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ABSTRACT 

 

 

Hardened steels are attractive materials due to their desirable properties such as 

wear resistance and fatigue strength. They are widely used in transportation, 

energy generation and general mechanical engineering applications. The 

components in these applications are often loaded near their physical limits. 

Therefore, they have to be thermally treated to the desired mechanical properties 

and then finished in the hardened state in order to achieve surface integrity, 

dimensional accuracy, and shape. Hardened steel have traditionally been machined 

to finished geometries by abrasive processes such as grinding. Hard turning as a 

replacement for grinding becomes more and more attractive due to lower 

production cost, shorter cycle time, fewer process steps, and higher flexibility in 

machining the complex workpiece geometry.  

 

However, there are still several fundamental issues to be solved in order to replace 

grinding with hard turning. Rapid tool wear remains an impediment to the process‟ 

being economically viable due to the high cost of CBN cutting tools and the tool 

change down time. Another issue is related with surface integrity. A hard and 

brittle white layer, which is detrimental to part performance, is generated at the 

machined surface under certain conditions. Additionally, tensile residual stress 

tends to be present in the machined surface and subsurface, which greatly reduces 

the part‟s fatigue life.  

 



 IV 

In this research, a hard turning model was developed to evaluate the influence of 

machining parameters and tool edge geometry on the temperature distribution, 

cutting force and residual stress profile. The model was validated by comparing 

the chip morphology and cutting forces with the experimental results. The 

predicted residual stress was also compared with the measured data. It was found 

that although honed edged gave the deeper and larger compressive residual stress, 

the cutting temperature and cutting forces increase dramatically which leads to 

quick tool wear. 

 

Shot peening process was also investigated for its efficacy in imparting 

compressive sub-surface residual stress in hardened surfaces. Single and multiple 

shot models were developed to study the effect of shot peening process 

parameters, workpiece material, surface conditions and the interaction between 

individual shots on the distribution of the compressive residual stress field. The 

models were both validated by experiments from literature and thos conducted by 

this author. It is shown that the presented results are in good agreement with the 

experiment data. Predictive models of the shot peening process were developed 

using Response Surface Methodology (RSM). FEM simulations using the 

multiple-shot model were conducted in order to develop response surfaces of the 

residual stress field. Stochastic simulations were carried out using these response 

surfaces. Statistics of the output variations were calculated using the stochastic 

Monte Carlo simulations. The results gave the quantitative numbers about the 

variations of the residual stress field. 

 

Interaction between the residual stress fields induced by shot peening and hard 

turning was investigated using numerical simulations and then validated by 

experiment. It was found that shot peening as a preprocess of hard turning can 

enhance the residual stress and fatigue life of a hard turned component.  
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CHAPTER 1 

 

INTRODUCTION 

 

Bearing is a device to permit constrained relative motion between two parts, 

typically rotation or linear movement. Rotary bearings are required for many 

applications, from heavy-duty use in vehicle axles and machine shafts, to precision 

clock parts. They are often loaded near their physical limits. Therefore, they have 

to be thermally treated to the desired mechanical properties- wear resistance and 

fatigue strength and then finished in the hardened state in order to achieve surface 

integrity, dimensional accuracy, and shape. Due to the stringent dimensional and 

surface requirements, they have traditionally been machined to finished geometries 

by abrasive processes such as grinding. With recent improvements in machine tool 

technology specifically, the rigidity and precision of modern CNC lathes and the 

advent of ceramic cutting tools, hard turning has the potential to replace the 

grinding process, as it provides lower production cost, shorter cycle time, fewer 

process steps, and higher flexibility in machining the complex workpiece 

geometry. It can also be more environmentally friendly by eliminating hazardous 

cutting fluids while still offering the comparable surface integrity.  

 

However, there are still several fundamental issues to be solved in order to replace 

grinding with hard turning. Rapid tool wear remains an impediment to the process‟ 

being economically viable due to the high cost of CBN cutting tools and the tool 

change down time. Another issue is related with surface integrity. A hard and 
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brittle white layer, which is detrimental to part performance, will be generated at 

the machined surface under certain conditions.  

 

Additionally, tensile residual stress tends to be present in the machined surface 

and subsurface, which will greatly reduce the part‟s fatigue life. Even if proper 

lubrication and operating conditions are scrupulously maintained, rolling element 

bearings will eventually fail by fatigue because of subsurface voids, cracks or 

inclusions.  

 

For decades, numerous experimental, numerical, and analytical studies of hard 

turning of bearing have been conducted by researchers. However, the 

aforementioned issues still remain as the major concerns of the industry.  

 

1.1 Motivations 

The modeling and analysis of hard turning of bearing have made significant 

advances in many aspects such as machine tool development, analysis of dynamics 

of machine tools, cutting tool and workpiece interactions, process monitoring, 

sensing, and statistical evaluation of tool life. However, tool wear, surface 

integrity and fatigue life are still extenuating the advantages of hard turning of 

bearing. 

 

Tool wear is an important factor directly affecting the surface quality of the 

machined parts. Abrasion, adhesion, diffusion and the chemical reactions are 

dominant wear mechanisms in hard turning with the main wear pattern as: flank 

wear, crater wear, thermal shock, cracking, notching wear and chipping [Chou 

1994, Huang 2002]. In particular, flank wear of the cutting tool has a large impact 

on the quality such as surface finish, geometric accuracy and surface integrity of 
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the machined parts. Wear development during machining can reach unacceptable 

levels very fast in some cutting conditions, resulting in poor surface finish. 

Reducing the tool wear and extending tool life not only guarantee a better surface 

quality of the machined parts but also reduce the production cost given less 

frequent tool change and machine down time. 

 

The surface integrity is often the main concern in a finishing process, because of 

its impact on the product performance. The surface integrity is built up by the 

geometrical values of the surface such as surface roughness (for example, Ra and 

Rt), and the physical properties such as residual stresses, hardness and 

microstructure of the surface layers. The surface integrity is mainly determined by 

the following conditions: machining parameters, tool materials and conditions, 

cutting edge geometry, properties of the machine tools, and the geometric shape of 

the workpiece.  

 

Workpiece surface microstructural alteration which is often referred to as white 

layer is the consequence of the intense, localized and rapid thermal-mechanical 

working occurring in the tool-workpiece interface during the finishing process. 

Three main mechanisms responsible for the white layer formation are suggested 

[Griffiths 1987, Ramesh 2002]: (1) mechanical grain refinement arising from 

severe plastic deformation, (2) thermally-induced phase transformation due to high 

cutting temperature, (3) surface reaction with the environment. It is reported that 

the worked surface can show an extremely different structure from the bulk 

material. 

 

White layer is believed to be detrimental to the part performance and can affect its 

tribological performance, corrosion resistance and fatigue life. Hence, it is vital to 

understand the white layer formation and to minimize its thickness during the hard 

turning process.  
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The generation of residual stresses in hard machining has been investigated by 

many researchers [Field 1971, Brinksmeier 1982, Mittal 1998, Liu 1998, and 

Jacobson 2002]. It is reported that residual stresses on the machined surface are 

known to influence the service quality of the component, such as fatigue life and, 

tribological properties, and distortion. The profile (magnitude and depth) of the 

residual stresses can greatly influence the fatigue life of a component. It is 

believed that compressive residual stresses are more favorable for rolling contact 

fatigue life than tensile residual stresses.  

 

Shot peening is a cold working process in which the surface of a part is bombarded 

with millions of small spherical media, called “shot”, which are made of steel, 

glass or ceramic. It is known that after the peening treatment a layer with 

compressive residual stress will present under the surface. The compressive 

residual stress underneath increases the fatigue life and wear resistance of, and 

prevents stress corrosion cracking and fretting fatigue of the treated components. 

Other than inducing compressive residual stress, shot peening also changes the  

microstructure and the hardness of the surface layer.  

 

Therefore, it would be very helpful to develop a hybrid process which takes the 

advantages of both shot peening and hard turning processes , that is, extension of 

fatigue life, elimination of white layer, minimization of tool wear and 

acceptableness of surface finish.  

 

Over the past two decades, with the development of super fast computers, finite 

element methods have been widely used by researchers to further understand the 

metal cutting and shot peening processes. It is believed that modeling these 

processes with FEM-based simulation techniques will be a practical and 

economical way to design and optimize the processes for a more productive 

manufacturing environment. 
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1.2 Research objectives 

The overall objective of this dissertation is to improve the rolling contact fatigue 

life of bearings through “designed” shot peening and  hard turning processes. 

Develop models for hard turning and shot peening processes to accurately predict 

compressive residual stress induced within the subsurface. With these models, shot 

peening and hard turning processes can be designed for improved RCF. 

 

The specific objectives of this research are to:  

 

1) Model the effect of cutting speed, depth of cut, workpiece hardness and tool 

edge preparation on chip formation, cutting forces, equivalent plastic strain, 

temperature, direct and shear stress and residual stress within the machined 

surface.  

 

2) Model the effect of shot speed, shot size, coverage and workpiece hardness 

on final residual stress profile within the peened surface.  

 

3) Investigate the combination effect of shot peening and hard turning 

processes on tool wear, cutting force and residual stress on the processed surface.  

 

4) Validate the FE models with experimental results 

 

1.3 Dissertation outline 

This dissertation is organized as follows: 

 Chapter 1 gives an introduction and outlines the rationale and motivation 

behind this research along with the research objectives.  
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 Chapter 2 presents a literature review on the machining of hardened steel. It 

includes hard turning process characteristics, cutting tool wear, heat transfer 

and cutting temperature, white layer formation and residual stresses. A 

review of hard turning process modeling is also be presented in this chapter. 

 

 Chapter 3 presents the modeling of orthogonal cutting process of AISI 

52100 using FEM simulation technique. Material properties for tooling and 

workpiece for the FEM simulation are given in this chapter.  

 

 Chapter 4 contains background information on shot peening process. In this 

chapter, shot peening process characteristics, shot material and mechanism 

of fatigue life extension by shot peening are briefly introduced. A literature 

review of shot peening process modeling is also included. 

 

 Chapter 5 presents the modeling of shot peening of AISI 4340 using FEM. 

Effect of shot size, shot speed, workpiece hardness and coverage on the final 

residual stress profile are discussed. 

 

 Chapter 6 presents the modeling of the combination of shot peening and hard 

turning. Simulation results are compared with experimental results for the 

validation of this model 

 

 Chapter 7 summarizes research objectives and contributions of this work, 

and presents a proposed scope for future work. 
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CHAPTER 2 

 

TURNING OF HARDEDED SURFACES 

 

 

 

Hard turning is a single-point machining process carried out on hard materials 

which have hardness greater than 45 HRC. Most hard turning applications involve 

turning of hardened steels [Konig, 1984]. There are large demands for the 

application of hardened steels in bearings, camshafts, gears, cutting tools, dies, 

molds etc. due to their improved strength and wear resistance. Such a demand 

involves 30 - 35 billion dollars per year in the United States alone. Those hardened 

steels are finished mostly by grinding nowadays. However, with the advent of new 

cutting tool technology and machine tool systems, finish cutting of  hardened steel 

has become a reality and a topic of high interest for today‟s industrial production 

and scientific research. 

 

Compared to grinding, machining of steel in its hardened state, especially at high 

cutting speeds, offers the following advantages: 

1) Reduction of finishing operations 

2) Minimization of distortion due to heat treatment 

3) High metal removal rates, lower machining costs and improved surface integrity 

4) Flexibility 

5) Environmental friendliness 
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2.1 Hard turning characteristics 

Compared to conventional turning, hard turning has many unique characteristics. 

Some of these are summarized in the following sections 

 

2.1.1 High cutting force 

Since the material is harder, specific cutting forces in hard turning are larger than 

in conventional turning, and thus the engagement between cutting tools and the 

workpiece must be limited. Edge preparation is critical for ceramic cutting tools, 

which are required because they maintain adequate hardness even at elevated 

temperatures developed when machining hardened steels.  

 

Cutting on a chamfered or honed edge equates to a large negative effective rake 

angle, while neutral or positive rake angles are typical in conventional machining. 

The large negative rake angles yield increased cutting forces compared to 

machining with positive rake tools, and also induce larger compressive loads on 

the machined surface. Depth of cut, feed rate, and cutting tool nose radius are 

typical finishing conditions in hard turning. Because of the low depth of cut and 

the large cutting tool nose radius, chip formation usually takes place in the nose 

radius or on the chamfer of a cutting tool. Thrust force appears to be the largest 

force component, while the feed force component is the smallest one using a worn 

tool. By increasing the tool flank wear, a significant rise of the thrust force 

component can be observed [Tonshoff 1995]  

 

2.1.2 High temperature 

High temperatures are generated in the cutting zone during hard turning because it 

is typically done without coolant. Cutting temperature is of fundamental 
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importance in hard turning since high temperature can cause thermal damage and 

even white layer in the machined workpiece.  

 

The influence of cutting temperature on the surface integrity may be more 

important than the tool life. However, the fact that temperature is most difficult to 

measure explains the number of different methods used over the years [da Marcio 

1999]. Koenig et al. [1993] calculated the temperature field of the workpiece of 

100 Cr6 (63HRC) generated by the friction on the tool flank face using the Jaeger 

equation. Wang and Liu [1998] estimated the maximum temperatures on the tool -

workpiece and tool-chip interfaces by a thermal method based on Green‟s function 

and a microstructure-based method in orthogonal turning AISI 52100 Steel (62 

HRC). The majority of the methods used to measure the temperature in turning 

hardened bearing steels are concerned with the average temperature on the tool -

chip interface, for which purpose the implanted thermocouple is the best available 

method [Abrao 1997]. The infrared method gives an indication of the average 

temperature of the swarf leaving the cutting zone [Abrao 1997] and the cutting 

edge [Ueda 1999]. 

 

2.1.3 Cutting Tools 

Considering the characteristics of hardened steel, the applicable cutting tool 

should have the following properties: high indentation hardness, high hardness to 

modulus ratio, high thermal conductivity, high abrasive wear resistance and high 

thermal physical and chemical stability [Tonshoff 2000]. Al2O3/TiC ceramics, 

polycrystalline cubic boron nitride (PCBN) and CBN composite tools are used 

most in hard turning. Higher fracture toughness, higher thermal conductivity and 

low thermal expansion coefficient have made PCBN the most widely used tool 

material for hard turning applications. Although polycrystalline cubic diamond 

(PCD) tools exhibit better wear resistance and higher hardness than PCBN tools, 
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they diffuse rapidly into the steel workpiece due to the carbon composite, 

especially in the high temperature hard turning process. 

 

PCBN tools are formed by sintering CBN particles mixed with cobalt, TiC, TiN or 

other materials. In general, there are two categories of PCBN tools: High CBN 

content tools which consist of 90% volume of CBN grains with metallic binders 

(e.g., cobalt); and Low CBN content tools which consist of 50-70%volume of 

CBN grains with ceramic binders (e.g., TiC, TiN).  

 

PCBN tool inserts have extremely high indentation hardness and thermal stability. 

However they are also brittle and prone to fracture. Hence a large negative rake 

angle with special edge preparation is applied to strengthen the tool edge. The 

tools are typically prepared with chamfered or honed edge to provide a stronger 

edge geometry that is less prone to premature fracture.  

 

2.1.4 Workpiece Material 

The hardness of workpiece materials is generally higher than 45 HRC with high 

indentation hardness, high abrasiveness, low ductility,  and high value of the 

hardness over E-modulus ratio [Nakayama 1998]. Among them, AISI 52100 is the 

most widely used bearing steel, and its machinability has been extensively studied 

by numerous researchers. Hardened plain carbon steels AISI 1070 and AISI 1053 

have many applications in the automotive industry. AISI H13 hot work tool steel 

is often used for high demand tooling. While AISI 4340 steel is widely used in the 

aircraft industry for the fabrication of structural components, in which strength 

and toughness are the fundamental design requirements. 
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2.1.5 Cutting Condition 

The typical cutting conditions for finish turning of hardened steels with low CBN 

tool inserts are listed below; these will be used in most of the practical hard 

turning applications. 

Cutting Speed 91.2 - 183 m/min (300 - 600 fpm) 

Feed Rate 0.052 – 0.152 mm/rev (0.002 - 0.006 in/rev) 

Depth of Cut 0.101 – 0.305 mm (0.004 - 0.012 inch) 

 

2.2 Hard turning research 

2.2.1 Hard turning capacity 

Due to the special requirements of hard turning applications, parts must be finish 

machined after heat treatment. Historically this has been done by grinding, and 

hard turning must be capable of producing similar geometric precision and quality 

surfaces. Several studies have investigated the capability of the hard turning 

process, and most have concluded that at proper conditions with a good machine, 

hard turning can produce dimensional accuracy and surface finishes comparable to 

grinding for most applications. According to Matsumoto et al.  [Matsumoto et al. 

1999], the surface finish and integrity obtained in hard turning can be as good as 

those produced by grinding. Liu and Mittal [1996, 1998] conducted hard turning 

experiment on 52100 steel with hardness of 64 HRC. They generated surface 

finish of 0.04 µm with a non-chamfered insert, and surface waviness of 0.76 μm. 

Normally, the requirements for a ball bearing surface are less than 0.2 μm for Ra 

surface finish and less than 1.5 μm for waviness. Similar results were found by 

Jochmann and Wirtz [1999], who produced consistent peak-to-valley finishes 

below 1.0 μm, roundness below 0.2 μm, and cylindricity below 1.0 μm. Abrao and 

Aspinwall [1995] were able to produce a Ra surface finish as low as 0.14 μm.  
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2.2.2 Machine Tool 

As new cutting tool materials being introduced, the precision and rigidity of 

machine tools have been improved to allow hard turning to become a viable 

process. The large negative rake angles (from the edge chamfer) on tools used for 

hard machining yield large dynamic thrust forces that require adequate machine 

rigidity, spindle power, damping characteristics, and accuracy of  motion along the 

axes of the machine [Tonshoff et al. 1986]. Bosssom [1990] found that tools with 

chamfered edges produced cutting forces twice as large as non-chamfered tools. 

Chryssolouris [1982] showed that when machining in a poor stiffness setup, too ls 

failed quickly due to edge fracture. These needs have led to recent machine tool 

designs that improve stiffness and damping by several methods. New machines 

have incorporated polymer composite materials in the machine base, reduced the 

number of joints in the machine, and developed improved slide ways such as 

hydrostatic designs [Sheehy 1997, Devitt 1998]. Advances in the control 

capabilities have also improved the accuracy of the machines.  

 

2.2.3 Chip formation mechanism 

In conventional metal removal processes, chips are formed as a result of 

workpiece shearing. The mechanics of chip formation in hard turning are quite 

different from those in softer steels, where continuous chips have typically been 

observed. In hard turning, serrated/periodic saw-toothed chips are formed. This 

kind of chip is the result of some interrelated mechanisms such as localized shear, 

adiabatic shear and catastrophic shear in the form of extensive cracks. The 

morphology of chip formation depends on work material properties, cutting 

conditions, changes in sliding characteristics at the primary zone, changes in 

tribological circumstances at the tool-chip interface, the possible interactions 

between the primary and secondary shear zones and the dynamic behaviors of 

themachine-tool system and its linkage with the cutting process.  
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Komanduri [1982, 1986] proposed the shear localization theory to explain the 

formation of segmental chips. There are two stages involved in the formation of 

such chips. The first involves plastic instability and strain localization that occur 

in a narrow band in the primary shear zone. In the second stage, the segment 

which is produced by upsetting inclined work material by the advancing tool 

gradually builds up with negligible deformation. Davies et al. [1996] explained the 

chip segmentation mechanism as catastrophic strain localization. Strain 

localization occurs when thermal softening behavior dominates over the effects of 

strain rate hardening in the shear zone. This behavior has been observed in many 

materials with poor thermal properties, such as titanium and nickel alloys. These 

materials‟ ability to deform plastically can vary with temperature due to a possible 

phase transformation which results changes in crystal structure [Komanduri and 

Brown 1981]. The conditions for strain localization are typically met when the 

strain rate exceeds a critical value. This critical strain rate is a material property, 

and can be exceeded with increasing cutting velocity. Evidence of this theory is 

the onset of chip segmentation above a critical cutting velocity [Davies 1996] 

 

Vyas & Shaw [1999] totally disagreed with the adiabatic shear theory which 

suggests that the root cause of segmental chip formation is a catastrophic shear 

instability, where the decrease in flow stress due to the thermal softening 

associated with an increase in strain, more than the offsets associated strain 

hardening. They suggested that segmental chips were formed when a compressive 

stress induced by the cutting tool exceeds the critical shear stress of the material at 

the free surface of the workpiece. The crack proceeded downwards along the shear 

plane towards the tool tip until the compressive strength was sufficient to stop 

crack propagation and caused plastic deformation of the remaining portion of the 

chip segment along the fracture line. A schematic of this type of chip formation 

can be seen in Figure 2.1 [Konig et al. 1993 CIRP]. As the tool continues to move, 
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the chip segment is pushed out along the fracture line, and a new chip segment 

forms as the compressive stress builds and a new shear fracture initiates ahead of 

the cutting edge. 

 

Figure 2.1 Shear fracture chip formation [Konig et al. 1993] 

Poulachon et al. [2000] conducted quick stop tests to investigate the chip 

formation mechanism of 100Cr6 (AISI 52100 with hardness of 750 HV10). Their 

results agreed with Konig‟s explanation. They identified four stages in the 

formation of a saw tooth chip as shown in Figure 2.2.   

