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1. Introduction 

The specification and manufacture of unimpaired or enhanced surfaces require an 

understanding of the interrelationship among metallurgy, machinabitity and mechanical 

testing. To satisfy this requirement, an encompassing discipline known as surface integrity 

was introduced and it has gained worldwide acceptance. Surface integrity technology 

describes and controls the many possible alterations produced in a surface layer during 

manufacture, including their effects on material properties and the performance of the surface 

in service. Surface integrity is achieved by the selection and control of manufacturing 

processes, estimating their effects on the significant engineering properties of work materials, 

such as fatigue performance.  

The calculation of the fatigue strength for the development of structural components has 

become more important in recent years. In order to save time and cost, it is attempted to limit 

the experimental strength testing and to calculate the fatigue strength from material data. The 

fatigue strength of smooth, polished material specimens can be estimated or obtained from the 

corresponding fatigue charts with high accuracy. However, the results of fatigue strength 

determinations on material specimens cannot be directly applied to real components. This is 

because there are various parameters such as surface topography, residual stresses, hardness, 

microstructure, etc. that have a large impact on fatigue strength of structural components. The 

effect of these parameters on the fatigue strength of components is complex and causes 

difficulty in its evaluation with respect to the fatigue strength of material specimens. 

The fatigue strength of a metal is generally defined in terms of the endurance limit and the 

effects of surface integrity are considered by correcting the endurance limit using the 

appropriate factors. The traditional correction factors provide a simple and useful means to 

estimate the fatigue strength related to the surface alternation they are, however, generally 

restricted to surface roughness analysis. 

Despite the great volume of work done on the influence of surface integrity on fatigue 

strength, no reliable quantitative models have been developed to describe this effect. A model 

that would be able to predict the fatigue strength based on the surface alteration must include 

the quantitative analyses of surface topography, hardness and residual stresses.  
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Within this work, two new factors, namely, surface fatigue factor and residual stress factor 

were proposed to evaluate the fatigue strength of different surface conditions. The Surface 

fatigue factor characterizes the surface topography and the residual stress factor takes into 

account the multiaxiality nature of residual stresses. Both factors are presented by empirical 

models. 

The main contribution of the present work is to build up a new relationship between 

surface integrity, turning process parameters and fatigue behavior of 34CrNiMo6 steel.  

The outline of this thesis starts with a general overview of surface integrity and metal 

cutting, i.e. surface topography, residual stresses, hardness and microstructure, by reviewing 

the published literature. The following chapters in this thesis introduce the surface integrity 

and fatigue and describe some experimental aspects with regard to the investigated 

specimens. Subsequent to a short conclusion of the main findings, the major experimental 

research is given in three scientific publications, where the obtained results are 

comprehensively discussed. 
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2. Surface Integrity and Metal Cutting 

A part surface has two important aspects that must be defined and controlled. The first 

concerns the geometric irregularities of the surface, and the second concerns the metallurgical 

alterations of the surface and the surface layer. The first aspect is termed surface finish or 

surface topography and the second one surface integrity [1]. Field and Kahles [2] described 

surface integrity as the relationship between surface geometrical values such as surface 

roughness and the physical properties such as residual stresses, hardness and structure of the 

surface layers. Both of these factors, surface topography and surface metallurgy, act together 

and affect the fatigue strength in a complex manner, Figure 2.1. 

 

 

Figure 2.1: Schematic illustration of surface integrity and its effect on fatigue strength. 

 

Manufacturing processes induce many possible alterations in the surface layer of 

mechanical components which have important influence on their practical properties, 

especially on their resistance to failures initiated from the surface, such as fatigue and stress 

corrosion cracking, Figure 2.2. 
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Figure 2.2: Types of surface alterations associated with metal removal practices [3]. 

 

Since the influence of manufacturing processes on the surface integrity is very important 

for the control of workpiece quality, therefore it is necessary to gain better understanding how 

the finishing processes affect the functional behavior of the machined parts. The functional 

behavior of a machined component is considerably determined by the physical state of its 

surface integrity. The surface integrity obtained in machining depends strongly on the 

employed process parameters. There are various cutting parameters that are known to have a 

large impact on the surface quality of the machined parts. Therefore, a great deal of research 

has been performed in order to quantify the effect of various turning process parameters to 

improve the surface quality. These parameters are classified into three types: set-up 

parameters, tool parameters and workpiece parameters, Figure 2.3. 

 

 

Figure 2.3: List of process parameters in turning. 
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Figure 2.4 illustrates the main process parameters in turning operation. 

 

 

Figure 2.4: Main process parameters in turning [4]. 

 

where f, rε, d and χ are feed rate, tool nose radius, depth of cut and the entrance angle, 

respectively. χ', λ and α point out to the exit angle, side relief angle and the back rake angle. 

It is well known that the quality of the surface plays a very important role in the 

performance of machined parts. A good-quality machined surface significantly improves 

fatigue strength, corrosion resistance or creep life. Thus, it is necessary to know how to 

control the machining parameters to produce a fine surface quality for the mechanical 

structures. The criteria of the surface quality are appraised for properties such as surface 

roughness, residual stresses, hardness variations, structural changes, etc. Hence, many 

investigations are needed to quantify the properties of the surface integrity caused by the 

machining parameters [5]. 
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3. Topography of Surfaces 

Most surfaces have regular and irregular spacings that tend to form a pattern or texture on 

the surface. This surface texture is generated by a combination of various factors that are due 

either to the manufacturing process or the material being finished. The topography of a 

surface is made up of a combination of three features: surface roughness, surface waviness 

and surface form. Surface roughness refers to the high-frequency irregularities on the surface 

caused by the interaction of the material microstructure and the cutting tool action. Surface 

waviness refers to the medium-frequency irregularities on the surface on which the surface 

roughness is superimposed. These forms can be caused by the instability of the cutting tool 

and errors in the machine tool guideway. Surface form is the general shape of the surface, 

neglecting roughness and waviness, which are caused principally by errors in the machine 

tool guideway, and deformations due to stress patterns in the component. Figure 3.1 shows 

the roughness and waviness components of an arbitrary surface [6]. 

 

 

Figure 3.1: Illustration of the roughness and waviness and general form of a surface [7]. 

 

3.1. Measuring Surface Roughness 

The most common type of contact method for measuring surface topography is the surface 

texture recorder. The principle of this method is shown in Figure 3.2.  
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Figure 3.2: Basic principle of a surface texture recorder [6]. 

 

The stylus of the instrument is moved across the surface via a guiding mechanism to produce 

the traced profile, which is defined by the interaction of the stylus with the component. The 

transducer produces a signal that is the difference between the traced profile and a reference 

profile or datum profile provided by the guideway. The transducer signal is then converted 

into a digital signal via an analog-to-digital converter. At this point the transducer contains 

only the vertical or Z-component of the profile. The horizontal or X-component generated by 

the traversing mechanism is combined with the Z-component to produce the total profile. The 

total profile is then filtered to remove unnecessary information, which produces a primary 

profile. This profile can then be subjected to filtering techniques that can separate the 

roughness, waviness and form features of the surface [6]. 

Noncontact techniques are becoming increasingly popular in the measurement of surface 

topography, especially for surfaces that may be subject to damage using contact techniques. 

The results obtained are very similar to those of stylus methods and can use the same 

parameter definitions. Some noncontact methods, such as diffraction measurement, can 

measure surfaces quickly and easily and can potentially be used on machine tools at the point 

of manufacture [6]. 

3.2. Surface Parameter 

For effective analysis of surface roughness or waviness, the profile generated by the 

measuring instrument needs to be evaluated according to mathematical formulas, called 

surface parameters. The purpose of using a parameter is to apply a number that can 

characterize a surface [8].The application of different types of surface parameters can best be 

described by discussing the various types of surfaces generated by finishing methods. One of 

the most commonly used roughness parameters is the roughness average Ra, which is used to 

assess the coarseness of the surface such as those produced by grinding, turning and milling 
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operations. The parameter Ra is defined as the mean height of the roughness profile  

Figure 3.3. 

 

 

Figure 3.3: Arithmetical average roughness, Ra. 

 

Eq. (3.1) shows the definition of parameter Ra. 

 

( )
0

1 L

aR z x dx
L

= ∫  Eq. (3.1) 

 

Another averaging parameter, Rq, takes the root mean square of the profile and is more 

sensitive to surface variations Eq. (3.2). 

 

( )
2
1

0

21
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= ∫

L

q dxxz
L

R  Eq. (3.2) 

 

For some surfaces it is sometimes desirable to specify the maximum roughness height, Rmax, 

or the peak-to-valley height, Rz, rather than use the mean height given by Ra. The Rmax 

parameter measures the highest and lowest points of the profile and is particularly valuable 

where components are subjected to high stresses. Any large peak-to-valley heights may be 

areas likely to suffer from crack propagation. However, because Rz is very susceptible to dirt 

or scratches, it is an unstable parameter [8]. A schematic description of the Rmax parameter for 

an arbitrary machined surface is shown in Figure 3.4. 
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Figure 3.4: Schematic illustration of Rmax. 

3.3. Effect of Turning Process Parameters on Surface Roughness 

The machining or finishing process has the greatest impact on the geometry of the surface. 

A major factor is the action of the cutting tool on the material. Elements such as tool shape, 

cutting speed, feed rate, depth of cut and cutting fluid can be varied to affect the surface 

topography. Other factors affecting the surface are the instability of the cutting tool and errors 

in the machine tool guideway [6].  

Several researches have studied the effect of cutting parameters on surface roughness in 

turning operations. Thiele and Melkote [9] showed that an increase in edge hone radius 

increase the average surface roughness because of increase in the ploughing component 

compared to the shearing component of deformation. Chou and Evans [10-11] showed that 

the surface roughness tend to increase when the tool wear increases.  

Many attempts have been made to model surface roughness in hard turning as a function 

of various process parameters. Whitehouse [12] proposed an empirical model to estimate the 

surface roughness variation, Eq. (3.3). 

 

εr
fRa ⋅

=
32

2

 Eq. (3.3) 

 

This relationship only takes into account the geometric part of roughness. The real surface 

finish is a combination of the geometric roughness and the secondary roughness derived from 

the plastic flow of the material, the removal process, tool wear, tool or workpiece chatter, etc. 

This implies that the agreement between the measured roughness and the values predicted 

according to Eq. (3.3) is fairly good only for medium-high levels of Ra. For low levels of 

roughness the model systematically under-estimates the real surface roughness, because in 

this case secondary roughness becomes more significant than geometric roughness [13]. 
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Sasahara [14] investigated the effect of tool nose rε radius, feed rate f and two kinds of tool 

edges, sharp and chamfered (Figure 3.5) on the surface roughness of a 0.45%C steel. 

