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Abstract 

 

Shot peening is a surface treatment used to increase the fatigue strength of metallic components, for 

example gears, and it is of great interest to be able to model and simulate the effect of this treatment in 

order to save time and money. An important parameter that has to be considered when modeling the 

peening situation is the strain rate dependence of the target material.  

In this work the strain rate dependence of SS2506 case hardened gear steel was investigated 

experimentally by making single impacts with spherical carbide balls on test plates of the steel and 

measuring depth, diameter and material pile-up of the formed indents. The results were then used to 

verify an FE-model for single impacts, which includes a model for strain rate dependence. The aim 

was to find the model, with corresponding material parameters, that represents the strain rate 

dependence the best. As a complement, experiments and simulations were also performed on an 

Almen strip (SAE 1070 cold rolled spring steel) to compare with the results of the SS2506 steel. 

Single impacts were also made with shot peening media used in the industry on the SS2506 test plates, 

in order to see how these indents differ from the ones made with spherical carbide balls.   

No strain rate dependence model was found that fit the experimental results for the SS2506 steel, 

while for the Almen plate, the Johnson-Cook model showed to fit the experimental results the best. 

The reason for this behavior of the SS2506 steel could be the transformation of retained austenite in 

the steel. The impacts made with shot peening media on the SS2506 steel showed that the roughness 

of the media has a great influence on the shape of the indents. 
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1. Introduction 

 

Shot peening is a surface treatment used to increase the fatigue strength of a metallic component 

which is subjected to dynamic loading, fretting and stress corrosion. In this method deformation 

hardening is achieved by impacting the surface of the component with multiple high velocity shots 

that induce plastic deformation in the surface layer of the material. Shot peening a surface of a part 

creates a large compressive residual stress in the surface layer. This compressive residual stress 

contributes to the increased fatigue strength of the part [1]. The method has many uses in the industry, 

for example in the manufacture of springs, rockers, welded joints, gears, aircraft parts, transmission 

shafts, torsion bars etc.  As well as increasing fatigue life of the component, shot peening can also be 

used to increase the surface roughness which can be beneficial for paint adhesion for instance [2]. 

It is of great interest to understand the mechanism of shot peening and how the target material 

responds to the impacts from the shots. Numerical simulation tools based on the Finite Element 

Method (FEM) are a great way of better understanding the process and save time and money 

compared to experimental investigations. Today, the models for shot peening simulations are not 

established in the industry, several studies have been performed in order to find an appropriate model, 

with different focus on investigation. For example, some have focused on the influence on shot 

velocity and on the hardening characteristics [3] and some on the influence of the number of shots [4]. 

The studies have also varied in the material model, i.e. which stress-strain relationship that is used, if 

and how strain rate dependence of the target material is considered. 

This work is part of a Ph.D. thesis on shot peening, performed at the Department of Solid Mechanics 

at KTH, Royal Institute of Technology, and deals with single impacts on SS2506 gear steel. 

Experiments were performed in order to analyze the strain rate dependence of the target material by 

making single impacts on test plates of the SS2506 steel using a compressed air cannon. Perfectly 

spherical tungsten carbide balls were used as shot media, in order to simplify the deformation case. 

The indent depths, diameters and material pile-ups (lip heights) were measured for different impact 

velocities. The experimental results were then used to verify a FE-model which simulates the dynamic 

impacts with strain rate dependence in consideration.  The FE-model includes the strain rate 

dependence using a material model with unknown parameters. By comparing the experimental results 

with the simulations, the unknown parameters were analyzed. Experiments on single impacts using 

shot peening media used in the industry were also performed in order to see how much the FE-model 

differs from the real shot peening situation. 

 

1.1. Shot Peening 

1.1.1. Shot peening equipment and media 

Shot peening can be achieved using different types of machines depending on the required quality of 

the shot peening and what type of part is being shot peened. Based on the method for projecting the 

shot, the different machines are usually divided into two types; Compressed air peening machines and 

Centrifugal wheel peening machines. In compressed air peening machines the shot media is 
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accelerated by compressed air through a nozzle. The speed of the shots will depend on the air pressure, 

the nozzle diameter and the length in which the shots are allowed to accelerate in. The beam of 

particles will have a round shape and the size will depend on the distance between the nozzle and the 

target. In centrifugal peening machines the media enters the center of a wheel and is accelerated 

outwards by blades. The speed of the shots will be a function of the rotation speed of the wheel and its 

diameter. The beam of shots will have an elliptical shape with the largest intensity in the centre of the 

beam [5]. 

The peening media used for shot peening depends on what material is being peened and the desired 

quality of the work piece. For automotive applications the shot peening media is usually cut steel wire, 

but the shot can also be cast steel, ceramic beads or glass beads. Regardless of the peening media, it is 

of great importance that the shots are as spherical in shape as possible, since irregular shots may cause 

stress concentrations i.e. initiation sites for crack propagation in the peened material. For cut wire 

media, there are different grades G1-G3, with increasing roundness. It is also important that the media 

have a hardness higher or equal to the work piece material and that the shots are even in size. 

1.1.2. Mechanics of shot peening 

When a shot strikes the surface of the target work piece, an indentation at each point of impact is 

produced due to local plastic yielding. As the deformed regions, Fig. 1, tend to expand, they are 

restrained by adjacent deeper metal not plastically deformed by the shot impact. As more and more 

shots impinge upon the adjacent areas the plastic zones are joined up to form a uniform deformed 

layer. Since the plastically deformed layer tries to expand it is compressed by the surrounding, non-

deformed, regions and compressive stresses are formed. These compressive stresses will act as 

effective inhibitors of crack growth when the material is exposed to cyclic loadings. The plastic 

deformation of the surface also leads to work hardening which can help increase the fatigue strength of 

the material [6]. 

 

Figure 1: Schematic illustration of the deformation case that occurs when a rigid sphere impacts a metal 
surface [1]. 

Figure 2 shows an example of the residual stress distribution in a shot peened surface layer. 
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Figure 2: Residual stress [MPa] as a function of depth [mm] below the surface for a shot peened material. 

