5
th

 rolling up to 0.4 mm and residual stress area width were obtained as in the 

range of 1-2 mm. Compressive residual stresses generally occurred, and their magnitudes 

increased through 5
th

 rolling in the range of 0-312 MPa. Tensile residual stresses also 

occurred after the depth of 0.3 mm from the surface in the range of 0-50 MPa. The dense 

area for compressive residual stresses occurred just after the surface in depth direction and 

this depth were almost 0.1-0.2 mm and the magnitudes decreased after this depth through 

0.3 mm. As for the depth direction, residual stresses decreased in other direction through 
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width. These results were very similar to 14 mm diameter model for the same direction, 

load and feed parameters. 

 

 

Figure 53 Residual Stress Distribution on Ø8 Model, σx, 250 N, 0.2 mm feed 

 

In Fig. 53, σx results were shown for the same analysis. In that direction, depth of residual 

stresses reached up to 0.8 mm through 5
th

 rolling and residual stress area width were 

obtained as almost 1 mm. Compressive residual stresses generally occurred, and their 

magnitudes increased through 5
th

 rolling in the range of 0-343 MPa. Tensile residual 

stresses also occurred in a small area at a depth range of 0.6-0.8 mm from the surface in the 

range of 0-156 MPa. The dense area for compressive residual stresses occurred just after 

the surface in depth direction and this depth were almost 0.1-0.2 mm and the stress 
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magnitudes decreased after this depth through 0.3 mm. As for the depth direction, residual 

stresses decreased in other direction through width. The results were similar with the 

square model at same force and same feed parameters.  

 

 

Figure 54 Residual Stress Results on Ø14 Model, σz, σx, 125 N for All Feed Parameters 

 

 

Figure 55 Residual Stress Results on Ø14 Model, σz, σx, 250 N for All Feed Parameters 
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Figure 56 Residual Stress Results on Ø14 Model, σz, σx, 500 N for All Feed Parameters 

 

On the three graphs above (Fig. 54, 55, 56); for 14 mm diameter circular geometry 

longitudinal rolling model, the residual stress trend was similar to the square model. Feed 

parameters did not have much effect on the residual stresses. 

 

 

Figure 57 Residual Stress Results on Ø8 Model, σz, σx, 125 N for All Feed Parameters 
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Figure 58 Residual Stress Results on Ø8 Model, σz, σx, 250 N for All Feed Parameters 

 

 

Figure 59 Residual Stress Results on Ø8 Model, σz, σx, 500 N for All Feed Parameters 

 

On the three graphs above (Fig. 57, 58, 59); for 8 mm diameter circular geometry 

longitudinal rolling model, the residual stress trend was similar to the square model. Feed 

parameters did not have much effect on the residual stress magnitudes. The results were as 

expected when it was compared with the other geometry residual stress investigations. 
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Figure 60 Residual Stress Results on Ø14 mm Longitudinal and Tangential Model, σz, 0.1 

mm Feed for All Force Parameters 

 

 

Figure 61 Residual Stress Results on Ø14 mm Longitudinal and Tangential Model, σx, 0.1 

mm Feed for All Force Parameters 

 

On the two graphs above (Fig. 60, 61); 14 mm diameter longitudinal rolling and 14 mm 

diameter tangential rolling residuals stress results were compared for the same feed 

parameters. 125 N, 250 N and 500 N results showed that residual stress magnitudes for 

tangential rolling were a little bit higher than longitudinal rolling results on the same depth 

for both direction of compressive residual stresses. But the stress level difference was 

much higher for σx  results than σz stress results.  
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Figure 62 Residual Stress Results on Ø8 mm Longitudinal and Tangential Model, σz, 0.1 

mm Feed for All Force Parameters 

 

 

Figure 63 Residual Stress Results on Ø8 mm Longitudinal and Tangential Model, σx, 0.1 

mm Feed for All Force Parameters 

 

On the two graphs above (Fig. 62, 63); 8 mm diameter longitudinal rolling and 8 mm 

diameter tangential rolling residuals stress results were compared for the same feed 

parameters. 125 N, 250 N and 500 N results showed that residual stress magnitudes for 

tangential rolling were a little bit higher than for longitudinal rolling results on the same 

depth for both direction of compressive residual stresses. Results showed the same trend 

with 14 mm diameter model geometry results. Also, for tangential rolling, 14 mm diameter 



57 

 

model and 8 mm diameter residual stress results were very close to each other for both 

stress direction. 

