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Abstract 

 

Cutting tool inserts are often coated with thin layers either through chemical vapor deposition (CVD) 

or physical vapor deposition (PVD) processes. In order to have a better wear resistance cutting tools 

are mostly subjected to post-coating treatment processes. Shot peening is one of the processes that is 

used to improve the fatigue life of metallic components. In this study, the finite element (FE) method 

is employed to model the elastic-plastic deformation and development of residual stress distributions 

in a cutting tool after the impact of a shot medium. To carry out the work, CVD coated cemented 

carbide has been chosen to be the workpiece (insert), and the coatings of the chosen insert are 

Titanium Carbo Nitride (TiCN)  and Aluminum Oxide (Al2O3). Aim of the study is to model a single 

impact in the shot peening process on a surface of a coated cemented carbide insert while simulating 

the plastic deformation of the materials. In addition, the objective of the study is also to understand 

and explain the mechanics of shot peening process and find applicable mechanical properties of the 

materials for FE modeling. Conjugately, the influence of shot peening process parameters (e.g. 

velocity, diameter or shape of the peening media) on residual stress distribution has been investigated 

and the results obtained were compared to the one observed from the experiment. The modeling in 

the study is carried out both with and without initial residual stresses in the materials. The initial 

residual stresses are estimated by applying a thermal load to the model. The results show that the 

compressive residual stresses achieved while shot peening by an edge-shaped medium are 

significantly higher at the surface (i.e. in a coated layer) than compared to a globular medium. In 

contrast, it is observed that the compressive residual stresses in the cemented carbide are significantly 

higher and deeper when shot peened with the globular medium than the edge-shaped medium. 

Furthermore, the results of the parametric study demonstrate that the smaller medium induces higher 

residual stresses at the surface (i.e. in a coated layer) than in the cemented carbide. In contrast, it is 

observed that the bigger medium induces less residual stresses at the surface (i.e. in a coated layer) 

and higher residual stresses deeper in the cemented carbide. Whereas, it is observed that the higher 

residual stresses at the surface (i.e. in a coated layer) and in the cemented carbide can be achieved 

simultaneously by shot peens having a  higher velocity. Residual stress profiles modeled in this report 

correlate with data from previous studies. 

 

This study has been carried out at Sandvik Coromant, Edge and Surfaces department in Stockholm, 

Sweden. 
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1. Introduction 

Shot peening is an effective and controlled surface treatment process that is used 

to improve the fatigue life of a metallic component [1, 2]. In this process, a 

numerous amount of small particles bombard the surface of a metallic component. 

These impacts induce compressive residual stresses and thereby remove any 

tensile residual stresses. Consequently, the fatigue life of the component is 

improved by delaying crack propagation.  

 

The influence of the shot peening process is dependent on a number of parameters, 

such as material properties, peen size, velocity, hardness, strength, duration of the 

peening process and temperature [3]. Shot peening can be performed either as a 

wet or dry process with different kinds of shot media like globular or edged media. 

The common shot media are made of steel, aluminum oxide, zirconium oxide, 

glass and ceramic [4]. 

 

This study is focused on modeling a single impact of a shot medium on a surface 

of a coated cemented carbide (Tungsten Carbide Cobalt (WC/Co)) insert. The 

cemented carbide that is used in cutting tools is mainly a combination of tungsten 

carbide (WC), which is hard and brittle, and cobalt that acts as the binder. 

Combination of these two materials forms a tough cermet (ceramic-metal) [5]. The 

coating used consists of layers of Titanium Carbo Nitride (TiCN) and Aluminum 

Oxide (Al2O3). TiCN provides flank wear resistance and acts as a base layer. 

Al2O3 provides temperature protection (plastic deformation resistance) and acts as 

the top layer [6]. Figure 1 is a representative picture of the insert described above. 

 

 

 

 

 

 

 

Figure 1. Tool Insert 
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1.1 Background and Problem Description 

Inserts are indexable cutting tips that can be turned around and over without long 

stops in the machining process. This increases the productivity in machining 

processes. Machining with an insert is a process that is applied to almost anything 

made of metal [7].  Inserts are made of very hard materials since they must tolerate 

extreme conditions such as high heat and force in the machining process. Most of 

the inserts are coated with thin layers either through Chemical Vapor Deposition 

(CVD) or Physical Vapor Deposition (PVD) processes. Application of thin layers 

of coating to the inserts make them hard, tough, and wear resistant [7, 8, 9]. In the 

CVD coating process, high deposition temperatures (800 °C – 1100 °C) often 

result in high level of tensile residual stress and formation of thermal cracks (i.e. 

cooling cracks) during cooling of the coating due to a mismatch between the 

thermal expansion coefficients of the coating and the substrate (WC/Co) material 

[9, 10, 11, 12]. These stresses and cracks result in tool failure during the machining 

process. Therefore, often after the CVD process the inserts are subjected to post-

coating treatment processes. Objective of these process is to remove the tensile 

residual stresses and at the same time induce compressive residual stresses to the 

coatings, which improve the fatigue life of the inserts. There are different post-

coating treatment processes. For instance, shot peening is one of the common post-

coating treatment processes that is used as surface treatment in various industries.  

 

In order to improve the tool life of inserts, it is very much necessary to improve 

the efficiency of shot peening. Therefore, it is required to understand the 

mechanics of shot peening either by experimental methods or simulations. The 

finite element method (FEM) can be employed to do investigations through 

simulations. ANSYS Workbench R17.0 has been used for modeling and simulation 

in this study. ANSYS is a commercial FEM program that can solve stress-strain 

equation. The FEM model has been validated by comparison of the FEM results 

and Analytical results (as a base) which have been achieved with Hertz contact 

theory. 