 

Figure 2.2 Four stages of chip formation [Poulachon et al. 2000] 
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First, a negative rake angle induces compressive stresses distribution around the 

tool edge radius. Crack will initiate at the workpiece surface before the tool 

chamfer, followed by a slip plane which runs towards the cutting edge as a joint 

effect of low values of compression stresses and high shear stresses. In the second 

stage, the chip volume AA‟BB‟ situated between the crack and the edge chamfer is 

ejected practically without any deformation. The gap AA‟ closes progressively as 

the tool moves forward. The speed of the chip upon the rake face of the tool and at 

the crack transition point A‟ is so large that it will generate such a considerable 

increase in temperature near the transformation. The martensite produced by 

friction can occur in the form of white layers surrounding the chip segment. In 

addition, a similar white layer exists on the generated surface, due to the intense 

and severe friction occurring at the tool land face, and the high value of the thrust 

force Ff. For the third stage, the width of the gap AA‟ gets so narrow that the 

ejection speed and the plastic deformation of the chip are very high. The increase 

in temperature is very important, and the two previous white layers join to form 

the second part of the chip segment. Here, the chip thickness is very small and its 

cooling is extremely fast. In the last stage, the chip segment has formed and the 

free gap AA‟ is closed. The compressive stresses distribution, which has  decreased 

during the stages 2 and 3, becomes more important again. It induces a new crack 

and this periodic phenomenon will repeat itself.  

  

2.2.4 Surface Integrity 

Surface integrity in hard turning is a relatively new subject.  Traditionally, 

machining of hardened steel components has been done by grinding. Recently, 

CBN (cubic boron nitride) tooling has proven to be a viable alternative, providing 

both environmental and cost benefits. For hard turning to replace the  grinding 

operation, it must be capable of producing surfaces of acceptable quality. This 

includes both the surface topography and the surface integrity.  
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2.2.4.1 White layer 

Surface micro-structural change in workpiece introduced by a material removal 

process is an inevitable but important consequence of any finishing process. 

During the hard turning process, the surface layer of the workpiece always 

undergoes various kinds of metallurgical alteration such as phase transformation 

(formation of untempered, overtempered martensite and austenite reversion), 

precipitation, and recrystallization which occurs due to the intense, localized and 

rapid thermal mechanical working during the hard turning process.  

 

It has been reported by numerous researchers that a featureless, hard and brittle 

layer will appear at the machined surface under certain hard turning conditions, 

especially with worn cutting tool. It is called “white” layer because it resists 

standard etchants and appears white under an optical microscope (or featureless in 

a scanning electron microscope). White layers are found in many material removal 

processes such as grinding [Snoeys 1978, Tomlinson 1989, and Shaw 1994], 

electrical discharge machining [Kruth 1995] and drilling [Giffiths 1985].  

 

Many researchers have paid considerable attention to the generation of white layer 

because it appears similar to the “grinding burn” generated in grinding. Tonshoff 

et al. [1995] studied the influence of hard turning on workpiece properties and 

reported that retained austenite is the major composition of white layer structures. 

He reported that the white layer consists of 30% martensite and almost 70% 

austenite while the bulk material is composed of approximately 75% martensite 

and 25% austenite. It is significantly harder than the bulk material. A dark 

“overtempered” layer is observed immediately below the produced white layer. 

However, inspection of chemical concentrations when machining ASTM 5115 

showed no difference between the surface layer and the bulk [Tonshoff et al. 

1995]. Apparently, the crystallographic structure may change, but there is no t 

sufficient time for elemental diffusion. 
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White layer formation results from complex mechanical, thermal and metallurgical 

processes. Griffiths [1987] reported three situations where white layers have been 

generated: surfaces subjected to significant rubbing and wear (railroad tracks as an 

example), surfaces that see similar conditions resulting from pin-on-disk testing, 

and surfaces that undergo certain machining processes. Brinskmeier and Brockhoff 

[1999] presented evidence that in addition to machining conditions, material 

properties affect white layer generation. They attributed formation of all white 

layers to heating and quenching of the material, and concluded that chemical 

composition of the material affects the transformation. Griffiths [1987] did not 

agree that all white layers are only caused by transformation, and suggested that 

other causes may include surface reactions with the environment and grain 

refinement caused by plastic flow.  

 

In hard turning, it is generally believed that generation of white layer is the result 

of both excessive heat at the workpiece surface and the subsequent rapid cooling. 

Heat generation is attributed to the large amounts of energy generated in the shear 

region during the chip formation and to the frictional energy between the tool 

flank and the workpiece surface. Coolant used in the cutting process may 

contribute to the rapid cooling, although experimental results from the literature 

disagree about the source of rapid cooling. Tonshoff performed hard turning 

experiments with and without coolant and found the white layer magnitudes were  

almost identical. Such results indicate that workpiece self-cooling, and not 

coolant, must be responsible for the quenching of the workpiece surface [Tonshoff 

et al. 1995, Tonshoff et al. 1996].  

 

This conclusion is reasonable because the hot zone affected by the cutting process 

in hard turning is negligible compare to the size of the workpiece, and also 

because the cutting speeds are so fast that the contact time between the tool and 
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workpiece is minimal. Therefore, the bulk workpiece material can act as a heat 

sink and draw heat from the surface to create a self-cooling effect. However, 

Konig et al. [1990] found that cutting with a worn tool produced white layer, but 

that similar cutting conditions with the application of coolant resulted in 

undamaged surfaces. 

 

Some researchers reported that white layer was detrimental to the part 

performance and can affect its tribological performance, corrosion resistance and 

fatigue life. Contradictorily, Konig et al. [1990] and Abrao and Aspinwall [1996] 

reported that, despite white layer occurrence, hard turned steels have greater 

fatigue resistance than ground steels. Abrao and Aspinwall [1996] found that fine 

surface finish of hard turned parts resulted in longer fatigue life than ground 

counter parts even though the former had a deeper white layer.  

 

2.2.4.2 Residual stress 

It is known that the residual stress profile attributes, including both magnitude and 

direction along the depth below workpiece surface, significantly affect 

component‟s fatigue life. Generally, residual stress profiles are compressive at 

machined surface or subsurface with fresh tool and change to tensile at certain 

flank wear [Tonshoff 1995]. Figure 2.3 shows the trend of residual stress with 

increased tool wear. As it can be seen, increased tool wear typically results in 

larger residual tensile stresses near the surface. 

 

As expected, the residual stress distribution in finish hard turning is a function of 

the following parameters: 1) insert grade, 2) tool geometry, including nose radius 

and edge preparation (chamfer angle and length, hone radius), 3) cutting 

parameters, including cutting speed, feed rate and depth of cut, 4) tool wear 
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progression, 5) workpiece materials. 6) cooling method, 7) tool orientation, such 

as rake angle and clearance angle etc. 

 

Unlike residual tensile stress, compressive stress is more likely on the machined 

surface. Mechanical loading generated compressive residual stress and the thermal 

loading induced tensile stress are superimposed together on the newly machined 

surface [Konig et al. 1993; Tonshoff et al. 1996]. As tool flank wear increases, the 

frictional energy between the tool flank and the workpiece and the depth of the 

compressive stress induced by mechanical loading also increase. Thus, increased 

tool wear introduces larger tensile stresses near the surface, followed by steep 

stress gradients with a larger compressive stress further below the surface. This 

trend can be seen in Figure 2.3. The stress pattern with less overall change was 

generated by a tool with very little flank wear, compared to the other stress pattern 

which was generated by a significantly worn tool. In addition to the tool wear, tool 

edge geometry also has an effect on the residual stress profiles generated. Kishawy 

and Elbestawi [1998] investigated the combination effect of the edge preparation 

and the cutting speed on the residual stresses of D2 die steel. Thiele et al. [2000] 

reported the effects of edge geometry, feed, and workpiece material hardness on 

subsurface deformation and residual stresses when finish turning hardened AISI 

52100 steel. Ramesh et al. [1999] studied different edge geometries on both AISI 

4340 and AISI 52100. Stress profiles are shown in Figure 2.4, which illustrate the 

effect of large edge hones is to generate more compressive residual stresses below 

the surface. 
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Figure 2.3 Residual stress profiles for different flank wears [Tonshoff el al 1995] 

 

Figure 2.4 Residual stress profiles for different tool geometries and workpiece materials 

[Ramesh et al 1999] 
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2.2.5 Tool Wear 

Abrasion, adhesion, diffusion and chemical reactions are dominant wear 

mechanisms in hard turning which affect the wear pattern for: flank wear, crater 

wear, thermal shock, cracking, notching wear and chipping [Chou 1994, Huang 

2002]. 

 

Flank wear of tool inserts can significantly increase the cutting force and cause  

damage to the workpiece. So it is very important to estimate flank wear of tool 

inserts. Tool flank and wear can be estimated by several methods including a fuzzy 

neural network model [Chungchoo 2000, 2001], an acoustic emission model and a 

computer algorithm incorporating force, wear rate and cutting temperature models 

[Chryssolouris 1987].  

 

The fact that tool wear effects the cutting force is well known. Tool wear sensing 

using cutting force signal obtained from tool dynamometers during the machining 

has been researched over decades. Empirical methods have been employed 

extensively to identify the parameters that govern the cutting force change 

generated by tool wear. As machining takes place, crater wear tends to alter the 

tool tip geometry in such a way that the cutting force is reduced. However, the 

overall cutting force, namely the vector sum of radial, feed, and tangential cutting 

force, typically increases over the machining time due to flank wear.   

 

Mackinnon et al. [1986] claimed that using the ratio of the three cutting force 

components is a more effective approach to predict the tool wear. Furthermore, Shi 

[1990] showed that changes in the cutting force ratio with respect to changes in 

the cutting speed and the depth of cut are not significant. Thus, a reliable 

correlation between tool wear and cutting force ratio which is insensitive to the 

changes in the cutting conditions may be established. 
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Other researches in the field of tool wear prediction had been carried out by Park 

[1993], Elanyar [1992], Yao [1992], and Ko [1993]. Real time tool wear 

estimation with large non-linearity using adaptive observer was performed by 

Park. Using both theoretical tool wear model and radial basis function network, 

both flank wear and crater wear were simultaneously predicted by Elanayar. The 

estimation of flank wear on the minor edge based on the multivariate auto-

regressive moving average vector model has been reported by Yao. Furthermore, 

Ko showed that the estimation of flank wear on the minor edge using a fuzzy 

estimator had a 12% error.  

 

Chungchoo et al. [2002] proposed an on-line fuzzy neural network (FNN) for the 

estimation of tool wear of worn tools in CNC turning operations. This algorithm 

for on-line FNN model consists of three parts: (i) user interface; (ii) signal 

collection; and (iii) FNN. The first section of the FNN part classifies tool  wear by 

using fuzzy logic. The second part is employed to normalize the inputs for the 

neural network. The third section of the FNN part is developed to estimate the 

maximum depth of crater wear and the width of flank wear by using the modified 

least-square backpropagation (MLSB) neural network.  

 

Later, Chungchoo et al. [2002] presented a computer algorithm of new flank wear 

and crater wear models for tool wear estimation in oblique cutting. This algorithm 

predicts flank and crater wear from changes in feed and radial forces as well as 

acoustic emission.  

 

2.3 Numerical modeling of the hard turning process 

With the introduction of powerful personal computers, together with the 

development of adaptive remeshing modules and other numerical subroutines in 
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the commercial finite element software, finite element analysis has become the 

main tool for simulating metal cutting processes in recent years.  

 

2.3.1 Formulation methods 

In continuum-based FEM modeling, Eulerian and Lagrangian formulations are 

normally employed to describe a continuous medium. In a Lagrangian analysis, the 

elements are attached to the material and deform with it. The Lagrangian 

calculation embeds a computational mesh in the material domain and solves for 

the position of the mesh at discrete points in time. In those analyses, two distinct 

methods, the implicit and explicit time integration techniques can be utilized. The 

implicit technique is more applicable to solving linear static problems while 

explicit method is more suitable for nonlinear dynamic problems. The Lagrangian 

approach is particularly convenient when unconstrained flow of material is 

involved, since the mesh will accurately represent the boundaries during the 

analysis [Carroll 1988, Lin 1991 and Movahhedy 2000].  

 

Lots of hard turning researches have employed Lagrangian formulation. It allows 

the chip formation to be modeled from the incipient to the steady state, while 

Eulerian method is lack of that capability. This is the principal advantage of the 

Lagranian method. It is also not possible to model segmental and discontinuous 

chip formations with Eulerian formulation as the process is not defined as steady 

state. However, using the Lagrangian formulation requires large computational 

time because the workpiece mesh has to be extremely fine along the entire tool 

path. A criterion for separation of the undeformed chip from the workpiece is also 

required. Several chip separation criteria ranging from simple geometrical or stain 

parameters to the more complex fracture-mechanics principles have been 

developed and implemented [Black 1996].  
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Tay [1974] first modeled the temperature distribution during the orthogonal 

machining in the early 70‟s by using Eulerian formulation. The element in this 

approach is spatially fixed and defines a control volume, through which material 

flows. The element properties are calculated at fixed spatial locations. Due to the 

fixed nature of the approach, it is most suitable for cases where there are minimal 

free boundaries. 

  

The Eulerian approach does not have the problems associated with the Lagrangian 

formulation. The cutting action is modeled as the flow of the material around the 

tool. Therefore the location of the chip separation line does not need to be known 

in advance. No mesh distortion occurs and consequently no remeshing is required. 

Since the Eulerian formulation is only used to model steady state cutting, the 

lengthy transition from incipient to steady state condition is not simulated. 

Consequently, Eulerian approach is more computational efficient when compared  

to Lagrangian method.  

 

However, the Eulerian formulation is not suitable for modeling the unconstrained 

flow of material at free boundaries. Because of the fixed mesh, the contact length 

and the free boundaries of the chip can not be developed as natural results of 

deformation, and thus adjustment of the boundaries is necessary outside of the 

solution domain. Therefore, the major drawback when employing the Eulerian 

formulation is that the chip geometry, strain rate and flow stress distribution in the 

primary shear zone and secondary deformation zone have to be determined in 

advance. 

 

Arbitrary Lagrangian Eulerian (ALE) technique combines the features of pure 

Lagrangian analysis in which the mesh follows the material, and Eulerian analysis 

in which the mesh is fixed spatially and the material flows through the mesh. ALE 

formulation is utilized in simulating machining to avoid frequent remeshing for 
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chip separation [Rakotomalala 1993 and Olovsson 1999]. Explicit dynamic ALE 

formulation is very efficient for simulating highly non-linear problems involving 

large localized deformations and changing contact conditions as experienced in 

machining. The explicit dynamics procedure performs a large number of small 

time increments efficiently. The adaptive meshing technique does not alter the  

elements and the connectivity of the mesh. This technique allows flow boundary 

conditions whereby only a small part of the work piece in the vicinity of the tool 

tip needs to be modeled. 

 

2.3.2 Material model 

Metal cutting produces large strain (5 – 6), high strain rate (10
6
/s), and high 

temperature gradient within the workpiece. To accurately analyze this process with 

numerical methods, the correct material stress-strain relation, which can generalize 

the mechanical responses at high strain, high strain rate and high temperature 

gradient, has to be determined.  

 

It is well known that the microscopic and macroscopic responses of the material 

under high strain-rate loadings are affected by strain, strain rate, temperature, and 

microstructure of the material. The flow stress increases with the increase of strain 

and strain rate, while the increase of temperature leads to the opposite. However, 

the effect of the microstructure on materials is difficult to generalize. For example, 

a more complex rate-dependency is usually observed in a body-centered cubic 

metal or alloy than a face-centered cubic one.  

  

Numerous material relations have been proposed to capture the effects of large 

strain, strain rate, and high temperature gradient up to date. The pioneer work on 

material stress-strain modeling, with the consideration of temperature and strain 

rate, is the velocity modified temperature approach. First derived from the well -
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known Zener and Holloman [1944] equation, the relation between strain rate and 

temperature could be expressed as 

KUZ p /exp     (2.1) 

where 
p

  is the plastic strain rate, T is the absolute temperature, U is an activation 

energy, and K is a constant at a given stress and strain. Based on the above 

equation, MacGregor and Fisher [1945] developed the concept of “velocity 

modified temperature” - Tv in the formulation of 

0/ln1 
pv ATT    (2.2) 

where 0
  is the reference plastic strain rate, and A is a constant related to the 

activation process for plastic flow. This equation shows that the flow stress, under 

the temperature T and strain rate p
  , is equivalent to the stress under temperature 

Tv and reference strain rate 0
 . Many other relations, such as the Johnson-Cook 

model, have been developed since then. 

 

Stevenson and Oxley [1970 and 1971] carried out turning and compression tests on 

a 0.13%C steel, and showed the „„velocity modified temperature‟‟ model fits 

experiment data with valid material reasons. This concept became one of the key 

parts in Oxley‟s cutting theory [1989] for analytically predicting cutting 

performance. Guo and Liu [2002] adopted this approach to model hardened 

AISI52100 steel for the simulation of hard turning. The cutting forces and cutting 

temperature were found to be in good agreement with experimental results. 

Moreover, Shi and Liu [2006] were able to further predict the segmented chip 

morphology and white layer during machining hardened 52100 steel, based on the 

same material model. 
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The simplest material model which considers strain, strain rate and temperature is 

power law model. It is proposed that the dynamic stress-strain curve for steels in 

simple shearing is a power law relation,  

tn

p

m

p

f
T

T

000

0 


    (2.3) 

where T0 is the reference temperature, while m, n, and t characterize the strain -rate 

hardening, strain hardening, and thermal softening effects, respectively.  

 

Johnson and Cook suggested the following constitutive relation 
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  (2.4) 

where A, B, C, n, and m are material constants for strain-rate hardening, strain 

hardening, and thermal softening effects respectively. T is the temperature, T room 

is the room temperature, and Tm is the melting point of the material. They obtained 

the strain hardening index n, strain rate hardening index m, and the constants A, B 

and C by carrying torsion tests at temperature ranging from 20 to 600°C, with 

strains up to 1 and strain rate from quasi static to 400/s, Dynamic tension tests 

were conducted at a strain rate of 100/s, and Hopkinson bar tension tests at strain 

rates of 500/s to obtain. Marusich & Oriz [1994, 1995], Lovell et al. [1998] and 

Dillon & Zhang [1999] adopted Johnson-Cook‟s model in their researches for 

modeling the machining process. 

 

Ozel and Altan [2000] adopted an empirical relation for AISI P20 steel and used 

the orthogonal cutting experiment to obtain the relation coefficients. Shatla et al. 

[2001] used the orthogonal cutting and Oxley‟s cutting theory to obtain the 

material flow stress equations in the form of the Johnson-Cook model for AISI 

P20 steel, AISI H13 steel, X40CrMoV5D, and Aluminum EN AW 2007. The FEA 
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simulation of machining, based on these equations, showed sound results by 

comparing the predicted cutting forces with the simulated one. Ng and Aspinwell 

[2000] utilized the Johnson-Cook model for H13 steel to simulate the orthogonal 

hard machining. Again, cutting forces were compared and good agreement was 

found.  

 

Shi and Liu [2004] investigated the influence of material model on the simulation 

results of cutting force, chip thickness, chip curl and residual stress when 

machining HY-100 steel. It is concluded by the authors that the residual stresses 

are much more sensitive to the selection of material models.  

 

2.3.3 Chip separation and segmentation 

2.3.3.1 Chip separation 

A chip separation criterion is required to allow the chip to be removed from the 

workpiece when Lagrangian formulation is adopted. A suitable chip separation 

criterion is critical to the successful modeling of turning process. Different criteria 

have been proposed by researchers, among which geometrical and physical 

separation criteria are most commonly used. 

 

The geometrical criterion is a function of the critical distance between the tool‟s 

cutting edge and the node adjacent to this edge. When the element separation 

criterion has been satisfied, a notch will be created between the two elements in 

front of the cutting edge. The critical distance will increase after the element 

separation. And the cycle repeats. Many researchers have adopted the geometrical 

criterion to simulate the continuous chip formation process. They all agree that the 

value of the critical distance at which the node splits is crucial to the success of 

simulation, but they all used different values. In general, the magnitude of the 
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critical distance must be small enough to simulate the cutting conditions and big 

enough to avoid numerical instability. 

 

Physical separation criterion on the other hand is based on selected physical 

variables such as strain, stress or strain energy of the workpiece material. Plastic 

strains have been used by Carroll & Strenkowski [1988], It was found that the 

variation of plastic strain over the range of 0.25 to 1.0 significantly affected the 

stress field and the residual stress in the workpiece. Lin [1991] claimed that plastic 

strain criterion lacked generality, so he developed a strain energy density criterion 

to simulate chip formation. During each incremental tool advance, the strain 

energy density function is calculated at nodes of anticipated tool path. When the 

strain energy density at the node closest to the tool tip reaches the critical value, 

that node will be separated from the workpiece and becomes part of the chip. 

[Ceretti et al. 1998] employed the critical stress criterion in their simulations. The 

critical value was obtained only from the shear stress of workpiece material 

without considering the hydrostatic stress which is not the case in metal cutting.  

 

2.3.3.2 Fracture criteria  

During hard turning process, chip formation involves the propagation of fracture 

through the deforming chip. The finite element simulation of this process requires 

a suitable fracture criterion to realize the nucleating and propagating a crack 

through workpiece mesh.  