 

 

Figure 3.5: Tool edge configuration with chamfer [14]. 

 

Figure 3.6 shows the correlation between surface roughness and cutting conditions in feed 

direction. 

 

 

Figure 3.6: Effect of cutting conditions on surface roughness [14]. 

 

It can be seen that the surface roughness increases when the feed rate increases, where the tool 

nose radius becomes smaller.  
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4. Residual Stresses 

Residual stresses in a machined surface are one of the decisive factors in determining 

surface quality. They are defined as the locked-in stresses that exist in a machine part after all 

the external loads are removed. Due to their nature, the residual stresses are in equilibrium 

(self-balance) [15]. 

Manufacturing processes are the most common causes of residual stresses. Virtually all 

manufacturing and fabricating processes such as casting, welding, machining, molding, heat 

treatment, etc. introduce residual stresses into the manufactured object. The effects of residual 

stresses may be either beneficial or detrimental, depending upon the magnitude, sign, and 

distribution of the stress with respect to the load-induced stresses. In general, the residual 

stresses are detrimental, and there are many documented cases in which these stresses were 

the predominant factor contributing to fatigue and other structural failures when the service 

stresses were superimposed on the already present residual stresses [16]. 

4.1. Classification 

Macherauch and Kloss [17] proposed a classification of the residual stresses into three 

orders or types, related to the scale on which one considers the material. Residual stresses of 

the first order, or type I residual stresses, are homogeneous over a very large number of 

crystal domains of the material. Such stresses are also termed macrostresses, σRS
I. The internal 

forces related to this stress are balanced on all planes. The moments related to these forces are 

equal to zero around all axes. Residual stresses of the second order, or type II residual 

stresses, are homogeneous within small crystal domains of the material (a single grain or 

phase). The internal forces related to these stresses are in balance between the different grains 

or phases. Residual stresses of the third order, or type III residual stresses, are homogeneous 

on the smallest crystal domains of the material (over a few interatomic distances). The 

internal forces coupled to these stresses are in balance in very small domains (such as around 

dislocations or point defects). Type II and III residual stresses are collectively termed 

microstresses σRS
II and σRS

III. In the case of real materials, the actual residual stress state at a 

point comes from the superposition of stresses of type I, II and III stresses, as is illustrated in 

Figure 4.1, [18]. 
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Figure 4.1: Three orders of stresses in two-phase materials [18]. 

4.2. Origin of Residual Stresses 

The creation of residual stresses is caused by elastic-plastic deformation, which takes 

place in the contact area between the tool and workpiece and is aided sometimes by high 

temperatures [19]. Tricard [20] explained how residual stresses are generated during a 

grinding operation, Figure 4.2. 

 

 

Figure 4.2: Mechanism of residual stress generation during grinding [20]. 
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Figure 4.2 illustrates the mechanism of residual stress generation in ground components 

by the superimposition of a mechanical (left) and a thermal (right) effect. For the process 

shown on the left, three distinct zones can be distinguished: zone 1 is the surface layer being 

ground, zone 2 is the mechanically affected zone immediately underneath zone 1 and zone 3 

is the remaining bulk of the material. During grinding, zone 2 experiences an increase in 

length, which is constrained by the unaffected zone 3. The plastically deformed surface  

(zone 2) is therefore left in a state of compression, while the bulk of the material (zone 3) is in 

slight tension. For the process shown on the right, zone 2 is the heat-affected zone at the 

surface of the material. During grinding, the heated surface (zone 2) expands in length, but 

once again is constrained by the bulk of the material (zone 3), which remains at room 

temperature, leaving the surface in a state of compression. The workpiece begins to cool 

immediately after grinding, reversing the distribution and resulting in a surface layer in 

tension and the bulk of the part in slight compression. As shown in Figure 4.2, the resulting 

value of the residual stress induced during the grinding operation is the superimposition of 

these two phenomena. 

Gunnberg et. al. [21] described how turning influences the generation of the residual stress 

level when the cutting tool slides across the workpiece, Figure 4.3. 

 

 

Figure 4.3: Generation of residual stress by turning [21]. 

 

The mechanism of mechanically generated residual stress during cutting (A) can be explained 

by a plastic deformation in the surface layer (1) and elastic deformation in the underlying 

surface layer (2). To achieve force equilibrium and geometric compatibility after the cutting 

processes, the elastic dilatation places the surface layer in residual compressive stress (B). 

The thermal residual stress mechanism is due to the heat of the cutting process, which 

expands the surface layer and produces compressive stress (A). The workpiece is then cooled 

(B) and contractions in the surface layer (1) produce tension residual stress. The thermal 
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effect decreases further inside the workpiece, thus the main consequence of tension stress is 

on the surface. 

4.3. Measurement of Residual Stresses 

Over the last few years, it has been a continuing interest in developing methods for 

measuring residual stresses. The materials scientist and the engineer can now access a large 

number of residual stress measurement techniques. Some are destructive, while others can be 

used without significantly altering the component, some have excellent spatial resolution, 

whereas others are restricted to near surface stresses or to specific classes of material [22]. 

Among the different methods developed for this purpose, the hole-drilling and X-ray 

diffraction are widely employed for the quantitative residual stress analysis and are described 

in detail in the following. 

4.3.1. Hole-Drilling Method 

One of the popular and widely used techniques for measuring residual stresses is the hole-

drilling method. A typical application of the hole-drilling method involves drilling a small 

shallow hole in the specimen. This removal of stressed material causes localized stress and 

strain relaxations around the hole location. The strain relaxations are measured using a 

specially designed strain gauge rosette [23]. Figure 4.4 shows the arrangement of the strain 

gauge rosette with three elements and the preferred notation for the direction of the principal 

stresses, σmax and σmin. 

 

 

Figure 4.4: Strain gauge rosette arrangement for measuring residual stresses. 
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In this design the three radially oriented gauges are arranged with their centers from the gauge 

target and the center of the hole. Although, in theory, the angles between the gauges can be 

chosen arbitrarily, the simplest analytical calculations are achieved with 45°, and this is now 

the standard for most commercially available designs. ra and rm are the hole radius and mean 

gauge circle radius, respectively [24]. The recorded strains are converted to stress using 

equations that have calibration coefficients determined by test. 

Standard hole-drilling is a method, frequently used to evaluate in-plane residual stresses 

that can be assumed to be uniform with depth below the surface. However, in many practical 

cases, the residual stresses are not uniform. In such cases, the assumption of uniform stress 

with depth may give a misleading solution [25]. There are four calculation procedures 

available to determine non-uniform residual stress fields using incremental strain relaxation 

data from the hole-drilling method, which are described in the following. 

4.3.1.1. Incremental Strain Method 

The incremental strain method for estimating non-uniform residual stresses was first 

introduced by Soete and Van Crombrugge [26] and further developed by Kelsey [27]. The 

experimental procedure is similar to that for traditional hole-drilling. However, the 

incremental strain method has a significant theoretical shortcoming. The assumption that the 

incremental strain relaxation measured after making an increment in hole depth are wholly 

due to the stresses within that depth increment is not valid. The relaxed strain, measured at the 

surface subsequent to the drilling of an increment, is partly due to the stresses released in the 

increment and partly due to the previously released stresses which yields a modified response 

as the geometry is changed. For this reason, strain relaxation can continue to grow, even when 

the new hole depth increment is totally unstressed [28-30]. 

4.3.1.2. Average Stress Method 

In order to overcome the theoretical shortcomings of the incremental strain method, 

Nickola [31] introduced a new stress calculation method using the concept of equivalent 

uniform stress. The equivalent uniform stress is defined as that stress magnitude within the 

total hole depth which produce the same total strain relaxations as the actual non-uniform 

stress distribution. With the average stress method, the equivalent uniform stress is calculated 

using the strain relaxations measured before and after each hole depth increment. 
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The average stress method, however, also has a significant shortcoming. It is assumed that 

the equivalent uniform stress equals the average stress over the hole depth. In practice the 

stresses in the material closer to the surface contribute much more to the surface strain 

relaxations that do the stress further from the surface. The need to use experimental 

calibration data has also limited the theoretical scope of this calculation procedure, which has 

recently been identified [28-30, 32]. 

4.3.1.3. Power Series Method 

The Power Series Method proposed by Schajer [29] is an approximate, but theoretically 

acceptable method to calculate non-uniform stress fields from incremental strain data. It 

provides a limited amount of spatial resolution by assuming that the residual stresses vary 

linearly with depth from specimen surface. Finite element calculations are used to compute 

series of coefficients corresponding to the strain responses measured during hole-drilling.  

An advantage of this method is that the least square procedure forms a best fit curve 

through the measured strain data. However, a limitation of the power series method is that it is 

suitable only for smoothly varying stress fields [23, 25]. 

4.3.1.4. Integral Method 

In the integral method, the contributions of the total measured strain relaxations at all 

depths are considered simultaneously. This provides a separate evaluation of residual stress 

within each increment of depth. Thus, the spatial resolution is the highest of all the calculation 

methods and is the method of choice when measuring rapidly varying residual stresses. 

However, the stress calculation inaccuracy increases quickly with the number of hole depth 

increments used in the calculation. In practice, five or six increments yield a satisfactory level 

of detail for many stress distributions [25]. 

Figure 4.5 shows a comparison of the results of four stress calculation methods for a non-

uniform stress field.  
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Figure 4.5: Comparisons of the results from the four stress calculation methods [23]. 

 

It can be seen that the integral method gives a good stepped approximation to the actual 

stress variation with depth while the power series method gives a close straight-line fit. The 

incremental strain and the average stress methods give much less satisfactory results because 

they are essentially calibrated using uniform stress field data.  

In the present work, the integral method has been chosen as it offers flexibility regarding 

the stress variation. This method is briefly described in the following. 

As a hole is drilled to a certain depth z, the residual stresses released at every intermediate 

depth Z, between the surface and the depth z, contribute to the relaxed strain measured at the 

surface. Figure 4.6 illustrates the hole depth z, stress depth Z, hole radius ra and mean gauge 

circle radius rm.  

 

 

Figure 4.6: Definition of hole depth z and stress depth Z [35]. 
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The relaxed strain contribution from the residual stress release at the depth Z is dependent 

on the actual hole depth z. This is described as the geometrical effect and is taken into account 

by the integral method. This means that the relaxed strain, measured at the surface subsequent 

to the drilling of an increment, is partly due to the stresses released in the increment and partly 

due to the previously released stresses, which yields a modified response as the geometry is 

changed [35]. The two contributions are illustrated in Figure 4.7. 

 

 

Figure 4.7: Geometrical contribution to the relieved strain in drilling of the second increment [35]. 