 

1.2 Aim and Purpose 

The aim of this study is to model a single-impact in the shot peening process on a 

surface of a coated cemented carbide (WC/Co) insert while simulating the plastic 

deformation of the materials. 

 

The main purpose of this study is to investigate if the proposed model for shot 

peening results in similar residual stresses in trend compared to the experimental 

results. In addition, the proposed model is used to investigate the influence of shot 

peening parameters (e.g. velocity and diameter of the peening media) and the 

results obtained have been correlated in trend to the one observed from 

experimental peening process. The model suggested could also be a basis for a 

multi-impact model in which results can be compared with experimental 

measurements.  
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1.3 Hypothesis and Limitations 

 Hypothesis 

The hypothesis of this study is that the FE-model proposed should produce similar 

trends in change of residual stresses with variations in peening parameters 

compared to the results obtained by the experimental peening process. 

 Limitation 

Cemented carbide is a metal matrix composite and it is hard and brittle. However, 

in this study, it is assumed to be a homogenous and ductile material. In addition, 

coatings (thin films) are brittle ceramic material. Nevertheless, they are also 

assumed to be ductile materials. Moreover, any phase transformations or brittle 

fracture mechanics in the coatings and the substrate are neglected. Therefore, there 

are no cracks on the insert before and after the impact. It is also assumed that the 

plastic deformation behavior of the materials is not dependent on strain rate and 

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

material for the peening process, is also neglected. Furthermore, there is 

uncertainty in validating the model for deformation behaviors of the coatings and 

the substrate. It is known that an explicit dynamics solver in Ansys cannot perform 

thermal analysis. To overcome this limitation, an implicit transient structural 

solver is used which has a long simulation time. Usually, decreasing the mesh size 

results in increasing the simulation time. Therefore, there is a limitation for the 

mesh size, which is 3𝜇𝑚 for the transient structural solver and 2𝜇𝑚 for the explicit 

dynamics solver, in this study. Since the peening media in the shot peening process 

are mixture of different sizes, the average size of the media has been used. The 

velocity of the peening medium is unknown, thus, the velocity of the medium is 

taken from [10].  

 

1.4 Reliability, Validity and Objectivity 

In order to achieve a valid and reliable model it is vital to use relevant simulation 

software and proper theory. In this study, ANSYS workbench 17 is used as a 

simulation software and the hertz contact theory as a proper theory have been used. 

Furthermore, this study uses experimental results from [10] 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 are similar in trends to the results obtained 

from the experimental peening process presented in [10].  
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2. Literature Review 

During the last years, many studies have been conducted to estimate the residual 

stresses that the shot peening process induces in the material using FEM. For 

instance, Tkadletz et al. [10] have modeled the process of dry-peening that is 

followed by annealing at 900 ℃. Here both globular and edged-shaped peening 

media were used to do the peening on the surface of the coated cemented carbide. 

In addition, the influence of peening parameters like size and velocity were also 

investigated. The maximum compressive residual stresses measured after impact 

for edged media and globular media were 4 GPa and 2 GPa respectively. The 

residual stresses measured in the substrate showed that the residual stresses are 

considerably increased when the sample is shot peened with globular media in 

compare to the edge-shaped media. The measured compressive stress is about 400 

± 60 MPa in the substrate when the sample is shot peened with globular media, 

while the measurements showed no significant change of the residual stresses in 

the substrate when the sample is shot peened with edge-shaped media.  

 

Fubin Tu et al. [1] introduced a new method by combining the discrete element 

model (DEM) and FEM to estimate the residual stress and roughness. Here the 

shot stream is simulated in DEM to get the velocity of the shot media. The velocity 

and the position of the peening media were then imported to dynamic FEM to 

investigate the shot peening effect. Simulation was performed with both rigid and 

elastic peening media. The result showed that the residual stress profile for elastic 

and rigid peening media are close to each other and the impact dimple radius and 

the yield zone radius are smaller than 0,5𝑟𝑠  (𝑟𝑠= Radius of shot media) in a single 

shot impact with the velocity of 75 m/s. 

 

Faksa et al. [13] compared the result of 2D and 3D finite element simulations for 

single impact to validate the 2D method and then utilized the 2D simulation to 

describe the multiple impacts of elastic peening media on the elastic-plastic target 

which was a coated cemented carbide. Results of this study showed that the 

accumulation of the equivalent accumulated plastic strain and residual stresses 

obtained by 3D and 2D simulation are similar. In addition, the highest plastic 

deformation in both approaches is obtained in the substrate, straight below the 

impact area, whilst the lower plastic deformation occurred in the contact area. In 

both approaches, the highest in-plane tensile stresses appear in the TiCN layer. 

 

Dianyin et al. [2] employed finite element simulation to investigate the effect of 

the shape and size of the workpiece on the shot peening. Here residual stress, 

Almen intensity and shot peening coverage for random rectangular and circular 

workpiece shape were evaluated. In addition, the temperature effect and the 

induced shot peening softening were also considered. It was shown that the 

maximum compressive stress after a single impact is located under the top surface 

at the depth of 0,45𝑑 (𝑑 is the diameter of the shot media). In addition, It was also 

demonstrated that under the compressive stress a tensile stress zone could be seen 

to retain the equilibrium.  
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Lechun et al. [14] investigated the residual stress distribution that was generated 

by a shot peening process. This investigation was conducted in the deformed 

surface layer of a titanium matrix composite through simulation and experiment. 