 

[Obikawa et al. 1996] were the first to model successfully the formation of 

segmental and discontinuous chips. In their modeling, the crack nucleation and 

growth during the segmentation of the chip during machining are based on the 

following fracture criterion as shown in equation 2.5.  
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Where f is the fracture stain, p is the hydrostatic stress,  is the temperature and 

pl
  is the plastic strain rate. When the plastic strain 

pl
 is greater than the fracture 

strain f, crack propagation will occur. 

 

Ng [2002] adopted catastrophic shear criterion when machining hardened AISI 

4340. The crack propagation criterion is shown in equation 2.6 where cracks 

initiate and grow if the plastic strain is larger than the equivalent plastic strain at 

failure.  
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Where c1 to c5 are material constants, p is hydrostatic stress, Mises is von-Mises 

stress, 
pl

  is plastic strain rate,  is temperature and 0
  is reference strain rate. 

 

Umbrello et al. [2004] applied Brozzo‟s criterion [1972] to predict the effect of 

hydrostatic stress on the chip segmentation during orthogonal cutting. Brozzo‟s 

criterion is expressed as: 
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   (2.7) 

where f  is the effective strain, 1 is the principal stress, m is the hydrostatic 

stress and D is the material constant. Brozzo‟s criterion says that when the integral 

of the left term in the equation reaches the value of D, usually called damage 

value, fracture occurs or chip segmentation starts [Umbrello 2004].  
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2.3.4 Friction model 

Severe deformations take place during metal cutting in the shearing zones and at 

the tool-workpiece interface where high strain-rates and temperatures are 

observed. The frictional conditions between the tool and the workpiece as well as 

at the tool-chip interface are highly complex and they are at least as important as 

flow stress characterization of the work material. They have great influence on 

chip formation, cutting temperature, tool wear and secondary deformation.  

It has been recognized in early years of metal cutting research that coefficien ts of 

friction obtained in metal cutting are often greatly different from those obtained 

with the same metal pair in conventional sliding-friction experiments. Thus, it is 

not practical to use a constant coefficient of friction along the tool -chip interface. 

 

Zorev [1966] proposed a model for representing the stress distribution on the rake 

face for continuous chip formation. Both the normal and frictional stresses were 

zero where the chip separated from the tool. The normal stress increased 

exponentially towards the tool cutting edge. The model divided the rake face into 

two regions: sliding and sticking. In the sliding region, the coefficient of friction 

was set to be constant. At any point in the sticking region, the frictional stress is 

equal to the shear strength of the chip material, and the normal stress increased to 

the level where the real area of contact matched the apparent area of contact.  

 

Shirakashi [1978] claimed that the friction was described by a nonlinear stress 

equation influenced by cutting conditions. The nonlinear friction characteristic 

equation is expressed as follow: 

k
C

k

t

c

t exp1    (2.8) 
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Where t  and t  are frictional and normal stresses respectively, k is the shear flow 

stress of the chip at the primary zone and Cc is the coefficient of friction obtained 

from experiments for different workpiece-tool material combination. 

 

Ozel [2006] investigated the effects of tool-chip interfacial friction models on the 

FE simulations. It is concluded by the author that the friction modeling at the tool-

chip interface has significant influence on the FE simulations of machining. 

Specifically, variable friction models that are developed from the experimentally 

measured normal and frictional stresses at the tool rake face resulted in  the most 

favorable predictions. 
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CHAPTER 3 

 

NUMERICAL MODELING OF HARD TURNING PROCESS 

 

 

 

As discussed in previous chapters, it is very important to develop a  reliable 

numerical model for hard turning process. With this model, the complex process 

can be further understood; the process variables (temperature, stresses, forces, and 

chip geometry) and tool/chip interface conditions can be predicted with an 

acceptable accuracy. Finally, hard turning process can be designed and optimized 

to reduce production cost and improve quality.  

 

3.1 Development of hard turning process model 

The commercial software DEFORM 2D, a Lagrangian implicit code designed for 

simulating metal forming processes, is used to simulate the orthogonal cutting 

process of AISI 52100 bearing steel.  The workpiece is modeled as rigid-visco-

plastic material considering the large plastic deformations taking place in the 

primary deformation zone and the secondary deformation zone during the 

machining process.  High mesh density is defined on the workpiece around the 

tool tip by “moving windows” which move with the tool. Workpiece mesh is 

automatically re-meshed if excessive mesh distortion occurs during the simulation.  

Therefore, formation of the chip can be simulated step by step with each tool 

advance.  
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3.1.1 Finite element formulation 

The rigid-viscoplastic finite element formulation is based on the variational 

approach. According to this approach, the actual velocities (i.e. the actual 

solution) among all admissible velocities ui that satisfy the conditions of 

compatibility and incompressibility as well as the velocity boundary conditions, 

give the following functional a stationary value:  

    
V S

iiij

v

dSuFdV)(E    (3.1) 

where E is the power function which gives: 

ij

'

ij

E
.  The incompressibility 

constraint on admissible velocity fields can be removed by introducing a penalized 

form of the incompressibility as,  

   
V V S

iivv

F

0dSuFdVKdV   (3.2) 

where ),(  , and iiv  is the volumetric strain-rate. K can be very large 

positive constant. 

 

3.1.2 Thermal effects 

The temperatures generated in high speed machining process can be very high and 

have a considerable influence on the mechanical response. The heat transfer 

equation is expressed in the form of energy balance as follows,  

       0,1 TcrTk ii   (3.3) 

where K1T,ii presents the heat transfer rate, Tc  is the internal energy-rate.  It is 

usually assumed that the heat generation in the deformation zone is only due to 

plastic deformation 
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      ijijr    (3.4) 

The fraction of mechanical energy transformed into heat  and is usually assumed 

to be 0.9.  The fraction of the rest part of the plastic deformation energy (1 - ) is 

converted to cause changes in dislocation density, grain boundaries, and phases 

and so on.  This energy is usually recoverable by annealing.  The energy balance 

can be written in the form 

       

 
V V V S

nijiji

q

TdSqTdVTTcTdVTk 0,1   (3.5) 

where qn is the heat flux across the boundary surface Sq, and  

     nqn Tkq    (3.6)   

To solve problems of this nature, it is required that the temperature field satisfies 

the prescribed boundary conditions and equation (3.5) for arbitrary perturbation 

T.  Finite element formulation for temperature analysis can be expressed as  

     QTKTC c   (3.7) 

The theory necessary to integrate equation (3.7) can be found in various numerical 

analysis textbooks.  The convergence of a scheme requires consistency and 

stability.  Consistency is satisfied by an approximation of the type [Matsumoto 

1986] 

    tttttt TTtTT 1   (3.8) 

The value of  influences the stability.  It is usually considered that  should be 

larger than 0.5 to ensure an unconditional stability and a value of 0.75 is usually 

selected. 
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3.1.3 Workpiece material model 

In order to accurately simulate the hard machining process, the mechanical and the 

thermal response of the workpiece material under the extreme conditions of the 

strain (2–5), the strain rate (10
4
 to 10

6
 s

-1
), the temperature in the cutting zone (up 

to 1200 ◦C) and the initial hardness (52–64 HRC) must be represented correctly.  

In hard machining, the flow stress varies with different heat treatment of the 

material. In other words, for the same material the machinability can be a function 

of hardness resulting from different heat treatment procedures.  

 

The effect of hardness is especially significant for the case-hardened bearing steel 

that has significant amount of retained austenite in the martensite matrix 

depending on the final hardness. The large nose radius CBN cutting tools and 

small depth of cut normally used in hard machining impose ploughing or 

burnishing action on the cut surface, resulting in the generation of high 

hydrostatice stresses in the cutting zones; the latter effecting chip segmentation 

and fracture. Existing material models published in literature are mainly based 

only on the effective strain, effective strain – rate and temperature. These models 

may be acceptable in conventional machining but are inadequate for hard 

machining. 

 

The framework for a hardness based flow stress model developed at the Ohio State 

University is shown in Figure 3.1 [Umbrello et al. 2004]. The basic approach is to 

build step by step the influence of the effective strain, effective strain rate, 

temperature and hardness on the flow stress. In developing the  flow stress model, 

the influence of the temperature and strain – rate are considered as multiplier 

factors of the work hardening, while the influence of the hardness linearly 

modifies the work hardening. In fact, the influence of hardness on the flow stress 

can be divided into two aspects: 1) factor that modifies the material strength and, 

2) the other factor that modifies the strain hardening. Furthermore, the temperature 
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factor is an exponential function (which includes a 5th order polynomial 

exponent), which is a best fit for the temperature data obtained from published 

results [Mamalis et al. 2000]. 

 

The generic expression of the hardness based flow stress as a function of effective 

strain, effective strain – rate, temperature and hardness can be written as follow: 

   AGFCTBHRcT
mn  ln1,,,   (4.9) 

where is B(T) temperature dependant factor and is given as B(T) = EXP 

(aT
5
+bT

4
+cT

3
+dT

2
+eT+f), C is work hardening coefficient, F and G are functions 

of hardness, A is an adjustment factor. The values of coefficients a, b, c, d, e, f, C, 

n and m for the 52100 steel at HRC 62 are detailed in Table 3.1.  

 

Description Value Description Value 

C 1092 MPa b -3.2927 x E
-12

 

n 0.083 c -6.9118 x E
-9

 

A 0.0567 d 5.4993 x E
-6

 

m 0.1259 e -1.2419 x E
-3

 

a 3.8121 x E
-15

 f 0.02443 

Table 3.1 Constants for flow stress equation [Umbrello et al. 2004] 
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Figure 3.1 Flow chart for flow stress model development [Umbrello et al. 2004] 

 

3.1.4 Tool-chip interface friction model 

The friction at the chip-tool interface is modeled using shear factor (m). A 

constant shear factor of m = 0.5 is applied across the entire tool -chip interface 

based on the satisfactory result between predicted and experimental cutting force.  

 

3.1.5 Chip fracture criterion Process condition 

During hard machining, the hydrostatic pressure plays an important role in finish 

hard machining due to larger elastic response of the material, the small depth of 

cut (DOC) employed and the tool edge geometry which presents a hone edge 

radius or a chamfer. Often the edge geometry is larger than the DOC. Therefore, 
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the effect of hydrostatic stress should also be included in material response such as 

fracture criterion. In this research, Brozzo‟s criterion [Brozzo 1972] is employed 

to predict the effect of hydrostatic stress on the chip segmentation during 

orthogonal cutting. Brozzo‟s criterion is expressed as:  

f
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m

0
1
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3

2
    (3.10) 

where f is the effective strain, 1 principal stress, m the hydrostatic stress and D 

the material constant.  

 

 

Figure 3.2 Determination of damage value D [Umbrello et al. 2004] 

Brozzo‟s criterion states that when the left integral in Eq. (3.10) reaches the value 

of D, usually called damage value, fracture occurs or chip segmentation starts. The 

critical damage value is chosen by a calibration curve for hardnesses between 52 

and 64 HRC, the hard turning range. This curve is a linear interpolation as shows 

in Figure 3.2, where x is the hardness value, while y is the critical damage value 

for each level of hardness.  
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3.2 Finite element modeling of hard turning 

3.2.1 Numerical model 

Hard turning process model is generated under plain strain conditions utilizing the 

Deform-2D
TM

 finite element code. Initial mesh configuration and tool geometry is 

shown in Figure 3.3. The workpiece is initially meshed with 2000 isoparametric 

quadrilateral elements, while the tool is rigid and has 600 elements. The 

constitutive law utilized and implemented in the numerical model to take into 

account this complex material behavior is given in the Eq. (3.9).  

 

Figure 3.3   The initial mesh configuration of workpiece and cutting tool, dimensions and 

boundary conditions 

The mechanical and thermal properties of workpiece and cutting tool are  listed in 

Table 3.2.  
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AISI 52100 Chemical composition 

C% 0.98-1.1 

Mn% 0.25-0.45 

Pmax% 0.025 

Smax% 0.025 

Simax% 0.15-0.3 

Cr% 1.3-1.6 

Ni% <0.3 

Mechanical thermal properties 

Young‟s modulus (GPa) 201.33 

Poisson‟s ratio 0.277 

Density (Kg/m
3
) 7827 

Thermal conductivity (N/sec/C°) See Figure 4.4 

Heat capacity (N/mm
2
/C°) See Figure 4.4 

Emissivity 0.7 

Tool (SANDVIK CC670 SNGN120408 T01020 - PCBN) 

Heat capacity (N/mm
2
/C°) 2.76 

Thermal conductivity (N/sec/C°) 40 

Emissivity 0.45 

Workpiece-tool interface 

Heat transfer coefficient 

(N/sec/mm/C°) 
28 

Table 3.2 Workpiece and cutting tool properties 
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Figure 3.4 Thermal conductivity (left) and heat capacity (right) as functions of 

temperature [Umbrello et al. 2004] 

3.2.2 Model validation 

3.2.2.1 Force comparison 

Cutting forces is compared with experimentally measured cutting forces from 

literature and shown in Figure 3.5 for two cutting speeds 60 and 120m/min. The 

experimental results are from Mamalis et al  [Mamalis et al. 2002]. for 0.05mm/rev 

feed rate and 0.1mm depth of cut. Hardness of the 52100 steel workpiece is 62 

HRC. The cutting tool was a PCBN insert with a rake angle of –5°, a clearance 

angle of 6°, and a cutting edge radius of 4µm (a sharp cutting edge). 
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Figure 3.5 Predicted versus experimentally measured cutting forces [Umbrello et al. 

2005] 

It can be seen from Figure 3.5 that the cutting forces reduce as cutting speeds 

increase. This can be explained as the thermal softening effect of the material is 

more dominant than the strain hardening effect at higher temperature. The 

numerical model under-predicts the cutting force at both the cutting speeds with 

the difference being smaller at the higher speed. This is to be expected as the large 

nose radii PCBN tool used in experiments develops higher cutting forces. The 

effect of nose geometry cannot be modelled by the two-dimensional orthogonal 

numerical model adopted in this study. 

3.2.2.2 Chip morphology comparison 

Hardness of the material and the cutting speed are two major factors that  influence 

the chip morphology and segmentation as indicated in recent studies. It is reported 

by the researchers that shear localization in the chip in hard steels occurs for 

hardness values greater than 53 HRC. However, it is also reported that shear 

localization also occurs when machining medium hard steel at higher cutting 

speeds. That shows that the effects of the cutting speed (adiabatic shear) and the 

effect of hardness (early fracture) on shear localization are interdependent.  

 

Simulated chip morphology is compared with published data for different 

workpiece hardness and cutting speed to further validate the proposed model. 

Throughout the simulation, the cutting tool is a Sandvik CC670 PCBN with rake 

angle =-6°, clearance angle =6° and tool chamfer equals 20° 0.1mm. The 

cutting speed is kept at 100 mm/min, while the feed rate and depth of cut are set 

equal to 0.1 mm/rev and 1mm separately. 
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Figure 3.6 Chip morphology during machining workpiece with an initial hardness of 

HRC 41, Picture on the left predicted, right [Poulachon and Moisan 2000] 

 

Figure 3.6 through Figure 3.9 illustrates the comparison of chip morphology from 

predicted to the Poulachon‟s results [Poulachon and Moisan 2000].  The serrated 

chip formation processes obtained from simulation are shown on the left. 

Published data from literatures are shown on the right.  

 

It is seen from Figure 3.6 that both simulation and experiment give a continuous 

chip for low hardness workpiece. The thickness of the chips is also comparable in 

the two figures. Hence, the numerical model adequately predicts the metal flow 

mechanics (strain and strain rate) and formation of shear zone that affect the chip 

morphology. 
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Figure 3.7 Chip morphology during machining workpiece with an initial hardness of 

HRC 53, Picture on the left predicted, right [Poulachon and Moisan 2000] 

Figure 3.7 shows the chip morphology for workpiece hardness of HRC 53. It is 

shown by both the numerical simulation and experiment that serrated chip is 

formed instead of continuous chip. 

 

Three representative dimensions (valley height, peak height and pitch length) of 

the serrated chip are measured and compared between the experimental and the 

predicted result as shown in Table 3.3. The results for all the three geometric 

attributes are very close. So, it can be stated that the flow stress and fracture 

criterion properly describe the process physics. 

 

 
Average valley 

(µm) 
Average peak (µm) Average pitch (µm) 

Experimental result 75 110 135 

Numerical result 72 115 140 

Table 3.3 Chip dimensions for workpiece hardness of HRC 53 
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Figure 3.8 Chip morphology during machining workpiece with an initial hardness of 

HRC 60, Picture on the left predicted, right [Poulachon and Moisan 2000] 

 

As the hardness increases, the chip morphology also changes. It can be seen from 

Figure 3.8 that the numerical model is able to capture both the chip curvature and 

the extreme segmentation experienced at this hardness. The three geometrical 

attributes of the chip, average valley, average peak and average pitch are 

accurately predicted (see Table 3.4). 

 

 
Average valley 

(µm) 
Average peak (µm) Average pitch (µm) 

Experimental result 48 100 70 

Numerical result 49 90 80 

Table 3.4 Chip dimensions for workpiece hardness of HRC 60 
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Figure 3.9 Chip morphology during machining workpiece with an initial hardness of 

HRC 62, Picture on the left predicted, right [Poulachon and Moisan 2000] 

 

As the workpiece hardness further goes up, the chip becomes true saw-tooth type 

as shown in Figure 3.9. It is a main feature of the machinability of hard alloys.  

Average peak height, average valley height and average pitch length are listed in 

Table 3.5. It can be seen that there is a good match between the experimental and 

the numerical chip morphology. 

 

Based on the comparison with published results, it can be concluded that the FEM 

model incorporating the proposed flow stress model and Brozzo‟s criterion 

adequately simulates the orthogonal cutting process, and reasonably predict both 

the cutting forces and chip morphologies over a wide range of material hardness 

values. Hence, it will be a valuable tool in the design and optimization of hard 

turning process. 
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Average valley 

(µm) 
Average peak (µm) Average pitch (µm) 

Experimental result 20 100 165 

Numerical result 26 97 175 

Table 3.5 Chip dimensions for workpiece hardness of HRC 62 

 

3.3 Investigation of hard turning induced residual stress 

In a finishing process, surface integrity is often a key factor due its impact on the 

product‟s final performance. One of the most significant differences between hard 

turning and grinding is that hard turning can introduce surface compressive 

residual stress while achieving an equivalent or better surface finish. It is reported 

that residual stress on the machined surface and under the subsurface are known to 

influence the service quality of the component, such as fatigue life and tribological 

properties, and are also related to distortion in the machined component. 

 

In the case of roller bearings, main focus for industry is the nature of residual 

stresses existing on the surface of contact and in the subsurface close to the 

surface. The profile (magnitude and depth) of the residual stresses can greatly 

enhance or reduce the fatigue life of a roller bearing. It is known that compressive 

residual stresses are more favorable for rolling contact fatigue life than tensile 

residual stresses. Furthermore, machining of hardened components, such as shafts, 

roller bearing and other mechanical components, is usually done in a finishing 

operation and the residual stresses left behind by the machining process remain in 

the final product, which can be tensile or compressive depending on the used 

process parameters. 
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Therefore, it is crucial that the effects of the finishing process on the residual 

stress profile can be accurately predicted, so that the machining parameters can be 

designed and selected to enhance fatigue life of machined components.  

 

3.3.1 Turning experiments 

The face turning of a tube is carried out on a CNC turning center (Mori Seiki, 

Model CL203 as shown in Figure 3.10) at a constant surface speed of 120 m/min. 

Other cutting parameters are listed in Table 3.6. 

 

Figure 3.10 Mori Seiki CL203 CNC turning center 

Figure 3.11 schematically shows the face turning experiment set up and the 

definition of the residual stress to be measured. PCBN insert with the cutting edge 

preparation of a 20° chamfer with 20 µm hone edge is used in the test. Workpiece 

material used in the test is AISI 52100 bearing steel tubes with outer diameter of 

129 mm and inner diameter of 86 mm. The tubes are heat treated to hardness 

values of 56 and 63 Rockwell hardness C scale (HRC). All samples are of 19.56 

mm (0.77”) in thickness. The material is normalized to a temperature about 850 °C 
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followed by oil quenching and then tempered in the range 180-250 °C. The 

resulting microstructure shows tempered martensite with approximately 5% 

retained austenite as shown in Figure 3.12. Due to the parameter variation during 

heat treatment, the actual hardness values measured after heat treatment are 

HRC55-56 and HRC61-63 respectively. In the numerical experiment, hardness 

values of 56 and 62 are employed. 

 

Sample 

No. 

Hardness 

(HRc) 

DOC 

(mm) 

Feed Rate 

(mm/rev) 

Cutting Edge 

geometry 

1 55-56 0.36 0.28 

 

2 55-56 0.72 0.56 

3 61-63 0.36 0.28 

4 61-63 0.72 0.56 

Table 3.6 Processing parameters 

 

 

Figure 3.11 Face turning and residual stress definition on the machined surface [Hua et al 

2005] 
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Figure 3.12 SEM micrograph of hard turned AISI 52100 steel surface 

 

3.3.2 Residual stress measurement 

Over the last few decades, various quantitative and qualitative methods have been 

developed. In general, a distinction is made between destructive and non – 

destructive techniques. 