 

 

Figure 64 Total Equivalent Plastic Strain Results on Square Model for All Feed and Force 

Parameters 

 

 

Figure 65 Total Equivalent Plastic Strain Results on Ø14 mm Model for All Feed and 

Force Parameters 
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Figure 66 Total Equivalent Plastic Strain Results on Ø8 mm Model for All Feed and Force 

Parameters 

 

 

Figure 67 Total Equivalent Plastic Strain Results on Ø8 mm and Ø14 mm Model for 

0.1mm Feed and Force Parameters 

 

All geometry total equivalent plastic strain results were plotted on the above graphs (Fig. 

64, 65, 66, 67). The smallest strain values were on the square model, the biggest plastic 

strain values were on the 8 mm diameter longitudinal rolling models. Through the depth, 

all the total equivalent plastic strain values approached to zero, which was expected.  
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Figure 68 Square Model, 125 N, 250 N, 500 N, 0.1 mm Feed Parameter, σz,, σx 

 

On the graph above (Fig. 68); the results were taken from symmetry axis from surface to 2 

mm depth and at the end of the 5
th

 rolling operation for square model at 0.1 mm feed 

parameter. All the force parameters were applied to the model. As can see from the graph 

label, blue lines show 125 N, green lines show 250 N, red lines show 500 N applications. 

Straight lines show σz, dashed lines show σx results. As can be seen from the graph, all 

results started with compressive residual stress and made peaks in the depth range of 0-0.5 

mm and turned into tensile residual stresses and made peaks again at different depths. σz, 

and σx  results followed each other in trend. It was also obvious that the more force was 

applied, the more residual stress results obtained. For tensile residual stresses, 125 N 

results made peak at 0.4 mm, 250 N results made peak at 0.6 mm and 500 N results made 

peak at 0.9 mm depth. At depth 2 mm, all the residual stress values converge through zero.  
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Figure 69 Square Model, 125 N, 250 N, 500 N, 0.2 mm Feed Parameter, σz, σx 

 

On the graph above (Fig. 69); 0.2 mm feed results were analyzed. These results were 

similar with 0.1 mm feed parameter. Initial compressive residual stress magnitudes were 

higher except 125 N results. Their peak depths were unchanged for both stress directions, 

but peak stresses were just a little bit lower.  

 

 

Figure 70 Square Model, 125 N, 250 N, 500 N, 0.3 mm Feed Parameter, σz, σx 

 

On the graph above (Fig. 70); 0.3 mm feed results were analyzed. These results were 

similar with 0.2 mm feed parameter. Initial compressive residual stresses were higher 

except 125 N results. Tensile compressive stresses highly decreased compared to other 

feed parameters. σx compressive residual stresses were the highest for 500 N at the surface 

of material.  
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Figure 71 Square, Ø14 mm, Ø8 mm Model, 125 N, 0.1 mm Feed Parameter, σz, σx 

 

This graph (Fig. 71) was created to show geometry change effect on residual stresses for 

the same load and feed parameters. These results showed that geometry change did not 

affect the residual stresses and their values were almost the same for 125 N load. They 

reached 0 MPa at 1.5 mm depth through the depth of 2 mm. 

 

 

Figure 72 Square, Ø14 mm, Ø8 mm Model, 500 N, 0.1 mm Feed Parameter, σz, σx 

 

On the graph above (Fig. 72), 500 N load were applied for all geometries at 0.1 mm feed. 

These results showed that due to force increase, depth and magnitude of residual stresses 

increased. σz magnitudes did not change much but σx magnitudes increased at the surface. 
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It was obvious that the effect of geometry change on the residual stress magnitudes can be 

negligible. 