It is shown that the compressive residual stresses were induced in the matrix and 

the tensile residual stresses were induced in a reinforcement where the maximum 

amount of the compressive and tensile residual stresses were -1511 and +1155 

MPa respectively. It demonstrates that the higher yield strength is achieved when 

using a reinforcement, which keeps the detrimental effect of the tensile stresses in 

the reinforcement and postpones the damage to the matrix during the deformation.  

 

Kaiyuan et al. [15] investigated the residual stresses of the CNT/6061 composite 

after shot peening with different intensities. This study shows that the increment 

of the shot peening intensity causes the increment of the surface roughness and 

depth of indentation of the shot. It was indicated that the higher shot peening 

intensity could not achieve better result since the excessively high shot peening 

intensity produces cracks in the surface of the component. It is said that likely most 

of the kinetic energy of the shot was spent in plastically deforming the layer. Thus, 

by increasing the shot peening intensity the deformation depth of the layer became 

deeper and the non-uniformity of the plastic deformation and maximum residual 

stresses increased. The increment of the kinetic energy of the shot caused a shift 

in the location of maximum residual stress from the surface to the subsurface. 
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3. Theory 

3.1 Elasticity and Plasticity 

All structural materials have certain elasticity limit where it is observed that if an 

external load is applied to a structure it will cause a deformation on materials of 

that structure. If the applied load is below the elastic limit, the material can 

completely recover after unloading [16]. Hooke’s law describes this elastic 

behavior of the structural materials: (where 𝜎 is normal stress, 𝐸 is young’s 

modulus, 𝜀 is strain, 𝜏 is shear stress, 𝐺 is shear modulus, and 𝛾 is possion’s ratio) 

 

 
Normal stress component                              𝜎 = 𝐸𝜀 
 

(1) 

 
Shear stress component                                 𝜏 = 𝐺𝛾 
 

(2) 

However, if the applied external load exceeds the elastic limit, plastic deformation 

will happen and it is not recoverable after unloading is called as yield strength or 

yield stress [17] as shown in Figure 2.  

 

 

Figure 2. Stress-Strain Curve 

 

3.2 Bilinear and Multilinear Elastic-Plastic Model 

In order to perform a valid and reliable FE smiulation, it is important to determine 

a convenient material model to use since the precision and accuracy of the FE 

simulation is strongly depending on the material model. The bilinear model is 

helpful for describing the small and large plastic deformations and materials 

behavior [18]. The bilinear isotropic hardening model, as shown in Figure 3a, 

consists of two lines, which are used to generate the stress-strain curve. One of the 

lines demonstrates the elastic region (black line) and the other one (red line) is 

representing the plastic region. As illustrated in Figure 3b, the multilinear isotropic 

hardening model is similar to bilinear. However, in that there are several lines 

generating the stress-strain curve. This can describe the material behavior more 

closely but it would introduce too many relevant parameters to be assessable in a 

simple study without very much experimental data to compare. In this study, small 
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deformation beyond yield is needed to induce residual stresses after impact. Thus, 

a bilinear model has been employed to describe the plastic deformation. 

 

 

Figure 3. Bilinear material behavior (a) and multilinear material behavior (b) 

 

3.3 Residual Stress 

The residual stresses in a component occur because of non-uniform plastic 

deformation due to a former mechanical or thermal process or a phase 

transformation [19]. Usually, in the thermal or mechanical processes, the stresses 

form in the material by applying external load and the stresses will stay in the 

component even after removing the external load. Residual stresses can be either 

tensile or compressive. Tensile residual stresses are the main reason for easier 

crack initiation and fatigue failure [20]. In contrast, compressive residual stresses 

increase the corrosion and wear resistance, and improves fatigue life through 

delaying crack propagation that could cause brittle fracture. 

 

3.4 Characteristics of the Explicit and Implicit Solver 

Mechanical structures show dynamic behavior when external loads or 

displacements are applied. Besides the external load, the additional inertia force 

that equals to mass times acceleration (Newton’s second law)  affects the dynamic 

behavior. The inertia forces could be ignored when the external load is 

comparatively slow. The general equation for dynamic behavior follows the 

second order differential equation, Equation (3). This equation reduces to Equation 

(4) for static analyses since the static method does not involve velocity and 

acceleration. 

 
 

 𝑀�̈� + 𝐶�̇� + 𝐾𝑢 =   𝐹 (3) 
   

 𝐾𝑢 =   𝐹 (4) 
 

In Equations (3) and (4), M is the mass matrix, C is the viscous damping matrix, 

K is the stiffness matrix, 𝑢 is displacement, �̇� is velocity and �̈� is acceleration [21, 

22].  
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3.5 Derivation of Analytical Formula Based on Hertz Contact theory 

The initial contact between two non-conforming solids is a single point or a line. 

Under the action of a load, the contact point or line expands to an area [23]. In 

1880, Heinrich Hertz developed a theory to predict the radius of the contact area, 

contact force, contact pressure, indentation depth and induced stresses in the 

solids. The elementary case of the Hertz contact theory, as shown in Figure 4, is 

used to find the indentation depth 𝑠, which is caused by contact between the elastic 

sphere and an elastic half-plane. Regarding the indentation depth 𝑠, it should be 

noted that the illustration (Figure 4) is only completely reliable when the sphere is 

rigid. 

 

 

 

Figure 4. An elastic sphere being pressed into an elastic half-plane, illustrating indentation force, F, 

indentation depth, s, sphere radius, R, and contact radius, rc. 