 

The first series of methods is based on destruction of the state of equilibrium of 

the residual stress after sectioning of the mechanical component, machining or 

layer removal. The redistribution of the internal forces leads to local strains, which 

are measured to evaluate the residual stress field. The residual stress is deduced 

from the measured strain using the elastic theory (analytical approach or finite 

element calculations). These techniques are only sensitive to the macroscopic 

residual stress (first kind of residual stress). The most usual methods are: 1) hole -

drilling method, 2) compliance method, 3) ring core technique, 4) bending 

deflection method, 5) sectioning method. 
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The second series of methods is based on the relationship between the physical 

and crystallographic parameters and the residual stress. The most developed 

methods are: 1) X-ray and neutron diffraction method, 2) ultrasonic techniques, 3) 

magnetic methods.  

 

In this dissertation, X-ray diffraction method is adopted to measure the machining 

induced residual stress. Residual stress measurement is conducted at the High 

Temperature Materials Laboratory, Metals & Ceramics Division, Oak Ridge, TN 

(USA).  

 

Parameter Condition 

Equipment 

TEC Model 1600 x-ray stress analyzer 

Position sensitive detector (PSD), 

14°2 range 

Power 52.5 W; 35 kV, 1.5 mA 

Radiation Cr Ka1, l = 2.28970 Å 

Source-specimen distance 220 mm 

Specimen-detector distance 220 mm 

Tilt axis & angles 
; 0, ±24.1, ±35.3, ±45 ° (equal steps of 

sin
2

) 

Scans 0.06 °2  step/element;  100 sec/scan. 

Table 3.7 Experimental conditions of the x-ray measurements made on the TEC large 

specimen stress analyzer 
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Table 3.7 lists the details of the experimental conditions for the x-ray 

measurements.  A single axis ( ) goniometer is employed for the stress 

measurements using the " -goniometer geometry" [Noyan 1987].  The 

measurement set up is shown in Figure 4.13. The (211) reflection from the ferritic 

phase/martensite is utilized for the strain measurements.  During scanning, the  

axis is oscillated ± 2° to improve particle statistics.  Specimen alignment is 

accomplished using a contact probe and a micrometer stage which is accurate to ± 

0.005 mm. Goniometer alignment is ensured by examining Fe powder pellet.  The 

maximum observed peak shift for the (211) reflection of Fe (156 °2 ) was less 

than 0.06 °2  for  tilting as described in Table 4.7. Electropolishing is performed 

to remove surface material (about 20 µm for each measurement) and to eliminate 

the possibility of alteration of residual stress distribution as a result of material 

removal. 

 

 

Figure 3.13 Test setup for residual stress measurement 

Specimen 
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Triaxial with shear stress analysis is conducted for all specimens using tilt angles 

( ) of –45°, -35.3°, -24.1°, 0°, 24.1°, 35.3°, 45°. The {211} peaks were scanned 

using 0.06° 2  increments (  is the Bragg angle) ranging from 153° – 167° at each 

tilt angle. Count times of 100 seconds are used to ensure accurate peak shapes.  

 

The strain is plotted versus sin
2

, where strain is determined from interplanar 

spacing
0

0

d

dd . The term d  and d0 are the measured and strain-free {211} 

interplanar spacings, respectively. The curve is fitted using the generalized least 

squares method. The strain-free interplanar spacing, d0, is calculated for each 

sample using the Dölle-Hauk method [Dolle and Hauk 1977].   

 

Each sample is tested at eight depths with at 20µm regular intervals at the location 

of the machined surface shown in Figure 3.11.  Once the scans are completed, the 

data are transferred using customized [Wiesner 2003] LabView program. Further 

analysis is performed using the Dölle-Hauk method.  Calculations are mainly 

focused to evaluate the residual stresses developed in the hoop and axial 

directions. 

 

3.4 Results and discussion 

3.4.1 Cutting force predictions 

Figure 3.14 shows the predicted cutting force for different combinations of 

hardness and feed rate. The cutting force obtained from FEM simulation presents 

the load component in the direction perpendicular to cutting tool motion in steady 

state. It can be seen from this figure that cutting force increases with the hardness 

and feed rate. This is because more deformation energy is required for chip 

formation when the hardness and/or feed rate increase.   
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Figure 3.14 Cutting forces at different combinations of hardness and feed rate (depth of 

cut = 0.35 mm, feed rate = 0.28 mm/rev, HRC = 56, hone = 0.02mm, chamfer =20°) 

 

 

Figure 3.15 Predicted cutting forces for different hone radius and chamfer angles: left: 

depth of cut = 0.35 mm, feed rate = 0.28 mm/rev, HRC = 56, chamfer =20 , right: depth 

of cut = 0.35 mm, feed rate = 0.28 mm/rev, HRC = 56, hone = 0.1mm 
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It also can be observed that feed rate influences cutting force more significantly 

than hardness does. For example, the cutting force increases from 200.9 N to 212.8 

N at feed rate of 0.14 mm/rev. when hardness changes from HRC62 to HRC66, 

while the cutting force goes up from 200.9 N to 370.65 N when feed rate changes 

from 0.14 mm/rev. to 0.28 mm/rev. at the workpiece hardness of HRC62.  

Figure 3.15 demonstrates the predicted cutting force for different cutting edge 

preparations. Cutting force increases with the hone radius and chamfer angle, but 

the increase is not significant. 

 

 

Figure 3.16 Cutting force at different hardness and feed rates (depth of cut = 0.35 mm, 

cutting speed = 20 m/min, (depth of cut = 0.35 mm, feed rate = 0.28 mm/rev, HRC = 56, 

hone = 0.02mm, chamfer =20°) 

Figure 3.16 shows the cutting force for different hone radii and feed rates at the 

chamfer angle of 20° when hardness is above HRC 60. It can be seen the figure 

that cutting force is mainly controlled by feed rate.  
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3.4.2 Temperature on cutting tool edge 

Tool wear in hard turning not only modifies the cutting edge geometry but also 

increases cutting force and cutting temperature significantly, which, in tu rn, 

influences the residual stress profile in the machined surface.  Therefore, wear in 

cutting edge is crucial during the hard turning and temperature is one of the major 

factors which influences flank wear.  

 

Figure 3.17 illustrates the maximum temperature on the cutting edge for different 

workpiece hardness and feed rate. It can be seen from this figure that increase in 

hardness at high feed rate significantly increases cutting edge temperature. For 

instance, the cutting edge temperature goes up from 346 °C to 406 °C at feed rate 

of 0.56 mm/rev when workpiece hardness change from HRC 56 to HRC 

66(increasing more than 10%), while the cutting edge temperature goes up from 

361 °C to 375 °C at feed rate of 0.14 mm/rev when workpiece hardness change 

from HRC62 to HRC66 (increasing about 4%).  

 

 

Figure 3.17 Maximum temperature on the cutting edge at different feed rate and hardness 

(depth of cut = 0.35 mm, cutting speed = 20 m/min hone = 0.02mm, chamfer =20°) 
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Figure 3.18 Maximum temperature on the cutting edge at different tool geometry (depth 

of cut = 0.35 mm, cutting speed = 20 m/min., feed rate = 0.28 mm/rev., HRC=56) 

 

The effect of cutting edge geometry on the tool edge temperature is shown in 

Figure 3.18, where the vertical axis is the maximum temperature on the cutting 

edge.  It is seen from this figure that hone radius has greater influence on the 

cutting edge temperature than chamfer. When hone radius increases from 20 µm to 

100 µm (at chamfer angle of 20°), the maximum edge temperature increases more 

than 90 °C. Increasing chamfer angle from 0° to 40° at the hone radius of 20 µm 

only causes less than 30 °C increase in cutting edge temperature. Therefore, using 

chamfer plus hone for cutting edge preparation is better from the tool wear point 

of view, if required residual stress can be reached.  

 

Figure 3.19 shows the cutting edge temperature for different hone radii and feed 

rates at the chamfer angle of 20° when hardness is above HRC 60. It can be seen 

from the figure that cutting tool temperature is mostly influenced by hone radius. 
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Figure 3.19 Maximum temperature on the cutting edge at different hardness and feed 

rates (depth of cut = 0.35 mm, cutting speed = 20 m/min, chamfer = 20 °) 
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(c)      (d) 

Figure 3.20 Comparison of measured residual stress profile to the prediction (cutting 

speed = 120 m/min, depth of cut = 0.35 mm, cutting edge geometry = 20 ° chamfer by 

0.02mm hone radius): (a) Sample 1 HRc=56, Feed rate = 0.28 mm/rev., (b) HRc=56, 

Feed rate = 0.56 mm/rev.; (c) HRc=62, Feed rate = 0.28 mm/rev., (d) HRc =62, feed rate 

= 0.56 mm/rev. 

Figure 3.20 shows the comparison of predicted residual stress profile to 

experimentally measured data. It is illustrated from the figure that the predicted 

residual stress matches measurement data very well. It is also shown from this 

figure that the maximum residual stress (absolute value) increases with workpiece 

hardness and feed rate. Figure 3.20 a and c present the residual stress at the feed 

rate of 0.28 mm/rev but the workpiece hardness increase from HRC=56 (Figure 

3.20 a) to HRC=62 (Figure 3.20 c). It can be seen from these two pictures that 

when the hardness increases from HRC 56 to 62 at the feed rate of 0.28 mm/rev., 

the maximum axial residual stress increases from 320 MPa to 400 MPa, while the 

maximum circumferential residual stress increases from 1180 to 1350 MPa. On the 

other hand, the feed rate also significantly influences the residual stress. For 

example, when feed rate increases from 0.28 to 0.56 mm/rev. at the same hardness 

(Figure 3.20 c to 3.20 d), the maximum circumferential residual stress increases 
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from 1350 MPa to about 1700 MPa. The following sections give the discussion on 

the effects of feed rate and workpiece hardness on the residual stress profile in the 

machined subsurface in terms of process variables (temperature, stress and strain).  

 

3.4.3.1 Effect of feed rate 

Figure 3.21 shows the temperature distribution around the cutting edge for 

different feed rates.  It can be observed from these pictures that overall 

temperature in the deformation zone is higher when feed rate is large than when 

the feed rate is small. The temperature ahead of cutting edge increases from about 

764 C to 845 C, while the surface temperature under the cutting edge changes 

from 672 C to 764 C when feed rate increase from 0.28 to 0.56 mm/rev. This 

increase in temperature by increased feed rate is due to the increase of material 

removal rate since the cutting energy increases with the material removal rate. The 

increase in temperature favors the plastic deformation under the cutting tool 

(under the flank face) leading to more tensile plastic deformation.  

 

It is known that there exists a tensile deformation behind the cutting edge under 

the flank face, while compressive deformation ahead of the cutting edge [Thiele 

and Melkote 1999]. The tensile strain increases with the feed rate.  Large feed rate 

itself usually results in severe non-uniform deformation around the cutting edge. 

In addition, tensile plastic deformation reaches deeper when feed rate is large 

compared with the low feed rate. Therefore, the tensile deformation state under the 

flank face right behind the cutting edge increases with the feed rate.  When the 

deformation zone is unloaded, the stress state is reversed leading to a compressive 

residual stress. 
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Figure 3.21 Temperature distribution in degrees Celsius at different feed rate (cutting 

speed = 120 m/min, depth of cut = 0.35 mm, HRc=56, cutting edge geometry = 20 ° 

chamfer by 0.02mm hone radius) 
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25 m from the surface in circumferential directions under the feed rate of 0.28 

mm/rev (see Figure 3.20 c). This indicates that high feed rate generates larger 

compressive residual stress zone in the subsurface.  

 

During the cutting process, severe compressive deformation takes place around 

and ahead of the cutting edge on the one hand. On the other hand, tensile 

deformation is usually generated behind the cutting edge when the cutting edge 

passes by. If the absolute value of the tensile deformation is larger than that of the 

compressive deformation previously produced by the cutting edge, the machined 

surface/subsurface presents a compressive residual stress. According to the above 

discussion, the higher the feed rate, the more and deeper tensile deformation is 

produced and, therefore, the more compressive residual stress and larger beneficial 

depth will be obtained. This is because that the higher the feed rate, the deeper the 

tensile plastic deformation behind the cutting tool will reach in the machined 

subsurface. Therefore, high compressive residual stress and deeper penetration of 

the compressive residual stress can be obtained when cutting with high feed rates. 

When the initial hardness is above HRC 60, excessively high temperature on the 

machined surface develops with the increased feed rate resulting in unwanted 

metallurgical alteration in the machined surface. Figure 3.22 shows the 

temperature profile right under the cutting edge for hardness of HRC62 at different 

feed rate. It can be seen from this figure that when feed rate is 0.56 mm/rev, the 

surface temperature can reach as high as 850 C which is about the phase 

transformation temperature for this steel. When feed rate is reduced to 0.14 

mm/rev, the surface temperature drops to 698 C, about 100 C less than that of 

0.56 m/rev. 
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Figure 3.22 Distribution of temperature in the machined surface under the cutting edge at 

different feed rate in mm/rev(cutting speed = 120 m/min, depth of cut = 0.35 mm, 

HRC=62, cutting edge geometry = 20 ° chamfer by 0.02mm hone radius): 

 

3.4.3.2 Effect of feed rate 

Figure 3.23 shows the predicted circumferential residual stress profile for different 

workpiece hardness, feed rates and cutting edge geometry, where “h” stands for 

hone edge radius, “ch” denotes chamfer angle and “f” presents feed rate. Together 

with Fig. 3.20, it can be seen that more compressive stress can be obtained with 

the increasing workpiece hardness. It is shown in Figure 3.23 that the depth of 

maximum compressive residual stress seems does not change with the increasing 

hardness, while feed rate influence both the maximum value and depth of 

compressive residual stress.  The effect of hardness on the residual stress profile 

can be ascribed to the cutting temperature and relative plastic deformation during 

the cutting process. 
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Figure 3.24 and 3.25 illustrate the temperature distribution around cutting edge for 

different workpiece hardness. It can be seen from these figures that temperature 

around the cutting edge during hard turning increases with workpiece hardness. 

When the hardness increases from HRC=56 to HRC=62, the surface temperature 

under flank face increases from 746 °C to 850 °C for feed rate of 0.56 mm/rev 

(Figure 3.24), from 672 °C to 756 °C for feed rate of 0.28 mm/rev (see Figure 

3.25). The increase in temperature is due to the increase of specific energy of high 

hardness material. The heat generated during cutting process is proportional to the 

specific cutting energy for the workpiece being cut. As mentioned above, the high 

temperature promotes plastic deformation around cutting edge with larger and 

non-uniform tensile plastic deformation under the flank face behind the cutting 

edge. Therefore, it can be concluded that the temperature and deformation factors 

in cutting harder materials jointly favor the compressive residual stress in the 

machined surface. 

 

 

Figure 3.23 Predicted circumferential residual stress for different workpiece hardness, 

feed rates and cutting edges (cutting speed = 120 m/min, depth of cut = 0.35 mm) 

-1600

-1400

-1200

-1000

-800

-600

-400

-200

0

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

Distance from surface (mm)

C
ir

c
u

m
fe

re
n

ti
a

l 
re

s
id

u
a

l 

s
tr

e
s

s
 (

M
P

a
)

HRC62_h20_ch20_f0.14 HRC62_h20_ch20_f0.28

HRC66_h20_ch20_f0.14 HRC66_h20_ch20_f0.28

HRC66_h100_ch20_f0.14



 66 

The increase in the compressive residual stress due to higher hardness can be 

explained as follows: when cutting higher hardness material, the tensile stress 

which resulting tensile plastic deformation behind cutting tool is larger than that in 

cutting less hard material. Thus, the tensile plastic deformation behind the cutting 

tool is larger in cutting harder material than in cutting less harder material. 

Therefore, more compressive residual stress is generated due to the force 

equilibrium after the stress cycling. In addition, the negative chamfer plus honing 

effect during the hard cutting induce a very strong compressive deformation state 

on the cutting edge similar to the deformation zone before exit of an extrusion die. 

The machined surface is generated in the way similar to ironing process. 

Therefore, the machined surface experienced a severe tensile deformation when 

the cutting edge passed by resulting in more severe non-uniform plastic 

deformation distributed in the machined subsurface when cutting high hardness 

workpiece than cutting low hardness workpiece.  

 

 

Figure 3.24 Temperature distribution at different Hardness (cutting speed = 120 m/min, 

depth of cut = 0.35 mm, feed rate = 0.56 mm/rev, cutting edge geometry = 20  chamfer 

by 0.02mm hone radius) 
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Figure 3.25 Temperature distribution at different Hardness (cutting speed = 120 m/min, 

depth of cut = 0.35 mm, feed rate = 0.28 mm/rev, cutting edge geometry = 20  chamfer 

by 0.02mm hone radius) 
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Figure 3.26 Predicted circumferential residual stress for different hone edges (cutting 

speed = 120 m/min, depth of cut = 0.35 mm, feed rate = 0.28 mm/rev, HRC = 56) 

 

Figure 3.27 Predicted axial residual stress for different hone edges (cutting speed = 120 

m/min, depth of cut = 0.35 mm, feed rate = 0.28 mm/rev, HRC = 56) 
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It is seen from these figures that although the residual stress increases with the 

chamfer angle the increase is smaller than that by hone radius, especially for the 

axial residual stress. It is noticed from these figures that the increase of res idual 

stress is much larger when chamfer angle changes from 0° to 20° than that from 

20° to 30°. Although the increase of residual stress is larger when chamfer angle is 

from 20° to 30° than from 30° to 40°, this change is not as significant as that 

occurred from 0° to 20°.  

 

 

Figure 3.28 Predicted axial residual stress for different chamfer angles (cutting speed = 

120 m/min, depth of cut = 0.35 mm, feed rate = 0.28 mm/rev, HRC = 56) 
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Figure 3.29 Predicted circumferential residual stress for different hone edges (cutting 

speed = 120 m/min, depth of cut = 0.35 mm, feed rate = 0.28 mm/rev, HRC = 56) 
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(b) 

Figure 3.30 Residual stress comparisons for different cutting edge preparation 

 

Figure 3.30 shows a very interesting comparison of residual stress for two 

different cutting edge geometries: 1) hone radius of 20 µm plus chamfer of 20°, 

and 2) hone radius of 100 µm without chamfer.  It is shown in this figure that there 

is almost no difference in residual stress profile between these two edge 

preparations. This observation indicates that the role of chamfer is just for 

enhancing the effect of hone as far as the residual stresses are concerned. In fact, 

adding chamfer to the cutting edge is geometrically equivalent to rounding the 

cutting edge with increased hone radius. When hone radius and chamfer angle 

increase, burnishing at the cutting edge becomes a dominant factor in the chip 

formation. The squeezing of the material under the cutting edge caused this 

burnishing process builds up severe elastic and plastic deformation in the 

machined surface resulting in high residual stress. On the other hand, the 

burnishing process is prone to produce material side flow leading to the 
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deterioration of the final surface quality. Hence, an optimal value needs to  be 

chosen for acceptable surface quality.  

 

3.4.3.4 Effect of cutting speed 

Figure 3.31 illustrates the effect of cutting speed on residual stress profile. It is 

seen from this figure that there is no significant influence of cutting speed on the 

residual stress, i.e., the residual stress is not sensitive to cutting speed once the 

cutting edge geometry, feed rate and workpiece material are decided.  

 

According to the above results, large hone radius facilitates deeper and more 

compressive residual stress on one hand. One the other hand, the cutting edge 

temperature increases significantly with the hone radius which usually leads to 

severe tool wear and unwanted surface quality. Together with the cutting force 

results discussed in previous section, it can be concluded that low feed rate for 

high hardness is a good choice for obtaining more compressive residual stress 

profile while keep cutting force and cutting edge temperature low. 

 

 

Figure 3.31 Effect of cutting speed on residual stress profile (depth of cut = 0.35 mm, 

feed rate = 0.28 mm/rev, HRC = 56, hone = 0.02mm, chamfer =20 ) 
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3.5 Summary and conclusions 

Face turning of bearing steel tubes is conducted using cutting tools with 

geometrically defined cutting edges and the subsurface residual stress measured by 

an X-ray diffraction technique. A hardness based flow stress model with 

hydrostatic stress based fracture criterion is employed in numerical s imulation of 

the cutting process to analyze the deformation around the cutting edge and 

correspondingly, predict residual stress profile in the subsurface of the machined 

component. Predicted residual stress agrees quite well with the X-ray 

measurements. Analysis shows that high hardness, large hone radius and high feed 

rate facilitate deeper and more compressive residual stress in the machined 

subsurface. However, large hone radius and high feed rate increase cutting edge 

temperature and cutting force significantly. 