 

6. SUMMARY AND OUTLOOK 

 

All the results were taken from the analysis program Marc Mentat. Analyses were done 

implicitly. Firstly; prismatic geometry, secondly; 14 mm diameter cylindrical and thirdly; 8 

mm diameter cylindrical geometry were rolled. 5 rolling operations were applied in the 

longitudinal direction to the materials starting from left hand to right hand side on x-y 

plane. 5 rolling operations were applied, because residual stresses reached a saturation 

level.  In all analyses, 0.1 mm, 0.2 mm and 0.3 mm feed parameters were used.  

It was desired that; a saturation level should be obtained for each feed parameters. This 

saturation of residual stresses was investigated for 0.2 mm feed parameter.  Total rolling 

operation on the material was 10 mm for each roller, and roller speed was 10 mm/s. 10 mm 

rolling was applied in order to reduce calculation time. 10 mm/s speed was used in order to 

let residual stresses occurs properly on the surface of the material. Total feed length was 

0.4 mm for 0.1 mm feed parameter, 0.8 mm for 0.2 feed parameter and 1.2 mm for 0.3 mm 

feed parameter. For all feed parameters; 125 N, 250 N and 500 N force parameters were 

used. So, for one geometry, 9 analyses were run. In addition to that, deep rolling 

application area was fine meshed and minimum 0.25 mm mesh size was used according to 

convergence analyses. Although the number of elements in the analyses model were 

decreased, i.e. geometry was simplified, one analysis had taken 3-4 days to finish in a 

laptop computer. When they were run on work station, the analyses had taken 2-3 days to 

finish.  Run time of 8 mm diameter cylindrical geometry model was the shortest, prismatic 

geometry was moderate and the 14 mm diameter cylindrical geometry was the longest 

according to their number of elements. Their run time was a little bit higher but in order to 

investigate residual stresses in the rolling direction and transverse direction, analyses 

should be 3-dimensional. For accuracy of the results and to prevent the penetration of mesh 

elements, quadratic elements were used. Also, tangential rolling was applied to the 

cylindrical geometries which was another conventional rolling operation. These geometries 

were also simplified. Only one feed parameter 0.1 mm was used. Residual stress results 

were taken from 4 mm width and 1 mm depth in the middle section on x-y plane. Because 

saturation was achieved on that section in rolling direction, and the main aim was to 
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investigate residual stresses in rolling and transverse direction. According to residual stress 

distribution results, depth of residual stresses was about 1-2 mm.   

For prismatic model which is conventional, principles stresses on middle plane was a little 

bit higher for small force parameters. Feed parameters did not affect the residual stresses 

very much for low forces. While the force is increasing, depth and magnitude residual 

stresses increase logically. Also, for cylindrical geometry residual stresses increased 

compared to prismatic geometry. For 500 N load, compressive residual stresses were 

higher than the yield point. Transverse direction compressive residual stresses were higher 

than the longitudinal direction until the depth of 0.2 mm. But after that depth, compressive 

stresses in longitudinal direction were higher. For all forces, compressive stresses were 

changing to tensile stresses. Occurrence of compressive residual stresses on prismatic parts 

and cylindrical parts were almost the same for the same force. Which could mean, the 

same fatigue life increase may be achieved for industrial parts. In the tangential rolling, 

rolling direction and longitudinal rolling operation transverse direction correspond to the 

same direction of stresses. So, if compressive residual stresses were compared within the 

same diameter cylindrical geometries; tangential rolling compressive residual stresses were 

higher. The situation was the same for other direction. Total equivalent plastic strain 

results started from plastic deformation values, greater than 0.002, and approached to zero 

through the depth of 1 mm. Feed parameters affected the strain results.  As the feed and 

force magnitudes increased, the highest strain results were obtained. These results were 

also expected. Although the compressive residual stress distribution was as desired for 

deep rolling area, some tensile residual stress areas occurred.  

Consequently; small feed parameters are not recommended since it results high strain 

hardening with a limited effect residual stresses that are under the yield stress. So, 

according to results 0.2 mm feed parameter can be used.  In addition, a higher magnitude 

of rolling force is also not recommended. Because high forces increase the depth of 

residual stresses and high depth of residual stresses are not recommended for fatigue 

applications. 

