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Abstract 

Shot peening is a surface treatment process in which a large number of small shots are impact an 

engineering component to generate a compressive residual stress layer at the surface of the 

component. The compressive residual stress increase fatigue life, resistance to stress corrosion, 

refine grain size, improve microhardness and prevent crack propagation on the component. 

However, improper shot peening process parameters would affect the surface quality, and have 

negative effect on the fatigue performance. The experimental assessment of shot peening process 

parameters is not only very complex but costly as well. In this paper, a sequential model of 

multiple-shot impacts has been established to investigate the shot peening process on a 

carburized prealloyed Fe-0.85Mo-0.35C and Fe-1.5Mo-0.3C steels. A commercial Finite 

Element Method ABAQUS/Explicit was used to model and simulate the process. The sequential 

model was applied for the predication of residual stress along the depth profile was obtained in 

the impact region. Furthermore, the numerical results of compressive residual stress were 

compared with the experimental result obtained using the x-ray diffraction (XRD) analysis. A 

parametric study is conducted to investigate the effect of shot velocity, diameter, initial stress 

and coverage on the residual stress profile. The result demonstrated that increasing shot velocity, 

diameter and coverage results an increase the surface compressive residual stress and decrease 

depth of compressive residual layer. On the other hand, initial residual stress increase depth of 

compressive residual stress layer. The simulation result was in good agreement with the 

measured result for both steels. 

Keywords: Shot peening, Residual stress field, Parametric study, Numerical Simulations. 
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Chapter One: Introduction 

1.1. General  

A lot of engineering components are subjected to high stress such as springs, wheels, turbine 

parts (blades, shafts), marine propellers, aircraft wings, internal combustion engine parts (valves, 

gears, crankshafts, connecting rods, pistons, cylinder heads). On such components, often safety is 

crucial since they are subjected to very high stress cycles in their operation period. In such cases, 

crack propagation is fast, and the time between crack initiation and total failure may only be 

minutes or hours of operation i.e. catastrophic and hence it is not possible to achieve high 

reliability by inspection or monitoring crack growth. One way of achieving high structural 

quality is to increase the fatigue strength of the component above the local fatigue stress. A very 

effective way for increasing fatigue strength is to modify the outermost surface component stress 

by shot peening [1,2]. 

Shot Peening (SP) is common industrial cold working process that is applied to induce a 

Compressive Residual Stresses field (CRSF) on the surface of a metallic component. In addition 

to CRSF shot peening refine the grain size and improve the microhardness (strain Harding) of 

material. Compressive stresses are beneficial in increasing resistance to fatigue failures 

(approximately by 30%), corrosion fatigue, fretting, wear. Shot peening may increase the 

component life by 500-1000% [3]. During the process, a large number of small spherical 

particles (0.2–2 mm), the so called ‘shots’, at high velocities strike the treated surface Figure 1.1. 

illustrates the shot peening process. Each shot acts as a small peen hammer, causing the surface 

to yield in plastic deformation and leaving a concave depression, termed dimple, on the surface 

of the target component. The stress field of the depression is similar to the field of a flat bar 

being bent. The concave side of the bar is in compression and the convex side is in tension. The 

normal stress along the cross section of the bar varies from a maximum compressive stress on the 

concave surface, to zero stress at the neutral axis up to a maximum tensile stress on the convex 

surface [2, 4-7]. 
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Figure 1.1. Schematic of shot peening process [7]. 

shot peening is a very complicated process to model and analyze, involving dynamic analysis of 

fast-moving shot striking on a metallic substrate/surface which can often has complex geometry 

[1,8-9]. There are a large number of parameters involved in shot peening process. These 

parameters can be categorized into three groups relating to the shot, the target and the process. 

intensity and coverage are the main parameters which determined the effectiveness of the shot 

peening process [10]. intensity is an indirect method to determine the amount of energy 

transferred to the surface of the Almen strip from the shot stream. Coverage is the percentage of 

area impacted by the shot peening process. So as to control the resulting residual stress 

distribution in shot peened substrate, it would be highly crucial to establish a relationship 

between these parameters and residual stress characteristics [1,4,10-11]. researches have been 

conducted to study shot peening experimentally [2, 12]. In spite of its effectiveness, the 

experimental method endures from several challenges related to the cost of experiments, time, 

and destructiveness [2,12]. Also, the majority of the experimental studies have used specific 

target so it is not easy to assimilate the effect of each parameter on the resulting residual stress 

distribution from the results [1]. To avoid experimental challenges, other researchers have 

proposed to study analytically the CRS in the peening component using Hertz contact and 

elastic-plastic theories [2]. Compared to experiments, the analytical method is much less 
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expensive. Can predict the residual stress distribution and the plastically deformed region in 

single shot impacts on components. Because of the complexity of the shot peening process, 

simplifying assumptions were adopted. These assumptions make these analytic approaches 

unsuitable for dealing with practical applications [13,2]. 

In Recent years, due to the increasing of computer power, numerical simulation using the Finite 

Element Method (FEM) software such as ABAQUS, ANSYS/LS-DYNA etc., has become an 

effective method to model the shot peening process and predict induced residual stresses. The 

numerical simulation is emphasized because of its advantages in efficiency and cost. A number 

of authors [1,2,9,10,13,14,20,22] conducted shot peening using the finite element method. 3D SP 

models have become the main choice, especially 3D models with dynamic analysis. The 

dynamic impact of a shot with high velocity and the double non-linearity of the problem due to 

the contact of two bodies and the elastic–plastic behavior of the target can all be taken in to 

account in an appropriate FE analysis [1,14]. However, there are only limited number of studies 

on the effect of surface pretreatments such as carburizing, on the residual stress distribution due 

to shot peening [28,39,68]. These surface pretreatments develop initial residual stress on the 

components to be peened and need further clarification. Besides, in realistic shot peening 

process, the number of shots are very high, but in existed numerical models used limited number 

of shots. in this paper, which is based on a pervious experiment [5]. The residual stress 

distribution introduced by multiple shots in the deformed surface layer of carburized Fe-0.85Mo-

0.35C and Fe-1.5Mo-0.3C steel materials were investigated using ABAQUS/Explicit solver. 

First the compressive residual stress profile obtained from the experiment compared with the 

result determined from numerical analysis. Then Using FE modelling, a parametric study is also 

conducted to predict the effect of key parameters such as shot velocity, shot diameter, initial 

stress, and coverage on the distribution of residual stress and plastic deformation within the 

carburized target. 
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1.2. Problem Statement 

So as to increase fatigue life, resistance to corrosion, microhardness, and prevent crack 

development and propagation of metallic components, shot peening is manly used in automotive 

and aeronautic industries. During the process a large number of small shots impact a metallic 

surface at high velocities. Its beneficial effects are mainly due to the residual stress field caused 

by the local plastic deformation of the near-surface region resulting from multiple shot impacts. 

Many researchers have been investigated the effect of various factors on the residual stress 

distribution induced by shot peening. However, there are only limited number of studies 

conducted on the effect of pretreatments such as carburizing, on the residual stress distribution 

and not yet clarified. The experimental method of determining residual stress has limitation 

regarding to time, cost and destructiveness. This paper presents the distribution of residual stress 

due to multiple shots impacting on carburized Fe-0.85Mo-0.35C and Fe-1.5Mo-0.3C steels by 

considering the effect of initial residual stress induced due to carburizing using a 3D finite 

element dynamic analysis. A program ABAQUS/Explicit was used as a modeling and analysis 

software. So numerical methods have to be used to predicate the distribution of residual stress in 

a material. 
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1.3. Objective 

1.3.1. General Objective  

The main and general objective of this study is numerical modeling of the residual Stress 

induced by multi-impact Shot Peening process on Carburized Fe-0.85Mo-0.35C and Fe-1.5Mo-

0.3C Steel Materials 

1.3.2. Specific Objective  

• To model the ceramic shot peening process on a carburized prealloyed steels, via finite 

element analysis (FEA) using ABAQUS/Explicit 2020 software, to simulate the shot 

peening process and predict residual stress. 

• To Study the effect of key parameters such as shot velocity, shot diameter, initial stress, 

and coverage on the distribution of residual stress (parametric study). 

• To validate the numerical residual stress distribution with pervious experimental results. 

• To investigate the effect of compressive residual stress, due to shot peening on the 

properties of carburized Fe-0.85Mo-0.35C and Fe-1.5Mo-0.3C steel materials. 
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1.4. Scope and limitation of the Study  

 1.4.1. Scope of the Study  

The scope of this paper is just to investigate the residual stress distribution induced by shot 

peening in carburized Fe-0.85Mo-0.35C and Fe-1.5Mo-0.3C steel materials, using the 3D FEM 

dynamic analysis approach. Compared the numerical result with the experimental result [5]. The 

influence of key parameters such as peening velocity, shot diameter, initial stress and coverage 

have been investigated. But this work will not consider other parameters such as, peening time, 

mass flowrate, impact angle, etc.  

1.4.2. Limitations  

The carburized prealloyed steels are high strength materials and consists of elastic and plastic 

properties. The stress – strain characteristics of these materials is variable along the depth. 