 

Some simplification can be achieved with the hole radius and depth dependencies. It is 

desirable to normalize the depth dimensions with respect to the mean radius of the strain 

gauge rosette, rm. The normalized depths H = Z/rm and h = z/rm are called non-dimensional 

depth from surface and non-dimensional hole depth, respectively. 

Assuming that the stress field σ(H) is equal biaxial, i.e., at any given depth from the 

surface, the stresses are the same in all directions parallel to the surface [23]. The measured 

strain relaxation ε(h), due to drilling a hole of depth h, is the integral of the infinitesimal strain 

relaxation components from the stresses at all depths in the range 0 ≤ H≤ h, Eq. (4.1). 

 

( ) ( ) ( ) ( ) hHHdHhHA
E

h
h

≤≤
+

= ∫ 0,1

0

σνε  Eq. (4.1) 

 

where A(H, h) is the strain relaxation per unit depth caused by a unit stress at depth H, when 

the hole depth is h. The term (1+ν)/E describes the dependence of the strain relaxations on 

material properties.  

In practice, the strain relaxation response ε(h) is not continuously determined. Only values 

at n discrete points are known. In this case, an approximate solution can be achieved using a 

discrete form of equation Eq. (4.2). 
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nijEa ij

ij

j
ij ≤≤≤

+
=∑

=

=

1
11

ε
ν

σ  Eq. (4.2) 

 

where εi, σj, aij and n are the total strain relaxation after the ith increment is drilled, equivalent 

uniform stress within the jth hole depth increment, strain relaxation due to a unit stress within 

increment j of a hole i increments deep and total number of hole depth increments, 

respectively. It should be noted that index i refers to the number of increments drilled, 

whereas j refers to the increment in which the stress is acting. 

The relationship between the coefficient aij and the strain relaxation function A(H, h) is given 

by Eq. (4.3). 

 

( ) dHhHAa
j

j

H

H
iij ∫

−

=
1

,  Eq. (4.3) 

 

In matrix notation, Eq. (4.2) becomes 

 

( )ν
εσ

+
⋅

=⋅
1
Ea  Eq. (4.4) 

 

The discrete strain relaxation matrix a is lower triangular. If the matrix coefficients aij are 

known, a stepwise approximate solution for the stress variation with depth can be found by 

solving Eq. (4.4). 

Figure 4.8 illustrates the physical interpretation of the coefficients aij of matrix a. The 

columns of the matrix correspond to the strain relaxations caused by the stresses within a 

fixed increment, for holes of increasing depth. 
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Figure 4.8: Stress loadings corresponding to the coefficients aij of matrix a. 

 

For conceptual simplicity, the discussion so far has been limited to a simple equal biaxial 

stress field. The in-plane stresses at a given depth were the same in all directions, and the 

three measured relaxed strains were all equal. For the general case, the three stress 

components σ1, σ3 and τ13 and the three strains ε1, ε2 and ε3 vary independently throughout the 

hole depth. For calculations with such general non-uniform stress fields, it is mathematically 

convenient to work in terms of transformed stress and strain variables. This decouples the 

stress/strain equations and simplifies their mathematical structure. The Cartesian stress 

components acting at depth H in a plane parallel to the specimen surface are described in 

terms of transformed stress variables, Eq. (4.5). 
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Similarly, the three strain relaxations measured after the hole reaches a depth h are expressed 

in terms of transformed strain variables, Eq. (4.6). 
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In matrix notation, Eq. (4.2) and similar equations for the other two transformed stresses 

become 

 

( )

tETb
qEQb
pEPa

⋅=⋅
⋅=⋅

+⋅=⋅ ν1
 Eq. (4.7) 

 

The Cartesian stress components for each increment can be recovered from the calculated 

transformed stresses using Eq. (4.8). 
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Finally, the principal stresses can be evaluated very compactly in terms of the transformed 

stresses or strains, Eq. (4.9). 

 

( ) ( ) ( ) ( ) ( )HTHQHPHH 22
minmax , +±=σσ  Eq. (4.9) 

 

A detailed description of the integral method can be found in Schajer [23, 33] and 

Andersen [34]. 

4.3.2. X-ray Diffraction Method 

X-ray methods have been used widely for measuring residual stresses in crystalline 

materials. This method is a non-destructive technique based on the evaluation of interplanar 

distances in deformed samples along different orientations. However, in order to obtain stress 

depth information, it has to be combined with layer removal methods. The sample size is also 

limited, and therefore, it is difficult to analyze residual stresses in real machine parts. Usually 

the measurements are made manually on a conventional powder X-ray diffractometer or with 

a special unit. X-rays penetrate typically less than 20 μm into the material and the method is 

therefore restricted to determination of residual stresses at the immediate surface of the 
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specimen [36]. Figure 4.9 shows a schematic illustration of X-ray diffractometer using a 

single wavelength λ. 

 

 

Figure 4.9: Diffracting grains in a polycrystalline specimen at (a) ψ = 0, (b) ψ = ψ, 

 during a stress measurement, (c) direction of measured stress [36]. 

 

With reference to Figure 4.9, assume that X-ray detector is moved over a range of angles, 2θ, 

to find the angle θ, of the diffraction from grains that satisfies Bragg’s law n·λ = 2·d·sinθ. In 

this law n represents the class of diffraction, λ is the wavelength of the incident radiation, dhkl 

is the interplanar spacing of a lattice plane, described by the Miller indices h, k and l and θ is 

the diffraction angle. Grains that have planes with this spacing which are parallel to the 

surface will diffract as shown in Figure 4.9a. The d spacing is obtained from the peak in 

intensity versus scattering angle 2θ and Bragg’s law λ = 2·d·sinθ [37-38]. If the surface of the 

specimen is in compression, the d spacing of these planes are further apart than in the stress-

free state due to the Poisson’s effect. After the specimen is tilted with respect to the incoming 
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beam (Figure 4.9b), new grains diffract and the orientation of the diffraction planes is more 

nearly perpendicular to the stress direction. The result is that, with the tilt, the d spacing 

decreases and the angle 2θ increases. As shown in Figure 4.9c, the stress is measured in a 

direction which is the intersection of the circle of tilt and the surface of the specimen. In 

effect, the interplanar spacing acts as an internal strain gauge. Since the spacing of lattice 

planes (the strain gauges) is extremely small they will be affected by both micro and macro 

stresses. The X-ray method measures the sum of these stresses. The fact that X-rays penetrate 

only a shallow depth is useful, because in many cases there are steep gradients in the 

macrostress near the surface [36].  

Within this work, X-ray residual stress analysis was carried out using an XSTRESS 3000 

analyzer emitting CrKα at 200 W. By assuming that the out-of-plane stress is zero and that 

the stress state in the analyzed sampling volume is homogenous, the so-called sin2ψ method 

[39] was used to determine the stress from the experimental strain value. In this model, 

Young modulus and Poisson ration are the only necessary constants. According to the 

sin2ψ method the stress value σφ in the plane of the sample surface is defined as, Eq. (4.10) 

[36]: 

( )211
2

2 sin
2
1 σσψσε φψφψ ++= SS  Eq. (4.10) 

 

where εφψ is the strain measured in the direction defined by the tilting angle  ψ and rotating 

angle φ with respect to the incident beam. The largest and smallest principal macroscopic 

stresses in the plane are designated by σ1 and  σ2, whereas σφψ is the stress in the measurement 

direction. The X-ray elastic constants S1 and S2 are mainly dependent on the crystallographic 

texture, which is an important microstructural parameter in polycrystalline samples, 

describing the distribution of the crystal lattice orientation. 

4.4. Effect of Turning Process Parameters on Residual Stresses 

Different processing methods show different effects on the character of residual stresses. 

The effects occur as a result of a combined action of several causes. Either the character or the 

magnitude of residual stresses induced in the surface layer can be changed by altering 

processing conditions [19].  
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Several researches have investigated the effect of process parameters on residual stresses 

in turning operations. Thiele and Melkote [9] have shown that cutting edge geometry have a 

large impact on the stress levels generated in finish hard turning. They reported that increased 

edge hone radius on the insert generated higher cutting forces. A higher passive force 

tangential to the surface generates higher compressive residual stresses. Dahlman et. al. [40] 

studied the influence of rake angle, cutting feed and cutting depth on residual stresses in hard 

turning. They showed that a greater negative rake angle induces higher compressive residual 

stresses as well as a deeper affected zone below the surface. The maximum stress position is 

moved further into the material using increase rake angles. They also demonstrated that the 

cutting depth does not affect residual stresses and an increased feed rate generates 

significantly higher compressive residual stresses.  

Figure 4.10 shows the residual stress distribution affected by different feed rates according 

to [41]. 

 

 

Figure 4.10: Residual stresses in the parallel (dash-dotted line) and transverse (dashed line) directions 

caused by turning of SAE 1045 for different cutting feeds. The cutting speed is 90 m/s and no cooling [41]. 

 

It can be seen that the higher the feed rate is, the higher the induced residual stresses either at 

the surface or beneath the surface is. Figure 4.10 also illustrates that the tensile stresses often 

appear near the surface and compressive stresses occur deeper into the material. The stress 

distribution is affected by friction in the cutting process, which tends to cause tensile stresses 

in the surface near layer and by plastic deformation, which causes compressive stresses in the 

deeper layers. 
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Leskovar et. al. [42] investigated the effect of feed rate f, cutting speed vc and tool wear 

VB on the residual stresses, Figure 4.11. 

 

 

Figure 4.11: Residual stresses of turned specimens [42]. 

 

Figure 4.11 shows that turning generates residual stresses of great intensity in the layers 

directly underneath the surface, particularly at high cutting speeds. With the increased wear 

VB the residual stresses increase, too, reaching even deeper into the layers underneath the 

surface. These stresses accelerate the occurrence and diffusion of microcracks. 
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5. Hardness 

Mechanical properties are based on the bonding characterizations and the microstructure 

of a material. Careful examination of the mechanical behavior of materials can give 

information on the lattice imperfections and atomic defects. In some branches of industry the 

common mechanical tests, such as tensile, hardness, creep and fatigue tests, may be used, not 

to study the defect state but to check the quality of the product against a standard specification 

[43]. 

The hardness of a metal, defined as the resistance to penetration, gives a conveniently 

rapid indication of its deformation behavior. There are different definitions of hardness 

depending on the subject area, which can be found in literature. However, all definitions have 

in common, that the material is subject of plastic deformation. 

Various methods of indentation were developed over the last decades, where the most 

important ones were defined by Vickers, Knoop, Brinell and Rockwell [44]. All of them 

relate the applied load to a geometrical feature of the remaining imprint produced by indenters 

of different shape and geometry. The hardness may be related to the yield or tensile strength 

of the metal, since during the indentation, the material around the impression is plastically 

deformed to a certain percentage strain. The residual imprint in the tested material due to 

plastic deformation is evaluated in size by optical microscope after removal of the load [43]. 