 

According to the experimental and numerical results reported in this section, the 

following conclusion can be drawn: 

 More compressive residual stress in both axial and circumferential direction 

of the machined surface can be obtained by choosing higher feed rate, but it 

results in significant increase of the cutting force;  

 Increase in hone cutting edge radius facilitates the compressive residual stress 

in the subsurface, but it also causes increase in tool temperature. The effect of 

chamfer is equivalent to the increasing hone radius. Therefore, medium hone 

radius (0.02 -0.05 mm) plus chamfer angle of 20° is recommended;  

 By using the same cutting parameters larger compressive residual stresses are 

generated if the workpiece material is heat treated to higher hardness; 

 To obtain higher compressive residual stress while keeping low cutting force 

and cutting edge temperature, a small feed rate and high workpiece hardness 

is recommended. 
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 If required residual stress profile can be assured, using medium hone radius 

plus chamfer in cutting edge preparation is a good option to keep tool 

temperature and cutting force low. 
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CHAPTER 4 

 

A REVIEW OF SHOT PEENING PROCESS 

 

Shot peening is a cold-working process used for metallic component finishing 

treatment. The surface of a component is bombarded with a multitude of small 

hard spherical shots moving at high velocity. As a result of the collision of the 

shot with the surface of the component, an indentation is created which is 

surrounded by a plastic region followed by an elastic zone. Upon the rebound of 

the shot, the recovery of the elastic zone creates a large compressive residual 

stress on the surface. The magnitudes of the residual stresses and the depth of the 

layer containing these stresses are a function of the process parameters set for the 

operation. The overall deformation is complex and it is difficult to accurately 

predict the outcome of such operations in advance. This layer of compressive 

residual stress postpones the crack propagation which usually initiates from the 

surface and becomes the source of fatigue failure of the components.  The process 

is used, in part, for surface cleaning and preparation, however, its major purpose is 

to increase the fatigue life of critical components such as turbine and compressor 

discs, blades, rotor spindles, landing gear components, springs, gears, connecting 

rods, cam shafts and torsion bars.  
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4.1 Shot Peening Characteristics 

4.1.1 Shot Peening Equipment 

In shot peening, there are two methods for propelling shots. These methods are  the 

centrifugal wheel blast system and the air-blast system (shown in Figure 4.1). In 

the wheel-blast system the metallic shots are propelled by a wheel against the part 

to be processed. The position and speed of the wheel are critical for a successful 

peening. The shot velocity is a function of the speed and the diameter of the 

centrifugal wheel. This system is especially suitable for production peening due to 

the high rate of shot flow that can be economically achieved with this type of 

equipment. Other advantages include constant shot velocity and effectiveness 

which do not diminish up to a distance of 10 feet from the wheel to the workpiece , 

and shot size up to 1/16 inch in diameter can be projected at very high velocities. 

 

Figure 4.1 Shot peening equipments [http://www.osk-

kiefer.com/eng/Applications/applications.html] 
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In the air-blast system air is used as the propelling media. The most efficient air-

blast system for shot peening is the direct pressure method as opposed to the 

suction-induction method. Direct pressure produces the highest shot velocity 

among the all the methods and is the only system that can peen deep holes by 

moving the shot through long lances and side-shooting nozzles. 

 

In the direct pressure system, the peening shot must be contained in a pressure 

vessel so that it will drop by gravity through a metering orifice into the 

compressed air line. The shot velocity depends on the air pressure and the 

diameter of the nozzle. Depending on the peening application, this system can be 

either manual or automatic. In order to assure the consistency of results, an 

automated system is recommended where peening shot size, duration of the blast, 

distance of the nozzle from the part and the blast pressure are all carefully 

controlled to give the desired result.  

 

4.1.2 Shot Peening Process Control 

In industrial practice, the design of the shot peening process depends on two 

knowledge categories: knowledge about shot intensity, saturation and coverage, 

and knowledge about response of the substrate material.   

 

Shot intensity is conventionally characterized by the “Almen Intensity.” Procedure 

is fairly standard with Almen strips (typically SAE 1070 spring steel) being bolted 

at strategic locations on the part before the shot peening process. After shot 

peening is completed, these strips are released from the fixtures. Peening time 

must be sufficient to ensure 200% coverage. On release, these strips “curl” due to 

the equilibration of the residual stresses imposed during the process as shown in 

Figure 4.2.  These residual stresses are determined by measuring the radius of 

curvature with simple plastic bending theory.   



 78 

There are two drawbacks to this approach: (1) the same curvature can be realized 

by many different residual stress profiles, and (2) the metal in the Almen strip is 

predefined, while that of the peened part can be any metal.  There is no unique way 

to go from the stress profile in the Almen strip to the profile generated in the 

peened part, especially when the response of the metal subjected to repeated and 

random impacts. It is very difficult to extend the single or designed multiple-shot 

experiments to the industrial environment.   

 

A series of test strips are peened with all the conditions remaining constant except 

the exposure time. When the deflection measured by the Almen gauge is not 

increased by more than 10 percent, the part is said to have been “saturated”, even 

if the peening time has been doubled.  

 

Finally, the part is checked for coverage with a 10x magnifier. When the entire 

surface has been obliterated with peening “dimple”, full coverage is  obtained.  

 

Figure 4.2 Almen‟s strips and intensity measurement procedure [Baker 2005] 
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4.1.3 Shot Peening Media 

The shot peening media is considered as the tool of shot peening process. Its shape 

and material have direct impact on the final quality of the process. Figure 4.3 

shows the commonly used shot peening media. The better the shot peening media, 

the better the result of shot peening.  

 

To receive quality peening, the shot have to meet the following requirements of 

shots have to be met: 

 The shot peening media should be spherical, because broken and uneven 

particles may produce harmful effects. 

 The shot peening media should at least have the hardness of the part to be 

peened, otherwise the compressive residual stress will be significantly 

reduced. 

 The shot peening media should be conditioned to have only particle size 

within the established limits, otherwise the depth of the compressive stress 

layer will be reduced. 

 The shot peening media should be dry, free from dust and clean, otherwise 

there will be a damping effect and the compressive residual stress, as well as 

the depth of compressive stress layer, will be reduced. Parts could also be 

unacceptably contaminated. 

 

Most peening is done with cast-steel shot rather than cast-iron shot. Since the 

latter has a low initial cost but is more brittle and breaks down rapidly. Cut wire 

conditioned to round balls is used for some very critical applications.  

 

Glass beads are used for some peening applications where the sections are thin or 

where steel shot would leave iron contamination on the part. 



 80 

 

 

 

 

Figure 4.3 Different types of shot peening medias [http://www.osk-

kiefer.com/eng/Applications/applications.html] 
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Basically, the larger the shot is, the greater the peening intensity. If the shot is too 

large, peening “craters” are intensified,  and crevices, angles and radii of the part 

may not be properly peened. Most peening applications require 90 percent of the 

usable media with a hardness of 55-65 Rockwell C. If the shot is too hard, it 

fractures and becomes angular; if it is too soft, the shot mulls over and has “flat” 

spots. Both conditions are unsuitable for peening.  

 

As the shot is used, it is reduced in diameter, which affects peening intensities. 

Therefore, a periodical evaluation of the media is required in order to ensure the  

consistency of results. 

 

4.1.4 Process Condition 

The typical shot peening conditions are listed below; these will be used in most 

practical hard turning applications. 

Shot Speed: 50 – 100 m/s 

Shot Size: 0.2 – 2 mm 

Coverage: up to 200% 

 

4.2 Shot Peening Research 

4.2.1 Mechanisms for Shot Peening Induced Residual Stress 

Al-Obaid [1995] and Al-Hassani [1981] conducted analytical studies on the 

mechanisms of the formation of compressive residual stress. It is shown by the 

authors that when a single shot with a radius of R is statically in contact with a 

member, the relation between the depth hp of the plastic zone caused by the shot 

and the depth Z of the indentation is expressed by Equation (4.1).  
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R

Z

k

R

hp
     (4.1) 

Where k is a constant and R is the radius of the shot 

 

Upon unloading, the surrounding elastically deformed region tends to recover and 

squeeze the plastic region. This kind of recovery causes a thin layer of 

compressive residual stress near the surface of the member.  However, more 

realistic conditions must be considered to analyze impact-related phenomena such 

as those caused by shot peening. Hasegawa et al. [1995, 1996] performed dynamic 

and static tests and reported that the residual stress distribution caused by a single 

ball pressed statically is different from that caused by its dynamic collision  

(Figure 4.4). Kobayashi [1998] also conducted both static and dynamic tests to 

investigate the mechanisms of compressive residual stress creation. It was found 

that the indentation shape and the residual stress distribution caused by a static 

compression are remarkably different from those caused by a dynamic impact. 

Tensile residual stress is created at the center of the indentation by a dynamic 

impact while the residual stress caused by a static compression is approximately 

zero at the center of the indentation. 
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Figure 4.4 Static and Dynamic Test Results from Kobayashi et al [1998] 

 

4.2.2 Residual Stress and Fatigue Life 

The distribution of compressive residual stress is the most important variable in 

the shot peening process for improving fatigue life.  

 

The stress on surface, the maximum stress, the depth of plastic deformation and 

the depth of compressive residual stress at the maximum point can be affected by 

the parameters in the shot peening process in order to obtain the highest possible 

fatigue limit. Figure 4.5 shows a typical residual stress profile under the surface of 

a shot peened component. 
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Figure 4.5 Distribution of residual stress induced by shot peening [http://www.osk-

kiefer.com/eng/Applications/applications.html] 

RE max = maximum compressive residual stress  

RE max is a function of material, shot penning media and load 

RE0 = compressive residual stress at surface 

RE0 is a function of material, shot peening time, shot peening media, intensity and 

load 

S1= depth of compressive residual stress 
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S1 is a function of material, intensity and shot peening time 

S2 = depth of compressive residual stress at the maximum point 

S2 is a function of material, shot peening time and intensity 

 

Fatigue is a very important parameter to be considered in the behavior of 

mechanical components subject to constant and variable amplitude loading. 

Mechanical, metallurgical and environmental variables can influence the fatigue 

resistance of a structural component [Pelloux 1993]. In structural engineering 

applications, nucleation and propagation of fatigue cracks are some of the most 

important considerations in the mechanical properties of metals. Figure 4.6 shows 

the comparison of the fatigue limits for different processes.  

 

Shot peening is utilized to improve fatigue resistance of aforementioned 

components by introducing a layer of compressive stress near the surface. To 

understand why shot peening is an effective way for fatigue life improvement, it is 

necessary to understand the theory about shot peening first.  

 

Fatigue failures consist of three consecutive events:  

 The initiation of the crack at a surface that has either residual tensile stresses 

from upstream operations or applied tensile stresses from external loadings  

 Crack propagation or movement through a member 

 Eventual fracture of the member due to insufficient cross-section of the 

member making it unable to carry the applied loads 

 

Based on crack propagation theory, a crack will not propagate through a layer that 

has compressive stress. By eliminating second event of fatigue failure, the fatigue 

crack can be arrested by the shot peening induced compressive stress.  
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Figure 4.6 Fatigue Limit for Different Processes [http://www.osk-

kiefer.com/eng/Applications/applications.html] 

 

Analysis shows that crack growth and consequent failure normally starts at the 

machined surface. The reasons are: 

 machining creates notches 

 the highest stress by nearly all states of load is close to the surface 

 maximum strain concentration is most often found at the surface  

 corrosion starts most often at the surface 

 grain boundaries are weakened by machining 
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Shot peening transfers high strain from the surface to the interior. This is the 

reason why shot peening is very effective with respect to cycle fatigue and 

extremely valuable for very hard and brittle materials.  

 

Study by Seabrook and Dudley [1963] indicated that shot peening is significantly 

beneficial in all cases except with respect to a nitrided steel surface which showed 

moderate results. Shot peening through hardened pinions can yield as much as 

30% improvement in fatigue limit. Their study also showed a 33% increase in 

induction hardened 4140 material. Seabrook and Dudley strongly emphasized 

“controlled shot peening”. They stated that a poor processing can yield a strength 

lower than a non-shot peened gear. 

  

Torres and Voorwald [2002] evaluated the gain in fatigue life of AISI 4340 steel 

used in landing gear under four shot peening conditions. Rotating bending fatigue 

tests were conducted. It is found that shot peening treatment pushes the crack 

sources beneath the surface in most of the medium and high cycle cases due to the 

compressive residual stress induced. The compressive residual stress enables a 

better fatigue life for AISI 4340 steel.  

 

Shaw et al. [2003] investigated how residual stress variations can greatly influence 

the bending fatigue performance measured on carburized gears. The result from 

their work shows that careful control of residual stress, through shot peening, can 

bring up to a 75% increase in fatigue strength through the introduction of high 

compressive residual stress. 

 

Sidhom et al. [2005] conducted research to investigate the influence of shot 

peening on the fatigue strength of the 5083 H11 Al-alloy T-welded joints. They 

found a significant improvement (135% for stress ratio 0.1 and 59% for stress 
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ration 0.5) of the fatigue strength of the T-welded samples by shot peening in spite 

of the existence of superficial defects.  

 

Fathallah et al. [2004] proposed a model to predict high cycle fatigue behavior of 

shot-peened parts which takes into account compressive residual stresses, the 

surface work-hardening, surface imperfections and the superficial defects. The 

model gave a prediction which is in good agreement with the experimental results.  

 

Harada and Mori [2005] examined the effects of the working temperature on the 

residual stress and hardness in warm shot peening processes of spring steels. At 

higher temperatures, the amount of compressive residual stress and hardness near 

the surface become large. The rise of temperature brings about the releases of the 

residual stress and hardness. It was found that the optimum working temperature 

for the warm shot peening is around 200°C.  

 

4.2.3 Microstructure Change 

Shot peening process causes severe deformation near the surface of the treated 

component. Typical characteristics of shot peening surfaces are compressive 

residual stresses and extremely high dislocation densities in near surface layers 

resulting from inhomegeneous plastic deformations. In some cases phase 

transformations occur, leading to additional surface hardening. These micro -

structural features are generally considered as the reason for inhibited crack 

initiation and propagation in components which are cyclically loaded, and 

subjected to corrosive environment or wear. 

 

Martin et al. [1998] shot peened SAE 1045 to characterize the near surface 

microstructure. The shot peened sample was examined using TEM. It is found that 
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in the near surface regions, the dislocation arrangement caused by shot peening is 

defined by an extremely dense, tangled dislocation configuration.  

 

Ebenau et al. [1990] investigated the influence of shot peening on the 

microstructure of bainitic-austenitic nodular cast iron. A strong peening induced 

transformation of retained austenite into martensite was found. The depth 

distributions of compressive residual stresses show two maxima: the first below 

the surface and the second directly at the surface. The authors explained it as 

phase transformation induced volume increase. 

 

Wang et al. [2006] performed shot peening on a 1Cr18Ni9Ti stainless steel plate 

to investigate the surface nanocrystallization induced by shot peening process. The 

authors claimed that the surface nanocrystallizaition of 1Cr18Ni9Ti stainless steel 

has been achieved. The nanograined microstructure with a size of about 1.5 nm 

and about 15 vol% deformation-induced -martensite can be produced in the shot-

peened surface. 

 

Similar research conducted by Umenoto et al. [2003] also confirmed the formation 

of nanocrystalline structure by shot peening process. The nanocrystalline regions 

formed by shot peening have extremely high hardness (with a hardness of 9.5GPa) 

and show no recrystallization but slow grain growth by annealing. 

 

4.3 Shot Peening Numerical Modeling 

With the more powerful computers and finite element codes being introduced, 

more and more researchers are interested in investigating the shot peening process 

with finite element methods. The numerical simulation is not only economic and 

easy to perform comparing to experimental methods, but also able to provide an  
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insight into the mechanisms of shot peening during the impact of the shot on the 

component surface. It also enables the user to carry out a parametric study and 

design of the process. 

 

4.3.1 Modeling Approach 

There are two different approaches which can be used to investigate the shot 

peening process: quasi-static and dynamic simulation. A quasi-static approach 

could be used if the impact duration is long as compared to the stress-wave transit 

time in the work-piece or to the workpiece‟s natural periods, since in the latter 

case, the vibration of the system can be neglected.  

 

However, more realistic conditions must be considered to analyze the impact -

related phenomena caused by shot-peening. It is known that the residual stress 

distribution caused by a single ball pressed statically is different from that caused 

by its impact in a drop test. Transient simulation was performed using an explicit 

integration method so as to take into account elastic and plastic waves, and inertia 

and strain rate effects.   

 

The dynamic modeling of a single shot was initially conducted by Johnson [1972] 

using a pseudo-dynamic approach. In his approach, Johnson took into account only 

the inertial properties of the shot. As a result, a relationship between the depth of 

the plastic zone and the shot parameters, such as radius, mass and velocity was 

obtained. This relationship was later validated by Iida [1984].  

 

Edberg et al. [1995] conducted a dynamic three-dimensional finite analysis of a 

single shot. Two different material models were used for the target: viscoplastic 

and elasto-plastic with multi-linear isotropic strain hardening. Their extrapolated 



 91 

strain-rate results showed that the two material models give similar residual stress 

distributions. However, the absolute values of the residual stresses calculated 

using the viscoplastic model were higher by 1.5 times. 

 

4.3.2 Material Models 

Rate-dependent and rate-independent material laws are both used for modeling the 

elastoplastic behavior of the workpiece in literature.  

 

Meo and Vignjevic [2003] simulated the shot peening process with a 2D model. 

The workpiece material was modeled as elasto-plastic with isotropic hardening. 

However, it is well known that most of the materials and in particular those with 

fcc crystalline structures are highly dependent on the rate of deformation or the 

strain rate. To accurately model the shot peening process, rate dependent material 

is preferred. Normally, the effect of strain rate is represented by a parameter called 

strain rate hardening exponent which is incorporated in an appropriate constitutive 

equation of the material.  

 

Numerous constitutive equations can be found in literature [Cristescu 1967, Zukas 

1990 and Nemat-Naser 1982]. Some of these equations such as piecewise linear 

formulations of Johnson–Cook [Johnson and Cook 1973], Zerilli–Armstrong [F.J. 

Zerilli and R.W. Armstrong 1994] and Cowper–Symonds power law have gained 

substantial popularity for numerical modeling purposes.  

 

4.3.2.1 Piecewise Linear Plasticity 

According to Simunovic et al [2003], the most commonly used stain rate 

dependent materials model used in impact problems is the piecewise linear 

plasticity model. In this method, effective strain-stress curves are directly fed into 
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the material model. It requires the least amount of efforts for the material model 

development. 

 

4.3.2.2 Plastic Kinematic Hardening (Cowper-Symonds)  

The plastic-kinematic hardening model is a strain-rate dependent elastic-plastic 

model. It is suited to model isotropic and kinematic hardening plasticity. In this 

model, strain rate is accounted for using the Cowper-Symonds [Cowper 1958] 

model, which scales the yield stress by the strain rate dependent factor as shown 

below: 

p

C

/1

0 1


    (4.2) 

Where σ0 is the initial yield stress,   is the strain rate, C and p are material 

constants [Hallquist 2003]. Meguid et al [2002] adopted this model in their 3D 

nonlinear dynamic finite element analysis.  

 

4.3.2.3 Johnson-Cook 

Johnson and Cook model is a strain-rate and temperature-dependent (adiabatic 

assumption) viscoplastic material model. It is suitable for problems where strain 

rates vary over a large range, and the temperature change due to the plastic 

dissipation causes material softening. The model is expressed in a multiplicative 

form of strain, strain-rate and temperature terms. The consequence of the 

multiplicative form is that the strain-hardening rate at a certain strain will increase 

when the strain rate increases. Therefore, strain-stress curves for increasing strain 

rates will “fan out” [Liang 1999]. In the simplified model, thermal effects and 

damage are ignored and the maximum stress is directly limited since thermal 

softening is not available. The simplified model is 50% faster than the full 
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Johnson-Cook implementation. The simplified J-C model represents the flow 

stress with an equation of the form  

mn TCBA 1ln1     (4.3) 

Where A, B, C, n and m are material constants and can be obtained through 

experiments. Majzoobi et al [2005] simulated the shot peening process with this 

model incorporated in their simulation. 

 

4.3.2.4 Modified Zerilli-Armstong 

Zerilli-Armstong model is more comprehensive than the other models. It is a rate 

and temperature sensitive plasticity model. It accounts strain hardening, strain rate 

hardening and thermal softening effects in metals by developing a dislocation-

mechanics based constitutive relationship. Zerilli and Armstrong hoped to 

overcome some of the shortcomings of the Johnson-Cook model by utilizing the 

theoretical basis of dislocation mechanics. 

 

The Zerilli-Armstrong material model [Zerilli and Armstrong 1987] expresses the 

flow stress for bcc materials as follows 

293
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  (4.4) 

Where C1, C2, C3, C4, C5, C6 and n are constants, T is the temperature in degree 

Kelvin, p  is the effective plastic strain and   is the stain rate and; 
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T

   (4.5)  

With B1, B2 and B3 being constants. As thermal softening is not regarded C6 = B1 

= 1 and B2 = B3 = 0. 
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4.3.3 Interfacial Friction  

Coulomb friction model is normally adopted in the simulation of shot peening. 

Meguid [2002] et al showed that the presence of friction between shots and target 

leads to a decrease in the surface plastic deformation and the surface residual 

stresses. Significant differences were found in the residual stress field between a 

frictionless impact and an impact with a coefficient of 0.1. However, the variations 

of the residual stresses and plastic strains is negligible for 0.1<µ<0.5.  

 

4.3.4 Contact impact algorithm 

When dealing with the simulation of large contact problem, there is a  need to 

define a number of unknown parameters. Their specifications affect strongly the 

accuracy of the calculations. Together with the material properties and the 

coefficients of frictions there is a need to specify the numerical parameters such as 

contact stiffness, penetration tolerance, dynamic relaxation factors, and  etc. 