 

Kobayashi et al. [1] found that if looking at one single shot, simplified to a perfect sphere, the surface 

hardness and residual stress distribution as well as the indentation depth can be calculated and that the 

compressive stress is small in the centre area of the indentation while large outside the centre. 

 

1.1.3. Important parameters for shot peening 

There are four main parameters that specify the effect of the shot peening: media size, hardness of 

media, coverage and intensity.  

Media size is the diameter of the shots which generally ranges from 0.1 to 1.3 mm and sometimes  as 

high as 2 mm. The diameter of the media greatly affects the plasticized depth of the peened material. 

The depth of the material plasticized generally increases for all hardnesses of the material, as a 

function of the media diameter, up to a point where this effect stabilizes at a certain diameter. This is 

demonstrated in Fig. 3. Naturally, the media size also influences the surface roughness that is formed 

during shot peening [1].  

 

Figure 3: The effect of media size on the work hardening depth of the target material [5]. 
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Another important factor influencing the shot peening result is the hardness of the media. When shot 

peening soft materials, the medias hardness will naturally be higher, which is favorable since it will 

cause direct plastic deformation of the surface layer and the impact indents will have a large depth and 

width. If the media size is soft or of equal hardness compared to the work piece, which can be the case 

when shot peening very hard materials with hardnesses around 600 HV, only little direct plastic 

deformation will occur and the resulting residual stress level will be low. When shot peening materials 

with very high hardness, there is actually a risk of deforming the media instead [7]. 

Coverage is the ratio of the area covered by plastic indentation to the whole surface treated by shot 

peening expressed in percentage. When coverage is reported, it is usually given in 100, 200, 400 % 

etc. This stems from the experience that 98 % is the limit at which practical measurements of coverage 

can actually be performed. Therefore, the time required to gain a 98 % coverage has been denoted 100 

%. So, if a coverage for examples is specified to 200 %, the peening time will be twice the time to 

reach 98 % coverage [8]. It is important to note that it is not necessarily favorable with a very high 

coverage. If the peening is performed excessively, the stress intensity developed may exceed a certain 

value. This may lead to development of a tensile region of increasing magnitude which ultimately can 

cause fatigue failure of the subsurface layer [6]. Also excessive coverage can result in loss of ductility 

due to work hardening of the work piece.  

Intensity is a measure of the medias ability to create indentations in the work piece and is measured 

using so called Almen intensity. Almen intensity is used to quantify peening intensity by exposing 

standardized (SAE1070) spring steel strips, Almen strips, to a shot peening stream for a certain time 

period. Basically, the Almen intensity method uses the fact that a bending moment and stretching 

forces are generated to balance the impact-induced stresses [9].The impacts on the strip will cause it to 

bend and form a convex curvature with a corresponding arc height. The arc height of the strip is 

measured and coupled with the peening time to achieve an intensity curve for the peening process 

[10].The Almen intensity depends largely on the projection velocity, which usually ranges from 30 to 

100 m/s, and on the shot size. It has a great effect on the residual stress distribution but does not affect 

the maximum residual stress level [11]. There are three types of Almen plates; A, C and N type, which 

have different thicknesses and are used for different peening intensities.  

 

1.2. Strain-rate dependence of materials 

Shot peening a material means high strain rates, often above 10
3 
s

-1
, for the material subjected to the 

indentations. Therefore it is important to understand what strain rate sensitivity the work piece 

material has and what this strain rate sensitivity depends on. 

Practically all materials show strain-rate dependent stress-strain behavior, but the magnitude varies. If 

the same material is tested at different strain rates,  ̇, naturally the atoms wills have to rearrange at 

different speeds. Normally a higher strain rate triggers a higher stress response from the material, and 

naturally, a higher strain rate and higher stress will reduce the elongation/deformation of the material 

[12],[13].  

To understand the strain rate dependence on mechanical properties of metals the dislocation structure 

in the material have to be considered, since plastic deformation of crystalline materials such as metals 

mainly is produced by movement of dislocations. Strain rate is a linear function of the average 

dislocation density and the dislocation velocity. The dislocation velocity increases with increasing 

applied stress. When looking at the flow stress and how it varies with strain rate it is clear that at low 
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strain rates, the flow stress increase moderately with strain rate, whereas at higher strain rates, 10
3 
s

-1
, 

the flow stress increases more rapidly. This change in strain rate dependence is due to that dislocation 

movement of a material is achieved by different mechanisms depending on the strain rate. The 

relationship between strain rate and flow stress can be divided into three regions. At low strain rates, 

region I, the motion of dislocations is controlled by thermally activated processes, and at higher strain 

rates, region II, viscous drag on dislocations controls the dislocation movement [14].  

When a dislocation moves through the lattice at low strain rates (region I), it encounters obstacles such 

as interstitial or substitutional atoms, vacancies, grain boundaries, precipitates etc . These obstacles or 

barriers can either be smaller, short-range, barriers, or larger, long-range, barriers. These obstacles 

have to be overcome in order for the plastic deformation to proceed. For a dislocation to surmount a 

short-range barrier it needs to be thermally activated. Long-range barriers, however, cannot be 

overcome by thermal energy. Instead an external stress has to be applied for the obstacle to be 

surmounted, which size depends on the structure of the material [15]. At low temperatures and/or at 

high strain rates the flow stresses are higher than at high temperatures and low strain-rates, due to the 

thermally activated barriers [16].  

In region II, i.e. at higher strain-rates, above 10
3 
s

-1
, the stress increases faster with increasing 

logarithmic strain rate than in region I. This can be explained by a mechanism called viscous drag, 

which slows down the dislocation movement and hence, a greater stress is required for the dislocation 

movement to proceed. The viscous drag consists of several mechanisms that dissipate the energy of 

the moving dislocations, such as phonon drag, electron viscosity and the thermoelastic effect. All of 

the contributors to viscous drag consume energy which means more energy is required to maintain the 

flow rate of the material [14],[15].  

There is yet another region, region III, in which the strain-rate reaches the velocity of shear waves, 

where relativistic effects have to be considered. There is not much knowledge about this region [16].  