 

Based on the Hertz contact theory, the indentation force 𝐹 is related to the 

displacement 𝑠 by: 

 
𝐹 =

4

3
𝐸∗𝑅1 2⁄ 𝑠3 2⁄  

 

(5) 

 

 

1

𝐸∗
=

1 − 𝑣1
2

𝐸1
+

1 − 𝑣2
2

𝐸2
 

 

(6) 

 

E* = Effective modulus of elasticity 

𝑣1 = Poisson’s ratio of sphere  

𝑣2 = Poisson’s ratio of plane 

𝐸1 = Elastic modulus for sphere  

𝐸2 = Elastic modulus for plane  
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The work 𝑑𝑊 is calculated using the force 𝐹 that indents the sphere with the 

distance 𝑑𝑠: 

 
𝑑𝑊 = 𝐹 𝑑𝑠 

 
(7) 

 

Therefore, 

 
𝑊 =

4

3
𝐸∗𝑅1 2⁄ ∫ 𝑠3 2⁄

𝑠

0

d𝑠 =
8

15
𝐸∗𝑅1 2⁄ 𝑠5 2⁄   

 

(8) 

 

During an impact, the energy of the object can convert into work.  

 

 𝑊 =  
𝑚𝑣0

2

2
 

(9) 

 

where 𝑚 is the mass and 𝑣0 is the velocity of the peening medium. Substituting 

equation (8) into equation (9) gives: 

 

 

8

15
𝐸∗𝑅1 2⁄ 𝑠5 2⁄  =  

𝑚𝑣0
2

2
 

 

(10) 

From equation (10), the indentation depth is obtained as follows: 

 

 𝑠 = (
15𝑚𝑣0

2

16𝐸∗𝑅1 2⁄
)

2 5⁄

 

 

(11) 
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4. METHOD 

The method that is used in this study is qualitative with some quantitative aspects 

since the purpose of this study is mainly to reproduce trends or changes in 

materials stress states and approximate stresses. ANSYS workbench 17 has been 

used to perform the modeling and simulations. To be able to evaluate the model, 

first, the elastic deformation is simulated for both the peening medium and the 

substrate by considering the elastic properties of the respective materials. Here, 

the Hertz contact theory is applied to determine the analytical value of the 

indentation depth. The obtained value is compared with the value stemmed from 

the FE-model of the indentation depth to validate the simulation. Finally, the 

validated simulation model is employed to perform the plastic deformation 

analysis on the coated cemented carbide where the first layer is Titanium Carbo 

Nitride (TiCN) and the top layer is Aluminum Oxide (Al2O3). Here, the globular 

and edge peening media have been used as shown in Figure 5. The particle 

diameters of the globular media are within the range of 125-250 µ𝑚. The main 

material used in globular and edge-shaped media are Zirconium Oxide (ZrO2) 

and  Al2O3  respectively. The mesh grit size of the edge medium is 180/220, which 

has an average particle diameter of 75µ𝑚.  

 

 

Figure 5. Micrograph of the globular (a) and the edged (b) shot media [10] 

 

Since the main material of the edge media is Al2O3, the density is set to be same 

as  Al2O3. By having the density and diameter, the volume and mass can be 

calculated by using equations (12) and (13) in which 𝑉 is the volume, 𝑟 is the 

radius, 𝑚 is the mass and 𝜌 is the density. 

 

 𝑉 =  
4

3
 𝜋𝑟3 (12) 

   

 𝑚 =  𝜌 𝑉 (13) 
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Figure 6 illustrates that the contact area of the edge-shaped medium in an impact 

is almost similar to the contact area of the small globular medium. The diameter 

of the small medium encapsulated in the edge-shaped medium with an average 

particle diameter of 75µ𝑚 is set to be 20 µ𝑚. Additionally, when an impact occurs, 

the mass of the small medium assumes to be equal to the mass of the edge-share 

medium. Therefore, by having all the mass in 20 µ𝑚 shot medium and using the 

equations (12) and (13), the high density can be obtained for the shot medium with 

20 µ𝑚 diameter. On this account, the edge-shaped medium is a medium with high 

density.  

 

 

Figure 6. The globular (a) and the edge (b) peening medium 

 

 

4.1 Finite Element Model of the Single Impact  

The Transient Structural and Explicit Dynamics FE simulation are conducted with 

ANSYS workbench 17 to model a single impact where the velocity of the peening 

medium as well as the material properties are input parameters. The geometry, 

which consists of a half-plane with a sphere on its top surface, is created in Ansys 

DesignModeler. Since the created geometry is circularly symmetric, two 

symmetry planes (see Figure 8) are applied to the geometry to make it one quarter 

and thereby reduce the simulation time. After sketching the geometry in 

DesignModeler, the mechanical interface is employed for the rest of the analysis. 

The Engineering Data Manager in the ANSYS Workbench is used to define the 

material properties for the sphere and the substrate. The material properties for the 

peening medium and the substrate have been taken from Table 1. The contact type 

between peening medium and substrate is set to frictionless as per the Hertz 

contact theory. Figure 7 shows two planes of symmetry (A and B) applied on the 

geometry.  

 

a) Globular medium b) Edge-shaped medium 
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Figure 7. Symmetry planes that are applied to the substrate and the medium 

Figure 8 illustrates the geometry that is divided into discrete blocks, which are 

called “elements”. Generation of these blocks is called mesh generation (grid 

generation). The dimensions of the substrate and the element size in the contact 

area are determined by increasing and decreasing the substrate size and element 

size respectively, until the analytical and FEM results get close to each other. 

Having a suitable mesh is very important in the FEM analysis. After investigating 

different meshing methods, the quadrilateral mesh type for the substrate and 

tetrahedral mesh type for the sphere have been used. In the contact area, another 

sizing method is applied to get a finer mesh. The mesh type in the contact area is 

defined as Sphere of Influence where it is centered at the contact point between 

sphere and substrate. 