For further studies, samples of analyzed geometries will be produced, and deep rolling will 

be applied to that samples. Residual stress measurement will be made by hole drilling 

method.  The process will be validated by fatigue tests, and the increase of service life will 

be investigated. As a final step, a real industrial part will be deep rolled, and fatigue life 

increase will be determined. This will prove efficiency of the deep rolling process and lead 
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to a proof that the deep rolling can be used in the industry very effectively compared to 

other surface treatment methods.  

7. APPENDIX 

 

 

Figure 73 Residual Stress Distribution on Square Model, σz, 125 N, 0.1 mm Feed 

Parameter 
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Figure 74 Residual Stress Distribution on Square Model, σx, 125 N, 0.1 mm Feed 

Parameter 
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Figure 75 Residual Stress Distribution on Square Model, σz, 250 N, 0.1 mm Feed 

Parameter 
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Figure 76 Residual Stress Distribution on Square Model, σx, 250 N, 0.1 mm Feed 

Parameter 
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Figure 77 Residual Stress Distribution on Square Model, σz, 500 N, 0.1mm Feed Parameter 



69 

 

 

Figure 78 Residual Stress Distribution on Square Model, σx, 500 N, 0.1 mm Feed 

Parameter 
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Figure 79 Residual Stress Distribution on Square Model, σz, 125 N, 0.2 mm Feed 

Parameter 
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Figure 80 Residual Stress Distribution on Square Model, σx, 125 N, 0.2 mm Feed 

Parameter 
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Figure 81 Residual Stress Distribution on Square Model, σz, 500 N, 0.2 mm Feed 

Parameter 
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Figure 82 Residual Stress Distribution on Square Model, σx, 500 N, 0.2 mm Feed 

Parameter 
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Figure 83 Residual Stress Distribution on Square Model, σz, 125 N, 0.3 mm Feed 

Parameter 
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Figure 84 Residual Stress Distribution on Square Model, σx, 125 N, 0.3 mm Feed 

Parameter 
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Figure 85 Residual Stress Distribution on Square Model, σz, 250 N, 0.3 mm Feed 

Parameter 
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Figure 86 Residual Stress Distribution on Square Model, σx, 250 N, 0.3 mm Feed 

Parameter 
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Figure 87 Residual Stress Distribution on Square Model, σz, 500 N, 0.3 mm Feed 

Parameter 
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Figure 88 Residual Stress Distribution on Square Model, σx, 500 N, 0.3 mm Feed 

Parameter 
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Figure 89 Residual Stress Distribution on Ø14 Model, σz, 125 N, 0.1 mm Feed Parameter 
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Figure 90 Residual Stress Distribution on Ø14 Model, σx, 125 N, 0.1 mm Feed Parameter 
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Figure 91 Residual Stress Distribution on Ø14 Model, σz, 250 N, 0.1 mm Feed Parameter 
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Figure 92 Residual Stress Distribution on Ø14 Model, σx, 250 N, 0.1 mm Feed Parameter 
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Figure 93 Residual Stress Distribution on Ø14 Model, σz, 500 N, 0.1 mm Feed Parameter 
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Figure 94 Residual Stress Distribution on Ø14 Model, σx, 500 N, 0.1 mm Feed Parameter 
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Figure 95 Residual Stress Distribution on Ø14 Model, σz, 125 N, 0.2 mm Feed Parameter 
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Figure 96 Residual Stress Distribution on Ø14 Model, σx, 125 N, 0.2 mm Feed Parameter 
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Figure 97 Residual Stress Distribution on Ø14 Model, σz, 500 N, 0.2 mm Feed Parameter 
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Figure 98 Residual Stress Distribution on Ø14 Model, σx, 500 N, 0.2 mm Feed Parameter 
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Figure 99 Residual Stress Distribution on Ø14 Model, σz, 125 N, 0.3 mm Feed Parameter 

 

 

 

 



91 

 

 