It is clear that the strain rate sensitivity of a material is greatly influenced by the materials crystal 

structure, which affects the barrier and dislocation structures formed during deformation. Basically, 

materials mechanical properties will be differently affected when exposed to a strain. For instance, for 

bcc metals strain rate affects the yield stress of the metal, while for fcc metals, the strain rate is 

coupled with strain hardening. Therefore the maximum load point strain moves to smaller strains for 

bcc metals and larger strains for fcc metals [12].  

1.2.1. Modeling Strain-rate dependence 

When modeling processes like shot peening there are different material models that deals with strain 

rate dependence of the target material at high strain rates. The success of a particular model depends 

on how effectively it represents the material as well as its ability to capture relevant deformation 

parameters in the equation. Two common material models that couple strain rate with flow stress, at 

strain rates higher than 10
3
 s

-1
,
 
are the Cowper-Symonds relation and the Johnson-Cook model.  

The Cowper-Symonds relation takes the dynamic effects of strain rate into account and is formulated 

according to Eqn. 1. 

  
  
   (

 ̇

 
)

 
 
 

(1) 
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where    is the dynamic yield stress,    is the static yield stress,  ̇ is the strain rate and D and q are 

material constants. 

The Johnson-Cook model is a strain rate and temperature dependent visco-plastic material model. 

However there is a simplified version that does not consider temperature according to Eqn. 2. 

                                              
  

  
       

 ̇

 ̇ 
 (2) 

 

where   is the flow stress,  ̇ is the effective strain rate,   ̇ is the referential strain rate, equal to 1 s
-1

, 

and C is a material  constant. 

At high strain rates the constants to each model can be difficult to define for a specific material and it 

is not obvious which model to use for a particular case. 

1.2.2. Plastic deformation at high strain rates 

As mentioned in section 1.1., shot peening means that the work piece material is subjected to 

numerous impacts at relatively high velocities. This implies that the target material will be plastically 

deformed at high strain rates, i.e. strain rates higher than 10
3
 s

-1
. Plastic deformation at high strain rates 

is encountered in several areas, for instance high energy rate forming of metals, such as shot peening, 

ballistic penetration of body armor and machining.  When modeling these types of deformation cases 

information on the deforming materials resistance to plastic flow at high strain rates is required. There 

are a number of techniques used to characterize the high strain rate plastic flow behavior of materials, 

including the split Hopkinson pressure bar technique, the Taylor cylinder technique and dynamic 

punching. These techniques are rather complicated and need advanced equipment. A more simple 

approach to analyze plastic deformation at high strain rates is the dynamic indentation (DI) technique 

[17]. 

1.2.3. Dynamic indentation 

Dynamic hardness is defined by Tabor [18] as a metals resistance to local indentation when the 

indentation is produced by a rapidly moving indenter. When studying dynamic indentation there are 

several ways to perform the impacts. The indenters can either be conical, pyramidal or spherical and 

the impacts can for example be performed by dropping a ball on a metal surface. However, when 

simulating the shot peening process, in which higher velocities are required, it is preferable to achieve 

the impacts using spherical balls with the aid of  gun systems or cannons. Usually the indent depths 

and diameter are measured to analyze the target material behavior, but also the material pile-up, called 

“lip height” in this work, can be measured. 

There are several advantages with using guns as impact generators. First of all the reproducibility of 

results, but also the parallelism of impact and the ability to control the impact parameters. Both one-

stage and two-stage gas guns can be used, depending on the projectile velocity required. However, for 

velocities lower than 1000 m/s, the one-stage gas gun, using air or light gases, is sufficient, and 

favorable because of its simple design. 

The one-stage gas gun consists of a breech, a barrel and a recovery chamber. High pressure gas is 

loaded in the high pressure chamber and the projectile, mounted in a sabot, is placed in the barrel. The 

valve is released and the high pressure gas accelerates the projectile along the length of the barrel [15].  
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1.3. Ballistics 

The exit velocity of the projectile in a one-stage air gun mainly depends on the expansion of the gas 

and on the barrel length and width. The exit velocity can be defined in terms of gas volume, gas mass 

etc but in practice it is often useful to be able to calculate the projectile velocity in terms of the gas 

pressure. A simplified model for a reservoir of pressurized gas that expands isothermally is described 

by Eqn. 3-10 [19]: 

                            √
 

 
      (  

  

  
)            

(3) 

 

where m is the mass of the projectile, Po is the initial gas pressure, Vo is the volume of the gas 

chamber, A is the cross-sectional area of the barrel, L is the length of the barrel, A*Patm is the force 

from air in the barrel at atmospheric pressure and f is a linear frictional force. This model is a very 

simplified one, and does not consider the valve between the chamber and the barrel which is needed to 

pressurize the gas. When taking the valve into account, consideration must also be taken on air flow 

rate through the valve. The flow of the valve is a function of the pressure drop in the valve due to 

pressure difference between the chamber and the barrel. A model that considers the molecular flow 

rate ,Q, trough the valve will be a function of the ratio between the pressure in the chamber P(t) and 

the pressure in the barrel Pb(t) 

                               
 ( )   ( )

 ( )
 (4) 

 

There are two types of flow regimes, non-choked and choked respectively [20]. In the non-choked 

regime the flow is modeled as a function of the pressure difference between the chamber and the barrel 

and is defined as: 

                                ̃ ( )  (  
 

     
)√

 

    
 

(5) 

  

 

In the choked regime the flow is limited by the geometry of the valve and is defined as: 

                                 ̃ ( )  (
 

 
)√

    

    
 

(6) 

Where  ̃ is a parameter which converts the pressure into flow rate units and is equal to 3.11*10
19

, Gg 

is the specific gravity of air, equal to 1, T is the temperature in the reservoir, usually around 293 K, Z 

is the compressibility factor approximated to 1 and finally, Cv is the flow coefficient which describes 

the  flow capacity of the valve. The number of molecules in the tank (N) and in the barrel (Nb) depends 

on the flow through the valve: 

                        
  

  
     (7) 

 

 

 

                 
   

  
   (8) 

 

and combined with the ideal gas law for the two cases: 



8 
 

    

                     ( )    ( )    (9) 

  

                                                              ( ) (   ( ))    ( )     (10) 

 

these equations can be solved numerically to gain the exit velocity of the projectile as a function of the 

initial pressure.  