The Vickers diamond indenter is ground in the form of a squared pyramid with an angle of 

136° between faces. The Knoop indenter is a diamond ground to pyramidal form that 

produces a diamond shaped indentation having approximate ratio between long and short 

diagonals of 7:1. Brinell uses a steel ball as indenter and Rockwell a steel ball or a diamond 

cone. 

5.1. Evaluation of Hardness 

One of the methods for hardness measurement is called depth sensing indentation where 

force and depth of a loading and unloading indentation cycle are recorded. A schematic 

illustration of such an indentation is shown in Figure 5.1 with a corresponding load-

displacement curve. In general the probed volume is small, why it can be ranked as a non-

destructive investigation technique. On the other hand it is necessary to evaluate several 

indents to obtain a statistical representative hardness value of the material. The most common 

evaluation method of the load-displacement curves, also used in this work, was proposed by 
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Oliver and Pharr [45]. This technique is standardized in the standard DIN EN ISO 14577 part 

1-3 [46]. This has the benefit that no size evaluation of the remaining imprint is necessary 

since the hardness values are obtained from the evaluation of the unloading segment of the 

load-displacement curve. As illustrated in Figure 5.1, the hardness is defined as applied load 

F divided by the corresponding projected contact area Ac. The elasto-plastic behavior of the 

material causes an indentation depth of hmax under maximum load Fmax, whereas the indenter 

is only in contact with the material for the depth hc. After unloading the residual imprint has 

the depth hr due to the elastic recovery. The elastic contribution to the maximum displacement 

is indicated with he.[44]. 

 

 

Figure 5.1: a) Schematic illustration of an indentation with a pyramidal indenter under the load F and b) 

schematic of a corresponding load-displacement curve with the loading and unloading segment [43]. 

 

The facility used to determine the hardness of the samples used in this work was a 

Fischerscope H100C equipped with a Vickers indenter with a continuously load of 100 mN. 

The device measures the universal hardness according to ISO 14577 [47]. The universal 

hardness HU is defined as the load F, applied to the indenter divided by the surface of the 

indent at maximum load. The created area of the indent is calculated from a constant, which is 

characteristic for the indenter geometry and the indentation depth. HUpl is the plastic universal 

hardness, that means the elastic part is not considered and the load is correlated with the 

remaining plastic indent area which is calculated from the depth value hr [48]. 

 

243.26 r
pl h

FHU
⋅

=  Eq. (5.1) 
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The factor 26.43 correlates the surface of the indent of a Vickers indenter and the indentation 

depth.  

To determine the hardness within this work, all samples have been polished because of the 

high roughness. At least 16 indentations were made on each sample resulting in a statistically 

confirmed average hardness value. Before mathematical evaluation, the recorded loading-

unloading curves were checked for irregularities and irregular curves were omitted from 

statistics. 

5.2. Effect of Cutting Parameters on Hardness 

Sasahara [14] investigated the effect of tool nose rε radius, feed rate f and two kinds of tool 

edges, sharp and chamfered (Figure 3.5), on the surface hardness of a 0.45%C steel. In 

general, the hardness distribution along the depth direction caused by cutting is higher as it 

comes nearer to the surface. He reported that the tool nose radius and the chamfer have an 

important influence on machined surface hardness and the feed rate does not affect the surface 

hardness so much Figure 5.2. 

 

 

Figure 5.2: Effect of cutting conditions on machined surface hardness [14]. 

 

Figure 5.2 shows that the surface hardness becomes higher when a smaller corner radius tool 

with chamfer is used. That means that the plastic deformation within the machined surface 

layer becomes greater. 

Leskovar et. al. [42] studied the influence of feed rate f and the tool wear VB on the 

hardness in turning operation. The material employed in this study was Č.4782 according to 

JUS or 42CrMoS4 according to DIN. The basic material exhibits the hardness HB = 275.  
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Results reported in this study show that changes of hardness do not occur beyond the 

depth of 50 μm. The maximum changes of hardness appear directly underneath the generated 

surface, with the increase in hardness reaching up to 60% in relation to the hardness of the 

basic material. The wear of the cutting edge affects hardness most, the greatest surface 

hardening thus occurring when wear is VB > 0.30 mm, Figure 5.3. 

 

 

Figure 5.3: Hardness as a function of the feed rate f and the tool wear VB [42]. 

 

Figure 5.3 indicates that the cutting speed does not exert a noticeable influence on hardness. 
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6. Microstructure 

The surface texture is generated by a combination of various factors that are due either to 

the manufacturing process or the material being finished. Of the factors due to the material, 

the most fundamental is the microstructure of the material. For example, cast aluminum 

surfaces generally produce a granular surface when machined, while wrought aluminum 

alloys can be machined to produce a highly reflective, flat and smooth topography [49]. 

Surface structural change in workpieces introduced by a material removal process is an 

important consequence of any finishing process. This surface modification occurs because of 

intense, localized and rapid thermal mechanical working resulting in metallurgical 

transformation and, perhaps, chemical interactions. The worked surface can show an 

extremely different structure from the bulk. 

A microstructural perspective of machined surfaces is white layer. White layer is a result 

of microstructural alteration. It is called white layer because it resists standard etchants and 

appears white under an optical microscope (or featureless in a scanning electron microscope). 

 

 

Figure 6.1: An example of microstructural change at a hard turned of 52100 steel, optical micrograph [50]. 

 

White layers are found in many material removal processes such as grinding [51-53], 

electrical discharge machining [54] and drilling [55]. In grinding, white layers have been 

suggested to have an untempered martensitic structure [53]. In cutting of hard steels, there are 

some reports of white layers [56-60]. Most noted that white layer occurs when cutting tools 

wear out to a certain level, but did not provide an in-depth explanation. Tönshoff et al. [60] 
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studied the influence of hard turning on workpiece properties and reported that retained 

austenite is the major composition of white layer structures. Surface chemistry was also 

investigated; the concentration of trace elements is constant with depth, implying no chemical 

reaction. A higher thrust force component seems to accompany white layer occurrence, as 

tensile residual stress does. They further showed that the white layer decreases bending 

fatigue strength probably due to associated tensile residual stresses. In contrast, König et al. 

[56] and Abrao and Aspinwall [61] reported that, despite white layer occurrence, hard turned 

steels have greater fatigue resistance than ground steels. They considered 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. König et al. [62] further explained that strain-

induced hardening could suppress the formation of a thermally damaged soft skin and could 

consequently show high levels of rolling strength even with a white layer.  

Tool wear was suggested as the most influential parameter on white layer formation, 

though frequently it was the only variable studied. However, the explanation of white layer 

formation was rather qualitative and, thus, there was no implication that optimization of 

surface structures or minimization of white layers is possible [50]. 

In this thesis, the observations of machined surfaces show no white layer after machining. 

The absence of the white layer is due to the greater thermal stability of the material used in 

this work. 
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7. Surface Integrity and Fatigue 

Metals subjected to a repetitive or fluctuating stress will fail at a stress much lower than 

that required to cause fracture under a constant stress. Failures occurring under conditions of 

dynamic loading are called fatigue failures, presumably because it is generally observed that 

these failures occur only after a considerable period of service. A fatigue failure is particularly 

insidious because it occurs without any obvious warning [63].  

An important structural feature which appears to be unique to fatigue deformation is the 

formation on the surface of ridges and grooves called slip-band extrusions and slip-band 

intrusions. Extremely careful metallography on tapered sections through the surface of the 

specimen has shown that fatigue cracks initiate at intrusions and extrusions. 

Wood [64], who made many basic contributions to the understanding of the mechanism of 

fatigue, suggested a mechanism for producing slip-band extrusions and intrusions. He 

interpreted microscopic observations of slip produced by fatigue as indicating that the slip 

bands are the result of a systematic buildup of fine slip movements, corresponding to 

movements of the order of 1 nm rather than steps of 100 to 1000 nm, which are observed for 

static slip bands. Such a mechanism is believed to allow for the accommodation of the large 

total strain (summation of the microstrain in each cycle) without causing appreciable strain 

hardening. Figure 7.1 illustrates Wood’s concept of how continued deformation by fine slip 

might lead to a fatigue crack.  

 

 

Figure 7.1: Wood's concept of microdeformation leading to formation of fatigue crack [65]. 

 

The figures illustrate schematically the fine structure of a slip band at magnifications 

obtainable with the electron microscope. Slip produced by static deformation would produce a 

contour at the metal surface similar to that shown in Figure 7.1a. In contrast, the back-and-

forth fine slip movements of fatigue could build up notches Figure 7.1b or ridges Figure 7.1c 



Ataollah Javidi  Surface Integrity and Fatigue 

 

 33 

at the surface. The notch would be a stress raiser with a notch root of atomic dimensions. 

Such a situation might well be the start of a fatigue crack [65].  

Fatigue cracks generally initiate from free surfaces and that performance is therefore 

reliant on the surface integrity produced by machining. Koster and Field [66] suggested that 

the major mechanical property affected by machining is high cycle fatigue strength, the actual 

endurance limit being dependent on the particular process used and the severity of operation. 

7.1. Effect of Surface Topography on Fatigue 

In many early fatigue models, the effect of surface topography on fatigue strength was 

considered by the amplitude surface roughness parameters, in particular the arithmetic 

average roughness, Ra. Siebel and Gaier [67], for instance, compared fatigue strength with the 

maximum depth of surface irregularities, measured by a surface roughness scan, and found a 

critical depth below which there was no change in fatigue strength and above which there was 

a linear fall in fatigue strength. Many researchers proposed the surface roughness parameters 

as appropriate factor to correct the endurance limit. In contrast, Syren [68] reported that the 

standard surface roughness parameters provide a simple and useful means of quantifying 

profile height distributions, which are important for estimating fatigue strength, they are 

however relatively insensitive to specific features of the surface height distribution. He 

showed that not only the maximum depth of surface irregularity but also the whole surface 

topography influences the fatigue strength. This means that the standard surface roughness 

parameters should not be used on an individual basis for evaluating the effect of surface finish 

on fatigue strength.  

7.1.1. Effect of Stress Concentration on Fatigue 

The effects of macroscopic geometric discontinuities on the strength of engineering 

components are usually approached in terms of the stress concentration factor, Kt. The surface 

stress concentration factor characterizes the stress at the edge of a hole or at a notch root of 

the surface topography [69]. The theoretical dependency between the stress concentration 

factor and the size of surface grooves is defined by the Neuber rule [70].  
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where Rz and ρ are the 10-point surface height and the notch root radius, respectively. 

Coefficient n depends on the kind of stresses: n = 1 in shear and n = 2 in tension and bending. 

Coefficient λ depends on the ratio of spacing and height of surface irregularities. 