 

The major difficulty in solving the contact problem is to assign the value of the 

penalty (normal) stiffness which affects the accuracy and the stability of the 

solution. The use of excessively high value of the penalty stiffness may lead to 

numerical errors. The penalty algorithm has the main drawback that an increase in  

the penalty stiffness reduces the stable time increment, since the penalty springs 

increase the overall stiffness acting on the interface nodes. On the other hand, 

smaller values of the penalty stiffness could lead to wrong solutions, which in turn 

brings excessive interpenetration and incorrect estimates of the stick regions.  
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CHAPTER 5 

 

NUMERICAL MODELING OF SHOT PEENING PROCESS 

 

 

 

As mentioned in Chapter 4, a surface layer with compressive residual stress is 

generated by the peening process. The compressive stress state in the surface layer 

inhibits the nucleation and growth of fatigue cracks within the treated component 

which consequently improves the fatigue life. The final state of this compressive 

stress is a function of the peening intensity and the peening coverage. Peening 

intensity is a measure of the consistency of the treatment and of the plastic 

dissipation of the impinging shots. Peening coverage, on the other hand, is a 

measure of the obliteration of the original surface texture and can be defined as the 

ratio of the area covered by peening indentations to the total exposed surface area. 

Intensity and coverage depend on numerous variables, including work-piece 

characteristics, shot characteristics, flow conditions, stand-off distance and 

exposure time. Many of these variables are difficult to measure and fix so that 

overall process control is achieved by more indirect methods. In view of the 

empirical nature of peening control, it is important if methods for directly 

estimating residual stresses and depths of deformed layers were available. The 

numerical simulation is an economic and insightful way to understand the 

mechanism. It also gives the possibility to design and optimize the process.  
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5.1 Shot peening model development 

Shot peening is a hybrid process involving many disciplines of static and dynamic 

elasticity and plasticity. To capture the non-linear dynamic impact nature of the 

process, ABAQUS/Explicit
TM

 version 6.6.1 is used for developing the model for 

the shot peening process.  

5.1.1 Numerical implementation 

The explicit dynamics analysis procedure in ABAQUS/Explicit is based upon the 

implementation of an explicit integration rule together with the use of diagonal or 

“lumped” element mass matrices. The equations of motion for the body are 

integrated using the explicit central difference integration rule  
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where u  is velocity u is acceleration. The superscript 
(i)

 refers to the increment 

number and 
2

1
i and 

2

1
i refer to mid-increment values. The central difference 

integration operator is explicit in that the kinematic state can be advanced using 

known values of 2

1
i

u  and iu  from the previous increment. The explicit 

integration rule is quite simple but by itself does not provide the computational 

efficiency associated with the explicit dynamics procedure. The key to the 

computational efficiency of the explicit procedure is the use of diagonal e lement 

mass matrices because the inversion of the mass matrix that is used in the 

computation for the accelerations at the beginning of the increment is triaxial :  

iii IFMu 1    (5.3) 
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where M is the diagonal lumped mass matrix, F is the applied load vector, and I is 

the internal force vector. The explicit procedure requires no iterations and no 

tangent stiffness matrix. 

 

Special treatment of the mean velocities 2

1
i

u , 2

1
i

u  etc. is required for initial 

conditions, certain constraints, and presentation of results. For presentation of 

results, the state velocities are stored as a linear interpolation of the mean 

velocities: 

112

1

1

2

1 ii
i

i utuu     (5.4) 

The central difference operator is not self-starting because the value of the mean 

velocity 2

1

u  needs to be defined. The initial values (at time t = 0) of velocity and 

acceleration are set to zero unless they are specified by the user. We assert the 

following condition:  

0
1

02

1

2
u

t
uu     (5.5) 

Substituting this expression into the update expression for 2

1
i

u  yields the 

following definition of 2

1

u : 

0
1

02

1

2
u

t
uu     (5.6) 

 

5.1.2 Numerical Stability 

The explicit procedure integrates through time by using many small time 

increments. The central difference operator is conditionally stable, and the 
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stability limit for the operator (with no damping) is given in terms of the highest 

eigenvalue in the system as 

max

2
t    (5.7) 

With damping, the stable time increment is given by 

max

2

max

max

1
2

t    (5.8) 

where max is the fraction of critical damping in the highest mode. Contrary to our 

usual engineering intuition, introducing damping to the solution reduces the stable 

time increment. 

 

The time incrementation scheme in ABAQUS/Explicit is fully automatic and 

requires no user intervention. ABAQUS/Explicit uses an adaptive algorithm to 

determine conservative bounds for the highest element frequency. An est imate of 

the highest eigenvalue in the system can be obtained by determining the maximum 

element dilatational mode of the mesh. The stability limit based upon this highest 

element frequency is conservative in that it will give a smaller stable time 

increment than the true stability limit that is based upon the maximum frequency 

of the entire model. In general, constraints such as boundary conditions and 

contact have the effect of compressing the eigenvalue spectrum, which the element 

by element estimates do not take into account. ABAQUS/Explicit contains a global 

estimation algorithm, which determines the maximum frequency of the entire 

model. This algorithm continuously updates the estimate for the maximum 

frequency. ABAQUS/Explicit initially uses the element by element estimates. As 

the step proceeds, the stability limit will be determined from the global estimator 

once the algorithm determines that the accuracy of the global estimation is 

acceptable. The global estimation algorithm is not used when any of the following 

capabilities are included in the model: fluid elements, JWL equation of state, 

infinite elements, material damping, dashpots, thick shells (thickness to 
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characteristic length ratio larger than 0.92) or thick beams (thickness to length 

ratio larger than 1.0), and nonisotropic elastic materials with temperature and field 

variable dependency. 

 

5.1.3 Material model 

Considering the high strain rate (10
6
) in shot peening process, rate dependant 

material law is considered for modeling the elasto-plastic behavior of the 

workpiece material. Two types of steels are used as targets in simulating the shot 

peening process – AISI 52100 bearing steel and AISI 4340 steel. Detailed material 

model for AISI 52100 is described in Chapter 4.1.3. Material model for AISI 4340 

is detailed in the following paragraphs. 

 

 

Johnson-Cook model is widely used to describe the strain rate and temperature 

effect on the flow stress. In this research, the famous JC model is adopted to 

describe the constitutive law of AISI 4340 steel. The Johnson-Cook (JC) model 

[Johnson and Cook 1999] is purely empirical and has the form 

mn

ppy TC
B

T **

0

0 1ln11,,   (5.9) 

Where p is the equivalent plastic strain,   is the plastic strain rate, ( 0, B, C, n, 

m) are material constants, 

0

*




 ; 

rm

r

TT

TT
T *

   (5.10) 

0
 is a reference strain rate, Tr is a reference temperature, and Tm is the melt 

temperature. 
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The parameters for the Johnson-Cook model for AISI 43430 steel are given as 

follows: 

The value of 0 varies with the temper of the steel and is function of Rockwell -C 

hardness. The yield stress versus Rockwell-C hardness curve for 4340 steel from 

the ASM handbook is fitted to determine the value of 0 for various tempers. The 

equation for the fit is  

)exp( 210 ARA c  (MPa)   (5.11) 

Where A1 = 0.0355 ln(MPa), A2 = 5.5312 ln(MPa), and Rc is the Rockwell-C 

hardness of the steel.  

 

The value of B/ 0 = 0.6339 is assumed to be a constant for all tempers. The strain 

hardening exponent n is 0.26 and the strain rate dependence parameter C is 0.014, 

for all tempers. The reference strain rate 0
  is 1/s. Thermal softening parameter m 

takes a value of 1.03. The reference temperature T r is 298 K and the melt 

temperature Tm is kept fixed at 1793 K. 

Mie-Gruneisen equation of state is employed to account for the effect of stress 

wave propagations which are induced by impact. The hydrostatic pressure (p) is 

calculated using a temperature-corrected equation of state of the form (Zocher et 

al. [43], see also Wilkins [40], p. 61) 

E
S

C

p
a

02

02

00

1

1
2

1

; 
0

  (5.12) 

Where C0 is the bulk speed of sound, 0 is the initial density,  is the current 

density, 0 is the Gruneisen‟s gamma at reference state, S  = dUs/dUp is a linear 

Hugoniot slope coefficient, Us is the shock wave velocity, Up is the particle 

velocity, and E is the internal energy per unit reference specific volume. The 

internal energy is computed using 
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0

0

0

1

V

TTC
dTC

V
E v

v    (5.13) 

where V0 = 1/ 0 is the reference specific volume at temperature T = T0, and Cv is 

the specific heat at constant volume. 

 

C0 (m/s) S  0 

3935 1.578 1.69 

Table 5.1 Constants used in the Mie-Gruneisen equation of state for 4340 steel 

The Gruneisen gamma 0 is assumed to be a constant over the regime of interest. 

The specific heat at constant volume is assumed to be the same as that at constant 

pressure. Table 3 shows the parameters used in the pressure calculation. The bulk 

speed of sound and the linear Hugoniot slope coefficient have been obtained from 

Brown et al. [5] for iron. The Gruneisen gamma value has been interpolated from 

the values given by Gust et al. [18]. An initial temperature T0 of 300 K and an 

initial density of 7830 kg/m3 have been used in the model calculations. 

 

5.2 Finite element modeling of shot peening 

5.2.1 Single shot model 

A 3D shot peening process model is generated utilizing the ABAQUS/Explicit 

finite element code. Initial mesh configuration and dimensions are shown in 

Figure 5.1. Considering the symmetry of single shot peening, a quarter model is 

adopted to save the computation cost. The workpiece is meshed with 7840 8-node 

linear brick elements (reduced integration, hourglass control), while the shot is 

meshed with 332 10-node modified tetrahedron elements (hourglass control).  
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Figure 5.1   The initial mesh configuration and dimensions of workpiece and shot  

Boundary conditions are used as follows: normal displacement uz = 0 for z = 0, ux 

= 0 for x = 0, all displacements for the bottom of the workpiece are fixed.  

 

5.2.2 Single shot model validation 

5.2.2.1 Residual stress comparison 

To validate the proposed model, residual stress profile is compared with  

experimentally obtained data from literature and shown in Figures 5.2 and 5.3 for 

two different shot sizes. The experimental results are from [Kobayashi et al. 

1998]. They performed the dynamic impact test by dropping two different sizes of 

steel balls (  50mm and 76mm) from a height of 2m (ball final speed 6.3 m/s) 
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onto a steel plate. Chemical composition and mechanical properties of the plate 

are shown in Table 5.2. 

 

Figure 5.2 Predicted versus experimentally measured residual stress (  50mm ball) 

It can be seen from Figures 5.2 and 5.3 that the compressive residual stresses for 

both ball sizes have good agreement with the experiment. The residual stress 

difference within the impact zone is probably due to the strain rate effect. The 

material modeled using rate-independent constitutive law since the rate-dependent 

parameters are not available for the material used in the experiment.  
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Figure 5.3 Predicted versus experimentally measured residual stress (  76mm ball) 

Chemical composition, wt% 

C Si Mn P S  

0.48 0.19 0.65 0.018 0.013  

Mechanical properties 

Roll 

direction 

Yield 

strength 

(MPa) 

Tensile 

Strength 

(MPa) 

Elongation 

(%) 

Reduction 

of area (%) 

Hardness, 

HB 

L 375 630 27 50 179 

C 360 630 15 18 179 

Table 5.2 Chemical composition and mechanical properties of S48C (plate) 
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5.2.2.2 Shape of indentation 

The indentation shapes at the peened surface for different ball sizes are also 

compared with the experiment. The results are shown in Figures 5.4 and 5.5.  

 

Figure 5.4 Predicted versus experimentally measured indentation shape (  50mm ball) 

 

Figure 5.5 Predicted versus experimentally measured indentation shape (  76mm ball) 

-0.24

-0.20

-0.16

-0.12

-0.08

-0.04

0.00

0.04

-8 -6 -4 -2 0 2 4 6 8

Distance along workpiece surface (mm)

In
d
en

ta
ti
o
n
 p

ro
fi

le
 (

m
m

)

Simulation

Experiment

-300

-250

-200

-150

-100

-50

0

50

-10 -5 0 5 10

Distance from impact center (mm)

in
d

e
n

ta
ti
o

n
 p

ro
fi
le

 (
µ

m
)

Simulation

Experiment



 106 

A reasonable agreement between the experimental results and numerical prediction 

can be seen in Figures 5.3 and 5.4. It is noticed that even the “impact crater edge” 

around the indentation has been accurately predicted by the simulations. The slight 

difference between experimental and predictions may be attributed to the errors 

which may originate from the experimental measurement of a variety of 

parameters such as ball velocity, material constants for Johnson–Cook model and 

numerical approximations. 

 

5.3 Investigation of shot peening induced residual stress 

As discussed in Chapter 3, shot peening process produces compressive residual 

stress at the surface of treated components. It can prevent the propagation of 

fatigue cracks which results in an extension of fatigue life. The magnitude and 

profile of the compressive residual stress directly related to the effectiveness of 

the retardation of the fatigue cracks propagation.  

Thus, it is important that the residual stress profile (Figure 5.6) under the surface 

can be accurately predicted for different shot peening parameters. In this chapter, 

the effects of shot size, shot speed, workpiece hardness, impact angle, workpiece 

geometry, number of repeated impacts and the friction between the shot and 

workpiece on the final residual stress profile are investigated and reported. For 

each parameter, two or three levels are chosen. Table 5.3 gives the simulations 

matrix.  

 

The shot used is S230 (SAE J827) high carbon cast steel with a hardness of HRC 

62. While the workpiece is AISI 4340 steel which is quenched from 815 °C then 

followed by tempering at 230  5°C for 2 hours. Table 5.4 shows the detailed 

properties of the shot and the workpiece.  
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Figure 5.6 Typical shot peening induced residual stress profile 

Parameters  

Shot speed (m/s) 25, 50, 67, 75, 100 

Shot diameter (mm) 0.7, 1.0, 1.3 

Workpiece hardness HRC 40 and HRC 50 

Impact angle (°) 45 and 0 

Workpiece geometry  

Number of impacts 1, 2, 3, 4, 5, 6 

Friction 0, 0.1, 0.2, 0.3, 0.5, 1 

Table 5.3 Simulation matrix 

 Shot Workpiece 

Elastic modulus (GPa) 210 205 

Yield strength (MPa) 2,600 1,511 

Tensile strength (MPa) N/A 1,864 

Poisson‟s Ratio 0.28 0.29 

Density (Kg/m
3
) 7,800 7,800 

 

Table 5.4 Material properties of shot and workpiece 
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5.3.1 Effect of shot speed 

The residual stress profile for different shot speeds are shown in Figure 5.7. It can 

be seen from the figure that the maximum residual stress increases with the 

increase of shot speed. It reaches its maximum at curtain shot speed (around 67 

m/s) and decreases thereafter. White the beneficial depth, penetration depth and 

surface stress increase monotonically with the increase of shot speed.  

 

Another interesting observation is that the maximum compressive residual stress 

does not increase linearly with the shot speed. As one can see from the figure, 

increase speed from 25 m/s to 50 m/s gives about 25% increase in compressive 

residual stress while change for increase from 50 m/s to 75 m/s, so the change is 

negligible. This might be attributed to the nonlinearity of the stress-strain curve. 

 

Figure 5.7 Shot speed versus residual stress profile (Workpiece hardnesss HRC 50, shot 

size 1 mm) 
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5.3.2 Effect of shot size 

The residual stress profile against the shot size is plotted in Figure 5.8 for shot 

velocity of 50 m/s. The figure clearly shows that the beneficial depth, penetration 

depth, maximum residual stress and surface residual stress increase with shot 

sizes. This can be explained as follows: increase in shot size will increase the 

energy of the shot. Larger the energy deeper the plastic zone the shot will produce. 

This causes higher compressive residual stress and deep penetration.  

 

Figure 5.8 Shot sizes versus residual stress profile (workpiece hardness HRC 50, shot 

speed 50 m/s) 
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5.3.3 Effect of workpiece hardness 

The residual stress distribution obtained from simulation for different workpiece 

hardness is shown in Figure 5.9. The simulation is performed under shot speed of 

50 m/s and shot size of 1.0 mm. It is noticed that the workpiece hardness has a 

significant influence on the residual stress distribution. It can be seen from the 

figure that increase the workpiece hardness reduces the maximum residual stress, 

beneficial depth and penetration depth. High hardness means greater elastic energy 

and greater springback. After the release of the elastic energy, harder workpiece 

has lower residual stress. 

 

Figure 5.9 Workpiece hardness effect on residual stress distribution 
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5.3.4 Effect of impact angle 

Under real shot peening conditions, the shot does not always comes in contact 

with the workpiece at 0° angle (normal to the surface). The value of the impact 

angle for each individual shot depends on type of machine used (as shown in 

Figure 5.10), surface condition used, and the location it comes out of the machine.  

 

 

Figure 5.10 Different shot incident angles for different peening machines 

 

Figure 5.11 Comparison of distribution of residual stress for different incident angle (shot 

speed 50 m/s, workpiece hardness HRC 50, shot size 1 mm) 
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For the development of an accurate shot peening model, the effect of impact angle 

on the final distribution of the residual stress needs to be considered. Simulations 

are conducted to investigate the effect of incident angle on the final distribution of 

residual stress. Figure 5.11 shows the simulation result. It can be seen from the 

figure that the entire stress field for 45° incident angle skews as compared to the 

0° incident angle. The compressive stress zone (blue area in the figure) shifted to 

shot bouncing off direction as the impact angle changes from 0° to 45°. Stress at 

the center of impact changes from compressive (0° incident angle) to tensile (45° 

incident angle) 

 

5.3.5 Effect of workpiece geometry 

Like the incident angle, the workpiece surface is not always a flat surface in real 

shot peening treatment. Convex surfaces with radii of curvature of 1000, 333.33, 

125, and 32 mm, and concave surface with radius of curvature of 125 mm are used 

in the shot peening simulation.  

 

The residual stress distributions for different curvatures are presented in Figure 

5.12. It is clearly shown in the figure that curvature has a distinctive impact on the 

residual stress up to the penetration depth. The influence becomes minimal when 

the depth is deeper than the penetration depth. The maximum residual stress and 

surface stress increases as the surface curvature goes up. It is noted that concave 

surface has similar influence as the convex surface. The surface curvature almost 

has effect on the penetration depth and beneficial depth.  
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Figure 5.12 Effect of workpiece curvature (radii in mm) on residual stress distribution 

(shot size 0.7mm, workpiece hardness HRC 50, shot speed 50 m/s) 

 

5.3.6 Effect of repeated impacts 

 

During the shot peening process, some spots on the surface may be bombarded by 

the shots several times. Residual stress development under the impact zone due to 

repeated impacts is simulated and results are shown in Figure 5.13.  The residual 

stress variations for different depths under the workpiece surface are p lotted 

against the time. Each peak on the curve represents an impact. It can be seen from 

the figure that for the four beginning impacts each impact increases the 

compressive residual under surface for the depth up to 180 µm. After 5 impacts, 

the residual stress reaches maxima. 
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Figure 5.13 Effect of repeated impacts on variation of residual stress (shot size 0.7 mm, 

shot speed 50 m/s, workpiece hardness HRC 50) 

Figure 5.14 gives distribution of residual stress after each impact. It can be seen 

clearly from the figure that the second impact almost takes up 80% percent of the 

total increase for surface stress, maximum compressive stress and the penetration 

depth. Third and fourth impacts take 10% each of the total increase.  
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Figure 5.14 Effect of repeated impacts on distribution of residual stress (shot size 0.7 

mm, shot speed 50 m/s, workpiece hardness HRC 50) 

 

5.3.7 Effect of interfacial friction 

 

The interfacial friction coefficient µ is varied from 0.0 to 1 and the results are 

shown in Figure 5.15. Closer examination of the results shows that the effect of 

friction upon residual stress and plastic strain distributions is highly concentrated 

within the penetration depth. For depth beyond the penetration depth, the effect of 

friction is negligible. There is about 48% decrease in surface stress and 8% 
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increase in maximum stress as the friction raise from 0 to 0.1. However, further 

increase the friction to 1 shows minimum effect on surface and maximum stress.  

 

Figure 5.15 Effect of friction on residual stress 

To explain this phenomenon, the equivalent plastic strain is plotted along the 

depth direction.  It can be seen from Figure 5.16 that increase in friction from 0 to 

0.1 decreases the surface plastic deformation  for about  40% while the plastic 

deformation at the penetration depth is increased by 6%. The increase in friction 

primarily causes the redistribution of plastic strain field since the rebound energy 

of the shot is only 0.1% less. The redistribution occurs at very low friction, further 

increase the friction does not change the plastic deformation too much.  
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Figure 5.16 Effect of friction on equivalent plastic strain 

Friction at the surface causes large contact stresses. The friction induced shear at 

the surface changes the local plastic deformation. This then results in an increased 

strain rate at the surface, resulting in a higher flow stress and therefore reduced 

plastic strain. In turn, greater plastic dissipation takes place under the surface, 

resulting in the change of the plastic strain and residual stress profiles. These 

results represent a bounding value on the effect of friction on the peening process.  

However, several issues need to be addressed before the interfacial friction can be 

fully addressed. These include the appropriate values of m for the peening 

conditions and the suitability of Coulomb‟s friction for such localised regions and 

at high rates of strain. 
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5.4 Multiple shot model 

Shot peening is a process with multiple shots randomly impinging the workpiece 

surface. Although a simple single shot model can reveal the effect of most of shot 

peening parameters on the distribution of residual stress, it lacks the ability to 

predict the effect of the interaction between the shots. Thus, it is necessary to 

develop a multi-shot model to take into account the interaction and randomness 

inherent in the process. 