 

1.4. Analytical methods 

1.4.1. Vickers hardness testing 

Vickers hardness is a type of indentation hardness, i.e. a materials ability to resist deformation from 

static indentation. In Vickers hardness tests a load, usually between 1 and 2000 g, is applied to the 

surface of the specimen, using a very small diamond indenter with a pyramid geometry which is 

forced into the surface. The resulting impression is observed under a microscope and measured. The 

measurement is then converted into a hardness number. Vickers hardness is denoted HV and the 

hardness number is gained from Eqn. 11 [21]: 

                                                                                  
     (

 

 
)

  
  

(11) 

where P is the load in kgf, L is the mean of the two measured diagonals of the indent in mm and ϴ is 

the angle between the diamond tips, equal to 136°. 

The Vickers hardness value can also be employed to approximate the yield stress of a metal, if the 

metal is considered to be a rigid and perfectly plastic solid. The yield stress is related to the hardness 

value through Eqn. 12. 

                                                                                      

                                                                                             (12) 

 

where C is a constant determined by Tabor [18]  to 2.8 and often approximated to 3. H is the hardness 

number defined as the force divided by the projected area. This hardness number can be related to the 

Vickers hardness number in Eqn. 11 through Eqn. 13. 

                                                                                  
    

    (
 

 
)
  (13) 

 

where g is the gravitational constant equal to 9.80665 and ϴ is 136°. 

 

1.4.2. Confocal microscopy 

Confocal microscopy is an imaging technique used to achieve increased optical resolution and contrast 

of a micrograph when the specimen is thicker than the focus plane. This is achieved by point 

illumination and elimination of out of focus light. Confocal microscopy is commonly used in medical 

biology, material science and in semiconductor inspection. The point illumination and elimination of 
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out of focus light in an confocal microscope is achieved by three steps: light is focused by an objective 

lens into an hour-glass shaped beam so that the “waist” of the beam strikes one spot at a specific depth 

of the specimen. The reflected light is then focused and allowed to pass through a pinhole. Meanwhile, 

the  region around the pinhole block out the rays that could disturb the resulting image. The light is 

rapidly moved from point to point in the specimen until the entire plane has been scanned.  The 

resulting images can then be used to create three-dimensional structures [22].  

 

1.4.3. Tungsten Carbide 

Tungsten carbide, WC, is a type of cemented carbide in which WC particles, with extreme hardness 

are embedded in a matrix of metal such as cobalt or nickel. The carbide particles provide the hardness 

but are in themselves very brittle. However, combined with the ductile metal matrix  outstanding 

material properties are achieved, such as high wear resistance, low friction, hardness at high 

temperatures etc [23]. Tungsten carbide usually have a hardness between 1400 and 2000 HV.  The 

most common application for tungsten carbides is cutting tools for hardened steels, in which the hard 

carbide particles provide the  cutting surface and the tough metal matrix isolates the particles from one 

another and prevents particle-to-particle crack propagation [21]. Because of the very high hardness of 

tungsten carbide, the material can in experiments and modeling situations be simplified to be elastic or 

elastic-perfectly plastic compared to a softer material. 

 

2. Experimental set-up 
Dynamic indentations were performed on test plates of the SS2506 gear steel at varying impact 

velocities in order to gain a relationship between indent size and impact velocity. The shot media, i.e. 

the shots were first of all tungsten carbide balls in order to get round and smooth indents with easily 

defined depths and diameters. Indentations were also made with shot peening balls from the industry. 

For the carbide media only one impact had to be made for each velocity range because of the hardness 

and roundness of the balls, while for the shot peening media, a number of impacts had to be made for 

each velocity range, due to the fact that these balls are softer and more uneven in shape. For both types 

of media the impact velocity ranged from 10 m/s to 140 m/s.  

2.1. Shot peening equipment 

To simulate the effect of shot peening with single shots a compressed air cannon, shown in Fig. 4 and 

5, was constructed, consisting of a high pressure reservoir (a) with a connecting air compressor (b), a 

barrel (c) with a sabot (d) for the projectile and a velocity measuring device (e) for the shots. The 

estimated dimensions of the air cannon, used to calculate the approximate required chamber pressure 

are demonstrated in Table 1. The device for measuring the shot velocity consisted of two electro-

optical sensors with a spacing of 68.5 mm. The time it took for the projectile to pass this distance was 

measured and used to calculate and display the exit velocity of the shot as well as the velocity of the 

shot on its way back from the target. An oscilloscope was connected to the sensors, also measuring the 

passing time for the shot, giving a validation of the calculated velocity.  
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Figure 4: Compressed air cannon with velocity measurement device to the left. 

 

Figure 5: Different sabots used in the experiments. Sabots of different lengths and weights were required 
for different shot media and different velocities. 

Table 1: Estimated parameters for ballistic calculations. 

Chamber diameter (outer) 2.2 cm 

Chamber diameter (inner) 2.0 cm 

Chamber length  20 cm 

Chamber Pressure 1,2,3 etc bar 

Valve diameter 1.5 cm 

Barrel diameter 0.82 cm 

Barrel length 20 cm 

 

The cannon was positioned as shown in Fig. 4, horizontal on a table with the velocity measurement 

device placed just in front of the barrel muzzle. The test specimen was mounted in a vise and placed 

just in front (2.5 mm) of the velocity measuring device in a position where it could easily be adjusted 

both horizontally and vertically as shown in Fig. 6. The sabot, which was made out of plastic and 

rubber was used to hold the shot which was much smaller than the barrel diameter. The diameter of 

the sabot was sized to fit perfectly in the barrel. The barrel length, chamber pressure as well as length 

and mass of the sabot were varied in order to get the desired exit velocity of the different media.  
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Figure 6: Set-up of the test plate 2.5 mm in front of the velocity measuring device. 

Before performing the shootings with the compressed air cannon, the pressure needed for the desired 

exit velocities was estimated using a software called GGDT (Gas Gun Design Tool) [24]. The program 

solves Eqn. 3- 10 numerically, with input parameters from Table 1 along with some assumptions 

regarding the flow coefficient etc, to give exit velocity for the specific shot media and chamber 

pressure, as shown in Fig. 7. The estimated velocities showed to match relatively well with the 

measured values in the actual shootings.  