The effectiveness of the notch in decreasing the fatigue limit is expressed by the fatigue-

strength reduction factor, or fatigue-notch factor, Kf. Kuhn et al. [71] explained Kf as the ratio 

of the fatigue strength of a smooth specimen to the fatigue strength of a notched specimen 

under the same experimental conditions and the same number of cycles. The limiting 

condition proposed for Kf is explained as 1 ≤ Kf ≤ Kt. The fatigue notch factor is dependent on 

many parameters such as size and geometry, stress gradient, material properties and loading 

type. Two general trends are usually observed for test conditions of completely reversed 

loading. First, Kf is usually less than Kt, and second, the ratio of Kf/Kt decreases as Kt 

increases. Thus, very sharp notches (high Kt) have less effect on fatigue strength than would 

be expected from their high value of Kt. The notch sensitivity of a material in fatigue is 

expressed by a notch-sensitivity factor q, [72]. 
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 Eq. (7.2) 

 

Eq. (7.2) was chosen so that a material which experiences no reduction in fatigue due to a 

notch (Kf = 1) has a factor of q = 0, while a material in which the notch has its full theoretical 

effect (Kf = Kt) has a factor of q = 1. However, q is not a true material constant since it varies 

with the severity and type of notch (Figure 7.2), the size of specimen (large components 

failing sooner than expected), and the type of loading. 

 

 

Figure 7.2: Variation of notch-sensitivity index with notch radius  

for materials of different tensile strength [65]. 
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As Figure 7.2 indicates notch sensitivity increases with tensile strength. Thus, it is possible in 

certain circumstances to decrease fatigue performance by increasing the hardness or tensile 

strength of a material. 

Neuber [70] proposed another approach for defining Kf based on the average stress model 

instead of the peak stress. He expressed the fatigue stress concentration factor as Eq. (7.3). 
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 Eq. (7.3) 

 

The above relationship express the fact that, for large notches with large radii, Kf is almost 

equal to Kt, but for small notches it is found Kf << Kt for soft ductile metals and Kf higher for 

stronger metals. This means that these are more notch sensitive [65]. 

The classical approaches can be most useful, where the calculations are made to ensure an 

infinite fatigue life, i.e. to maintain stress levels below the fatigue limit, however, in the finite 

life regime such calculations can be dangerous. The major failing of the classical approach is 

that failure is associated with bulk stress or strain parameters and not to the behavior of a 

fatigue crack and its local stress strain field. Such bulk parameters do not take into account 

the various regimes of fatigue, the duration of which are dependent on stress level [73].  

The limitations of classical approaches to notch fatigue studies via stress concentration 

factors, fatigue strength reduction factors and notch sensitivity factors are identified. They do 

not take into account the presence of a crack, they do not distinguish between the different 

modes and processes of crack extension and they say nothing about the extent and strength of 

the notch field. Thus the formulation of a new approach must eliminate some if not all of 

these deficiencies. 

7.1.2. Fatigue Crack Propagation at Notches 

Frost et. al. [74] investigated a series of tests in which the notch depth a is kept constant 

but the stress concentration factor is varied by modifying the notch root radius ρ, Figure 7.3. 
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Figure 7.3: Nominal stress at fatigue limit versus the theoretical stress  

concentration factor for notches of constant depth a [75]. 

 

It can be seen that the fatigue initially falls rapidly as Kt increases, but beyond the critical 

value Kt*, the fatigue limit of the notched specimens remains constant despite increases in Kt. 

Above the branch point B (the junction between the two lines), the initiation of a fatigue crack 

is the necessary and sufficient criterion for complete failure. This criterion is correctly 

predicted by the notch root fatigue stresses. Below the branch point, fatigue crack initiation is 

correctly predicted by notch root fatigue stresses, but this is not a sufficient condition for 

complete failure, and non propagating cracks may be present in unbrocken specimens after 

testing to very long endurances. Smith and Miller [75] showed that all notches with Kt greater 

than Kt* behave identically and can be treated like cracks of the same length [76]. 

Eq. (7.4) shows the fatigue limit of cracked components based on linear elastic fracture 

mechanics. 
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In a cracked metallic specimen the fatigue limit is sometimes controlled by the crack 

length, together with the threshold for fatigue crack propagation. The relationship, for a 

metallic material, between the fatigue limits of specimens containing cracks of various sizes 

and the fatigue limit of an uncracked (plain) specimen may be summarized by means of a 

Kitagawa diagram [77]. In a Kitagawa diagram, shown schematically in Figure 7.4, fatigue 

limits are plotted against crack length, both on logarithmic scales. 
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Figure 7.4: Kitagawa diagram showing relationship between crack length and fatigue limits [78]. 

 

In this diagram the fatigue limit of an uncracked specimen is shown by the horizontal line. 

If cracks are below a critical size then they have no effect on the fatigue limit. The other line, 

which has a slope of -0.5, shows fatigue limits calculated from the crack length and the long 

crack fatigue crack propagation threshold using an appropriate expression for the Mode I 

stress intensity factor. Actual material behavior, shown by the dashed line, is a smooth blend 

between the two straight lines. This blend can be interpreted as summarising the threshold 

behavior of short cracks [76]. 

Atzori and Lazzarin [78] showed that notch sensitivity and defect sensitivity are two 

different aspects of the fatigue behavior of materials. They extended the Kitagawa diagram to 

blunt cracks (U-shaped notches) and proposed the Eq. (7.5). 
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where a0 is the El-Haddad’s length parameter and a* is a particular blunt crack depth 

corresponding to the intersection between the ΔKth and Δσ0/Kt curves. The expression 

proposed by Atzori and Lazzarin provides an explicit bridging between the classic concept of 

notch sensitivity and the concept of sensitivity to defect. They showed that the Kitagawa-

Takahashi diagram can be seen as a limit case, valid for components scaled in geometrical 

proportion and weakened by a notch tip radius ρ, which tends towards zero, Figure 7.5 [78]. 
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Figure 7.5: Fatigue behavior of a material weakened by notches or cracks [78]. 

 

Neuber [70] proposed an approximation solution for the mode I stress intensity factor KI 

of a crack at the root of a semi-elliptical notch Figure 7.6, Eq. (7.6). 

 

 

Figure 7.6: Semi-elliptical notch with crack, according to Neuber [79]. 
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 Eq. (7.6) 

 

where KIL and s are the stress intensity factor for a long crack having a length of (t + t0) 

and geometrical factor of ( )0 0t t t+ , respectively. 

Liu [80] has developed the idea of Neuber to indicate the effect of surface profile using the 

surface fatigue factor FS, Eq. (7.7). 
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It should be noted that in Eq. (7.6) the geometrical value s is replaced by ( )0 0 effa a R+ . 

This model characterizes the surface topography, besides the surface roughness Reff, with 

the use of a surface stress concentration factor Kt and a characteristic structural length a0. 

Note that the surface fatigue factor FS exhibits the same expression as 1/Kf. 

The effect of surface finish can conveniently be characterized by the surface fatigue factor. 

This is the ratio of the fatigue strength σa for a particular surface finish to the fatigue strength 

σW (intrinsic fatigue strength) for carefully polished surfaces commonly used for laboratory 

specimens in which care has been taken to avoid the introduction of residual stresses or 

hardening or softening the surface layers. 

7.2. Effect of Residual Stresses on Fatigue 

The generation of residual stresses in hard machining has been investigated by many 

researchers. Especially important is the research showing that fatigue life is improved by 

inducing compressive residual stresses into the surface region [81]. 

It is well known that surface finish and residual stresses can significantly affect the 

resistance of components to failure when subjected to high cycle fatigue loads. The fatigue 

crack, in general, nucleates at the surface of the part, and then propagates into the bulk. As the 

crack extends the resistant section is reduced, and when the residual section can no longer 

withstand the applied load component failure occurs. Consequently, it is the state of stress at 

the surface, where the crack nucleates, that is of paramount importance. This state is the sum 

of the stress due to the applied load and of the residual stresses (or self stresses) generated 

during machining. If the surface residual stress is tensile and tensile stresses are applied, 

fatigue resistance may be significantly reduced [13]. 

Residual stresses can be considered identical to the stresses produced by an external force. 

Figure 7.7 illustrates the addition of a compressive residual stress, which exists at a point on 

the surface, to an externally applied tensile stress on that surface. 
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Figure 7.7: Superposition of applied and residual stresses [65]. 

 

Figure 7.7a shows the elastic stress distribution in a beam where there is no residual stress. A 

typical residual stress distribution, for instance, produced by shot peening is shown in  

Figure 7.7b. Figure 7.7c illustrates the stress distribution due to the algebraic summation of 

the applied bending stresses and the residual stresses. It can be seen that the peak tensile stress 

is displaced to a point in the interior of the specimen. Therefore, subsurface initiation of 

failure is possible under these conditions [65]. 

In general, tensile residual stresses decrease the fatigue limit and compressive residual 

stresses increase one. The fatigue limit in presence of residual stress can be expressed as in 

Eq. (7.8). 

 

a W RSKσ σ σ= − ⋅  Eq. (7.8) 

 

where σW is the fatigue limit in the absence of residual stresses. K is an empirical factor 

depending on the mechanical properties of the material. This factor ranges from 0.1 to 0.3. It 

should be noted that high values of K are typical for high strength metals. According to the 

Eq. (7.8), tensile residual stresses, which have positive sign, reduce the fatigue limit and 
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compressive residual stresses, which have negative sign, increase it. This effect is 

considerable when the tensile and compressive strengths of the metal differ significantly. 

Hardened high strength steels show a strong dependence of the fatigue limit on the residual 

stresses. On the contrary, in the ductile non-hardened steels this dependence is reduced. 

Figure 7.8 presents the correlation the fatigue limit with the residual stresses caused by rolling 

[19]. 

 

 

Figure 7.8: Fatigue limit increase versus residual stresses [19]. 

7.2.1. Calculating the Effect of Residual Stress Based on Uniaxial Fatigue 

One way to take into account the influence of (macro) residual stresses on the fatigue 

behavior is to treat them as local mean stresses. It should be noted that there are several 

important differences between loading mean stresses and residual stresses. For instance, 

loading mean stresses are not influenced by cyclic plastic deformation while residual stresses 

always relax, if the cyclic loading exceeds certain threshold values [82].  

Figure 7.9 illustrates a Haigh diagram for smooth and notched specimens made from a 

medium-strength steel. 
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Figure 7.9: Haigh diagram of smooth and notched specimens made  

from a medium-strength steel versus residual stress [83]. 

 

The Goodman approximation is used to take into consideration the effect of residual 

stresses on the fatigue strength. If the amount of the minimum or maximum stress in smooth 

specimens does not exceed the critical stress amplitude σa,crit, which is a function of the cyclic 

yield strength, the residual stresses do not relax, and the line AB gives the effect of the 

residual stress on the fatigue limit. Therefore, all combinations of residual stress and stress 

amplitude inside the shaded area result in neither residual stress relaxation nor fatigue failure. 