 

5.4.1 Model development 

A small unit at the center of the target is taken out and modeled considering the 

real process is just multiple replicas of this small unit. By modeling a small 

symmetric unit, the computational time is reduced considerably while at the same 

time the accuracy of the model is also guaranteed.  

 

The entire 3D model generated by ABAQUS/Explicit is outlined in Figure 5.17. 

The length and width of the unit are three times of the indentation diameter; the 

height must be high enough to prevent interference from the boundary. A height of 

4 times of the shot radius is selected in this research.  

 

After several trial runs, a total number of sixteen shots are chosen to cover the 

surface of the small symmetric unit by balancing the uniformity of the residual 

stress and computational cost. There are three types of shots used in the model – 

quarter shot, half shot and whole shot. Mesh configurations for the shots and the 

workpiece are shown in Figure 5.17. The workpiece is meshed with 2016 8-node 

linear brick elements (reduced integration, hourglass control), while the shot s are 

meshed with 332, 672 and 1349 10-node modified tetrahedron elements (hourglass 

control) for quarter shot, half shot and whole shot respectively.  



 119 

 

Figure 5.17 Mesh configuration and shots placement 

To account for the randomness of the peening process, each shot is placed 

randomly above the surface of the workpiece with a time interval of 5 µs between 

subsequent impacts. Following procedure shows how the placement of the shots is 

realized. At the beginning, all shots are placed at an equal distance (10 µm) from 

the workpice. Then the shot is shifted away from the surface one by one randomly 

with the distance between each shot set at 5 µs multiplied by the speed of the shot. 
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Symmetric boundary conditions are used for both the workpiece and the shots. 

Sides that are perpendicular to axis 1 can not move in axis 1 direction. Sides are 

perpendicular to axis 2 can not move in that direction either. The material model 

used in multi-shot modeling is the same as in single shot model.  

 

5.4.2 Model validation with experiment data 

To validate the proposed model, simulations are performed under the same 

conditions as Torres et al. used in their experiment.  

 

Figure 5.18 shows the contour plot of the predicted residual stress field. It can be 

seen from the figure that the 16-shot model gives a fairly uniform residual field.  

 

The numerical predictions of residual stress profile are compared with the 

experimental data reported by Torres and Voorwald [2002] and presented in 

Figure 5.19. As the figure indicates, the numerical results agree with the 

experimental results very well. The slight differences between the two might be 

contributed to measurement, material model and the randomness of the process.  

 

 

Figure 5.18 Contour plot of compressive residual stress in y direction 
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Figure 5.19 Comparison between the numerical prediction and experimental results 

 

5.4.3 Difference between single shot model and multiple shot model 

Although single shot model can give an overall picture of the role each parameters 

plays in shot peening process, the predictions are not an accurate representation  of 

the real case without considering the interactions between the shot.  

 

Figure 5.20 compares the predictions from the single shot model and multiple -shot 

model. It is clearly shown in the figure that the residual stress profiles for the 

same peening condition from two models are quite different. The residual stress 

field redistributed due to the interactions between adjacent shots. The surface 

stress goes more negative and the penetration depth shifts up to the surface. The  
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Figure 5.20 Comparison of predictions between single shot model and multiple-shot 

model (Workpiece hardness HRC 50, shot size 1 mm) 

 

5.4.4 Effect of shot speed 

The residual stress profiles for multiple-shot model at three different speeds are 

produced in Figure 5.21. Although the residual stress profiles for single and 
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Figure 5.21 reveals that increase in the shot speed from 50 m/s to 100 m/s results 

in a 60% increase in the penetration depth while an insignificant amount of 

decrease in the maximum compressive residual stress.  

 

Figure 5.21 Effect of shot speed on the residual stress profile (workpiece hardness 

HRC50, shot size 1 mm). Multiple shot. 

 

5.4.5 Effect of shot size 

Effect of shot size on the residual stress distribution is plotted in Figure 5.22 for 
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all other three characteristics except for the surface stress. Shot size influence on 

the surface stress does not seem to be monotonic.  

 

Figure 5.22 Effect of shot size on the residual stress profile (workpiece hardness HRC50, 

speed 75 m/s) 
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be explained as the softer workpiece absorbs more energy and thus undergoes 

more deformations. 

 

Figure 5.23 Effect of workpiece hardness on the residual stress profile (shot size 1 mm, 

speed 100 m/s) 

 

5.4.7 Effect of peening coverage 

To investigate the effect of peening coverage, the separation distance S between 

adjacent shots is manually varied from 1 time to 2 times of the indentation 

diameter D. Figure 5.24 shows the residual stress contours for different peening 

coverage. It can be seen from the figure that the residual stress field gets more 

uniform when the separation distance gets closer to to indentation diameter.  
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Figure 5.24 Residual stress contours for different peening coverage 

 

The residual stress distributions for four distinctive points beneath the workpiece 

surface are plotted. The detail of the four critical points is shown in Figure 5.25. 

Point A, which is located at the center of the selected unit, has never been 

bombarded directly by any shots. 

Point B, which is located between two indentations, is created by two overlapped 

impacts. 
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Point C, which is also located between two indentations, is created by two 

overlapped impacts. Point c is 90° away from point B.  

Point D, which is located at the center of an indentation, is created by direct 

impact of a shot. 

 

Figure 5.25 Workpiece with indentations created by shot impacts 

 

Figure 5.26, 5.27 and 5.28 show the corresponding residual stress distributions for 

different peening coverage. 

 

By examining the results one can see that multiple shot impacts lead to interaction 

between the residual stress fields resulting from individual impacts. This 

interaction further leads to much more uniform residual stress field underneath the 

workpiece surface in comparison with the single shot impact model.  



 128 

 

Figure 5.26 Residual stress profiles at different points for separation distance of 2 times 

the indentation diameter 

 

It clearly illustrated in the figures that the decrease in the separation distance leads 

to a more uniform residual stress field in the peened workpiece as a result of more 

intense interaction between individual impacts.  
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Figure 5.27 Residual stress profiles for separation distance of 1.5 times the indentation 

diameter 

 

The maximum value of the compressive residual stress for separation distance of 

1.5  R and 2  R are very close. However, for separation distance S = R, the 

residual stress distribution beneath the shot is larger than the other two. This may 

be caused by the interaction between individual impacts  
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Figure 5.28 Residual stress profiles for separation distance equal the indentation diameter 

 

5.5 Response surface model for shot peening process 

To develop response surfaces for the four residual stress characteristics as 

indicated in Figure 5.6, shot peening simulations with multiple shots model are run 

based on the designed DOE as shown in Table 5.5. Three input parameters are 

chosen and their nominal, high and low values are based on experience and results 

from literature. A three-level Box-Behnken design is performed in order to obtain 

the responses of the output parameters to the input parameters. The advantage of 

this design is that fewer runs are required to obtain a quadratic equation as 

compared to a full factorial design which would have 27 runs. A total of 13 runs 

are required for this analysis. Design matrix and results are shown in Table 5.6  
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Parameters Low Nominal High 

Shot speed (m/s) 50 75 100 

Shot Size (mm) 0.7 1 1.3 

Workpiece 

hardness 

40 45 50 

Table 5.5 Process parameters and their levels for shot peening DOE 

Order 
Size 

(mm) 

Speed 

(m/s) 

Hardness 

(HRC) 

MR 

(MPa) 

DMR 

(µm) 

SS 

(MPa) 

PD  

(µm) 
1 0.7 50 45 -1368.39 61.457 -930.442 230 

2 1.3 50 45 -1473.08 123.675 -913.253 420 

3 0.7 100 45 -1379.11 77.003 -891.001 270 

4 1.3 100 45 -1470.85 145.641 -890.596 490 

5 0.7 75 40 -1399 86.335 -991.194 300 

6 1.3 75 40 -1499.15 175.525 -956.006 580 

7 0.7 75 50 -1335.4 59.015 -857.44 230 

8 1.3 75 50 -1422.75 120.317 -922.852 390 

9 1 50 40 -1422.33 118.6 -922.852 376 

10 1 100 40 -1433.5 146.651 -888.5 440 

11 1 50 50 -1371.34 86.597 -833.744 260 

12 1 100 50 -1334.41 96.176 -817.987 330 

13 1 75 45 -1425.08 120.77 -910.002 360 

14 1 75 45 -1431.01 120.8 -913.43 361 

15 1 75 45 -1428.03 120.65 -907.02 359 

Table 5.6 Design matrix and simulation results 

Note: MR is maximum compressive residual stress, DMR is depth of maximum 

compressive residual stress, SS is surface stress, and PD is the penetration depth. 

 

5.5.1 Statistical analysis of simulation results 

Statistical analysis using MINITAB version 14 is performed for each of the four 

shot peening characteristics and the results are presented below. After the 

completion of the 15 simulations, two sets of model equations are generated for 

each response - the actual values of the input parameters and the coded values.  
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Analysis of variance (ANOVA) methods are used to estimate the coefficients of 

the second order model equations, and to check for the significance of each term 

in the model. For input parameters outside of the range of values used in this 

analysis, the model equations are not guaranteed to be accurate, and they are 

expected to become less and less accurate as the values move further and further 

outside the range. 

 

Maximum compressive residual stress (MR): is fitted to a full quadratic model 

using coded units of the input parameters. The following results are obtained:  

Estimated Regression Coefficients for MR 

 

Term                   Coef  SE Coef         T      P 

Constant           -1428.03    3.217  -443.927  0.000 

Size                 -48.00    1.970   -24.369  0.000 

Speed                  1.80    1.970     0.912  0.403 

Hardness              35.88    1.970    18.217  0.000 

Size*Size             -9.37    2.900    -3.230  0.023 

Speed*Speed           14.56    2.900     5.023  0.004 

Hardness*Hardness     23.32    2.900     8.042  0.000 

Size*Speed             3.21    2.786     1.152  0.301 

Size*Hardness          3.20    2.786     1.149  0.303 

Speed*Hardness        12.27    2.786     4.406  0.007 

 

S = 5.572   R-Sq = 99.5%   R-Sq(adj) = 98.7% 

 

Analysis of Variance for MR 

 

Source          DF   Seq SS   Adj SS   Adj MS       F      P 

Regression       9  32605.9  32605.9  3622.88  116.70  0.000 

  Linear         3  28763.6  28763.6  9587.85  308.85  0.000 

  Square         3   3157.5   3157.5  1052.48   33.90  0.001 

  Interaction    3    684.9    684.9   228.29    7.35  0.028 

Residual Error   5    155.2    155.2    31.04 

  Lack-of-Fit    3    137.7    137.7    45.90    5.24  0.164 

  Pure Error     2     17.5     17.5     8.76 

Total           14  32761.1 

 

 

Obs  StdOrder         MR        Fit  SE Fit  Residual  St Resid 

  1        13  -1425.080  -1428.027   3.217     2.947      0.65 

  2        14  -1431.000  -1428.027   3.217    -2.973     -0.65 

  3         8  -1422.750  -1422.995   4.825     0.245      0.09 

  4        15  -1428.000  -1428.027   3.217     0.027      0.01 

  5        10  -1433.500  -1436.508   4.825     3.007      1.08 

  6         3  -1379.000  -1376.238   4.825    -2.762     -0.99 

  7         5  -1399.000  -1398.755   4.825    -0.245     -0.09 

  8         4  -1470.850  -1465.828   4.825    -5.022     -1.80 

  9         1  -1368.390  -1373.413   4.825     5.023      1.80 

 10        11  -1371.340  -1368.333   4.825    -3.008     -1.08 

 11         9  -1420.330  -1415.553   4.825    -4.777     -1.71 
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 12        12  -1335.410  -1340.188   4.825     4.778      1.71 

 13         6  -1499.150  -1501.165   4.825     2.015      0.72 

 14         2  -1473.080  -1475.843   4.825     2.763      0.99 

 15         7  -1335.400  -1333.385   4.825    -2.015     -0.72 

 

 

Estimated Regression Coefficients for MR using data in uncoded units 

 

Term                    Coef 

Constant             778.938 

Size                -79.9685 

Speed               -8.27030 

Hardness            -86.2673 

Size*Size           -104.074 

Speed*Speed        0.0233013 

Hardness*Hardness   0.932733 

Size*Speed          0.428000 

Size*Hardness        2.13333 

Speed*Hardness     0.0982000 

 

From the above results we can see that the fit is very good with an R-Sq (adj) 

value of 98.7%. R-sq (adj) is called the coefficient of determination adjusted for 

degrees of freedom. The greater the value of R-sq (adj), the better is the fit of the 

model. It is confirmed all terms in the model are significant by checking the P 

value in the variance table. It also can be seen that the maximum compressive 

residual stress is most sensitive to shot size by checking the relative magnitudes of 

the coded values model coefficients. The response surface for MR is presented as 

follow: 
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Figure 5.29 Contour and surface plots for maximum compressive residual stress 
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MR = 778.938 - 79.9685 * Shot size – 8.2703 * Shot speed – 86.2673 * Workpiece 

hardness – 104.074 * Shot size * Shot size + 0.0233013 * Speed * Speed + 

0.932733 * Workpiece hardness * Workpiece hardness + 0.428 * Shot size * Shot 

speed + 2.13333 * Shot size * Workpiece hardness + 0.0982 * Shot speed * 

Workpiece hardness 

 

Contour plots and surface plots for maximum compressive residual stress are 

shown in Figures 5.29 for combinations of all input parameters. When two of the 

input parameters are plotted again the output parameter, the other parameter is 

held constant at its nominal value.  

The relationship between the maximum compressive residual stress and the 

combinations of the input parameters can be clearly seen from the figure. By 

following the plots, one can tell to which direction these parameter should be 

moved the parameters in order to get the desired maximum compressive residual 

stress.  

 

Depth of maximum compressive residual stress (DMR): is fitted to a full quadratic 

model using coded units of the input parameters. The following results are 

obtained: 

Estimated Regression Coefficients for DMR 

 

Term                  Coef  SE Coef        T      P 

Constant           120.740    1.793   67.358  0.000 

Size                35.169    1.098   32.039  0.000 

Speed                9.392    1.098    8.557  0.000 

Hardness           -20.626    1.098  -18.790  0.000 

Size*Size          -10.252    1.616   -6.345  0.001 

Speed*Speed         -8.544    1.616   -5.288  0.003 

Hardness*Hardness   -0.190    1.616   -0.117  0.911 

Size*Speed           1.606    1.552    1.034  0.348 

Size*Hardness       -6.972    1.552   -4.491  0.006 

Speed*Hardness      -4.618    1.552   -2.975  0.031 

 

S = 3.105   R-Sq = 99.7%   R-Sq(adj) = 99.1% 

 

Analysis of Variance for DMR 

 

Source          DF   Seq SS   Adj SS   Adj MS        F      P 
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Regression       9  14910.4  14910.4  1656.71   171.87  0.000 

  Linear         3  14003.9  14003.9  4667.96   484.26  0.000 

  Square         3    616.5    616.5   205.49    21.32  0.003 

  Interaction    3    290.1    290.1    96.69    10.03  0.015 

Residual Error   5     48.2     48.2     9.64 

  Lack-of-Fit    3     48.2     48.2    16.06  2549.42  0.000 

  Pure Error     2      0.0      0.0     0.01 

Total           14  14958.6 

 

Obs  StdOrder      DMR      Fit  SE Fit  Residual  St Resid 

  1        13  120.770  120.740   1.793     0.030      0.01 

  2        14  120.800  120.740   1.793     0.060      0.02 

  3         8  120.317  117.869   2.689     2.448      1.58 

  4        15  120.650  120.740   1.793    -0.090     -0.04 

  5        10  146.651  146.642   2.689     0.009      0.01 

  6         3   77.000   74.561   2.689     2.439      1.57 

  7         5   86.335   88.783   2.689    -2.448     -1.58 

  8         4  145.641  148.110   2.689    -2.469     -1.59 

  9         1   61.457   58.988   2.689     2.469      1.59 

 10        11   86.597   86.606   2.689    -0.009     -0.01 

 11         9  118.600  118.621   2.689    -0.022     -0.01 

 12        12   96.176   96.155   2.689     0.021      0.01 

 13         6  175.525  173.065   2.689     2.460      1.58 

 14         2  123.675  126.114   2.689    -2.439     -1.57 

 15         7   59.015   61.475   2.689    -2.460     -1.58 

 

Estimated Regression Coefficients for DMR using data in uncoded units 

 

Term                      Coef 

Constant              -363.007 

Size                   538.161 

Speed                  3.87479 

Hardness               3.97661 

Size*Size             -113.915 

Speed*Speed         -0.0136711 

Hardness*Hardness  -0.00758750 

Size*Speed            0.214100 

Size*Hardness         -4.64800 

Speed*Hardness      -0.0369450 

 

From the above results we can see that the fit is very good with an R-Sq (adj) 

value of 99.1%. It is confirmed that all terms in the model are significant by 

checking the P value in the variance table. It also can be seen that the depth of 

maximum compressive residual stress is also most sensitive to shot size followed 

by workpiece hardness and shot speed by checking the relative magnitudes of the 

coded values model coefficients. On fitting the model using uncoded units, the 

response surface for DMR is presented as follow: 
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Figure 5.30 Contour and surface plots for depth of maximum compressive residual stress 

DMR = -363.007 + 538.161 * Shot size + 3.87479 * Shot speed + 3.97661 * 

Workpiece hardness – 113.915 * Shot size * Shot size - 0.0136711 * Speed * 

Speed – 0.00758750 * Workpiece hardness * Workpiece hardness + 0.2141 * Shot 
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size * Shot speed - 4.648 * Shot size * Workpiece hardness – 0.036945 * Shot 

speed * Workpiece hardness 

 

Figure 5.30 shows the six contour plots and surface plots for depth of maximum 

compressive residual stress. By examining the figure, one can see how the 

maximum length is related to combinations of the parameters when keeping the 

other constant at its nominal value. Hence, based on the response surface model 

and the contour and surface plots it is possible to choose the values of the input 

parameters which will move the output attribute towards the required value.  

 

Surface stress (SS): is fitted to a full quadratic model using coded units of the 

input parameters. The following results are obtained: 

Estimated Regression Coefficients for SS 

 

Term                   Coef  SE Coef         T      P 

Constant           -910.143    4.698  -193.715  0.000 

Size                 -1.579    2.877    -0.549  0.607 

Speed                14.026    2.877     4.875  0.005 

Hardness             40.816    2.877    14.186  0.000 

Size*Size           -31.141    4.235    -7.353  0.001 

Speed*Speed          34.961    4.235     8.255  0.000 

Hardness*Hardness     9.411    4.235     2.222  0.077 

Size*Speed           -4.196    4.069    -1.031  0.350 

Size*Hardness       -25.150    4.069    -6.181  0.002 

Speed*Hardness       -4.649    4.069    -1.143  0.305 

 

S = 8.138   R-Sq = 98.8%   R-Sq(adj) = 96.6% 

 

 

Analysis of Variance for SS 

 

Source          DF   Seq SS   Adj SS   Adj MS      F      P 

Regression       9  26684.2  26684.2  2964.91  44.77  0.000 

  Linear         3  14921.4  14921.4  4973.81  75.11  0.000 

  Square         3   9075.8   9075.8  3025.27  45.68  0.000 

  Interaction    3   2687.0   2687.0   895.66  13.52  0.008 

Residual Error   5    331.1    331.1    66.22 

  Lack-of-Fit    3    310.4    310.4   103.47  10.00  0.092 

  Pure Error     2     20.7     20.7    10.35 

Total           14  27015.3 

 

 

Obs  StdOrder        SS       Fit  SE Fit  Residual  St Resid 

  1        13  -910.000  -910.143   4.698     0.143      0.02 

  2        14  -913.430  -910.143   4.698    -3.287     -0.49 

  3         8  -922.852  -917.786   7.048    -5.066     -1.25 
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  4        15  -907.000  -910.143   4.698     3.143      0.47 

  5        10  -888.500  -887.912   7.048    -0.588     -0.14 

  6         3  -891.000  -886.522   7.048    -4.478     -1.10 

  7         5  -991.194  -996.260   7.048     5.066      1.25 

  8         4  -890.596  -898.072   7.048     7.476      1.84 

  9         1  -930.442  -922.966   7.048    -7.476     -1.84 

 10        11  -833.744  -834.332   7.048     0.588      0.14 

 11         9  -922.852  -925.262   7.048     2.410      0.59 

 12        12  -817.987  -815.577   7.048    -2.410     -0.59 

 13         6  -956.006  -949.118   7.048    -6.888     -1.69 

 14         2  -913.253  -917.731   7.048     4.478      1.10 

 15         7  -857.440  -864.328   7.048     6.888      1.69 

 

 

Estimated Regression Coefficients for SS using data in uncoded units 

 

Term                     Coef 

Constant             -1505.33 

Size                  1483.22 

Speed                -5.59665 

Hardness             -6.16106 

Size*Size            -346.009 

Speed*Speed         0.0559383 

Hardness*Hardness    0.376447 

Size*Speed          -0.559500 

Size*Hardness        -16.7667 

Speed*Hardness     -0.0371900 

 

From the above results we can see that the fit is very good with an R-Sq (adj) 

value of 96.6%. It is confirmed that all terms in the model are significant by 

checking the P value in the variance table. It also can be seen that the depth of 

maximum compressive residual stress is also most sensitive to hardness by 

checking the relative magnitudes of the coded values model coefficients. On 

fitting the model using uncoded units, the response surface for DMR is presented 

as follow: 

 

SS = -1505.33 + 1483.22 * Shot size - 5.59665 * Shot speed – 6.16106 * 

Workpiece hardness – 346.009 * Shot size * Shot size + 0.0559383 * Speed * 

Speed + 0.376447 * Workpiece hardness * Workpiece hardness - 0.5595 * Shot 

size * Shot speed - 16.7667 * Shot size * Workpiece hardness – 0.03719 * Shot 

speed * Workpiece hardness 
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Figure 5.31 Contour and surface plots surface stress 
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Figure 5.31 shows the six contour plots and surface plots for depth of maximum 

compressive residual stress. By examining the figure, one can see how the 

maximum length is related to combinations of the parameters when keeping the 

other constant at its nominal value. Hence, based on the response surface model 

and the contour and surface plots it is possible to choose the values of the input 

parameters which will move the output attribute towards the required value.  