Figure 100 Residual Stress Distribution on Ø14 Model, σx, 125 N, 0.3 mm Feed Parameter 
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Figure 101 Residual Stress Distribution on Ø14 Model, σz, 250 N, 0.3 mm Feed Parameter 
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Figure 102 Residual Stress Distribution on Ø14 Model, σx, 250 N, 0.3 mm Feed Parameter 
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Figure 103 Residual Stress Distribution on Ø14 Model, σz, 500 N, 0.3 mm Feed Parameter 
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Figure 104 Residual Stress Distribution on Ø14 Model, σx, 500 N, 0.3 mm Feed Parameter 
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Figure 105 Residual Stress Distribution on Ø8 Model, σz, 125 N, 0.1 mm Feed Parameter 
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Figure 106 Residual Stress Distribution on Ø8 Model, σx, 125 N, 0.1 mm Feed Parameter 
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Figure 107 Residual Stress Distribution on Ø8 Model, σz, 250 N, 0.1 mm Feed Parameter 
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Figure 108 Residual Stress Distribution on Ø8 Model, σx, 250 N, 0.1 mm Feed Parameter 
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Figure 109 Residual Stress Distribution on Ø8 Model, σz, 500 N, 0.1 mm Feed Parameter 

 



101 

 

 

Figure 110 Residual Stress Distribution on Ø8 Model, σx, 500 N, 0.1 mm Feed Parameter 
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Figure 111 Residual Stress Distribution on Ø8 Model, σz, 125 N, 0.2 mm Feed Parameter 
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Figure 112 Residual Stress Distribution on Ø8 Model, σx, 125 N, 0.2 mm Feed Parameter 
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Figure 113 Residual Stress Distribution on Ø8 Model, σz, 500 N, 0.2 mm Feed Parameter 
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Figure 114 Residual Stress Distribution on Ø8 Model, σx, 500 N, 0.2 mm Feed Parameter 
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Figure 115 Residual Stress Distribution on Ø8 Model, σz, 125 N, 0.3 mm Feed Parameter 
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Figure 116 Residual Stress Distribution on Ø8 Model, σx, 125 N, 0.3 mm Feed Parameter 
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Figure 117 Residual Stress Distribution on Ø8 Model, σz, 250 N, 0.3 mm Feed Parameter 
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Figure 118 Residual Stress Distribution on Ø8 Model, σx, 250 N, 0.3 mm Feed Parameter 
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Figure 119 Residual Stress Distribution on Ø8 Model, σz, 500 N, 0.3 mm Feed Parameter 
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Figure 120 Residual Stress Distribution on Ø8 Model, σx, 500 N, 0.3 mm Feed Parameter 
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Figure 121 Residual Stress Distribution on Ø8 T. R. Model, σz, 125 N, 0.1 mm Feed 

Parameter 
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Figure 122 Residual Stress Distribution on Ø8 T. R. Model, σx, 125 N, 0.1 mm Feed 

Parameter 
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Figure 123 Residual Stress Distribution on Ø8 T. R. Model, σz, 250 N, 0.1 mm Feed 

Parameter 
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Figure 124 Residual Stress Distribution on Ø8 T. R. Model, σx, 250 N, 0.1 mm Feed 

Parameter 
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Figure 125 Residual Stress Distribution on Ø8 T. R. Model, σz, 500 N, 0.1 mm Feed 

Parameter 
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Figure 126 Residual Stress Distribution on Ø8 T. R. Model, σx, 500 N, 0.1 mm Feed 

Parameter 
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Figure 127 Residual Stress Distribution on Ø8 T. R. Model, σz, 125 N, 0.1 mm Feed 

Parameter 
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Figure 128 Residual Stress Distribution on Ø8 T. R. Model, σx, 125 N, 0.1 mm Feed 

Parameter 
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Figure 129 Residual Stress Distribution on Ø8 T. R. Model, σz, 250 N, 0.1 mm Feed 

Parameter 
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Figure 130 Residual Stress Distribution on Ø8 T. R. Model, σx, 250 N, 0.1 mm Feed 

Parameter 
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Figure 131 Residual Stress Distribution on Ø8 T. R. Model, σz, 500 N, 0.1 mm Feed 

Parameter 
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Figure 132 Residual Stress Distribution on Ø8 T. R. Model, σx, 500 N, 0.1 mm Feed 

Parameter 
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