On the contrary, if the amount of the minimum or maximum stress exceeds the critical stress 

amplitude, it is assumed that the residual stresses relax to the value given by the points A and 

B, respectively, and the fatigue strength remains constant at the value given by these points. 

For notched specimens, the cyclic yield strength and the notch fatigue strength are less than 

the respective values of smooth specimens. However, the ultimate tensile strength of notched 

specimens is larger than that of smooth ones in such a material state because of the triaxial 

stress state in the interior of the notched specimens. The Goodman relationship holds between 

points C and D, and residual stress relaxation occurs outside the lightly shaded area. These 

relationships show that the residual stress sensitivity of notched specimens is less than that of 

smooth specimens [82]. 

The calculation of residual stress based on endurance diagrams of the Haigh or Goodman 

type usually only allows for an estimation of the increase in fatigue strength as a function of 

the residuals stress. This approach uses for the combination of uniaxial stresses. Yet, the 

residual stresses are always multiaxil. This raises the problem of choosing a multiaxial fatigue 
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stress criterion. Skalli and Flavenot [84] showed that the traditional Mises and Tresca criteria 

can only be used in the presence of higher mean or residual stress. They also illustrated that 

the criteria of Crossland derived from the Mises criterion, which take into account hydrostatic 

pressure and the Dang Van criterion based on maximum hydrostatic pressure versus cyclic 

shear stress give a better correlation with experimental results. 

In the case of combined and out-of-phase loading, new criteria have been developed to 

take the out-of-phase effect into account. 

7.2.2. Calculating the Effect of Residual Stress Based on Multiaxial Fatigue 

Multiaxial fatigue assessments are carried out using an appropriate rule or criterion to 

reduce the complex multiaxial loadings to an equivalent uniaxial loading. The multiaxial 

fatigue criteria are divided into three groups, i.e. stress criteria, strain criteria and energy 

criteria. The stress criteria can be categorized into three viewpoints, i.e. integral approaches, 

critical plane approaches, and empirical formulae. In the integral approach the calculation of 

the equivalent stress is carried out as an integral of the stresses over all cutting planes of a 

volume element. The critical plane approach assumes that the failure occurs in the critical 

plane with the maximal value of equivalent stress. The shear stress intensity hypothesis SIH 

and the quadratic failure criterion QVH are typical representatives for the integral method and 

critical plane approach, respectively. 

7.2.2.1. Shear Stress Intensity Hypothesis (SIH) 

This approach is based on an expression derived by Novozhilov [85] under the name of 

mean tangential stress. Novozhilov showed that the root mean square value of the shear 

stresses over all cutting planes is identical to the von Mises stress Eq. (7.9). 

 

( )
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= =

⎛ ⎞
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⎝ ⎠
∫ ∫  Eq. (7.9) 

 

Simbürger [86] modified the idea of Novozhilov for application to fatigue problems under 

the name of effective shear stress hypothesis and has later been described by Zenner and 

Richter in a slightly modified form as the shear stress intensity hypothesis [87-88]. A further 

development of the shear stress intensity hypothesis was proposed by Liu [89-90]. In this 
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modification, the equivalent shear and normal stress amplitudes are evaluated as the integral 

of the stresses over all cutting planes, Figure 7.10. 

 

 

Figure 7.10: Integration domain of the SIH and stress components in the intersection plane γφ [90]. 

 

In order to obtain the mean stresses, the mean shear and normal stresses are weighted over 

the shear and normal stress amplitudes, respectively. Eqs. (7.10-7.13) show the simplified 

form of the equivalent stress for each of the four stress components in the cutting plane. 

 

1
2 2

2
va

0 0

15 sin
8 a

d d
π π

γϕ
γ ϕ

τ γ ϕ γ
π τ

= =

⎧ ⎫⎪ ⎪= ⋅ ⋅ ⋅⎨ ⎬
⎪ ⎪⎩ ⎭

∫ ∫  Eq. (7.10) 

 

1
2 2

2
va

0 0

15 sin
8 a d d

π π

γϕ
γ ϕ

σ γ ϕ γ
π σ

= =

⎧ ⎫⎪ ⎪= ⋅ ⋅ ⋅⎨ ⎬
⎪ ⎪⎩ ⎭

∫ ∫  Eq. (7.11) 

 

1
2 2

2 2

0 0
vm 2

2

0 0

sin

sin

a m

a

d d

d d

π π

γϕ γϕ
γ ϕ

π π

γϕ
γ ϕ

γ ϕ γ
τ

γ ϕ γ

τ τ

τ
= =

= =

⎧ ⎫
⋅ ⋅ ⋅ ⋅⎪ ⎪

⎪ ⎪= ⎨ ⎬
⎪ ⎪⋅ ⋅ ⋅
⎪ ⎪⎩ ⎭

∫ ∫

∫ ∫
 Eq. (7.12) 

 



Ataollah Javidi  Surface Integrity and Fatigue 

 

 45 

2
2

0 0
vm 2

2

0 0

sin

sin

a m

a

d d

d d

π π

γϕ γϕ
γ ϕ

π π

γϕ
γ ϕ

γ ϕ γ
σ

γ ϕ γ

σ σ

σ
= =

= =

⎧ ⎫
⋅ ⋅ ⋅ ⋅⎪ ⎪

⎪ ⎪= ⎨ ⎬
⎪ ⎪⋅ ⋅ ⋅
⎪ ⎪⎩ ⎭

∫ ∫

∫ ∫
 Eq. (7.13) 

 

Eq. (7.14) shows the failure condition using the combination of the equivalent shear and 

normal stresses. 

 

2 2 2 2
va va vm vm Wa b m nτ σ τ σ σ⋅ + ⋅ + ⋅ + ⋅ =  Eq. (7.14) 

 

where a, b, m and n are the coefficients of the shear stress intensity hypothesis [91].  

7.2.2.2. Quadratic Failure Hypothesis (QVH) 

The critical plane approaches to multiaxial fatigue have evolved from experimental 

observations of the initiation and growth of cracks during cyclic loading. Models in this class 

attempt to compute fatigue damage on specific planes within a test specimen or component. 

Troost and El-Magd [92] developed a general form of failure criterion based on the critical 

plane approach to predict the fatigue endurance limit under multiaxial stresses. This criterion 

takes account for anisotropic fatigue behavior which also occurs in the case of isotropic 

materials. 

The QVH includes the relationship between the stress amplitude σA and mean stress σm in 

terms of uniaxial fatigue loading. Troost and El-Magd [93] proposed a general quadratic 

parabola to describe the function σA(σm), Eq. (7.15). 
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 Eq. (7.15) 

 

where p is a measure to evaluate the mean stress sensitivity, Eq. (7.16). 

 



Ataollah Javidi  Surface Integrity and Fatigue 

 

 46 

2

1
2 2

1
2 2

Sch Sch

W m

Sch Sch

m m

R
p

R R

σ σ
σ

σ σ

⎡ ⎤⎛ ⎞
⎢ ⎥− + ⎜ ⎟⋅ ⋅⎢ ⎥⎝ ⎠⎣ ⎦=

⎛ ⎞
⋅ −⎜ ⎟⋅ ⋅⎝ ⎠

 Eq. (7.16) 

 

Figure 7.11 demonstrates the correlation between the stress amplitude σA with the mean stress 

σm for different values of p with reference to Haigh diagram. 

 

 

Figure 7.11: Stress amplitude vs. mean stress under uniaxial fatigue loading. 

 

The straight line (p = 1) on the normalized plot was proposed by Goodman [94] and is called 

the Goodman line. The solid curve (p = 0) as illustrated in Figure 7.11 represents the Gerber 

parabola and the dashed curve (p = 0.5) refers to Dietmann parabola [95-96]. 

The stress components σx* and σy* for the stress state investigated in publication III are 

given by equation, Eq. (7.17). 
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 Eq. (7.17) 

 

The same state of plane stress can be described on any other coordinate system, such as x-y 

(Figure 7.12). This system is related to the original one by an angle of rotation δ, and the 

values of the stress components change to σx and σy in the new coordinate system. 
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Figure 7.12: State of plane stress dependent on the rotation angle δ. 

 

The stress components dependent on the angle δ are described as in Eqs. (7.18-7.19): 
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Eq. (7.20) shows the failure criterion proposed by Troost and El-Magd [97] based on stress 

state investigated in the publication III. 
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 Eq. (7.20) 

 

σAx, σAy and σAxy are the stress amplitudes as a function of mean stress in terms of uniaxial 

fatigue loading according to [97] given by equations, Eqs. (7.21-7.23). 
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Troost and El-Magd [92, 97] justified that the failure condition is fulfilled by the 

orientation angles at either δ = 0° or δ = 45° with respect to considered stress state. These 

angles are called critical orientations. 

7.2.3. Influence of Surface Layer on Fatigue (Strain Hardening) 

The condition of metal structure in the surface layer has a large impact on the fatigue life 

of a part. During processing the workpiece, cutting force and friction induce the plastic 

deformation in the surface layer. The plastic deformation of the metal alters its strength, 

hardness, elasticity, ductility and creep. An increase of the plastic deformation causes an 

increase of the strength properties such as yield point, fatigue strength, hardness up to a 

certain level and the elasticity modul changes. The ductility properties such as area reduction 

and elongation decrease. 

Strain hardening of the surface layer is defined by parameters such as strain-hardening 

depth, strain-hardening rate and strain-hardening gradient. Measurement of microhardness 

and X-ray analysis methods are employed to determine these parameters. The rate of strain 

hardening ranges from 10 to 20 percent for hard metals, 20 to 40 percent for structural steels 

and 30 to 70 percent for high-temperature resistant alloys and stainless steel [19]. 
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The effect of surface layer on fatigue strength is illustrated in Figure 7.13, where S/N 

curves are compared for steel specimens produced by two different kinds of turning 

processes. 

 

 

Figure 7.13: S/N curves for AISI 4335 [19]. 

 

Figure 7.13 shows that specimens in strain-hardened condition have a higher fatigue limit. 

This means that an increase in surface layer hardness makes it possible to increase the fatigue 

limit. It should be noted that the strain-hardened surface layer blocks propagation of fatigue 

cracks and resists formation of the new ones. 

Figure 7.14 illustrates the effects of strain-hardened layer thickness and rate of strain 

hardening on the fatigue limit of the AISI 1045 carbon steel. 

 

 

Figure 7.14: Increase of fatigue limit versus thickness of hardened surface layer and rate of strain hardening 

of AISI 1045 steel after turning [19]. 
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It can be seen that the fatigue limit increases in direct proportion to the thickness of the strain 

hardened layer. 