However, in this study, it is assumed to be isotropic material properties. Since, shot peening is a 

surface treatment process and most often focused on the outer most surface region. SP is a cold 

working process. Thus, plastic deformation of the carburized prealloyed steel materials is 

independent of temperature. Besides, the surface roughness of the workpiece, which is the target 

material for the peening process, is also neglected. The simulated result cannot give exact result 

with the experiment, because peening parameters such as shot velocity, flow rate, diameter of 

shot, peening time etc. are deemed for commercial purpose and are not given for this study, 

while these parameters are the crucial input for FEA simulation and influence the residual stress 

result significantly. 
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1.5. Significance of the Study  

The main significance of this paper is to examine whether the numerical model for shot peening 

results in similar residual stresses in trend compared to the experimental results or not. Also, the 

proposed model is used to identify the influence of shot peening parameters such as shot 

velocity, diameter, initial stress and coverage on the residual stress distribution and investigate 

the positive impact of shot peening on a carburized prealloyed steels.  

1.6. Reliability, Validity and Objectivity 

So as to achieve a valid and realistic result it is important to use proper simulation software and 

theory. In this study, A 3D FEM approach is used as a simulation software and the hertz contact 

theory as a proper theory have been used. Furthermore, this study uses pervious experimental 

data of [5] as a basis to assess the reliability and validity of the results. It can be said that the 

proposed model is valid and reliable if the outcome of this study is similar in trends to the results 

obtained from the experimental peening process presented. 

1.7. Structure of the Thesis 

The entire research work presented in this thesis can be covered by five chapters, as detailed 

below. 

Chapter 1 is an introduction to this research, indicating the problem statement, objectives of this 

research, scope, limitation, and significance of the study as well as the outline of this thesis. 

Chapter 2 covers an extensive literature review of the fundamentals and basic concepts of shot 

peening surface treatment, as well as the history, development of shot peening technique and 

theoretical background. 

Chapter 3 describes the mechanical properties of target and shot materials. As well as the FEA 

simulation procedures for the peening process using Abaqus package. 

Chapter 4 present the associated simulation result. Analyses of the residual stress variations 

along the depth of the surface layer extracted and compared with the experimental result. 

Besides, different shot peening parameters discussed here. 

Chapter 5 conclusions and recommendation drawn from this research. Finally set future work. 
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Chapter Two: Literature Review 

2.1. History of Shot Peeing Process  

The method of increasing the strength of a metal began during ancient artisans and blacksmiths 

when they utilize a hammer to form different shape and enhance the strength of the armors date 

back to 2700 BC [15,16]. Figure 2.1 show a gold helmet, showing evidence of the process, is 

dated circa 2700 B.C. Before shot peening is modern practice blacksmith and sword makers were 

knowing the importance of shot peening. Nevertheless, it took thousands of years to understood 

the technique and combine with modernization. The current shot peening method was introduced 

in 1920’s [10,15,16], by using metal, ceramic and glass shots. However, shot peening highly 

used during manufacturing throughout the Second World War era, with applications including 

the enhancement of the fatigue life on components such as leaf springs, connecting rods, 

crankshafts, camshafts, and aircraft landing gear structure [15]. Small amount of energy is 

transferred to the target, dynamically during shot peening by small metallic shots. The energy 

transferred to the target develops plastic deformation and residual stress at and under the peened 

target. Contact mechanics provides the necessary tools to develop the stress field in contacting 

objects. For the last 40 years shot peening got theoretical attention due to the development of 

several plasticity theories. Plasticity theory is crucial to estimate when the material yield [16]. 

 

Figure 2.1. An early example of cold working, a gold helmet [ 16]. 
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The first shot peening machine was developed in 1927 by E.G. Herbert called the Cloudburst 

Machine, which thrown steel balls from a specific height on a target surface. There was a large 

amount of study conducted for work Harding of material by repeated bombardment of a 

spherical object. The desire of strongest materials during the second world war II increased the 

development of shot peening [16].  Almen strip and almen Gage were invented in 1943 by J.O. 

Almen. These strips are utilized to qualifying the shot peening process. Almen strips are thin 

strips shown in figure 2.2(a) of SAE1070 steel with different thickness used measure the 

intensity of a shot peening process. There are three types of strips and all strips are made from 

cold rolled spring steel tempered to 44 - 50 HRC and hot pressed for two hours to remove any 

residual stresses that may be present [16,10]. 

Almen strips that are smaller in thickness (0.03 inch) called N type strips, are used for lower 

intensities and thicker strips (0.094 inch) known as C type strips, are used for higher intensity 

levels. An intermediate intensity is used with A type strips of thickness 0.051 inch. Figure 2.2(c) 

shows the Almen gage, is a device used to measure Almen height that has been developed in the 

Almen strip by the shot induced compressive residual layer. This is easy application and a non-

destructive test and the most common method to measure the intensity of the shot peening 

process. X-ray diffraction technique is the first method applied to measure the compressive 

residual stress induced by shot peening by E.W. Milburn. X-Ray diffraction and Almen test 

method made it possible to relate the intensity to the residual stress induced by shot peening 

process [10,15,16,11]. 

 

 

 

a 
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Figure 2.2. (a) Almen strips, (b) dimension of Almen strips, and (c) almen gage [11]. 

2.1.1. Shot Media  

The amount of local plastic deformation on the surface and depth of compressive residual stress 

at the surface and subsurface are influenced by the type of shot media [11]. So as to have perfect 

collision between the shot and the substrate shot would comprise perfectly spherical particles, all 

of identical diameter, having infinitely high hardness, and fracture resistance [15]. Thus, it is 

very crucial to select the proper shot media in order to get the required compressive residual 

stress. The most common shot medias are ceramics, glass, or steel. 

c 

b 
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Figure 2.3. Shot medias ceramic, steel, and glass, respectively [17,18,19]. 

2.1.2.  Shot Peening System  

Shot peening is performed by propelled   single or multiple tiny spherically shaped media at 

surface of a workpiece with high velocities. Each tiny spherical media that strikes the material 

acts as a peening hammer, imparting to the surface a small plastic indentation surrounded by a 

plastic zone. After the contact between the shot and the target ended, the elastically stressed 

component tends to recover to the original unloaded state, whereas the plastically deformed 

component develops permanent deformation on the surface of the work piece. These non-

homogenous elasto-plastic deformations result in the development of a compressive residual 

stress field. The compressive residual stress layer developed in the surface of a work piece 

reduce premature failure and crack initiation of the metal component due to cyclic loading. 

[20,10,16]. Figure 2.4 shows an air-blast shot peening machine. The shots accelerate via air 

compressor system and impact the target component. The shots are return to the system after 

peening for repeating the process.  
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Figure 2.4. Schematic of shot peening equipment [10,21]. 

2.2. Shot Peening Parameters 

The shot peening parameters must be controlled in order to get optimum benefit. a large number 

of parameters involved as shown figure 2.5 and it is difficult to control all the shot peening 

parameters in industry. However, there are two outputs which used to control the operating 

process, intensity and coverage [10,22]. Media. Size, media shape, media hardness, shot flow 

rate, shot velocity, nozzle-workpiece distance and impact angle are parameters which directly 

affect the intensity. Whereas the coverage in influenced by parameters such as a system type 

(nozzle or wheel), nozzle geometry, shot velocity, angle of impact, mass flow rate, shot peening 

time, shot peening media and properties of the workpiece. 
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Figure 2.5. Influential parameters and product [23]. 

2.2.1. Intensity, Arc Height and Saturation 

Intensity is a measure of the amount of energy transferred to the target material by shot particles. 

The Almen strip and Almen gage are tools used to measure the intensity of the shot stream. The 

intensity is proportional to the degree of curvature [24 ,16,10]. The intensity (energy) of a shot 

stream is a function of shot velocity, shot diameter and density of shots.  

The Almen strip is mounted (Figure 2.6) in a holding fixture, and is peened at a specific 

condition. When a test strip is shot peened the strip will bend and a measurable arc develops, i.e. 

the strip will deflect into the shot stream. The deflection of the strip into the shot stream occurs 
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because the surface area of the peened side is increasing. Lastly, the arc height is measured by 

the Almen gage and plot it with the exposure time to draw the saturation curve. 

 

 

Figure 2.6. Almen’s strips and intensity measurement procedure [25]. 

2.2.1.1. Saturation Curve  

So as to obtain the intensity of the shot peening process. Almen strips are shot peened for a given 

period of time and its arc height is measured by the Almen gage after each time period. These 

measurements provide the maximum arc height at certain air pressure and mass flow rate. 

Consequently, saturation point of the operation can be found. Finally, saturation curve is 

obtained by plotting arc Hight Vs peened time (figure 2.7) [11]. Therefore, Saturation is a point 

on the curve, for which doubling the peening time increase the arc height no more than ten 

percent. T is the minimum time that meets the specification. Longer times than T would meet the 

specification as stated [10,11]. 
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Figure 2.7. Saturation curve [10]. 