 

 

Figure 8. Applied mesh with 3 µm mesh size 
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The applied initial condition, a load (A), which is the velocity of the medium, is 

shown in Figure 9. The boundary condition consists of a displacement (B) at the 

bottom of the workpiece, which is zero normal to the bottom plane. The boundary 

condition is also shown in Figure 9. The end time for the analysis is 30 µ𝑠. The 

rest of the settings are as default in the Analysis Setting tab. 

 

 

  

 

Figure 9. The velocity (A) that is applied to the shot medium, and the displacement (B) that is applied to 

the substrate. 

 

 

The model that is used in Figure 9 simulates only the deformation of the substrate.  

To include coatings, thin base and top layer coatings are added to the substrate as 

shown in Figure 10 to build up the model. The connections between layers and 

substrate are defined as bonded and the rest of the settings are the same as for the 

substrate model. 
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Figure 10. A quarter of the geometry of the coated cemented carbide and a peening medium 

 
 

4.2 Material Data  

The material properties that are used for the simulation of linear elastic material 

behavior are given in Table 1. The material properties for the medium and the 

substrate have been taken from [10]. The material properties for plastic 

deformations are given in  

 

Table 2. Since WC/Co is a brittle metal matrix composite and also the coatings are 

ceramic materials that are brittle in nature the traditional ductile plastic material 

models are not fully applicable. Moreover, coatings are thin films, thus there exists 

uncertainty in the validity of their physical properties such as tangent modulus. 

For the substrate, the tangent modulus is a variable depending on the cobolt 

content and the exact value of that is not specified. In this study, a bi-linear 

isotropic hardening model has been used as a plastic deformation model and the 

tangent modulus has been approximated for different materials. To approximate 

the tangent modulus, the stress profile of the FE-model has been compared with 

the experimental results of Tkaddletz et al. [10]. Accordingly, the same material 

properties and the same medium size and velocity as in [10] have been adopted to 

perform the FE-analysis with several arbitrary tangent moduli. The tangent moduli 

that gives the closest result in average to the experimental data will be selected to 

simulate the plastic deformation. The material properties like yield stress and 

thermal expansion coefficient are taken from [24, 25, 26, 27, 28]. In the shot 

peening process, the steady state stress profile is obtained after multiple impacts. 

For the purpose of this study, only one impact has been analyzed. Therefore, the 

steady state stress profile cannot be achieved. However, by using the qualitative 
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character of the model, it is assumed that the stress state profile of a single impact 

is close enough to the steady state stress profile. 
 

Table 1. Material properties for modeling elastic deformation. 

 Peening medium substrate 

E (GPa) 165 500 

v 0.22 0.22 

ρ (kg/m3) 3700 5000 
 

 

Table 2. Material properties for modeling plastic deformation.  

 
Peening 

medium 
Substrate TiCN Al2O3 

E (GPa) 

 
165 617 570 465 

v 0.22 0.22 0.19 0.234 

ρ (kg/m3) 

 
3700 13230 5220 3950 

Yield stress (MPa) 

 
-- 3900 [24] 3730 [25] 2600 [26] 

Tangent Modulus 

(GPa) 
-- ? ? ? 

Thermal expansion 

coefficient 10−6  1 𝑘⁄  
-- 8.2 [24] 8.7 [27] 9 [28] 

 

 

4.3 Verification of the FE Model  

Simulation is performed with the model as shown in Figure 9, which only contains 

the substrate (i.e. no coatings) where a peening medium impacts a substrate. The 

material behavior for both the peening medium and the substrate are defined as 

elastic. The simulation model is verified with the Hertz contact theory as explained 

in Section 4. Afterwards, the verified model has been used for modeling plastic 

deformation where a peening medium with elastic material behavior influences 

the plastic material behavior of coated cemented carbide.  

 

In the peening process, at the maximum contact of the medium, the surface of the 

workpiece is indented. The depth of indentation is called depression distance or 

indentation depth. Figure 11 shows the indentation depth at the maximum contact 

of the medium. 
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Figure 11. Indentation depth of  contact area at maximum contact of the medium 

 

In the present study, the resulted indentation depths that are achieved with 

transient structural and explicit dynamics solver are compared with analytical 

results. Comparison has been conducted for different workpiece sizes. After 

comparing the resulted indentation depth from analytical calculation and FEM; 

and considering that the boundary condition should not affect the results, the 

proper workpiece size has been defined. One of the purposes of model calibration 

is to define the suitable workpiece size for the modeling. 

 

4.4 Initial Residual Stresses in the CVD Coatings  

In general, it is observed that after the CVD coating process, tensile residual 

stresses are developed in the coating because of the high deposition temperatures 

(800 °C – 1100 °C) and mismatch of the thermal expansion coefficients of the 

coating and the substrate material. In this study, the initial residual stresses are 

determined by applying a thermal load (i.e. cooling process) to the model in the 

transient structural solver. Thereafter, the model with initial residual stresses is 

used to simulate the single impact. There is no option in the explicit dynamics 

solver to apply the thermal loads. Therefore, the initial residual stresses are not 

included in the results that are achieved with the explicit dynamics solver. 
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5. Results 

5.1 Defining the Proper Size for the Substrate  

The single impact of a rigid medium (𝐸 =  90000  𝐺𝑃𝑎) with 150 µ𝑚 diameter 
and the velocity of  300 𝑚/𝑠  has been performed on the substrate with different 

sizes. Here the material model has been defined as elastic for the substrate. In 

Figure 12 the indentation depth resulted from analytical and FE calculations for 

different substrate sizes are provided. It has been noted that the indentation depth 

obtained from analytical is higher than obtained using transient and explicit 

solvers. In addition, it is also observed that the explicit dynamics solver have 

always resulted in lower indentation depth than compared to the transient 

structural solver. After comparing the indentation depths resulted and considering 

that the boundary condition should not affect the results, a proper substrate size 

has been defined. Since the minimum deviations between analytical and FE results 

have been achieved with the substrate size 4𝑥4𝑥2 𝑚𝑚 and since the boundary 

condition has not affected the results, this substrate size has been chosen. The 

substrate has been indented to about 6.29 µ𝑚 and 6.23 µ𝑚 by single impact in 

transient structural and explicit dynamics solver respectively. The deviation 

between the analytical and FE results is about 7.8 % by using transient structural 

solver and 8.7 % by using explicit dynamics solver (see Table 3). Most likely a 

more refined mesh size and a shorter step size in the simulations could improve 

the result, which is not considered in this study due to the long calculation time.  
 