The magnitude of strain hardening depends on the structural condition of the metal. The 

martensite and ferrite steels show a higher magnitude of strain hardening in comparison with 

the steels with sorbite structure, Figure 7.15. 

 

 

Figure 7.15: Fatigue limit versus rolling force for different structural conditions, 

(a) steel AISI 3318 and (b) steel AISI 4345 [19]. 
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8. Material and Testing Methods 

8.1. Material 

Properties such as hardness, strength, ductility and toughness are dependent on the 

microstructural products that are present in steel. Heat treating of the various steel processing 

methods has the greatest overall impact on control of microstructure, properties, residual 

stresses and dimensional control. Heat treatment processes can be divided into hardening and 

annealing processes. The traditional route to high strength in steels is by quenching to form 

martensite which is subsequently reheated or tempered at an intermediate temperature, 

increasing the toughness of the steel without a great loss in strength [98-99]. 

For the optimum development of strength, the first step in the transformation process is to 

heat the steel to its austenitizing temperature. The steel is then cooled rapidly to avoid the 

formation of pearlite, which is a relatively soft transformation product, to maximize the 

formation of martensite, a relatively hard transformation product, and to achieve the desired 

as-quenched hardness. The effectiveness of the quench depends primarily on two factors: the 

geometry of the specimen and the composition of the steel. The addition of common alloying 

elements such as Cr, Mo, V and W leads to a reduction in the critical rate of cooling needed to 

make a steel specimen fully martensitic [99]. The most common transformational products 

that may be formed from austenite in quench-hardenable steels are, in order of formation with 

decreasing cooling rate: martensite, bainite, perlite, ferrite and cementite. The transformation 

products formed are typically illustrated with the use of transformation diagrams, which show 

the time-temperature dependence of the microstructure formation process for the alloy being 

study [98-99]. 

Figure 8.1 shows the time-temperature-transformation diagram (TTT-diagram) for a 

34CrNiMo6 steel. This diagram demonstrates how the microstructure is affected by the 

occurring cooling and quenching conditions. In this case the austenitizing temperature is  

850 °C, where austenite transformation structure is completely formed. The temperature AC1 

is where transformation to austenite begins and temperature AC3 is where the transformation 

to austenite is complete. 
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Figure 8.1: Time-temperature-transformation diagram of 34CrNiMo6 steel. 

 

The recommended process parameters for the heat treatment of the steel 34CrNiMo6 are 

shown in Table 8.1. The specimens used in this thesis were quenched down from 840 °C in 

oil and annealed at a temperature between 650 and 680 °C. 

 

Quenching temperature Quenching agent Annealing temperature
830 - 860 °C Oil 650 - 680 °C

Quenched and tempered steel 34CrNiMo6 

 

Table 8.1: Heat treatment process parameters for 34CrNiMo6 according to DIN EN 10083-1. 

 

To improve the resulting material strength, hardened materials are often tempered. This 

leads to an increased ductility with only a small decrease in tensile and yield strength [98-99]. 

Figure 8.2 shows the influence of the tempering temperature on the mechanical properties of 

the quenched and tempered 34CrNiMo6 steel. 

 



Ataollah Javidi  Material and Testing Methods 

 

 53 

 

Figure 8.2: Mechanical properties of the quenched and tempered 34CrNiMo6 steel.  

 

As expected, both the tensile strength and the yield strength decrease with increasing 

tempering temperature. The fracture elongation increases with increasing tempering 

temperature. 

8.2. Testing Methods 

In order to characterize the material behavior, testing methods were carried out, that are 

briefly described in the following. 

8.2.1. Uniaxial Tension Testing 

The basic principle of the tension test is quite simple. The tension test is accomplished by 

gripping opposite ends of a test item within the load frame of a test machine. A tensile force is 

applied by the machine, resulting in the gradual elongation and eventual fracture of the test 

item. During this process, force-extension data, a quantitative measure of how the test item 

deforms under the applied tensile force, usually are monitored and recorded. Figure 8.3 shows 

the testing machine employed in this work. 
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Figure 8.3: A 100 kN servohydraulic test machine and load frame. 

 

There are various tensile testing specifications from several standards organizations. These 

specifications define requirements for the test apparatus, test specimens and test procedures. 

Figure 8.4 illustrates the standard geometry for the tensile specimens. Dimensions for the 

specimen are taken form ASTM. 

 

 

Figure 8.4: Geometry of tension test specimen per DIN EN 10002. 

 

Appendix C shows the results of uniaxial tension testing. 
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8.2.2. Uniaxial Fatigue Testing 

In order to characterize the fatigue strength, a constant-moment fatigue testing machine 

was used, Figure 8.5. 

 

 

Figure 8.5: Rotating-bending testing machine. 

 

A rotating test specimen is subjected to a constant bending moment over its entire length, 

Figure 8.6.  

 

 

Figure 8.6: Schematic of a rotating-bending fatigue testing machine. 

 

This machine works in accordance with the rotating bending principle that, as the 

specimen rotates around its bent axis, it is subjected to cyclic stresses of a constant amplitude. 

The specimen experiences a stress which alternates with time between maximum and 

minimum. At each half revolution it changes from tension to an equal compression. The cycle 
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is repeated at the frequency of rotation. A substantial number of specimens are tested at 

different stress amplitudes to register the failure point. 

Figure 8.7 illustrates the geometry of rotating bending test specimen employed for the 

fatigue testing. 

 

 

Figure 8.7: Rotating bending test specimen. 

 

The results of fatigue testing for different surface conditions are given in Appendix D. 
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9. Conclusions 

The major conclusions regarding the turning process parameters, surface integrity and 

fatigue performance are summarized in this chapter and put into perspective using a flow 

chart model. 

A study of the effect of cutting parameters on the conditions of the subsurface 

microstructure of machined surfaces shows that a very thin localized plastic deformation zone 

of about 3-4 µm is generated after machining using different feed rates and tool nose radii. 

The microhardness analyses reveal that there is no significant variation in hardness beneath 

the machined surface produced by different cutting conditions.  

The observations of the generated residual stresses reveal that the residual stresses are in 

tension at the surface in all the turning conditions and tend to become in compression inside 

the material. The main reason for this stress gradient is the high temperature attained during 

the cutting process. The machined surface is submitted to quenching due to the very important 

and fast increase/decrease of local temperature. The heat generation is mainly due to the 

formation of the tertiary shear zone. Contrary to the turned specimens, ground and peened 

specimens only show compressive residual stresses. In the case of turned specimens, residual 

stresses are dominated by the process parameters feed rate and tool nose radius. An increase 

in feed rate and nose radius leads to an increase in residual stresses in both axial and 

circumferential directions. 

Tests on the achievable surface finish at different feed rates and tool nose radii show that 

the actual surface roughness does not match the theoretical surface roughness due to tool 

vibration and chip adhesion in surface finishing process. The analysis of surface texture 

reveals that the surface roughness at the same feed rate becomes higher when a small nose 

radius is used.  

The observation of fatigue behavior of different surface conditions confirms that the 

surface topography and residual stresses are the key parameters that control fatigue 

performance after machining. Therefore, these parameters must be simultaneously taken into 

account in the evaluation of fatigue strength.  

A reasonable agreement between the predicted and experimental fatigue strength is 

obtained using the proposed models indicating the surface fatigue factor and surface residual 

stress factor. A proposal model to predict the fatigue strength based on surface alterations 

after machining is illustrated below: 
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10. Appendix 

10.1. Appendix A: Nomenclature 

A elongation to failure

B spacing between two notches

F RS residual stress factor

F S surface fatigue factor

K empirical coefficient

K *t critical value of stress concentration factor

K f fatigue notch factor

K I mode I stress intensity factor

K t stress concentration factor

L reference length

M,M τ mean stress sensitivity

N f number of cycles to failure

R stress ratio

R 2 regression coefficient

R a average roughness

R e yield strength

R eff effective surface roughness

R m tensile strength

R p maximum peak height 

R v maximum valley depth 

R y , R max peak-to-valley height

R z 10-point surface height 

VB tool wear

V c cutting speed

Y 0 geometric correction factor

a,b,m,n coefficients of SIH

a notch or crack size

a 0 characteristic structural length  
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a p cutting depth

b notch pitch

d 0 specimen diameter at test zone

f feed rate

l 0 integral length

n stress state

n χ fatigue ratio factor

p mean stress sensitivity according to QVH

q,s empirical parameter of EMP

r ε tool nose radius

s geometrical factor

t height of surface irregularities 

t 0 crack length

z(x) profile height distribution

ΔK stress intensity factor range

ΔK 0 threshold stress intensity factor

σ a ,τ a stress amplitude

γ degree of singularity

δ rotating angle

λ ratio between spacing and height 

ρ notch root radius

ρ* material constant

σ 11 axial residual stress

σ 22 circumferential residual stress

σ A stress amplitude in uniaxial fatigue loading according to QVH

σ bW fatigue limit for alternating axial loading (bending)  

σ m ,τ m mean stress

σ RS residual stress

σ Sch fatigue limit for pulsating axial loading

σ va ,τ va equivalent stress amplitude

σ vm ,τ vm equivalent mean stress

σ W fatigue limit for alternating axial loading (tension-compression)  

τ Sch fatigue limit for pulsating torsional loading

τ W fatigue limit for alternating torsional loading 

φ notch opening angle  
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10.2. Appendix B: Microhardness and Residual Stresses 

 

 
 

 

Figure 10.1: Microhardness variations beneath the machined surface. 

 

 

Figure 10.2: Residual stress distributions obtained by different feed rates and nose radii. 
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Figure 10.3: Residual stress distributions in turned surface at the same feed rate. 

 

 

Figure 10.4: Residual stress distributions of ground and peened specimens. 
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10.3. Appendix C: Uniaxial Tension Testing  

 

 

Figure 10.5: Tension stress-strain curve for 34CrNiMo6 steel. 

 

E Re Rm A
GPa MPa MPa (%)
205 1045 1115 15.0

Mechanical Properties

 

Table 10.1: Mechanical properties of 34CrNiMo6 steel. 
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10.4. Appendix D: Rotating-Bending Fatigue Testing 

 

 
 

 
 

 

Figure 10.6: Fatigue life of turned specimens with different nose radii and feed rates. 
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Figure 10.7: Fatigue life of ground and peened specimens. 
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Abstract 

Steel components often have to be machined after heat treatment in order to obtain the 

correct shape as well as the required surface finish. Surface quality influences characteristics 

such as fatigue strength, wear rate, corrosion resistance, etc. Hard turning allows 

manufacturers to simplify their processes and still achieve the desired surface finish quality. 