 

The shootings were performed by placing the test specimen on a level at which the projectile was 

desired to impact the surface of the plate. A pressure was applied to the pressure chamber and a shot 

was placed on the sabot, which in turn, was placed in the barrel. When the valve was opened the 

compressed air was allowed to flow out of the chamber and force the sabot forward in the barrel. The 

Figure 7: Exit velocity for the 3mm carbide projectile estimated using the GGDT software. 
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barrel muzzle was equipped with a stopper which stopped the sabot from exiting the barrel so that just 

the shot was allowed to continue through the velocity sensor, make an indent on the test plate and then 

return through the velocity sensor after which it was caught by a plastic cup. 

The indents made on the test specimen were marked with different colors in order to keep track of 

which indent that corresponded to which shot velocity.  

2.2. Test specimen 

The test specimens used in this work was square plates manufactured from gear blanks made of the 

Swedish standard SS2506 steel. The plates were 30x30 mm long and had a thickness of 10 mm 

(Fig.8). The surface to be tested was ground to a surface roughness of Ra=0.5 and the plates were case 

hardened, giving a surface hardness of 716 HV with a case depth of 1.7 mm. X-ray diffraction showed 

that the steel contained around 20% retained austenite. Preparations and measurements of the plates 

were performed in previous work [25]. One plate for each shot media was prepared including one plate 

for a test indentation, i.e. 6 plates, which were polished in order for the indents to be as visible as 

possible. 

 

Figure 8: Test plate with dimensions 30x30x10 mm, with ground and polished surface. 

An Almen strip was also used as test specimen. The Almen strip was SAE1070 cold rolled spring steel 

of type C, with HRC 44-50 according to [26]. The strip was embedded in a mounting holder and was 

ground and polished. It was tested for hardness by making around 30 indents on the surface giving a 

measured Vickers mean hardness of 488 HV with a standard deviation of 10 HV. The hardness 

measurements were performed with a Matsuzawa MXT30 hardness tester equipped with a digital 

camera and the indents were analyzed with Buehler Omnimet MHT software.  

2.3. Shot media 

Different shot media was used to impact the test specimens and make indents. They were all measured 

and hardness tested in order to be used correctly in the experimental procedure.  

The tungsten carbide balls were of grade K20, consisting of ≥90% tungsten carbide, and were 

provided by Comac Europe [27]. The density was measured to 14890 kg/m
3
 with an uncertainty level 

of 10 kg/m
3
. Two different ball diameters were used and measured using a micrometer, one with a 

diameter of 3 mm and one with a diameter of 1mm, both with a standard deviation of  0.76 µm (stated 

by the manufacturer), see Fig. 9a. The hardness of the carbide balls was analyzed by embedding the 

1mm balls in a mounting holder and grind and polish the surface to about half the balls diameter. The 

hardness was then measured using the same equipment as for the test specimen and the indent 
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diagonals were measured as shown in Fig. 10. About 40 shots were indented, giving a mean hardness 

of 1719 HV with a standard deviation of 50 HV.  

 

 

a) b) 
Figure 9: a) Carbide balls of diameters 1mm and 3mm respectively and b) shot peening media from cut 

wire of 1.6 mm diameter 

 

 

Figure 10: Indent from 2000g load on tungsten carbide ball with measured diagonals. 

 

Different shot peening media, made out of cut steel wire, with varying diameter, 0.7 and 1.6 mm 

(diameters according to the manufacturer [28] ), was used, all of grade 3 (G3) which is the type with 

the highest roundness. The 0.7 mm media had been used in shot peening prior to this work and had 

therefore been circulated in the shot peening machine while the 1.6 mm media was new media which 

had not been used. Size, shape and roundness varied between each shot. From Fig. 9b it is clear that 

the shot peening media from cut wire is very uneven compared to the perfectly spherical carbide balls 

in Fig. 9a. Therefore around 30 shots of each media was measured to get a mean diameter and 40 shots 

were measured for the mean hardness along with corresponding standard deviations for each type of 

media [29]. Also, a number of the 1.6 mm media was annealed at 350°C for two hours in order to get a 

media with lower hardness. The mean diameters and hardness measurements along with the standard 

deviations for each media are listed in Table 2. 
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Table 2: Measured mean diameter and hardness for shot peening media. 

Media Mean 

diameter 

[mm] 

Standard 

deviation 

[mm] 

Mean 

hardness 

[HV] 

Standard 

deviation 

[HV] 

0.7 mm 0.84 0.1 742 50 

1.6 mm 1.7 0.1 692 30 

1.6 mm annealed 1.7 0.1 565 15 

 

For the carbide media, only one impact at each velocity interval was needed since the shots were 

completely spherical and should not deform at impact. For the cut wire media, which is very uneven in 

shape and have a hardness closer to the test plate, at least eight impacts should be performed at each 

velocity interval in order to get a mean value for each indent parameter.  

2.4. Surface measurements 

The depth and contact area of the indents on the test plates were measured with a confocal microscope 

from Sensofar. The indents from the carbide balls were measured with an area of around 3x0.5 mm 

with 0.8 µm spacing between points.  In height direction, planes were scanned with 0.2 µm apart. The 

measured areas were analyzed and plotted in the SensoMap software to get the depth, contact diameter 

and lip height of the indents. The indents from the shot peening media was measured with an area of 

around 1x1 mm with 0.8 µm spacing between points. In height direction, planes were scanned with 0.2 

µm apart. The measured areas from the shot peening indents were analyzed and plotted in the 

SensoMap software to get the volume, mean depth and mean diameter of the indents.  

3. Results of experiments 

3.1. Indents from carbide media 

Fig. 11 and 12 shows the indents made by the carbide balls on the SS2506 test plates. Since the 

indents were symmetrical only a strip of the indentation was necessary to measure in order to gain the 

indent diameter, depth and shape. The uneven areas on the border of the strips (Fig. 11) are due to the 

color marker used to separate the indents from each other. The effect of this marker color on the 

surface was assumed not to effect the indent depth and diameter because of the distance to the indent. 

The lip height measurements might however have been influenced, which shows clearly in Fig. 14. 