2.2.2. Coverage  

Coverage is the percentage of exposed area which has been peened during a given period of time 

(figure 2.8 (a)). In many industrial applications, the range of coverage is from 100% to 200%, in 

which the residual stress is uniform and meet the required value and the surface is not damaged 

by the shot [16,10]. Coverage provides a direct way to tell if a target has been peened the 

necessary amount, not too little and not too much. When a target is highly peened the surface 

develops detrimental stress raisers such as folding sites and an excessively rough 

surface. These unacceptable surface characteristics create crack nucleation sites and can lead to 

premature failure of the component and therefore render shot peening a harmful surface 

treatment process. Conversely, when a target is under peened the beneficial compressive stress in 

the material is not developed enough to optimize the full benefits of peening and inhibits 

maximization of the lifetime of a given part. The method to determine coverage is through visual 

inspection [16,10]. Visual inspection is performed using a microscope or magnifying glass. A 

microscopic photograph of the surface can also be taken by image analysis software that is 

capable of accurately calculating the percent of peened area. The percentage of coverage increase 

with peening time up to certain limit [10]. Figure 2.8(b) shows an example of the variation of 

coverage with respect to peening time. 



Numerical Modeling of the Residual Stress Induced by Shot Peening on Carburized Steels 

MSc Thesis                                                                                                                             Page 16 
 

 

a 

 

 

b 

Figure 2.8. Coverage (a) definition and (b) as a function of time [10]. 

 

Kirk developed a theoretical model based on Avrami equation, to determine percentage of 

coverage which is [24,16,10]: 
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𝐶(𝑡)=100[1 − exp⁡(−
3𝑅2𝑚𝑡̇

4𝐴𝑟3𝜌𝑠
)⁡] 

where C(t) is the coverage at any particular time, R is the average radius of indentations caused 

by a single shot, 𝑚̇ is mass flow rate of shot, t is exposure time, A is area of shot spread, r is the 

average radius of shot, 𝜌𝑠 is the shot density. 

2.3. Residual Stress  

2.3.1. Overview of The Residual Stress  

The important enhancement of a material, through the shot peening process is due to the induced 

compressive residual stress near surface [15]. [10] states there is no crack initiation and crack 

propagation on a component having compressive stress zone. Moreover, most often fatigue and 

stress corrosion failures start at or close to the surface. Shot peening increase the compressive 

residual stress up to 60% near the surface [16]. Thus, the induced compressive stress developed 

in a material due to shot peening has a significant important in terms of increasing the life of the 

mechanical components. 

 

Figure 2.9. A typical residual stress profile due to shot peening [26]. 

Figure 2.9 shows a typical residual stress distribution in a material. it has been characterized by a 

surface compressive stress (𝜎𝑠𝑢𝑟
𝑟 ), a near-surface maximum compressive stress (𝜎𝑚𝑎𝑥

𝑟  ) at a 

beneficial depth (𝑑𝑏), a total depth (𝑑𝑇) of compressive stress, and a tensile stress region in the 

remaining section of the depth from the treated surface. The distribution of the residual stress 

𝜎𝑚𝑎𝑥
𝑟   

 

𝜎𝑠𝑢𝑟
𝑟   
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influenced by work piece thickness, shot properties such as density, velocity, and hardness. A 

work piece having thin section experiences an increase in the tensile stress just after the total 

depth of compressive stress. A harder shot develops higher compressive residual stress near the 

surface of the material to be treated, as well as shots having higher velocity can produce both 

higher and deeper compressive stress, for enhanced fatigue life [26]. 

The effect of different shot peening parameters has been analyzed by Herzog et al. (1996). 

Figure 2.10 shows the influence of different shot peening parameters on the residual stress 

distribution of a material. In this figure, the directions of the arrows show the influence of these 

parameters on residual stress profile. Arrow 1 shows that the value of the surface residual stress 

𝜎𝑠𝑢𝑟
𝑟  increases with the increase of 𝐻𝑉𝑠 and 𝐻𝑉𝑚; arrow 2 shows that the value of the maximum 

residual stress 𝜎𝑚𝑎𝑥
𝑟  increases with the increase of 𝑉,⁡𝑝,⁡𝑑,⁡𝑡,⁡⁡𝐻𝑉𝑠 and 𝐻𝑉𝑚; arrow 3 shows that 

the depth of the maximum residual stress decreases with the increase of 𝐻𝑉𝑚⁡and arrow 4 shows 

that depth of CRSL increases with the increase of 𝑉,⁡𝑝,⁡𝑑,⁡𝑡,and 𝐻𝑉𝑠[26]. 

 

Figure 2.10. The effect of parameters on the residual stress profile [26]. 

2.3.2. Practical Residual Stress Measurement Methods 

Residual stress is a “lock-in” stress that exist in a material after the removal of the load applied 

on it [10]. There are a number of methods to measure the residual stress developed in a material 

such as X-ray diffraction, Hole Drilling, Neutron Diffraction, Barkhausen Noise, Ultrasonic, 

Sectioning, Contour, Deep hole drilling, Synchrotron [10,24]. These methods are classified as 

destructive, semi-destructive and non-detective. Both the destructive and semi destructive 

𝑉, 

𝑉, 
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method are mechanical methods work based on material removal of material from the peened 

component or stress -relaxation. These methods measure deformations of the material when 

residual stresses releases during the material removal. The non-destructive method measures the 

residual stress by measuring some parameters related to the stress such as the interplanar spacing 

from their stress-free value. Then, the strain could be analyzed by applying Bragg’s law. 

However, x-ray diffraction (XRD) methods is the most widely accepted nondestructive methods 

for measuring residual stresses of peened components, due to its easy and relatively accurate 

results [10]. 

2.3.2.1. X-Ray Diffraction Measurement Technique  

In order to determine the residual stress in a material using x-ray diffraction (XRD) method, first 

the strain in the crystal lattice is measured, then from the measured strain and the material elastic 

constants the residual stress can be obtained. However, it measures near surface residual stress. 

X-ray diffractometer consists of x-ray source (S), a detector(D). the x-ray source(S) focused on 

the sample material and emits beam of rays (in known orientation) and then diffracted based 

upon the orientation of the material polycrystalline lattice. x-ray detector (D) sense the diffracted 

x-rays. The diffraction angle (2θ) is the angle between the diffracted beam and the incident 

beam’s subsurface trajectory. The angle psi (ψ) defines the orientation of 

the sample, and is the angle between the incident and diffracted beam bisector, and the 

normal of the surface (N) [15]. 
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Figure 2.11. Schematic of x-ray diffraction’s principle geometry, with (Left) sample at 

orientation ψ =0 and (Right) orientation ψ= ψ [15] 

X-ray diffractometer works based on Bragg’s Law, the diffraction angle (2θ) is dependent upon 

the crystalline lattice spacing of the sample, d. Subsequently, any change in c, results in a 

corresponding change to the measured diffraction angle. Measuring the change in in the angular 

position of the diffraction peak for at least two of the sample defined by the angle psi (ψ) allows 

the calculation of the residual stress present. in x-ray diffraction process, detects any changes in 

c. plastic deformation and dislocation occur in crystalline structure of material if any change in d 

greater than elastic. The residual stress obtained by x-ray diffraction method is a representative 

residual stress due to elastic strain on a macroscopic scale of which the x-ray beam is averaged 

over a volume. The residual stress can be calculated [15,11]. 

𝜎𝑟 = (
𝐸𝑠

1 + 𝑣𝑠
) ∗ ⁡

1

𝑐0
(

𝛿𝑐𝜑

𝑑𝑠𝑖𝑛𝜑2
) 

𝑐0= lattice spacing for unstressed material 

𝑐𝜑= lattice spacing in the direction 𝜑 

𝑐0 

𝑐𝜑 
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Table 2.1 X-ray diffraction measurement conditions of residual stress for carburized steels after 

shot peened [5]. 

 

2.4. Analytical Model for Shot Peening Induced Residual Stress 

Compressive residual stress develops in a material while the high-speed spherical shots collide 

with the substrate material. This phenomenon is analyzed using the motion equation of the shot, 

the Hertz theory of elastic contact, and the Ilyushin's simplified elasto-plastic theory. The main 

assumptions are as follows: [28,16,8]. 

i. Load at collision can be calculated by an elastic analysis in the case where a hard shot 

collides vertically with a target, as shown in Fig, a. 

ii. The stress-strain relation of the target material is elasto-plastic, as shown in Fig. b. 

iii. A minute element in a body receives loading and unloading of the Hertz stress field 

without any relation to the surroundings. 

iv.  The residual stress resulting from the transformation of retained austenite into martensite 

is not considered. 

v. The influence of initial residual stress that exists after heat treatment is not considered. 
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vi. It is assumed that the shot-peened part (target material) is a semi finite body. 

vii. A homogeneous residual stress field and associated plastic strain exist at any specified 

depth due to the assumption that a semi finite body has been uniformly loaded. 