 

Figure 12. Comparison resultant indentation depth in analytical calculation and FEM  

when medium is rigid 
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Table 3. Comparison of resultant indentation depth for substrate  

size 4𝑥4𝑥2 𝑚𝑚 when medium is rigid 

 Result 
Deviation from 

analytical result 

Analytical result 6.83 µ𝑚 - 

Transient 

structural solver 
6.29 µ𝑚 7.8 % 

Explicit  

dynamics solver 
6.23 µ𝑚 8.7 % 

 

 

 

5.2 Initial Residual Stresses 

The cooling process that was applied to obtain the initial residual stresses is 

illustrated in Figure 13. In reality, the cooling process takes much more time. 

However, the amount of the steady state stresses that are achieved are the same as 

for the present cooling process. Therefore, the time of the cooling process has been 

chosen to be 3. 10−4𝑠 to reduce the simulation time. Figure 14 shows the initial 

residual stresses that are achieved after the cooling process. Here it can be seen 

that the coating layer consists of tensile stresses and slightly compressive in the 

substrate. 

 

 

 

Figure 13. Cooling down the workpiece from 1000 ℃ to 25 ℃ 
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Figure 14. Residual stresses that are achieved after cooling process in the coatings and the substrate 

 

5.3 Tangent Modulus  

The approximate tangent moduli, as explained in section 4.2, are listed in Table 4. 

 
Table 4. Tangent modulus for the model with plastic material behavior. 

 
Peening 

medium 
Substrate TiCN Al2O3 

Tangent Modulus 

(GPa) 

 

-- 450 450 300 

 

 

 

5.4 Mechanics of Shot Peening  

In the shot peening process, during the impact, stresses are induced to the 

workpiece (i.e. coating and substrate). Straight below the center of impact, the 

stresses induced down to some depth are above the yield stress of the materials. 

This means that down to this depth, materials are plastically deformed. The 

plastically deformed region is surrounded by a bigger region where the material is 

only elastically deformed (see Figure 15). Upon the medium unloading, the elastic 

region tries to return to the original shape by compressing the plastically deformed 

zone. This induces compressive stresses into the material. Therefore, there are 

compressive residual stresses in the peening area close to the surface [29]. Figure 

15 depicts the induced stresses in the maximum contact of the medium with the 

substrate. Figure 16 illustrates the unloaded and stabilized plastically deformed 

area after the impact.  
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Figure 15. Schematic illustration of shot peening process showing a plastic region that is surrounded by 

an elastic region when the maximum contact of the medium occurs. 

 

 

 

 

Figure 16. Schematic illustration of shot peening process showing the plastic region and the residual 

stresses after unloading. 
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5.5 Single Impact With and Without Initial Residual Stresses 

Figure 17 shows the stress-depth-profiles for single impact in the coated cemented 

carbide. These results are achieved by using the transient structural solver with 

and without initial residual stresses, as well as using the explicit dynamics solver 

without initial residual stresses. The initial residual stresses noted are about 466 
MPa for Al2O3 , 334 MPa for TiCN, and -10 MPa for WC/Co. The diameter of 
the peening medium is 150 µ𝑚 and its velocity is 165 𝑚/𝑠. Figure 18 and 
Figure 19 illustrate the stress-depth-profiles only in the TiCN and the 
cemented carbide respectively. Since the surface roughness has a major effect 
on the induced residual stress state at the surface of the workpiece [30]. Since 
the surface roughness is neglected the stress state in the Al2O3 in the mesh 
close to the surface (first element) is not completely reliable in this study.  
 

 

 

 

Figure 17. stress-depth-profiles for single impact on the workpiece with and without initial residual 

stresses where the diameter of medium and velocity are 150 µm and 165 m/s respectively. 
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Figure 18. Stress-depth-profiles of  TiCN for single impact on the workpiece where the diameter of medium 

and velocity are 150 µm and 165 m/s respectively. 

 
 

 

Figure 19. Stress-depth-profiles of  WC/Co for single impact on the workpiece 

where depth zero is surface of the workpiece. The diameter of medium and  

velocity are 150 µm and 165 m/s respectively. 
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5.6 Single Impact With Globular and Edge-Shaped Medium 

Figure 20 displays the stress-depth-profiles in the sample peened with edge and 

globular media. The velocity for both the peening media is 165 𝑚/𝑠. However, 

the diameter of the globular medium is set to 150 µ𝑚 and the diameter of the edge-

shaped medium is set to 20 µ𝑚. Figure 21 and Figure 22 illustrate the stress-depth-

profiles only in TiCN and cemented carbide respectively. 

 

 
Figure 20. Stress-depth-profiles for single impact on the workpiece that are shot peened with edge and 

globular medium  with 165 m/s velocity. The diameters of the edge and globular medium   

are 150 µm and 20 µm. 