This marking method was only used for the 3mm shots, the marks for the 1 mm shots were far away 

enough from the indents, so that the lip heights would not be affected.  

 

Figure 11: Images from confocal microscope of indents on SS2506 steel plate of 3mm carbide indenter at 
30.5 m/s (left) and 80.8 m/s (right). 
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Figure 12: Images from confocal microscope of indents on SS2506 steel plate of 1mm carbide indenter at 
34.7 m/s (left) and 65.7 m/s (right). 

 

Fig. 13 shows an indent profile retrieved by exported data from the scans in the confocal microscope 

and how the diameters, depths and lip heights were defined and measured. The contact diameter is 

estimated manually for each measurement. The positions for the measurements are based on where the 

contact diameter is located in the FEM model used for the impacts.  

 

Figure 13: Example of scanned indent profile with defined contact diameter, depth and lip height. The axis 
unit is µm with respect to the starting position in the confocal scanning. 

 

Fig. 14-15 shows how the indent depth, contact diameter and lip height vary, for the SS2506 test 

plates, with increasing impact velocity for the 1mm and 3mm carbide indenter respectively. 
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Figure 14: Indent depth, contact diameter and lip height vs. impact velocity for 3mm carbide indenter. 
 

 

 

Figure15: Indent depth, contact diameter and lip height, vs. impact velocity for 1 mm carbide indenter. 
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The indents from the carbide indenters on the Almen plate had the same appearance as the ones on the 

SS2506 plate, see Fig. 16. Fig. 17 shows how the indent depth, contact diameter and lip height 

changes with increasing impact velocity from the 1mm carbide indenter on the Almen plate. 

 

 
a) b) 

Figure 16: Indents from 1mm carbide indneter on SAE1070 Almen plate impacted at a) 18.7 m/s and b) 
59.9 m/s 

 

 

 
 
Figure 17: Indent depth, contact diameter and lip height vs. impact velocity for a 1 mm carbide indenter 

on an Almen plate. 
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3.2. Indents from shot peening media 
 
Some examples of the indents from the shot peening media are shown in Fig. 18 a-d. As can be seen, 

the indents differ a lot in appearance and size, and hence the indent diameters and volumes do not 

increase linearly with impact velocity. 

 

a) b) 

 

 

 

c) d) 

 

Figure 18: Indents from 1.6 mm cut wire shot peening media, grade 3, with impact velocities a) 21.7 m/s, 
b) 34.3 m/s, c) 54.4 m/s and d) 80.4 m/s. 

Fig. 19 shows how the mean diameter was defined by the mean of the smallest and the largest 

diameter of an indent from a 1.6 mm cut wire shot. 
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Figure 19: Measurement of mean diameter of indent from 1.6 mm cut wire media on ss2506 steel. 

 

Both depth and volume varied too much to be able to see a trend with increasing impact velocity. The 

contact diameter did however show an increasing trend as the impact velocity increased, which is 

shown in Fig. 20.  

 

Figure 20: Mean contact diameter vs. impact velocity for 1.6 mm cut wire indenter on polished SS2506 
test plate, including trend line. 

 

 

The indents from the 0.7 mm cut wire media on test plates which had not been ground and polished 

are shown in Fig. 21. The main purpose of these measurements was to estimate the impact velocities 

from single impacts made with a compressed air shot peening machine at different intensities previous 

work [26] .These indents were not as well defined as the ones on the ground and polished plates due to 

the very uneven surface and were therefore not as easily measured. 
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a) b) 
Figure 21: Indents on test unpolished test plate from 0.7 mm cut wire media at impact velocities of a) 31.6 
m/s and b) 38.7 m/s. 

Both volume and depth of the indents varied too much to analyze further, but the mean contact 

diameter had an increasing trend, as shown in Fig. 22.  

 

Figure 22: Mean contact diameter vs. impact velocity for 0.7 mm cut wire indenter on unpolished test 
plate of SS2506 gear steel, including trend line.  

 

4. Simulations 
In order to investigate the strain rate dependence of the SS2506 gear steel the experimental results 

were compared to simulations of the dynamic indentations. An axi-symmetric finite element (FE) 

model for these single impacts was used which consisted of a spherical ball, with the same yield stress 

as the carbide balls used in the experiments, that hit a semi-infinite target that had the same yield stress 

as the SS2506 steel. The simulations were performed using the same impact velocities as in the 

experiments.  The simulations were performed using the ABAQUS 6.12 software. 

4.1. Maximum impact velocity 

The first part of the simulation was to decide the maximum velocity that could be used in the 

experiments for the carbide shot media in order for the impact to still be considered elastic. Hence, at 
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which velocity the carbide ball started to deform at impact. At velocities higher than this one, the ball 

could no longer be considered or approximated to be elastic and perfectly spherical. These, initial, 

simulations included several simplifications. The target material was simplified to be elastic-perfectly 

plastic with a yield stress of 2.5 GPa and the material was assumed to be independent on strain rate in 

these simulations. The ball yield stress was approximated  to 5 GPa. Since the maximum velocities of 

shot peening in practice is around 100 m/s, this velocity was simulated with the conditions just 

mentioned and it was found that the ball was not deformed by the impact, as shown in Fig. 23a. Some 

residual compressive stresses, see Fig. 23b, could be seen in the ball after the impact, though small 

enough that the ball could still be considered elastic and perfectly spherical in the proceeding 

simulations as well as in the experiments.   

 

Figure 23: a) Deformations after impact at 100 m/s in ball (top) and target (bottom) and  b) residual 
compressive stresses in ball and target after impact.  Both simulations performed in ABAQUS 6.12. 

 

4.2. Impact simulations with experimental input values 

The next step in the simulation part was to perform the simulations at the velocities actually used in 

the experiments to get the simulated indent depths, radii and profiles. For these FE-simulations, the 

data for the yield stress for the target material was gained from a compression test of a test plate of the 

case hardened SS2506 gear steel [25]. The stress-strain curve used in the simulations is shown in Fig. 

24.  