 

                           a                                                                            b  

Figure 2.12. a) Indentation of a rigid sphere on an elastic half b) Stress-strain relation of target 

material. [67] 

2.4.1. Load and Stress During Collision by Elastic Analysis   

Expressing the force acting on a shot at any instant during collision as 𝐹𝑡,the motion of a shot 

(density 𝜌𝑠 , diameter⁡𝑑, velocity 𝑉𝑡) may be expressed by the equation  

𝑑

𝑑𝑡
(
1

6
𝜋𝑑3𝜌𝑠𝑉𝑡) = ⁡𝐹𝑡………………………...……………………… (1) 

Converting time t into the position of a shot on the z axis, 

1

6
𝜋𝑑3𝜌𝑠𝑉𝑡 ∗ 𝑑𝑉𝑡 =⁡𝐹𝑡 ∗ 𝑑𝑧………………………………….…...… (2) 

Based on the Hertz theory of elastic contact, the mutual approach z of two bodies when a shot is 

pressed against a target in force 𝐹𝑡 is as follows, 

𝑧 = (
9𝐹𝑡

2

8𝑑𝐸∗2
)
1
3⁄

……………………………………………….….…. (3) 

where 𝑧 is induced indentation depth  

1

𝐸∗
=⁡

1−𝑣𝑡
2

𝐸𝑡
+⁡

1−𝑣𝑠
2

𝐸𝑠
…………………………………..………….…... (4) 

𝑟 
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Where E is the young’s modulus and 𝑣  is the passion ratio. Subscript 1 shows the target 

material, and Subscript 2 shows the shot. Substituting 𝐹𝑡 from Eqs. (3) into Eqs. (2), and 

integrating from the beginning of the collision to the time at which the shot velocity is zero 

(initial velocity V and final load F), F is given by  

𝐹 =⁡
1

3
(
5𝜋

4
)
3
5⁄

𝜌𝑠
3
5⁄ 𝑑2𝐸∗2 5⁄ 𝑉

6
5⁄ ………………………….……..… (5) 

Based on the Hertz theory of elastic contact, when a shot is pressed against a target by the force 

F, the contact radius 𝑎 and the maximum pressure 𝑃𝑚𝑎𝑥are given by  

𝑎 = ⁡(
3𝑑𝐹

8𝐸∗
)
1
3⁄

………………………………………………………. (6) 

𝑃𝑚𝑎𝑥 =⁡(
24𝐸∗2𝐹

𝜋3𝑑2
)
1
3⁄

……………………………………..…………. (7) 

The principal stresses 𝜎𝑥, 𝜎𝑦, 𝜎𝑧, the equivalent stress 𝜎𝑒𝑞, and the stress deviations 𝑠𝑥, 𝑠𝑦, 𝑠𝑧 on 

the z-axis are given by Eqs. (8-11), marked by superscript e, as these are elastic calculations. 

𝜎𝑥
𝑒 =⁡𝜎𝑦

𝑒 = −𝑃𝑚𝑎𝑥 [(1 + 𝑣𝑡) (1 −
𝑧

𝑎
tan−1 (

𝑎

𝑧
)) −

1

2
(1 +

𝑧2

𝑎2
)
−1

].. (8) 

𝜎𝑧
𝑒 = −𝑃𝑚𝑎𝑥 (1 +

𝑧2

𝑎2
)

−1

 

𝜎𝑒𝑞
𝑒 =

1

√2
[(𝜎𝑥

𝑒 − 𝜎𝑦
𝑒)

2
+ (𝜎𝑦

𝑒 − 𝜎𝑧
𝑒)

2
+ (𝜎𝑧

𝑒 − 𝜎𝑥
𝑒)2]

1
2⁄

 

⁡= 𝑃𝑚𝑎𝑥 [
3

2
(1 +

𝑧2

𝑎2
)
−1

− (1 + 𝑣𝑡) (1 −
𝑧

𝑎
tan−1 (

𝑎

𝑧
))]………….… (9) 

𝜎𝑚
𝑒 =

1

3
(𝜎𝑥

𝑒 + 𝜎𝑦
𝑒 + 𝜎𝑧

𝑒)……….…………………………..……… (10) 

Where 𝜎𝑚
𝑒 ,is the mean stress  

𝜎𝑒𝑞
𝑒  = von mises equivalent stress  

𝑠𝑥
𝑒 = 𝑠𝑦

𝑒 = 𝜎𝑥
𝑒 − 𝜎𝑚

𝑒 =
1

3
𝜎𝑒𝑞
𝑒 ………………………………..…….. (11) 

𝑠𝑧
𝑒 = −

2

3
𝜎𝑒𝑞
𝑒  
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The equivalent strain⁡⁡𝜀𝑒𝑞
𝑒  and the component strains 𝜀𝑥

𝑒, 𝜀𝑦
𝑒, 𝜀𝑧

𝑒 are 

𝜀𝑒𝑞
𝑒 =

𝜎𝑒𝑞
𝑒

𝐸1
…………….………………………………………..…... (12) 

𝜀𝑥
𝑒=𝜀𝑦

𝑒 =
1

𝐸𝑡
[𝜎𝑥

𝑒 − 𝑣𝑡(𝜎𝑦
𝑒 + 𝜎𝑧

𝑒)] 

𝜀𝑧
𝑒 =

1

𝐸𝑡
(𝜎𝑧

𝑒 − 2𝑣𝑡𝜎𝑥
𝑒) 

Mean strain can be written as  

𝜀𝑚
𝑒 =

1

3
(𝜀𝑥

𝑒 + 𝜀𝑦
𝑒 + 𝜀𝑧

𝑒) 

From Eqs. (11) and (12), the strain deviations 𝑒𝑥
𝑒 , 𝑒𝑦

𝑒, 𝑒𝑧
𝑒 are 

𝑒𝑥
𝑒 = 𝑒𝑦

𝑒 =
𝑠𝑥
𝑒

𝐸𝑡
=

1

3
(1 + 𝑣𝑡)𝜀𝑒𝑞

𝑒 …………….…………………….… (13) 

𝑒𝑍
𝑒 = −2𝑒𝑥

𝑒 

Here, it is proved that the equivalent stress 𝜎𝑒𝑞
𝑒  on the z axis has a maximum value at 𝑧 = 0.48𝑎 

from the numeric calculation of Eqs. (9). Thus, the following analysis is carried out, considering 

that the maximum compressive residual stress is generated at this position. 

2.4.2. Compressive Residual Stress by Elastic-Plastic Analysis 

2.4.2.1. Residual Stress After Collision of One Shot 

First, the loading process during collision is considered. The σ-ε curve of the target material is 

simplified as shown in Fig. 2. The material hardens by inclination αE1 after exceeding the yield 

stress 𝜎𝑠 by the applied stress. To calculate the strain strictly in an elastic-plastic region is very 

complex. Therefore, it is simplified as follows using a coefficient β. β is the ratio of the true 

plastic strain to the strain in the part that exceeds the yield strain 𝜀𝑠 in the apparent elastic strain 

𝜀𝑒𝑞
𝑒  calculated by Eq. (12). Superscript e here shows an elastic calculation, and superscript p 

shows an elasto-plastic calculation. 

𝜀𝑒𝑞
𝑝 = 𝜀𝑒𝑞

𝑒 ⁡⁡⁡⁡𝐹𝑜𝑟⁡𝜀𝑒𝑞
𝑒 ≤ 𝜀𝑠 
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𝜀𝑒𝑞
𝑝 = 𝜀𝑠 + 𝛽(𝜀𝑒𝑞

𝑒 − 𝜀𝑠)⁡⁡⁡⁡⁡⁡𝐹𝑜𝑟⁡𝜀𝑒𝑞
𝑒 > 𝜀𝑠……………...……….…. (14) 

From the σ-ε curve, 𝜎𝑒𝑞
𝑝

 is expressed by 

𝜎𝑒𝑞
𝑝 = 𝜎𝑒𝑞

𝑒 ⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑓𝑜𝑟⁡𝜀𝑒𝑞
𝑒 ≤ 𝜀𝑠 

𝜎𝑒𝑞
𝑝 = 𝜎𝑠 + 𝛼𝐸𝑡(𝜀𝑒𝑞

𝑝 − 𝜀𝑠)⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑓𝑜𝑟⁡𝜀𝑒𝑞
𝑝 > 𝜀𝑠…………………… (15) 

When it is thought that the Eq. (13) is appropriate in an elasto-plastic area, the next equation is 

obtained. 

𝑒𝑥
𝑝
 = 𝑒𝑦

𝑝 =
1

3
(1 + 𝑣𝑡)𝜀𝑒𝑞

𝑝 , ⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑒𝑍
𝑝
 = −2𝑒𝑥

𝑝
…………………...…… (16) 

Moreover, when the equivalent strain 𝜀𝑒𝑞
𝑝

 is taken to agree with the tension strain at axial tension 

and the Ilyushin's elasto-plastic theory is used, the relation between the stress deviation 𝑠𝑖𝑗
𝑝

 and 

the strain deviation 𝑒𝑖𝑗
𝑝

 in the plastic region of minute strain is given by 

𝑠𝑖𝑗
𝑃 =

1

1+𝑣𝑡

𝜎𝑒𝑞
𝑝

𝜀𝑒𝑞
𝑝 𝑒𝑖𝑗

𝑃………………………………………..…………. (17) 

Substituting Eq. (16) for Eq. (17), 

𝑠𝑥
𝑃 = 𝑠𝑦

𝑃 =
1

1+𝑣𝑡

𝜎𝑒𝑞
𝑝

𝜀𝑒𝑞
𝑝 𝑒𝑥

𝑃 =
1

3
𝜎𝑒𝑞
𝑝

…………………….……………… (18) 

𝑠𝑧
𝑃 = −2𝑠𝑥

𝑃 

The stress and the strain in the loading process are calculated as above. Next, the unloading 

process and the residual stress are considered. When assuming the deformation behavior of the 

material is isotropic at unloading and the deformation is small, the stress after unloading is 

σij
r = sij

P − sij
e 

where superscript r shows to be a state after unloading. When expressed by the principal stresses 

using Eq. (18), 

σx
r = σy

r = σz
r = 0⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑓𝑜𝑟⁡σeq

e ≤ 𝜎𝑠 

σx
r = σy

r =
1

3
(𝜎𝑒𝑞

𝑃 − 𝜎𝑒𝑞
𝑒 )⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑓𝑜𝑟⁡𝜎𝑠 < σeq

e ≤ 2σeq
p

…………… (19) 
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When 𝜎𝑒𝑞
𝑒 >2𝜎𝑒𝑞

𝑝
, yielding and hardening must take place in the unloading process. Therefore, 

σx
r = σy

r =
1

3
(𝜎𝑒𝑞

𝑃 − 2𝜎𝑒𝑞
𝑝 − ∆𝜎𝑒𝑞

𝑃 ) 

=
1

3
(𝜎𝑒𝑞

𝑃 − 2𝜎𝑒𝑞
𝑝 − 𝛼𝛽(𝜎𝑒𝑞

𝑒 − 2𝜎𝑒𝑞
𝑝 ))………………………..……. (20) 

σz
r=-2σx

r  

The maximum compressive residual stress after one shot has collided with a target and has 

rebounded can be calculated by Equation (19) and (20). 