 

 

 

Figure 21. Stress-depth-profiles of  TiCN for single impact on the workpiece that are shot peened with 

edge and globular medium  with 165 m/s velocity. The diameters of the edge and globular media  

are 150 µm and 20 µm. 
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Figure 22. Stress-depth-profiles of  WC/Co for single impact on the workpiece that are shot peened with 

edge and globular medium  with 165 m/s velocity. The diameters of the edge and globular media are 

 150 µm and 20 µm. 

 

 

5.7 Stress Profile for Varying Peening Parameters 

Figures 23-26 show the results obtained from the explicit dynamics solver 

(without initial residual stresses) when the sample is peened with globular medium 

while varying medium velocities and diameters.  
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Figure 23. Stress-depth-profiles for varying  velocity and radius of the globular peening medium   

 
 

 

 

 

Figure 24. Stress-depth-profiles on TiCN for varying velocity and radius of the globular peening medium 
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Figure 25. Stress-depth-profiles on WC/Co for velocity and radius of the globular peening medium 

 
 

 

 

Figure 26. Normal stress profiles for varying velocity and radius of the globular peening medium 
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6. Discussion 

6.1 Defining the Proper Size for the Workpiece 

To define the right size for the substrate in the model, indentation depth resulted 

from analytical and FE calculations have been utilized by considering that the 

boundary condition should not affect the results. As demonstrated in section 5.1, 

the minimum deviation (around 8%) is achieved with a workpiece size of 4x4x2 

mm when the medium is rigid. A more refined mesh size and a smaller step size 

within the simulations could improve the result, which is not considered in this 

study due to the long calculation time.  

 

6.2 Thermal Stresses 

After the CVD coating process, tensile residual stresses are developed on the 

coating because of the high deposition temperatures (800 °C – 1100 °C) and 

mismatch of the thermal expansion coefficients of the coating and the substrate 

material. In this study, the thermal cracks are neglected. However, the tensile 

residual stresses are determined by applying a thermal load to the sample as shown 

in Figure 13. The tensile residual stresses that are obtained after the cooling 

process are shown in Figure 14. The amount and sign of the initial residual stresses 

are close to existing data [10].  

 

6.3 Tangent Modulus 

Since tangent modulus is not available as a physical property for substrate and 

coatings, approximated values have been chosen. To approximate the tangent 

moduli, the stress profile of the FE-model has been compared with the 

experimental result of Tkaddletz et al. [10]. Accordingly, the same material 

properties and the same medium size and velocity as [10]. have been used to 

perform the FE analysis with several arbitrary tangent moduli. These tangent 

moduli are changed until the results are within an acceptable range. Tangent 

moduli that are provided the closest result in average to the experimental data are 

shown in Table 4. 

 

6.4 Mechanics of Shot Peening 

To explain the mechanics of shot peening using a FE-model, the medium impact 

is shown in Figure 15 at the maximum indentation depth just before the peening 

medium moves up. As illustrated, on a depth straight below the center of impact, 

the stresses  induced down to the depth of  42 µ𝑚 are above the yield stress of the 

materials. This means that down to this depth, material is plastically deformed. 

The plastically deformed region is surrounded by a bigger region where material 

is only elastically deformed. Upon the medium unloading, the elastic region tries 

to return to the original shape by compressing the plastically deformed zone. This 

induces compressive stresses. Figure 16 illustrates the unloaded and stabilized 

stress state. 
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6.5 Stress-Depth-Profile  

Figure 17 shows the stress-depth-profiles for single impact on the coated cemented 

carbide, which are obtained using the transient structural solver and the explicit 

dynamics solver. The graph shows the results of the impact on the workpiece with 

and without initial residual stresses. It also shows that the initial residual stresses 

have an effect on the residual stress profile on the coatings. For instance, in the top 

coating (Al2O3), the average amount of the residual stresses obtained is about -974 

MPa and -1475 MPa with and without considering the initial residual stresses 

respectively. These numbers are obtained using the transient structural solver. 

However, the average amount of the residual stress is -1290 MPa when the explicit 

dynamics solver is utilized. As shown in Table 5, there is no big difference (i.e. 

about -35 MPa) observed between the average values of residual stress on the 

Al2O3 by using initial residual stress and by neglecting the initial residual stress 

and adding it at the end to the result.  

 

Figure 18 indicates that in the first layer coating (TiCN), the average amount of 

the residual stresses is about 63 MPa and -378 MPa with and without considering 

the initial residual stresses respectively. These results are achieved using the 

transient structural solver. However, the average amount of residual stress is about 

-410 MPa when the explicit dynamics solver is utilized. As shown in Table 5, the 

observed difference is about -107 MPa between the average values of the residual 

stress on the TiCN when using initial residual stress and when neglecting the initial 

residual stress and adding it at the end to the result. 

 
Table 5. The average residual stresses on the coatings 

 Average residual 

stress in Al2O3 

Average residual 

stress in TiCN 

Transient solver with initial 

residual stress 
-974 MPa 63 MPa 

Transient without initial residual 

stress 
-1475 MPa -378 MPa 

Explicit solver without initial 

residual stress 
-1290 MPa - 410 MPa 

Transient solver without initial 

residual stress plus initial 

residual stress 

-1009 MPa - 44 MPa 

Initial residual stress 466 MPa 334 MPa 

 

Figure 19 illustrates the trend of residual stresses in the WC/Co, from which it can 

be observed that compressive residual stresses are higher where the WC/Co is 

bounded to the coating. It can also be observed that the compressive residual 

stresses are decreasing down to the depth of 50µ𝑚. Afterwards, the residual 

stresses are tensile which increased as a function of depth down to 60µ𝑚 and then 

slightly decrease toward approximately zero about 100µ𝑚 depth.  
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Figure 20, 21 and 22 show the stress-depth-profiles in the sample peened with the 

edge-shaped and globular medium. These figures show that the residual stresses 

are induced on the surface of the and in the coatings they are higher when the 

workpiece is peened with the edge-shaped medium. It is observed that in WC/Co, 

the residual stresses induced are higher when the workpiece is peened with the 

globular medium. The stress-depth-profiles with similar observation has been 

found in [10]. 