 

Figure 24: Stress-strain curve of case hardened SS2506 gear steel. 
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In the simulations, the yield stress of the material will hence vary depending on the strain, which in 

turn depends on the impact velocity according to the curve in Fig. 24. The yield stress of the ball in the 

simulations was gained using Eqn. 12 and 13 with Vickers hardness values from the Vickers testing of 

the carbide balls. This gave a yield stress of 6493 MPa. With these conditions, simulations were 

performed at velocities corresponding to the experimental ones and the indent radii and depths were 

plotted versus impact velocity. The indent profile was also plotted for each velocity. The simulated 

contact radius, depth and some of the profiles are compared with the experimental results in Fig. 25-

26. The uneven lines at the edge of the experimental profiles are due to the color marker used to 

denote each indent on the test plate. It can be seen that these simulated material data overestimate both 

the depth, compact radius and lip height over almost the whole velocity range. 

 

a) b) 
Figure 25: FE-simulated (squares), without strain rate dependence, and experimental (circles) contact 
radius a) and depth b) versus impact velocity for a 3mm carbide indenter on a SS2506 gear steel plate.  

 

 

a) b) 
Figure 26: FE-simulated (red) and experimental (black) indentation profiles for 3mm carbide indenter at 

impact velocities a) 18.1 m/s and b) 68.5 m/s 

 

4.3. Simulations with strain rate dependence 

As mentioned in the introduction, strain rate dependence can be represented by several different 

models and it is not always clear which one to use. In this work the focus was to try and fit the 
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Cowper-Symonds relation to the material behavior of SS2506. Trials were also performed using the 

Johnson-Cook model. 

4.3.1. Simulations using the Cowper-Symonds model 

Since there are no investigations on the strain rate dependence on case hardened SS2506 gear steel at 

strain rates as high as during shot peening assumptions were made in order to simulate the impacts 

with approximated strain rate dependence. In the literature, strain rate dependence investigations were 

found for SS4340 through hardened steel, which is also used in shot peening applications [30]. A 

stress versus strain rate curve was presented by Premack and Douglas [31] and later extrapolated by 

Meguid et al for higher strain rates [32]. These curves are shown in Fig. 27. 

 

a) b) 
Figure 27: Stress versus strain rate curve for SS4340 through hardened steel by a) Premack and Douglas 

[31] and b) extrapolated for higher strain rates by Meguid, Shagal and Stranart [32]. 

The extrapolated curve was fitted to the Cowper-Symmonds relation (Equation 1) in order to find the 

material parameters D and q. Using a Least Square Root function in the Python software, the data 

from the curve in Fig. 27b were fitted to Eqn. 1 and D and q were retrieved (D=1.7e6 and q=4.75). 

Having these parameters, the strain rate dependence of the target material was added to the FE-model 

as a power-law function and simulations were performed at the experimental impact velocities. 

Comparisons between the experimental radius, depth and profiles and the FE-simulated ones with the 

SS4340 strain rate dependence are shown in Fig. 28-29. It is clear that with the strain rate dependence 

of the SS4340 steel, the simulations underestimates the depth and contact radius of the SS2506 steel 

for almost the entire velocity range. 
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a) b) 
Figure 28: FE-simulated, with Copwper-Symonds strain-rate dependence for SS4340, (squares) and 
experimental (circles) a) contact radius and b) depth for 1mm carbide indenter on SS2506 gear steel plate. 

 

a) b) 
Figure 29: FE-simulated, including Cowper-Symonds strain rate dependence for SS4340, (red) and 
experimental (black) indentation profiles for 1mm carbide indenter on the SS2505 steel plate at a) 13.9 m/s 
and b) 65.7 m/s. 

Having these starting values for D and q, assumptions could be made on how to change these values in 

order to fit the behavior of the SS2505 steel. By changing either D or q, the curves will change in 

different matters as can be seen in Fig. 30-31, where the indent profile, depth, contact radius, lip height 

as well as deformed volume are plotted against impact velocity.  
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a) b) 

 

 

c) d) 
 

Figure 30: Experimental (circles) and FE-simulated, with Cowper-Symonds strain-rate dependence 
(squares) contact radius a), depth b) and lip height c)  and deformed volume d), for different values of q 

and D, for SS2506. 

 

a) b) 
Figure 31: Experimental (black) and FE-simulated, with Cowper-Symonds strain-rate dependence 

indentation, profiles at a) 19.9 m/s and b) 105.7 m/s, for different values of q and D, for SS2506. 
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No parameters to the Cowper-Symonds model were found that fit the curves to the experimental 

results over the whole velocity range so conclusions were drawn that this model was not the best 

suitable for the SS2506 steel.  

 

4.3.2. Simulations using the Johnson-Cook model 

The strain rate dependence of the target material was also modeled using the Johnson-Cook model 

(Eqn. 2) in order to investigate if this model is more suitable for SS2506 steel. Simulations were 

performed with different values of the parameter C and the depth, contact radius and some profiles for 

two different C-values are compared to the experimental results in Fig. 32-33. 

   

a) b) 
Figure 32: Experimental (circles) and FE-simulated (squares), with Johnson-Cook strain rate dependence, 

contact radius a) and depth b) for SS2506. 

  

a) b) 
Figure 33: Experimental (black) and FE-simulated, with Johnson-Cook strain rate dependence, 

indentation profiles at a) 19.9 m/s and b) 105.7 m/s, for SS2506. 

 

In Fig. 34 simulated contact radii, depths and lip heights, with both Johnson-Cook and Cowper-

Symonds strain rate dependence with different model parameters, q and D and C respectively, are 

normalized against the experimental results to see how much they each differ from reality. The 

Johnson-Cook model with C=0.02 is the best compromise but it does not succeed in fitting all of the 

parameters (depth, contact radius and lip height) for the whole velocity range. 



27 
 

 

a) b) 

 

c) 
Figure  34: Simulated contact radius a), depth b), and lip height c) normalized against the experimental 

results for SS2506. Both simulations using Johnson-Cook and Cowper-Symonds are displayed. 

 

4.3.3. Simulations with Almen plate as target material 

Simulations were also performed with the conditions for the Almen plate (SAE 1070 steel) and 

compared with the experimental values. The stress-strain curve for the Almen material used in the FE-

model was gained from previous work [33] and is shown in Fig. 35.  