 

Penetration depth (PD): is fitted to a full quadratic model using coded units of the 

input parameters. The following results are obtained: 

Estimated Regression Coefficients for PD 

 

Term                  Coef  SE Coef        T      P 

Constant           360.000    4.698   76.636  0.000 

Size               106.250    2.877   36.936  0.000 

Speed               30.500    2.877   10.603  0.000 

Hardness           -60.750    2.877  -21.118  0.000 

Size*Size            8.000    4.234    1.889  0.117 

Speed*Speed        -15.500    4.234   -3.661  0.015 

Hardness*Hardness    7.000    4.234    1.653  0.159 

Size*Speed           7.500    4.068    1.844  0.125 

Size*Hardness      -30.000    4.068   -7.374  0.001 

Speed*Hardness       1.500    4.068    0.369  0.727 

 

S = 8.136   R-Sq = 99.8%   R-Sq(adj) = 99.3% 

Analysis of Variance for PD 

Source          DF  Seq SS  Adj SS   Adj MS       F      P 

Regression       9  132526  132526  14725.1  222.43  0.000 

  Linear         3  127279  127279  42426.3  640.88  0.000 

  Square         3    1413    1413    471.0    7.11  0.030 

  Interaction    3    3834    3834   1278.0   19.31  0.004 

Residual Error   5     331     331     66.2 

  Lack-of-Fit    3     329     329    109.7  109.67  0.009 

  Pure Error     2       2       2      1.0 

Total           14  132857 

 

Obs  StdOrder       PD      Fit  SE Fit  Residual  St Resid 

  1        13  360.000  360.000   4.698     0.000      0.00 

  2        14  361.000  360.000   4.698     1.000      0.15 

  3         8  390.000  390.500   7.046    -0.500     -0.12 

  4        15  359.000  360.000   4.698    -1.000     -0.15 

  5        10  440.000  441.250   7.046    -1.250     -0.31 

  6         3  270.000  269.250   7.046     0.750      0.18 

  7         5  300.000  299.500   7.046     0.500      0.12 

  8         4  490.000  496.750   7.046    -6.750     -1.66 

  9         1  230.000  223.250   7.046     6.750      1.66 

 10        11  260.000  258.750   7.046     1.250      0.31 

 11         9  376.000  383.250   7.046    -7.250     -1.78 

 12        12  330.000  322.750   7.046     7.250      1.78 

 13         6  580.000  572.000   7.046     8.000      1.97 

 14         2  420.000  420.750   7.046    -0.750     -0.18 
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 15         7  230.000  238.000   7.046    -8.000     -1.97 

 

Estimated Regression Coefficients for PD using data in uncoded units 

Term                     Coef 

Constant              192.972 

Size                  1001.39 

Speed                 3.40000 

Hardness             -18.2500 

Size*Size             88.8889 

Speed*Speed        -0.0248000 

Hardness*Hardness    0.280000 

Size*Speed            1.00000 

Size*Hardness        -20.0000 

Speed*Hardness      0.0120000 

 

From the above results we can see that the fit is very good with an R-Sq (adj) 

value of 99.3%. It is confirmed that all terms in the model are significant by 

checking the P value in the variance table. It also can be seen that the depth of 

maximum compressive residual stress is also most sensitive to shot size followed 

by hardness and speed by checking the relative magnitudes of the coded values 

model coefficients. On fitting the model using uncoded units, the response surface 

for DMR is presented as follow: 

PD = 192.972 + 1001.39 * Shot size + 3.4 * Shot speed – 18.25 * Workpiece 

hardness + 88.8889 * Shot size * Shot size - 0.0248 * Speed * Speed + 0.28 * 

Workpiece hardness * Workpiece hardness + Shot size * Shot speed - 20 * Shot 

size * Workpiece hardness + 0.012 * Shot speed * Workpiece hardness 

 

Figure 5.32 shows the six contour plots and surface plots for depth of maximum 

compressive residual stress. By examining the figure, one can see how the 

maximum length is related to combinations of the parameters when keeping the 

other constant at its nominal value. Hence, based on the response surface model 

and the contour and surface plots it is possible to choose the values of the input 

parameters which will move the output attribute towards the required value.  
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Figure 5.32 Contour and surface plots penetration depth 

 



 144 

5.5.2 Stochastic simulations of response surfaces 

In order to understand the stochastic effects of the input parameters on the residual 

stress profile, stochastic simulations using the Monte Carlo method are perform ed 

to extract the statistical distribution of each response for a specified set of 

statistical variations of the three input parameters.  

 

MATLAB V7.2 is used for the Monte Carlo simulations. Each of the random 

variables comes from a normal distribution with a specified mean and standard 

deviation, σ. The assumption for the means and their standard deviations are based 

on the variations expected in the input parameters during the actual manufacturing. 

The assumptions used for the stochastic simulation along with their parameters are 

as follows: 

 Shot size: normal distribution with mean 1.0 and standard deviation 0.1  

 Shot speed: normal distribution with mean 75 and standard deviation 1.5 

 Workpiece hardness: normal distribution with mean 45 and standard deviation 

0.333333 

 

All four residual stress profile characteristic parameters are simulated using the 

response surfaces models obtained from previous section. To be more efficient, the  

sampling method Latin Hypercube is used with a sampling size of 1000 trials.  
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Figure 5.33 Forecast and frequency chart for predicted maximum compressive residual 

stress 

 

Figure 5.34 Forecast and frequency chart for predicted depth of maximum compressive 

residual stress 
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Figure 5.35 Forecast and frequency chart for predicted surface stress 

 

Figure 5.36 Forecast and frequency chart for predicted penetration depth  

 

 

-1100 -1080 -1060 -1040 -1020 -1000 -980 -960 -940 -920 -900 -880
0

50

100

150

200

250

Surface stress (MPa)

F
re

q
u
e
n
c
y

0 100 200 300 400 500 600 700
0

5

10

15

20

25

30

35

40

Penetration depth (µm)

F
re

q
u
e
n
c
y



 147 

Figure 5.33 to 5.36 show the forecasts and frequency charts for the predicted 

maximum compressive residual stress, surface stress, depth of compressive 

residual stress and penetration depth. From the figures one can see the distribution 

of the residual stress patterns based on the variations in the input. One can also see 

the statistics of the output and predict the range of the output parameters along 

with their means and standard deviations. Figure 5.33 to 5.36 also indicate that the 

input parameters‟ variation has the maximum effect on the penetration depth. It 

has a very wide spread. One can make the shot peening process more robust by 

manipulating the input parameters to narrow the spread of the output parameters.  
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CHAPTER 6 

 

NUMERICAL MODELING OF HYBRID PROCESS 

 

As discussed in previous chapters, hard turning process as an alternative to 

conventional grinding in machining hardened components has drawn more 

attentions recently due to reduced production time, tooling cost and capital 

investment. However, the use of this promising process as a finishing process is 

often limited by surface quality deterioration (white layer), cutting tool wear and 

concerns about the fatigue life of the machined components . 

 

It is reported that residual stresses on the machined surface are known to influence 

the service quality of the component, such as fatigue life and tribological 

properties, and distortion. High compressive residual stress within the surface 

layer is favorable due to its effectiveness on surface crack propagation.  

 

Hua et al. [2005] investigated the effect of hone edge, feed rate and workpiece 

hardness on the magnitude of compressive residual stress induced by hard turning. 

The authors concluded that by increasing the hone edge radius, feed rate and 

workpiece hardness, larger compressive residual stress can be generated. However, 

the downside is higher cutting force, higher cutting temperature which in turn 

cause fast tool wear and workpiece surface integrity deterioration.  
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Shot peening process is known to be extremely effective in preventing premature 

failure under conditions of cyclic loading due to the compressive residual stress 

introduced to the treated surface layer. By combining hard turning and shot 

peening processes, high magnitude of compressive residual stress could be 

obtained without scarifying the tool life and components surface quality. 

 

In this chapter, the feasibility of this proposed combination is first validated by the 

numerical method. Shot peening and hard turning experiments are also performed 

for further validation. 

 

6.1 Numerical simulations 

6.1.1 Model development 

The FEM model for the combined process was obtained in two steps. First, the 

workpiece was shot peened using the model developed in chapter 5. The residual 

stress data from the shot peening simulation was processed and imposed to the 

stress free hard turning FEM model described in chapter 4. Then the consecutive 

hard turning simulation was performed.  

 

For the hard turning simulation, the workpiece was meshed uniformly as shown in 

Figure 6.1 at the beginning for imposing the residual stress calculated from shot 

peening simulation. A digitization process was performed to impose the residual 

stress obtained from the numerical simulation to each mesh layer. The details of 

this process are shown in Figure 6.2.  

 

During the hard turning simulation, remeshing process takes place very often due 

to the excessive deformation around the tool tip which causes severe distortion of 

the element. To simulate the cutting edge correctly, it is necessary to obtain denser 
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mesh around cutting edge than that in other region of the workpiece. Therefore, 

the remeshing has to be performed as shown in Figure 6.3 for the FEM mesh with 

the initially imposed residual stress before the cutting simulation starts. Figure 6.4 

shows the diagram of FEM model processing procedure. 

 

Figure 6.1 Uniform mesh for imposing residual stresses 

 

Figure 6.2 Digitization process 
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Figure 6.3 FEM mesh after initial remeshing 

 

Figure 6.4 Analysis procedure for hard turning with pre-stress due to shot peening 
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Shot radius of 0.35 mm and shot speed of 90 mm/s were used in the shot peening 

simulation. The material of the shots was high carbon cast steel and workpiece 

was AISI 52100 bearing steel. As for the hard turning simulations, the workpiece 

was 52100 bearing steel with a hardness of 62 HRC. PCBN tool insert with 

different edge preparations were used in the turning simulation. Cutting speed and 

depth of cut were fixed at 120 m/min and 0.07 mm respectively. Table 6.1 lists the 

details of the simulation conditions. 

 

Parameters  

Shot speed (m/s) 90 

Shot diameter (mm) 0.7 

Workpiece material AISI 52100 

Workpiece hardness HRC 62 

Hard turning tool insert PCBN 

Cutting speed (m/s) 120 

Depth of cut (µm) 70 

Tool edge preparations 

Hone radius 150µm 

Chamfer 20° × 85µm 

Sharp 

Table 6.1 Simulations conditions 

 

6.1.2 Result and discussion 

6.1.2.1 Effect of tool edge geometry 

The effect of tool edge geometry on the residual stress profile in the machined 

surface and the temperature and cutting force on the cutting tool  are investigated 

by numerical analysis. Figure 6.5 and 6.6 show circumferential and radial residual 

stress profiles produced by different tool edge geometry respectively. It is 

observed that both the circumferential and radial maximum residual stresses 

increase with tool edge geometry varying from sharp to large hone. On the other 
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hand, the depth of the maximum residual stress shows very limited variation for all 

tool edge geometry. This observation indicates that both hone and chamfer edge 

can enhance the residual stress. This can be explained by taking closer look at the 

stress state around the cutting tool as it slides across the workpiece.  

 

Figure 6.5 Calculated circumferential residual stress for different tool edge geometry 

 

Figure 6.6 Calculated radial residual stress for different tool edge geometry 
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Figure 6.7 Stress distribution around hone edge tool (left : shot peened, right : without) 

 

Figure 6.8 Stress distribution around sharp edge tool (left : shot peened, right : without) 
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Figure 6.7 and 6.8 show the stress in the cutting direction for the sharp tool and 

tool with large hone. It can be seen that a compressive stress field is created in the 

workpiece ahead of the tool, and a tensile stress field behind the tool. So the 

workpiece surface first experiences compressive plastic deformation and then 

tensile plastic deformation. The final stress state is determined by difference of 

these two types of plastic deformation. If the tensile plastic deformation is larger, 

the surface will experience compressive residual stress. Conversely, tensile 

residual stress will be produced. Large hone edge and/or chamfer produce longer 

contact between the cutting tool and workpiece, thus increases the frictional effect 

on the deformation zone. Since much stronger ironing effect is produced due to the 

frictional interaction by large hone edge and/or chamfer than by sharp edge, a 

higher tensile stress state can occur behind the cutting tool resulting in a higher 

and deeper compressive residual stress in the subsurface after the cutting tool 

passes by, as shown in Figure 6.7 and 6.8.  

 

Rapid tool wear remains an impediment to the hard turning process being 

economically viable due to high cost of CBN cutting tools and the tool change 

down time. Therefore, wear in cutting edge is crucial during the hard turning 

process. Temperature and cutting force are the major factors which influence the 

flank wear. When the tool edge geometry varies from sharp to hone/chamfer, 

burnishing at the cutting edge becomes a dominant factor in the chip formation. 

The squeezing of the material under the cutting edge caused this burnishing 

process builds up severe elastic and plastic deformation in the machined surface 

resulting in high tool temperature and cutting force. Figure 6.9 illustrates the 

maximum temperature on the cutting edge for different tool edge geometry. It is 

seen from this figure that hone and chamfer edge can cause higher cutting edge 

temperature. Figure 6.10 shows the predicted cutting force for different tool edge 

geometry. The cutting force obtained from FEM simulation presents the load 

component in the direction perpendicular to cutting tool motion in steady cutting 
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state. It can be seen from this figure that cutting force increases as tool geometry 

changes from sharp to hone and chamfer. According to the above results, large 

hone radius facilitates deeper and more compressive residual stress. One the other 

hand, the cutting edge temperature increases significantly with the hone radius 

which usually leads to severe tool wear and unwanted surface quality.  

 

Figure 6.9 Calculated maximum temperature on the cutting tool  

 

Figure 6.10 Calculated cutting force for different tool edge geometry 
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6.1.2.2 Effect of shot peeing residual stress 

To clarify the effect of hard turning process on the shot peened workpiece, the 

residual stresses of workpiece after shot peening plus turning should be compared 

with solely turned workpiece.  

 

Figure 6.11 and 6.12 show the predicted residual stress profiles in the hard turned 

surface for originally residual stress free component and shot peened component, 

where the line with solid markers presents the hard turning of shot peened surface 

and, the line with blank markers denotes that of surface without shot peening. One 

can see from the figure that the workpiece with a pre-existing residual stress due 

to shot peening presents higher and deeper compressive (radial and 

circumferential) residual stresses than a workpiece without shot peening. For 

instance, the maximum residual stress in circumferential direction for hone tool 

edge with shot peening is about 800 MPa, while that without shot peening is about 

610 MPa. The depths of compressive residual stress for these two cases are 260 

µm and 120 µm respectively. 

 

Figure 6.11 Circumferential residual stress for different tool edge geometry 
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Figure 6.12 Radial residual stress for different tool edge geometry 
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significant. With proper design, comparable residual stress can be obtained 

for shot peened workpiece while the tool wear can be reduced.  

 

6.2 Experimental study 

Shot peening and hard turning experiments were conducted at the industr ial 

partner site for numerical model validation. Figure 6.13 shows the shot peening 

equipment and media used in the experiment.  

 

 

Figure 6.13 Shot peening machine and peening media 

 

Through hardened and tempered AISI 52100 bearing steel pins (hardness HRC 

63±1) with dimensions of ø10 mm × 76.2 mm were used in the experiment. 

Altogether five samples were treated in the experiment. Table 6.2 shows the 



 160 

detailed treatment for all the samples. Samples were either hard turned or ground 

and compared with the ones that have shot peening as an intermediate process. 

Table 6.3 and 6.4 show the detailed hard turning and shot peening parameters 

adopted in the experiment.  

 

Specimen number Treatment 

1 SP 

2 RHT+FHT+IF 

3 RHT+SP+FHT+IF 

4 GRD+IF 

5 GRD+SP+GRD+IF 

Table 6.2 Treatment 

 

Where SP = shot peening, RHT = rough hard turning, FHT = finish hard turning, 

GRD = ground and IF = isostatic finishing 

 

Parameters Rough turning Finish turning 

Cutting tool BNX 10 CBN based BNX 10 CBN based 

Cutting speed (m/min) 120 120 

Feed rate (µm/rev) 50 50 

Depth of Cut (µm) 200 100 

Table 6.3 Hard turning conditions 
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Parameters  

Almen intensity 0.0204 A 

Shot diameter (mm) 0.7 

Shot material Cast steel 

 Table 6.4 Shot peening conditions 

After the treatment, compressive residual stress for each sample was measured by 

X-Ray diffraction. Results were shown in Figure 6.14. It can be seen from the 

figure that shot peening process gives the deepest compressive residual stress. 

Both hard turning and grinding processes reduce the residual stress. However, 

comparing to hard turning or grinding process alone, hard turning plus shot 

peening or grinding plus shot peening gives deeper compressive residual stress. 

Since the depth of cut of grinding is smaller than hard turning, the combined 

process seems to be more beneficial in terms of depth and magnitude of the 

compressive residual stress. 

 

Figure 6.14 Compressive residual stress for different combinations of finishing processes 
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CHAPTER 7 

 

SUMMARY 

 

7.1 Summary and conclusions 

In this research, numerical analysis of hard turning and shot peening processes 

was conducted with the help of commercial FEM software DEFORM and 

ABAQUS to fully understand mechanism and nature of the induced residual stress. 

Study of the interaction between the stress fields due to hardening and shot 

peening was also investigated by numerical and experimental methods. A link 

between shot peening and hard turning is established to take the advantages of 

both processes to improve the rolling contact fatigue of bearing steel. Detailed 

results including effect of process parameters for both processes are presented and 

then analyzed. 

 

The following original work has been completed in this research.  

 

1. A hard turning model was developed to evaluate the influence of 

machining parameters and tool edge geometry on the temperature 

distribution, cutting force and residual stress profile. The model was 

validated by comparing the chip morphology and cutting forces with the 

experimental results. The predicted residual stress was also compared 

with the measured data. It was found that although hone edged gave the 
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deeper and larger residual stress, the cutting temperature and cutting 

forces increase dramatically which led to quick tool wear.  

2. A single-shot model for shot peening process was developed to study 

the effect of shot peening process parameters, workpiece material and 

surface conditions on the distribution of the compressive residual stress 

field. The model was validated by ball dropping experiment. It was 

interesting to note that interfacial friction changed from frictionless to 

0.1 caused a jump in residual stress profile. However, further increase 

the friction had almost no effect on the residual stress.  

 

3. A multiple-shot model for shot peening process was also developed to 

investigate the interaction between individual shots. The predicted 

residual stress distribution was compared with industrial experiment. It 

was found that shot interaction changed the residual stress at the surface 

significantly.  

 

4. FEM simulations using the multiple-shot model were conducted in order 

to develop response surfaces of the residual stress field. Stochastic 

simulations were carried out using these response surfaces. Statistics of 

the output variations were calculated using the stochastic Monte Carlo 

simulations. The results gave the quantitative numbers about the 

variations of the residual stress field. 

 

5. Interaction between the residual stress fields induced by shot peening 

and hard turning was investigated using numerical simulations and then 

validated by experiment carried out at industrial site. It was found that 

shot peening as a preprocess of hard turning can enhance  the residual 

stress and fatigue life of a hard turned component  
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7.2 Research significance and contribution 

This dissertation provides a possible approach to eliminate the obstacles that 

prevent hard turning from replacing finish grinding. The proposed new hybrid 

process improves the fatigue life of the hard turning components and increases the 

cutting tool life at the same time. The new contributions in this dissertation are 

expected to yield the following results of industrial relevance:  

 

1. The hard turning process model provides a fast and cost effective way to 

evaluate the effectiveness and feasibility of certain cutt ing process 

conditions. Engineers can use this model to design and optimize the 

process parameters for extended tool life and better workpiece surface 

integrity. 

 

2. The shot peening process model provides a direct and accurate process 

control guideline for the real production by replacing the current 

indirect “Almen‟s strip” method.  

 

3. By utilizing computer simulations, the shot peening process can be fully 

developed, controlled and utilized to significantly reduce costs. 

Integrating the finite element simulation with stochastic modeling helps 

to remove the uncertainty and randomness of the process.  

 

7.3 Suggestion for future work 

Recommendations for future work are given as follows:  
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1. Material microstructure is known to significantly influence metal flow, 

thus, the crack initiation and propagation process during deformation. 

Therefore, integrating a material-mechanics model into FEM simulation 

will be very helpful in analyzing metal cutting process.  

2. The multiple-shot model should be further improved with the ability to 

predict the surface roughness and subsurface damage. Since these two 

parameters are very important in fatigue crack initiation.  

 

3. A response surface model with nondimensionalized input and output 

parameters should be developed for a more general purpose design and 

optimization. 

 

4. Instead of current separate models for shot peening and hard turning, the 

whole process should be modeled with single FEM software to avoid the 

two step stress imposing procedure. 
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