2.4.2.2. Residual Stress in Full Coverage  

The residual stress after enough shots have collided so that the coverage reached 100% or more 

is considered. From the boundary condition,σz
r = 0⁡at z=0. moreover, the plastic deformation 

after shot peening at 100% coverage may be uniform and continuous in the x-y plane. 

Therefore⁡𝜀𝑥
𝑟= 𝜀𝑦

𝑟= 0   and σz
r = 0.thus , if σz

r  is completely relaxed, the variation⁡∆σx
rof σx

r   , the 

variation∆σy
r   of σy

r , and maximum compressive residual stress  σmax
r finally generated are as 

follows. When the yield does not happen by the relaxation process, these are 

∆σx
r = ∆σy

r = −
𝑣𝑡

1 − 𝑣𝑡
σz
r 

σmax
r =⁡σx

r −
𝑣𝑡

1−𝑣𝑡
σz
r =

1+𝑣𝑡

1−𝑣𝑡
σx
r  …………………………………... (21) 

when the yield happens by the relaxation process, these are  

∆σx
r = ∆σy

r = −
αβ𝑣𝑡
1 − 𝑣𝑡

σz
r 

σmax
r  = σx

r −⁡
αβ𝑣𝑡

1−𝑣𝑡
σz
r =

1−𝑣𝑡+2αβ𝑣𝑡

1−𝑣𝑡
σx
r  ………………………….. (22) 

moreover, modifying Eqs (21) and (22) using Eqs. (6), (7), (19) and (20) as 𝑣𝑡 = 0.3 , the 

maximum compressive residual stress  σmax
r   is represented by using the shot peening condition 

as variables. When the yield does not happen by the unloading process, 

σmax
r = 0.619(1 − αβ)(𝜎𝑠 − 0.519𝜌𝑆

1
5⁄ 𝐸∗4 5⁄ 𝑉

2
5⁄ )  ……….…. (23) 
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when the yield happens by the unloading process, 

σmax
r = (0.333 + 0.286αβ)(1 − αβ) 

[(2αβ − 1)𝜎𝑠 − 1.038αβ𝜌𝑆
1
5⁄ 𝐸∗4 5⁄ 𝑉

2
5⁄ ]  ………………….…….. (24) 

The maximum compressive residual stress produced by shot peening can be predicated from the 

shot peening conditions and the material characteristics using Eqs. (23) or (24). 

2.4.3. Calculating Peak Depth of Residual Stress 

From the basic assumptions described above, the predicted peak depth 𝑑𝑏, of the maximum 

compressive residual stress coincides with the depth where the equivalent stress 𝜎𝑒𝑞
𝑒  calculated 

based on the Hertz theory of elastic contact is at its maximum. That is, 

𝑑𝑏 = 0.48𝑎 

= 0.316𝜌
1
5⁄ 𝑑𝐸∗−1 5⁄ 𝑉

2
5⁄ ………………………………..……….. (25) 

2.5. Existed Research Survey  

A good understanding regarding to shot peening process is very crucial since it has remarkable 

importance to increase fatigue resistance, increase corrosion resistance, lubrication and 

tribological application, and surface Nano crystallization. It is used in industries such as 

automotive, aerospace, nuclear, medical, pressure vessel and petroleum. Shot peening prevent 

fatigue failure through two mechanisms: 

1.) by inducing a compressive residual stress on the target material which prevent crack growth a 

2.) enhancing the material hardness that prevent crack initiation. 

A compressive residual stress is a stress that stays in a component, at equilibrium, after all 

external loads have been removed [29]. Due to all the above uses and applications, many 

scholars have been studied the distribution of residual stress induced on the peened material 

using different models. For instance: 
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Hong et al. [13], used a single-shot impact on a metallic component to study the effects of the 

various peening parameters such as shot diameter, impact velocity, incident angle, initial yield 

stress, and Hardening constant, on the residual stress distribution using 3D finite element 

dynamic analysis. They reported that the shot diameter has a negligible effect on the magnitude 

of SCRS and MCRS, but depth of RS zone increases linearly with increasing shot diameter. 

Increasing impact velocity do not have influence on SCRS and MCRS for perfectly plastic 

material, but has significant effect for plastic strain hardening material. Also, for perfectly plastic 

material RS increases linearly as yield stress increase. Effect of strain hardening is much 

complex its effect depends on strain hardening yield stress to the initial yield stress and the 

impact energy. 

Mahmoudi et al. [30] studied the effect of initial surface treatment on the distribution of residual 

stress, analytically with experimental verification. They concluded any initial stress found in a 

material can be wiped out while the material shot peened up to the maximum compressive 

residual stress point. However, beyond the maximum point the shot peening residual stresses 

dramatically alter. Besides rough grinding before shot peening not only generated high 

compressive residual stress but also increased surface hardness. The simulation result was in 

good agreement with the experimental. 

Lechun Xie et al. [14] investigated the variation of residual stress using 3D FE dynamic 

simulation on titanium matrix composite. Concluded increasing   coverage rate while keeping the 

velocity constant, the CRS layer remain constant but the MCRS change significantly. But as the 

velocity increase 50m/s to 100m/s parallel with coverage rate both SCRS and MCRS 

significantly increases. When the velocity of the shot ball is 100m/s, the maximum residual stress 

no longer increases even after the SP coverage rate increase. This result indicates that once the 

impact effect on material reaches a certain level, the residual stress Field vary only slightly, and 

finally these values can be considered as the saturation values. 

Mylonas et al. [31], simulated shot peening process using a 3D FE model that consists of elastic 

plastic target and rigid sphere. Also, investigated the influence of different parameters such as 

shot velocity, incident angle and diameter on the induced RS. The MCRS is increasing with 

increasing shot velocity for all cases. the MCRS is increasing when a larger shot is used. It is 

also clear that for the same shot size, the effect of impinging angle on the RS magnitude is 
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insignificant. The depth of residual stress layer increases when velocity and diameter of shot 

increases. 

Qinjie Lin et al. [32], investigated the influence of peening velocity, coverage, and doubling 

peening on the surface integrity of a substrate using 3D FEM. Found that increasing peening 

velocity (shot peening intensity) is a best way of obtaining finer and deeper microstructure on the 

material. However, it increases the surface roughness. And also, the higher velocity creates 

thicker CRSL and deeper MCRS. Coverage does not have that Mach effect compared to the 

velocity but it increases the MCRS gradually. neither increasing the peening velocity nor 

coverage can increase the SCRS. To fill this gap, double peening technique provides a potential 

alternative way. 

Meguid et al. [33], conducted 3D FEM dynamic simulation on strain sensitive target. Multi 

impact shot peening provide uniform residual stress on the material than single impact.  Proper 

separation between consecutive shots has significant effect on the distribution of residual stress. 

So as to produce stable residual stress distribution the vertical distance between each shot could 

be sufficient to recover the target component before the next shot is impacted. 

Manoucherifar et al. [34], using a comprehensive 3D finite element dynamic analysis with 

consideration of the spring-back effect was conducted to simulate the shot peening process.in 

this work they found, increasing shot velocity will increases the magnitude of MCRS slightly 

and increases the CRSL created in target plate. Also, the increase in the shot size results in 

increased MCRS and CRSL. Also, an increase in the coefficient of friction between the shot 

surface and the target plate results in an increased magnitude of the maximum residual stress 

field created in the target plate. 

Majzoobi et al. [35], presented simulation of multi – shot impact using a three-dimensional finite 

element model via LS-DYNA. They concluded that Shot peening process can successfully be 

simulated by LS-DYNA finite element. Also, increase of velocity improves the residual stress 

distribution up to a particular point, but further increase in the velocity may reduce the 

magnitude of MCRS.  

Himayat Ullah et al. [36], conducted Explicit dynamics simulation of shot peening process 

induced by glass and steel shots impact. They investigated that both deformable and rigid shot 
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models yielded similar results. Also, observed that higher the shot velocity, larger the depth of 

residual stress and indentation in target plate. Impact with the steel shots caused more 

indentation and larger volume of plastic deformation than the glass shots due to higher kinetic 

energy. Furthermore, increasing the shot size resulted in an increase in indentation. However, the 

surface and subsurface residual stress was negligibly affected by the shot size, velocity, and 

material. 