 

Figure 35: Stress-strain curve for Almen plate material. 
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Simulations were performed using both the Johnson-Cook model and the Cowper-Symonds relation, 

with varying model parameters, to represent the strain rate dependence. In Fig. 36 the simulated indent 

depths, contact diameters and lip heights are normalized against the experimental results which makes 

it easier to see which model and which parameters fit the experiments the best.  

 

 

a) b) 

 

c) 
Figure 36: Simulated contact radius a), depth b) an lip height c) normalized with the experimental results 

for Almen plate. 

The model that seems to be closest to the experimental results is the Johnson-cook model with the 

parameter C equal to 0.035. The simulated depth has a maximum deviation of about 7 % and the 

contact radius has a maximum deviation of about 4 % from the experimental results. The lip height 

deviates up to 40 % from the experimental results for all simulations. Fig. 37 shows the indent profiles 

for this model compared to the experimental profile for two different impact velocities and the model 

seems to somewhat fit the experimental results considering indent depth, radius as well as lip height.  
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a) b) 
Figure 37: Simulated indentation profiles (gold) with Johnson-cook strain rate dependence with C=0.035, 

compared to experimental profile (black) at 20.9 m/s a), and 69.9 m/s b)  for Almen plate. 

 

5. Discussion 
By looking at the indents from the carbide balls on the SS2506 steel target in Fig. 10 it is clear that the 

tungsten carbide balls do not deform enough at impact for its geometry to change, hence, the almost 

perfectly round indents in the target. When comparing the indent depth, contact diameter and lip 

height for the SS2506 steel plate and the Almen plate, made by the same 1mm carbide indenter, it is 

clear that the materials behave differently when impacted. For example, the change of indent depth 

with increasing impact velocity is nearly linear for the Almen material, whereas the change is more 

uneven for the SS2506 steel.  

The indents from the shot peening media from cut wire, with 1.6 mm diameter and 692 HV, were very 

uneven, even though the grade with the highest roundness (G3) was used. Both the deformed indent 

depths and volumes had a very large spread and no clear increase in size could be detected with 

increasing impact velocity, when looking at single impacts. The contact diameter did however have an 

increasing trend with increasing impact velocity. The same trend was seen with the 0.7 mm shot media 

on unpolished target material.  

Experiments were also performed with 1.6 mm cut wire indenters that had been annealed in order to 

achieve a lower hardness (565 HV). However, not enough impacts were performed in order to be able 

to analyze the results further.  

The FE-model developed to simulate the dynamic indentation showed that a strain rate dependence 

model must be included in order for the simulated results to fit the experimental ones. The Cowper-

Symonds relation gave depth-, contact radius- and lip height curves with appearances close to the 

experimental ones. However, the problem was to find one set of model parameters (q and D) that made 

the model fit the experimental results for both indent depth, contact radius and lip height for the whole 

velocity range. The same problem occurred using the Johnson-Cook model.  

Looking at Fig. 34 a and b, it is clear that the majority of both the simulated depths and contact 

diameters have larger values than the experimental values at low impact velocities. At higher impact 

velocities, however, the majority of the simulated depths and contact diameters have smaller values 

than the experimental results at the corresponding velocities. For the lip height, the same trend can be 
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detected, however, the normalized curves are shifted to smaller values. From Fig. 29 and 31 one can 

see that the simulated depth vs. impact velocity curves are linear while the experimental curves are 

not.  

For the Almen material the Johnson-Cook model seemed to be the most suitable model to represent 

the strain rate dependence. A value for the parameter C, 0.035, was found to fit the model relatively 

well with the experimental results for both indent depth and contact radius, with a maximum deviation 

of about 7 and 4 % respectively (Fig. 36). No parameter was found that also fit the experimental curve 

for the lip height, however, C=0.035 was one of the best fitting parameters with a maximum deviation 

of about 40 %.  

The fact that the relationship between the simulated depths and contact radii and the experimental 

results differ when comparing the SS2506 test plates and the Almen plate, implies that some 

phenomena occurs in the SS2506 steel which affects its resistance to indentation. This behavior of the 

SS2506 steel could be due to the fact that the steel contains about 20 % retained austenite which at 

impact can transform into martensite by strain-induced phase transformation. Martensite is harder than 

austenite and the phase transformation leads to a volume expansion which in turn lead to residual 

compressive stresses in the material. Also the phase transformation will consume some of the kinetic 

energy from the shot, and through that affect the created indent.  

To investigate if this is the case, the experiments would have to be performed on a SS2506 steel with 

no retained austenite. This could be done by quenching the test plates in liquid nitrogen, then all the 

retained austenite would be transformed and the material should behave more like the Almen plate and 

the depth-,diameter-, and lip height vs. impact velocity curves should have the same shape as the 

simulated ones. 

6. Conclusions 
Dynamic indentations , with varying impact velocities, were performed with spherical carbide balls on 

SS2506 case hardened gear steel and on an Almen strip of SAE1070 cold rolled spring steel in order to 

verify a FE-model and find the strain rate dependence of the materials. Single impacts were also 

performed with shot peening media of cut wire on the SS2506 steel. The following conclusions could 

be drawn: 

 For the Almen plate, the Johnson-Cook model showed to best represent the strain rate 

dependence, considering indent depth, contact diameter as well as lip height. The Johnson-

Cook material constant C should be somewhere between 0.03 and 0.04 for the model to fit the 

Almen material. 

 

 The SS2506 steel did not behave as the Almen material when impacted with the carbide balls, 

for example the indent depth did not increase linearly with increasing impact velocity. Hence, 

the material did not fit the FE-model and no model for the strain rate dependence could be 

found. 

 

 The behavior of the SS2506 steel could be due to local strain-induced phase transformation of 

retained austenite into martensite at impact, which would change the structure and hardness of 

the material. Further investigations, with SS2506 steel containing no retained austenite should 

be performed in order to determine if this is the reason for the inconsequent behavior of the 

steel.    
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 Indents performed with shot peening media of cut wire showed how much the uneven shape of 

the shots affect the shape of the indents. In order to see how the size of the indents changes 

with increasing indent velocity, a large amount of single impacts have to be performed with 

the same velocity.  
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