 

Figure 23 shows that the higher residual stresses on the surface of the workpiece 

is achieved when the sample is shot peened with a medium that has 250 µ𝑚 

diameter and 300 𝑚/𝑠 velocity. Figure 24 shows that in the TiCN, the residual 

stresses induced are higher when the workpiece is shot peened with a medium that 

has 150 µ𝑚 diameter and 300 𝑚/𝑠 velocity. Whereas it can be seen in Figure 25 

that when the shot media with same sizes and different velocities impact the 

workpiece, the shot medium with higher velocity (i.e. which has more energy) 

induced higher residual stresses in the substrate (WC/Co). However, it can also be 

observed that when the velocities are the same and the shot medium sizes are 

different, the shot medium with smaller size induces higher residual stresses close 

to the surface of the substrate. Nevertheless, the shot medium that is bigger in size 

induces higher residual stresses going down to the depth.  
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7. Conclusions 

A bilinear elastic- plastic finite element model is proposed to simulate a single 

impact during the shot peening process. The main goal of this study is to 

investigate if the outcome of the proposed model is similar in trend to the results 

obtained after a peening process. Two different solvers, explicit dynamics and 

transient structural, have been used in this study. Here the conclusions that are 

achieved based on the simulation are reported. 

 

The difference between the resulted average residual stresses on the coatings with 

and without considering the initial residual stresses is close to the amount of the 

initial residual stress. It has been concluded that the stress state in the material after 

shot peening can be achieved with around 100 MPa differences by neglecting the 

initial residual stresses and adding them at the end to the stress state. Therefore, 

this study suggests that simulations can be conducted without considering the 

initial residual stresses and simply adding the initial residual stresses to the result 

at the end. This means that the explicit dynamics solver, which is much faster 

compared to the transient structural solver, can be used to perform the simulations.  

 

The simulations helped to understand the effect of the peening process parameters. 

The induced compressive residual stress is higher, close to the surface when using 

an edge-shaped medium. However, going down into the depth, the induced 

residual stress is higher when using a globular medium. Additionally, when 

comparing two globular media with the same speed and different sizes, the 

medium with the smaller size induces a higher residual stress close to the surface 

and less residual stress down to the depth. Nevertheless, by increasing the size of 

the particle the induced stress gets less close to the surface and higher down to the 

depth. By increasing the shot medium velocity, the amount of the induced residual 

stresses is increased. The same influence, but slightly less evident, is achieved by 

increasing the size of the particle. The maximum residual stress and indentation 

depth are reached when both the size and velocity of the particle increase. 
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9. Appendix 

In-plane Residual Stress 

 

 
Figure 1. In-plane residual stress with considering the initial residual stress, globular medium, 

 v = 165 m/s and r = 75µm, transient structural solver 

 
 

 
Figure 2. In-plane residual stress without considering the initial residual stress,  

globular medium, v = 165 m/s and r = 75µm, transient structural solver 
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Figure 3. In-plane residual stress without considering the initial residual stress, 

 globular medium, v = 165 m/s and r = 75µm, explicit dynamics solver 
 

 
Figure 4. In-plane residual stress, edge-shaped medium,  v = 165 m/s and r = 10µm, 

 transient structural solver 
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Minimum Principal Residual Stresses 

 
Figure 5. Minimum principle residual stresses with considering the initial residual stress,  

globular medium, v = 165 m/s and r = 75µm, transient structural solver 
 

 

 
Figure 6. Minimum principle residual stresses without considering the initial residual stress,  

globular medium, v = 165 m/s and r = 75µm, transient structural solver 
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Figure 7. Minimum principle residual stresses with considering the initial residual stress,  

globular medium, v = 165 m/s and r = 75µm, explicit dynamics solver 

 

 
Figure 8. Minimum principle residual stresses, edge-shaped medium,  

 v = 165 m/s and r = 10µm, explicit dynamics solver 
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In-plane and minimum principal residual stresses using Explicit Dynamics 

solver, mesh size 2 𝜇𝑚, particle’s size and velocity is varying. 

 
Figure 9. In-plane residual stress without considering the initial residual stress, 

 globular medium, v = 165 m/s and r = 75µm, transient structural solver 

 
Figure 10. Minimum principle residual stresses without considering the initial residual stress,  

globular medium, v = 165 m/s and r = 75µm, explicit dynamics solver 
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Figure 11. In-plane residual stress without considering the initial residual stress, 

 globular medium, v = 165 m/s and r = 125µm, explicit dynamics solver 

 
Figure 12. Minimum principle residual stresses without considering the initial residual stress,  

globular medium, v = 165 m/s and r = 125µm, explicit dynamics solver 
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Figure 13. In-plane residual stress without considering the initial residual stress, 

 globular medium, v = 300 m/s and r = 75µm, explicit dynamics solver 

 
Figure 14. Minimum principle residual stresses without considering the initial residual stress,  

globular medium, v = 300 m/s and r = 75µm, explicit dynamics solver 
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Figure 15. In-plane residual stress without considering the initial residual stress, 

 globular medium, v = 300 m/s and r = 125µm, explicit dynamics solver 

 

 
Figure 16. Minimum principle residual stresses without considering the initial residual stress,  

globular medium, v = 300 m/s and r = 125µm, explicit dynamics solver 
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