Gang Wu et al. [37], investigated the effect of shot peening (SP) on residual stress distribution of 

AISI 304 stainless steel, a 3D dynamic model used for describing single and multiple shot impact 

phenomenon. Besides, the effects of impact angle, velocity, diameter and coverage on residual 

stress depth profiles were investigated. The effect of friction on residual stress depth profiles is 

significant when μ is smaller than 0.2 but can be neglected when the value of μ is larger than 0.2 

besides, the shots impact angle must be limited in the range from 60° to 90°for getting a 

relatively ideal residual stress distribution during SP treatment. 

Mekonone, S. T. [5], has been conducted multi-impact shot peening on prealloyed carburized Fe-

0.85Mo-0.35C and Fe-1.5Mo-0.3C steels, experimentally. Investigated the effect of shot peening 

on contact fatigue and wear damage due to surface densification, accumulation of compressive 

residual stress, and strain hardening. shot peening introduces higher compressive stress at the 

surface and decreases moving to the depth on a carburized steel. 

2.6. Summery 

• Shot peening process introduce plastic deformation and residual stress inside the material. 

Benefit obtained by shot peening are due to the compressive residual stress induced due 

to local plastic deformation. Shot peening process increases fatigue life, create surface 

Nano - crystallization and resistance to corrosion fatigue, cracking, and fretting, etc. 

• Coverage and intensity are the key parameters which have great influence on the residual 

stress distribution. 

• Maximum compressive residual stress, depth of compressive residual field, and 

roughness increase while the impact velocity increases. 

• The depth of the residual stress maximum in the hard material state increases with rising 

sphere impact velocity, and in the medium-hard material state it shows a maximum at 

medium speeds. 
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• Increase of coverage will increase depth of maximum compressive residual stress and 

decrease surface compressive residual stress up to certain level, after that the RS vary 

only negligibly.  

• As sphere diameter increases surface and maximum residual stress values slightly 

changes while the depth of zero crossing and the maximum value of residual stresses are 

clearly increased, since the kinetic energy of the impacting spheres increases. 

• While an increasing yield strength results in rising residual stress surface values and, 

particularly, in rising maximum values of residual stress, the penetration depths of 

residual stresses and the depths of the residual stress maxima decrease. 

• When workpiece hardness increases, however, penetration depth decreases. 

• plastic deformation does not occur for spheres whose hardness is at least double the 

hardness of the workpiece.  

• Incident angle normal or close will produce a good residual stress distribution. since, the 

peened material get the whole impact energy. 

• neither increasing the peening velocity nor coverage can increase the SCRS. To fill this 

gap, double peening technique provides a potential alternative way. First peening is 

applied with large size shots, after that the second peening process is applied with smaller 

shots. 

2.7. Gaps identified  
As mentioned above, there are numerical studies have been conducted on shot peening process 

and its impact on the treated material. Nevertheless, they have some limitation such as:  

• There are limited number of studies conducted on the effect on carburizing treatment on 

the residual stress distribution due to shot peening. 

• Most of the numerical papers have been used single shot to study shot peening process. 

however, it is rare to find a single shot peening process in practical application. So single 

impact does not represent realistic shot peening process. 

• Even though they have been used multi-impact the number of shots are very low 

compared to the actual one. 
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• They do not take in to account the vertical variation between each consecutive shot. And 

to obtain stable residual stress distribution the variation should greater than 0.05. 

• Apply fixed boundary condition on the lateral side of the target, but infinite boundary 

condition is recommended. 
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Chapter Three: Materials and Methods 

3.1 Material Data for FEA Model  

3.1.1. Material Data of Targets  

The materials used throughout this study is pre-alloyed carburized steels. codes, nominal 

chemical compositions, and type of treatments applied to the materials is shown in table 3.1. 

Table 3.1 Code, nominal composition, and applied treatments of the investigated materials. 

Material 

composition 

Code Applied treatments Power grade 

Fe-0.85Mo-0.35C 

 

  Fe-1.5Mo-0.3C 

A85Mo 

 

AMo1 

 

Carburized 

 

Prealloyed 

 

Further to the chemical composition of the material, the basic material properties of the targets 

are presented in below Table 3.2 

Table 3.2 Material properties of targets.  

Property Target material 

Fe-1.5Mo-0.3C Fe-0.85Mo-0.35C 

Density (ton/mm3) 7.4e-9 7.33e-9 

Young’s modulus (GPa) 208 208 

Poisson’s ratio 0.28 0.28 

 

Shot-peening process is a nonlinear dynamic contact problem and high strain rate process [25]. 

Hence must be treated as an impact problem. Some parameters, such as stress wave propagation, 

strain rate, and strain rate hardening, must be considered in the modeling [38,36,39,9,40] Such 

behavior of metallic materials is widely elucidated by Johnson-Cook model given as: 

𝜎 = [𝐴 + ⁡𝐵𝜀𝑒𝑞
𝑝 𝑛

][1 + 𝐶 ln
𝜀𝑝̇

𝜀𝑜̇
][1 − (

𝑇 −⁡𝑇𝑜
𝑇𝑚𝑒𝑙𝑡 −⁡𝑇𝑜

)
𝑚

] 
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where  

𝜀𝑒𝑞
𝑝

is equivalent plastic strain, εṗand εȯ are the applied and reference strain rates,T: applied 

temperature, T0: reference temperature and Tmelt: melting temperature, A is the material yield 

strength, B and n are work-hardening modulus and exponent, respectively, and C and m are 

constants describing the flow stress dependency on strain rate and temperature. Shot peening is a 

cold working process, as previously discussed. Hence, the thermal effect is neglected in this 

study. The Johnson-cook parameters of the target materials are presented in table below. The 

hardness (HV) of A85Mo and AMo1 is 649 and 673, respectively [5]. From the hardness we can 

calculate the yield strength (A) of the steels by using the following equation [68]. 

𝜎𝑦 (A)= −90.7 + 2.876(𝐻𝑉) 

Johnson-cook parameters are determined by experiment. However, due to the limitation of these 

data I determined the remaining parameters using curve fitting the residual stresses conducted on 

the experiment [5]. So as to conduct the finite element simulation of shot peening effectively. 

But while conducting the fitting I used my best references to make the work more reliable. So, 

these values listed below table 3.3. When the samples are at room temperature, εȯ = 10e-3 [69]. 

Table 3.3 Johnson-Cook material model parameters of A85Mo and AMo1steels. 

 A(MPa) B(GPa) n c 𝛆𝐨̇ 

A85Mo 1775.8 50 0.45 0.0001 10e-3 

AMo1 1844.5 11 0.51 0.0001 10e-3 

 

3.2.2.  Material Data of Shot  

The material used for shot is ceramic. The density of the ceramic shot is 3.85 × 103 kg/m3. The 

Young’s modulus and Poisson’s ratio of the ceramic shot are 393 GPa and 0.27, respectively. 

The yield stress of the ceramic shot is about 4000 MPa [41]. Since the yield stress of the ceramic 

shot material is much higher than that of target carburized steels, the deformation of the shot 

should be much less than that of the carburized target under the shot peening. moreover, ceramic 

is brittle and displays little plastic deformation. Therefore, in this study the balls were defined as 
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rigid bodies since, the hardness of the ceramic shot is higher than that of carburized steels. In 

addition, rigid shot reduces computational time. 

3.2. Numerical Modeling  

3.2.1. Model and Analysis Tool (ABAQUS FEA) 

ABAQUS FEA is a suite software application for finite element analysis and computer-aided 

engineering. ABAQUS/CAE or “Complete Abaqus environment”, ABAQUS/Standard, 

ABAQUS/Explicit, Abaqus/CFD or Computational Fluid Dynamics, and Abaqus 

/Electromagnetic are the five products of ABAQUS FAE [65]. ABAQUS/Explicit, is used to 

analyze highly dynamic and non-linear problems. Every complete finite element analysis 

consists of three separate stages [50]:  

1. pre-processing, or modeling: in this stage the designer engineer creates an input file for 

the finite element analyzer. 

2. Processing, or finite element analysis: output file is generated from the input file. 

3. Post-processing: images, animation, report etc. generated in this stage from the output 

file. This stage is a visual rendering stage. 

3.2.2. Modeling Shot Peening Process 

Experimental determination of residual stress has certain limitations, as discussed previously. 

Differently, FEA simulation can functionally overcome the drawbacks of the experimental 

means. Finite element method is a promising way for predicting and analyzing all processes. It is 

used in a number of fields such as solid mechanics, heat transfer and many more. FEM provides 

an approximate solution of a problem by dividing a structure into a number of small elements, in 

which the quantity of interest is only allowed to have a simplified spatial variation [42]. In this 

work, shot peening process is conducted numerically so as to study the distribution of residual 

stress on the target materials. All SP models in this work has been developed via commercial 

FEM software ABAQUS/Explicit 2020 and used to investigate multiple shot impacting on the 

target. Since shot peening is a high-speed process and dynamic effects should be considered, an 

explicit solver was used for simulations [15]. The principal steps of the simulation are presented 

in flow chart of Figure. 3.1. 

https://en.wikipedia.org/wiki/Computational_fluid_dynamics
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Figure 3.1. Numerical methodology analysis. 
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General simulation assumptions: 

• The target was assumed to be defect-free, isotropic, and elastoplastic materials. 

• The velocity of the shot is assumed to be constant and applied to a reference point for 

each shot as an initial condition to the predefined field. 

• A 90° impact angle was used in order to maximize the impact energy transferred to the 

surface. 

• The shot is considered as rigid. 

Abaqus has not specific unit for parameters, and the user should select a consistency SI unit 

system on their own. In this work SI system is chosen as following: 

                                        Table 3.4 SI system.  

Name Unit 

Length mm 

Force N 

Mass Tonne 

Time S 

Stress MPa(N/mm2) 

Energy mJ (10-3J) 

Density tonne/mm3 

                                                            

3.3. Simulation Procedure 

3.3.1 Modeling Parts  

The main model used in this research consisted of two 3-D parts that involved a rectangular-

shaped deformable target and a rigid spherical ball. The dimensions of the target plate of 2mm × 

2mm × 1mm were kept constant through all the simulations.  A circular impact area with a radius 

of 1mm in the center of the target was considered. The 1mm2 impact surface 

was chosen considering the measured surface of the X-Ray diffractometer to obtain a numerical 

profile of the residual stresses similar to the experimental profile. The diameter of the shot is 

0.35mm made from ceramic.  
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Figure 3.2. Schematic diagram of SP parts: (a) the target; (b) the shot. 

3.3.2. Property Module  

Material properties, section properties defined here and assign these properties for both the 

targets and shots. Also, under material properties the elastic and plastic behavior of targets 

defined. Solid, homogenous section property was assigned for both target and ball. Table 3.2 and 

3.3 represents material properties for carburized targets. 

a 

b 
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Table 3.5 Characteristics of target materials.  

Part name  Material behavior Type  Section type 

A85Mo Elastic-plastic  Isotropic Solid 

AMo1 Elastic-plastic Isotropic Solid 

 

3.3.3. Assembly Module  

The target and shot created in the part module existed in their own coordinate system, 

independent of other part. So as to create a single part from instances i.e. target and shot, use the 

assembly module. Here the parts exist in a global coordinate system, relative to each other. 

rectangular pattern was used to get the required number of shot so as to get 100% coverage. The 

total number of shots are 121. If the vertical distance between shot is more than 0.05mm, the 

residual stress distribution in multi-impact shot tends to stable [44]. The 0.05mm vertical 

distance between shots ensures that the workpiece material can recover after shot i.e. stress wave 

of the previous impact disappears before the next shot impact. Based on the above statement, the 

vertical distance between shots is chosen greater than 0.08mm. 
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Figure 3.3. Assembly of multiple shot impact parts.  

3.3.4. Step Module  

Different types of steps create in this module for analyzing the model. In each step, can request 

different output parameters. Besides, the total time of simulation can be set. As well as the stable 

time increment in the simulation. In the initial step the system checked everything such as cad 

model, step time increment, output requested, mesh quality, apply initial residual stress into the 

target and the velocity at the center of the shot ball. In the first step the shot accelerates in the 

negative y-direction with a prescribed velocity and impact the target material. The time 

incrementation scheme in ABAQUS/Explicit is fully automatic and requires no user intervention. 
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Table 3.6 Step module parameters. 

Step Step Name Procedure Time Period Increment Nlgeom 

0 Initial Step Initial N/A N/A N/A 

1 Step-1 Dynamic, Explicit 0.00018 Automatic On 

 

3.3.5. Interaction Module  

In this module the type of contact between the shots and target defined. The contact relationship 

between the shot and target is surface to surface, where the ball is the master and the target is the 

slave. the normal contact behavior between the ball and the target is defined as hard, and the 

tangential behavior is defined as penalty friction. the depth and distribution of residual stress are 

in good agreement with the experiment when 0.2 < μ < 0.6 [66]. Therefore, choosing μ = 0.3 as 

friction coefficient in SP model is reasonable. 

Table 3.7 Interaction module characteristics. 

Interacting parts Interaction type Contact 

property 

Normal 

behavior 

Contact 

formulation 

Friction 

coefficient 

Master shots with 

slave target 

General contact 

(Explicit) 

Tangential 

behavior 

Hard contact Penalty 0.3 

 

3.3.6. Load and Boundary Condition  

The load module is used to define boundary condition, predefined fields such as velocity and 

initial stress. boundary conditions are step dependent i.e. they do not active unless step specifies. 

some predefined fields are step-dependent, while others are applied only at the beginning of the 

analysis. Infinite element (AC3D8) with thickness of 0.25mm was used in the lateral and bottom 

faces of the targets. Also, the degree of freedom of bottom face were restricted. Infinite element 

used to reduce (elastic shear wave reflection) reflection of dilatational and shear waves back into 

the region of interest [45,46,47,43]. The ball displacement is fixed in all direction except in the 

y-direction i.e.⁡U1 = U3 = UR1=UR2=UR3= 0. It should be noted that typical shot peening 

velocities range in practice from 20m/s to 120m/s so for the purpose of this model 54m/s is used 
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to validate with the experiment. Also, the target material had carburized before shot peened and 

due to carburizing residual stress is developed in the model. And during FEA simulation these 

residual stresses modeled as initial stress and these stresses presented in table below. To apply 

these loads, follow this procedure: 

On load module click predefined field        create  initial      stress  

 

 Apply the load Select set 

                                     Table 3.8 Residual stresses due to carburizing.                           

Depth A85Mo AMo1 

0.001 -25.84 -47.28 

0.025 -70 -78 

0.05 -116 -110 

0.075 -105.5 -99.15 

0.1 -95 -95.2 

0.125 -84.5 -91.25 

0.15 -70 -87.3 

0.175 -59.5 -83.35 

0.2 -42 -79.4 

0.225 -33.5 -54 

0.25 -25 -29 

0.275 -16.5 -4 

0.3 -8 - 
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Figure 3.4. 3D model with boundary condition and velocity. 

3.3.7. Mesh Module  

In this module finite element mesh generated on the parts. Different types of automation and 

controls are available so that can create a mesh that meets the needs of the analysis. Eight-node 

linear brick elements with reduced integration and hourglass control (C3D8R) used for the 

targets. A ten-node modified quadratic tetrahedron (C3D10M) used for the shots. Reduced 

integration is important to reduce the simulation time in case of high nonlinearities [9]. Besides, 

these qualities give the capacity of controlling hourglass and eliminating the occurrence of shear 

locking in problems in which the bending effect is dominant.  



Numerical Modeling of the Residual Stress Induced by Shot Peening on Carburized Steels 

MSc Thesis                                                                                                                             Page 44 
 

 

 

Figure 3.5. The finite element mesh on the instances. 
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3.3.7.1. Convergence Analysis  

Mesh convergence analysis is used to eliminate the dependency of simulation result on the size 

of the element. simulation accuracy is increased by increasing the density of mesh i.e. smaller 

element size. However, finer mesh increase degree of freedom of the model, which will increase 

simulation time and require higher computer capacity. Hence, a compromise between solution 

accuracy and simulation time is reached by conducting convergence analysis on the model. Four 

different meshing size from 0.05mm to 0.02mm were used in the analysis. Figure 5.6. illustrates 

the convergence behavior of the model with mesh size, with respect to the maximum von mises 

stress in the target. It shows that the von mises stress increases as the mesh size reduced, the von 

mises stress become nearly constant between mesh size of 0.02 and 0.03mm. Finally, a mesh size 

0.025 was chosen in this simulation. 

 

Figure 3.6. Mesh convergence analysis.  

Hence, A mesh size of 0.025 * 0.025 * 0.025 mm3 was chose in the impact area. The shot was 

meshed with element size of 0.09 since it is not our concern. To reduce element distortion under 

the sever deformations induced by shot impacts, Arbitrary Lagrangian-Eulerian (ALE) meshing 

technique in Abaqus was applied for the target. 
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Table 3.9 Mesh characteristics.  

Part name  Element size  Element type  Mesh technique  

Shot  0.09 C3D10M Free, tetrahedral 

Target  0.025 C3D8R Sweep, hexahedral  

 

3.3.8. Job Module  

ABAQUS/Explicit do not support Acoustic (AC3D8) element, so before submitting the job, first 

request input file and edit the input file element type i.e. convert AC3D8 to CIN3D8, then import 

the edited input file as model (figure 3.7. illustrates imported model after converting element 

type) and create a job on the imported model. Finally submit the job for analysis. 

 

Figure 3.7. Assembly model after converting element type. 
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3.3.9. Visualization Module  

The visualization module is utilized to display the finite element model and result. It gets model 

and result information from the output database. In the visualization model we can create graph, 

export simulation results etc. 
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Chapter Four: Results and Discussion 

4.1. Finite Element Method Simulation Result 

Results of finite element simulations for the shot-peening-induced impacts using ceramic shot on 

carburized A85Mo and AMo1 targets are presented in this section.  The shot peening impact 

process is explained in terms of the distribution of residual stress and equivalent plastic strain 

using shots of 0.35mm diameter at 54 m/s velocity presented. Then the compressive residual 

stress at interest area (1mm square area) extracted to validate with the experiment result. Finally, 

the effect of parameters on the resulting residual stress distribution investigated. 

Figure 4.1. and figure 4.2. illustrate distribution of residual stress and equivalent plastic strain 

respectively, after impact for A85Mo target.  

 

 

a 
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Figure 4.1. Distribution of residual stress on the targets after shot peening for A85Mo. a) 3D, b) 

section view. 

 

 

b 

a 
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 Figure 4.2. Distribution of equivalent plastic strain on the targets after shot peening for A85Mo. 

a) 3D, b) section view. 

Similarly, Figure 4.3. and figure 4.4. illustrate distribution of residual stress and equivalent 

plastic strain for AMo1, respectively. 

 

b 

a 
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Figure 4.3. Distribution of residual stress on the targets after shot peening for AMo1. a) 3D, b) 

section view. 

 

 

b 

a 
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Figure 4.4. Distribution of equivalent plastic strain on the targets after shot peening for AMo1. a) 

3D, b) section view. 

Due to the impact of many balls compressive residual stress develops on the targets as shown in 

the above figure 4.1-4.4, and a compressive residual stress layer formed. It can be seen from 

these figures that the shot peening process mainly induces the residual compressive stress on the 

targets, and a layer of residual compressive stress may be formed due to the impact of many 

shots. It is also interesting to notice from the deformed surface that a tensile residual stress is 

formed due to the propagation of energy from surface to subsurface. 

The plastic strain (PE11) in the target materials at point of contact the balls along the center line 

show in figure 4.5. both the magnitude and depth of plastic strain increased until the shots 

rebounded. The maximum equivalent plastic strain appeared at the top surface of the target for 

both A85Mo and AMo1. Then, decreased gradually along the depth direction. And the 

equivalent plastic strain for A85Mo is greater than AMo1 at the surface, as shown at figure 4.5 c. 

the is due to the strength of AMo1 is larger than that of A85Mo. this implies as strength of the 

target material increase, the Permanente deformation at the surface and subsurface will decrease. 

a 
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a 

b 



Numerical Modeling of the Residual Stress Induced by Shot Peening on Carburized Steels 

MSc Thesis                                                                                                                             Page 54 
 

 

Figure 4.5. Distribution of plastic strain along the center line of the target. a) PE,11 for A85Mo, 

b) PE,11 for AMo1, c) PEEQ for A85Mo and AMo1. 

4.2. Comparison Between Measured and Simulated Result  

In this section, finite element results are compared with the experimental results from the 

literature [5]. Multiple-shot model was established to prove the accuracy of numerical model. 

The averaged residual stresses are compared with the residual stress field from the available 

experimental results. Figure 4.6. a and b illustrate the simulation and measured results of the 

residual stress distribution for A85Mo and AMo1 materials, respectively. The error of 

comparison is around 13% at the surface for A85Mo and 9.04% for AMo1, which support the 

effectiveness of the simulation model developed in this paper. 

 

a 

c 
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Figure 4.6. Comparison of experimental result with simulation result for: a) A85Mo b) AMo1. 

In summary, the comparison of the simulation and experimental results shows good agreement 

for both A85Mo and AMo1. As presented in the limitation the difference in the results can be 

due to the variation of material properties along depth and limitation of experimental shot 

peening date. 

[63] studied the distribution of compressive residual stress for several shot peened metals in 

different states using quantitatively. And developed empirical equation for the surface residual 

stress. Which is: 

𝜎𝑠𝑢𝑟
𝑟 = 120 + 0.5(𝜎𝑦) 

 Now, let’s check the validity of the above equation for A85Mo and AMo1. 

For A85Mo, the yield strength is 1775.8MPa and substitute this value in the above equation. Get  

𝜎𝑠𝑢𝑟
𝑟 = 1007.9 MPa (compressive) 

Similarly, for AMo1 𝜎𝑠𝑢𝑟
𝑟 = 1042.25 MPa (compressive) 

The experimental value For A85Mo and AMo1 is -990.006 MPa and -977.999 MPa, 

respectively. So, the error between the measured and the calculated value is 1.8 and 6.6%, 

respectively, which is very low and acceptable. 

b 
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4.3. Parametric Study  

After the validation of the numerical model, the effect of key parameters such as shot velocity, 

shot size, initial stress, and coverage were investigated. In all of these models the workpiece was 

carburized A85Mo material for the target and shot used as pervious. Same coverage i.e. 100% 

used for shot velocity, shot size, and initial stress. The parametric study has been conducted by 

applying the same shot pattern previously used. 

4.3.1. Effect of Shot Velocity  

So as to investigate the effect of shot velocity on the residual stress distribution multiple impact 

shot was used. Four different impact velocity was used: 45, 60, 75 and 90 m/s. as previously 

stated the shot is rigid with radius 0.35 mm. Figure 4.7.  illustrates the variation of residual stress 

(𝜎𝑥𝑥 ) along the center line of depth for the four impact velocities selected. increase in the 

velocity of shot results in an increase in magnitude of the surface and subsurface residual stress. 

However, an increase in the velocity of the sot media result in decrease the compressive residual 

stress layer (CRSL). 

 

 

Figure 4.7. Residual stress distribution with different velocities.  
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4.3.2. Effect of Shot Size  

In the similar way, multiple-impact shot finite element analysis was conducted to analyze the 

effect of shot size by varying the shot sizes. Four shot size were used: 0.2mm, 0.25mm, 0.3mm, 

and 0.35mm. The velocity of each shot media was assumed constant 60 m/s and friction 

coefficient µ= 0.3 was considered between each shot surface and target surface. Figure 4.8. 

shows residual stress (𝜎𝑥𝑥 )  variation along the depth for the selected shot sizes. As the shot size 

increased the magnitude of the surface and subsurface residual stress created in the target 

increased. However, Compressive residual stress layer decreased as size increased.  

 

 Figure 4.8. Residual stress distribution along centerline with different shot size.  

4.3.3. Effect of Initial Residual Stress  

The effect of initial residual stress has been conducted here. Assume the velocity and shot size is 

constant 45m/s and 0.35mm, respectively. As shown in figure 4.9. the surface compressive 

residual stress is higher for material having initial stress. Also, Initial residual stress results 

higher compressive residual stress layer. But the depth of CRSL depend on the initial stress 

depth.  
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Figure 4.9. Effect of initial stress on residual stress distribution. 

4.3.4. Effect of Coverage  

As previously stated, coverage is the percentage of peened area during shot peening process. 

Here, the variation residual stress distribution due to different coverage presented. the velocity 

and diameter of shot is constant which is 45m/s and 0.35mm, respectively for all coverages. 

Figure 4.10. illustrate residual stress distribution for various coverages. As coverage increased 

from 100% to 300%, the surface and subsurface residual stress increased. But depth of 

compressive residual stress reduced. 

 

 

Figure 4.10. Effect of coverage on residual stress distribution. 
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Chapter Five: Conclusions, Recommendations, and Future Work 

5.1. Conclusions  

In this paper a ,3D-finite element model consisting of an elasto-plastic carburized Fe-0.85Mo-

0.35C and Fe-1.5Mo-0.3C Steel as a target and a rigid ceramic shots bead were developed. In the 

simulation, the program of ABAQUS /Explicit was used for the 3D finite element dynamic 

analysis. The simulation results were validated by comparison of the residual stress profiles 

obtained by simulation and the X-Ray diffraction experiment results. The effect of shot velocity, 

shot size, initial stress, and coverage upon the variation of residual stress have been investigated 

and discussed. Based on the results, following points can be concluded. 

• The process of shot peening can be successfully simulated with the help of commercial 

finite element code ABAQUS/Explicit. This finite element analysis is useful for the 

investigation of the influence of various parameters on the shot peening process with low 

cost and time. 

• Increasing shot velocity, shot diameter result in an increase in surface residual stress. 

However, the depth of compressive residual stress reduced significantly.  

• Initial stress in a peened material result in an increase surface compressive residual stress 

and depth of compressive residual stress layer. 

• A good agreement has been found between the simulated and measured result for 

carburized Fe-0.85Mo-0.35C and Fe-1.5Mo-0.3C Steel materials. 

• Shot peening improves the material resistance to fatigue, stress corrosion, and crack 

development and crack propagation. Also, it used to create nanocrystalline surface. 
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5.2. Recommendations  

Shot peening is a very complex process involving dynamic analysis of fast-moving shot 

impacting on a metallic target. There are a significant number of parameters involved in shot 

peening which need to be controlled and regulated in order to produce a more beneficial 

compressive residual stress distribution within the target. Unless uncontrolled shot peening 

process results crack and high roughness on the peened surface material. Besides, on the study 

results the following points are important for future work: 

• Use explicit solver greatly help to handle the dynamic system of the shot peening 

process.  

• Using infinite element in the lateral and bottom faces as a boundary condition makes the 

analysis realistic and prevent elastic shear wave reflection. 

• Use Johnson cook material plasticity model to describe the material elastic-plastic 

properties. 

• Provide enough distance between successive shots makes the residual stress distribution 

in multi-impact shot more stable. 

• During coverage greater than 100% use the first simulation result as input for the second 

simulation and so on.  

• Use high process computers reduce total time of analysis and able to apply fine mesh in 

the mesh module. 
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5.3. Future Work  

In this thesis, the residual stress pattern due to multiple impact on a carburized steel, was 

modelled using finite element analysis. As discussed earlier, a simplified assumption was used 

regarding the material behavior. However due to carburization the material properties vary along 

the thickness direction. Thus, further study needed by considering the variation of material 

properties through the thickness so as to obtain accurate result. 
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