There are various parameters such as cutting speed, feed rate, and tool nose radius that are 

known to have a large impact on surface quality. This paper describes how feed rate and nose 

radius affect the surface integrity and fatigue life in turning. The results show that the effect of 

residual stress on fatigue life is more pronounced than the effect of surface roughness. The 

goal of this work is to identify a relationship between surface quality, turning process 

parameters and fatigue behavior of 34CrNiMo6. 

 

Keywords: Surface integrity, Machining, Fatigue life 

1. Introduction 

The fatigue life of a machined part depends strongly on its surface condition. It has long 

been recognized that fatigue cracks generally initiate from free surfaces. This is due to the fact 

that surface layers experience the highest load and are exposed to environmental effects. 

Stress concentration, oxidation, and burning out of alloy elements (at high operational 

temperatures) are the factors acting upon the surface layers that contribute to crack initiation. 

Crack initiation and propagation, in most cases, can be attributed to surface integrity produced 

by machining [1]. The surface of a part has two important aspects that must be defined and 

controlled. The first aspect are geometric irregularities on the surface, and secondly the 
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metallurgical alterations of the surface and the surface layer. This second aspect has been 

termed surface integrity. Field and Kahles [2] describe surface integrity as the relationship 

between surface geometric values and the physical properties such as residual stress, hardness 

and microstructure of the surface layers. Surface integrity influences the quality of the 

machined surface and subsurface, which both become extremely significant when 

manufacturing structural components that have to withstand high static and dynamic stresses. 

Tönshoff et al. [3] and several other authors [4–12] have reported how hard turning influences 

the surface integrity of a machined part [13]. Surface integrity was suggested to indicate the 

surface characteristics (microstructure, hardness, surface roughness, residual stress) that 

influence the part functionality. Among these characteristics, residual stresses play a key role. 

The residual stresses left by the turning operation depend both on the type of material being 

machined and on turning parameters [14]. There are various parameters such as cutting speed, 

feed rate, and tool nose radius that are known to have a large impact on surface quality  

[15-17]. Therefore it is important to gain better understanding how the finishing process 

affects the functional behavior of the machined parts. The goal of this work is to identify a 

relationship between surface integrity, turning process parameters and fatigue behavior of 

34CrNiMo6. 

2. Material and experimental set-up 

The material used for the cutting and fatigue life tests was a 0.34% carbon steel. Steel bars 

of the type 34CrNiMo6 (quenched and tempered) used in this investigation had been heat 

treated to obtain a tensile strength of 1100 MPa. The micrograph of the bar feedstock  

(cross-section A-A, Fig. 3) is presented in Fig. 1, which shows that the microstructure is 

composed of bainite. 
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Fig. 1: Confocal scanning laser micrograph of the bar feedstock. 

 

The chemical composition and mechanical properties of this steel are given in Tab. 1. 

 

C Mn Cr Ni Mo Re Rm A
0.36 0.64 1.52 1.44 0.15 1085 1100 17.0

Mechanical            
properties

Chemical                           
composition (%)

34CrNiMo6

Steel

 

Tab. 1: Chemical composition and mechanical properties of 34CrNiMo6. 

 

The test specimens were machined by turning in wet condition. Turning was performed 

using inserts DCMT 11 T3 02, 04, 08 4025 from Sandvik. The three inserts differ from each 

other in nose radius rε. An ordinary stable two-axes CNC lathe (Mori Seiki SL 25 2001) was 

used for longitudinal turning of the specimens. The cutting conditions employed for the 

samples are shown in Tab. 2. 

 
Feed rate (mm/rev.) 0.05, 0.1, 0.2, 0.3, 0.4
Nose radius (mm) 0.2, 0.4, 0.8
Depth of cut (mm) 0.5
Cutting speed (m/min.) 80  

Tab. 2: Cutting conditions. 

 

Residual stresses were measured by means of the blind hole drilling method. The basic 

hole drilling procedure involves drilling a small hole into the surface of a component, at the 

center of a strain gauge rosette and measuring the relieved strains. The residual stresses 

originally present at the hole location are calculated from these strain values. In the hole 
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drilling procedure, a three-element residual stress strain gauge rosette (EA-06-062RE-120 of 

MM series) is bonded to the surface of the specimen. The strain gauges are then connected to 

a suitable strain indicator. A hole drilling rig, which is shown in Fig. 2, was used for this 

purpose.  

 

 

Fig. 2: Hole drilling rig. 

 

It uses a small milling tool (about 1.6 mm diameter) mounted on an air turbine reaching a 

rotational speed of about 300000 r/min. The drilling device is equipped with an optical 

microscope to accurately center the hole in the middle of the rosette. Depth increments of  

127 µm were used in the near-surface layer. For each incremental step, the strains were 

acquired until the variation with depth become constant. The holes were drilled to a depth of 

about  

1.27 mm. 

Nose radius of the tool and feed rate were varied for this investigation. The 

microhardness, surface roughness and residual stress of the specimens were measured before 

the fatigue life test. Fig. 3 shows the configuration of the bar feedstock and fatigue test 

specimen before and after test. 
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Fig. 3: Bar feedstock and fatigue test specimen. 

 

3. Results and discussion 

3.1. Metallographic examination of machined surface 

Machining influences the conditions of the subsurface microstructure, which was 

examined under a confocal scanning laser microscope (LEXT) in etched condition. Selections 

of the etched subsurface microstructures generated during cutting are illustrated in Fig. 4 and 

Fig. 5. Fig. 4 illustrates the LEXT longitudinal-sectional viewgraph (marked as B-B, in  

Fig. 3) with a very thin localized plastic deformation zone of about 3 – 4 μm while using 

different feeds and nose radii with the same cutting speed as given in Tab. 2. 
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Fig. 4: Localized plastic deformation zone beneath machined surface. 

 

A scanning electron microscope image (SEM, Fig. 5) of the layer underneath the 

machined surface shows that the grain boundaries tend to deform in the direction of feed due 

to the high temperature and force generated during hard turning. Region A indicates that the 

original grains are no longer discernible. 

 

 

Fig. 5: SEM image of the layer underneath the machined surface. 

 

Clearly, the above observations indicate that high plastic deformation was generated after 

machining. 

3.2. Microhardness analysis of the produced surface 

In order to identify more clearly the extent of the alterations in the subsurface 

microstructure, the change of the subsurface microhardness was measured with an automated 

microhardness tester (Fischerscope® H100C) equipped with a Vickers indenter and a 
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continuously applied load of 100 mN. The device measures the universal hardness according 

to ISO 14577. Fig. 6 shows the indentation arrangement at different positions beneath the 

machined surface.  

 

 

Fig. 6: Indentation arrangement beneath the machined surface (f = 0.2, rε = 0.2). 

 

Fig. 7 details the variation of the microhardness with the depth beneath the machined surface 

produced by different cutting conditions as shown in Tab.2. The analysis of the results 

presented in Fig. 7 shows that there is no significant variation in hardness. 

 

 

Fig. 7: Microhardness variations beneath the machined surface. 

 

3.3. Surface roughness measurements 

The surface roughness of the machined part is largely determined by the feed and tool 

nose radius. A large feed will give shorter cutting times but a poor surface finish. A large nose 

radius will generate a better surface finish but an excessively large nose radius can lead to 
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vibration tendencies, unsatisfactory chipbreaking and shorter tool-life because of insufficient 

cutting edge engagement. In practice, therefore, the size of the insert nose radius and the feed 

may be limited in an operation. The geometric contribution of tool nose radius and tool feed, 

shown in Fig. 8, is also called theoretical surface roughness.  

 

 

Fig. 8: Illustration of roughness on the finished surface. 

 

A basic theoretical model for surface roughness is approximated by the following Eq. (1): 

 

2

max 8
fR

rε

=
×

 Eq. (1) 

 

where f is feed rate (mm / rev.) and rε is the tool nose radius (mm). 

According to this model, one needs only to decrease the feed rate or to increase the tool nose 

radius to improve desired surface roughness. Tool vibration and chip adhesion are such 

effects that lead to the degradation of surface roughness in this model.  

After the turning operation, the part surface finish was measured using laser scanning 

microscopy. Fig. 9 shows a 3D topographic map of the machined surface.  
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Fig. 9: 3D topographic map of machined surface. 

 

In this investigation, the part surface finish was assessed by means of the surface roughness 

parameter Rmax. A schematic description of this parameter for an arbitrary machined surface is 

shown in Fig. 10. 

 

 

Fig. 10: A schematic illustration of surface roughness parameter, Rmax. 

 

Note that Rmax (the maximum height of roughness) describes the sum of the maximum peak 

height Rp and the maximum valley depth Rv of the contour curve at the reference length. The 

experimental investigation was performed using different nose radii and feed rates. The 

surface roughness measurements were repeated at least 5 times for each specimen. Fig. 11 

shows that the actual surface roughness does not match the theoretical surface roughness and 

Eq. (2) describes the relationship between real and theoretical surface roughness for the 

cutting conditions from Tab. 2. 
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Fig. 11: Real and theoretical surface roughness. 

 

max(Real) max(Theoretical)1.14 0.3R R= × +  Eq. (2) 

 

Fig. 12 illustrates the effect of the nose radius on the surface roughness for the cutting 

condition employed for the fatigue test (f = 0.2, rε = 0.2, 0.4, 0.8). 

 

 

Fig. 12: Effect of nose radius on Rmax, feed rate = 0.2 mm/rev. 

 

The results present that the value of Rmax parameter obtained for the samples increases with 

decreasing the nose radius rε. 

3.4. Residual stress measurements 

After the turning operation, the residual stresses were measured using the blind hole 

drilling method. The machining of round samples was carried out with different feed rates f 

and nose radii rε. Fig. 13 shows the distribution of the residual stress of the machined surface 
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measured by this method. Measurements were taken along the circumference and axial 

directions. Residual stress along the axial direction was expected to affect the rotating 

bending fatigue life of the specimens. 

 

 

Fig. 13: Residual stress distribution in machined surface. 

 

In this study, the integral method is examined as a procedure for determining non-uniform 

residual stress fields using strain relaxation data from the hole drilling method. In the integral 

method, the contributions of the total measured strain relaxations at all depths are considered 

simultaneously and this provides an evaluation of residual stress within each increment of 

depth. A description of this method can be found in Schajer [18]. Fig. 14 and Fig. 15 show the 

average value of stresses over a depth range from 0 to 0.127 mm for specimens with different 

process parameters. All occurring stresses are compressive. 

 

 

Fig. 14: Axial residual stress σ3 versus feed rate. 
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Fig. 15: Circumferential residual stress σ1 versus feed rate. 

 

It can be seen that an increase of feed rate causes an increase of compressive stresses in both 

directions. On the other hand, an increase of the nose radius of the insert causes a decrease of 

the compressive residual stresses. 

4. Influences on fatigue life 

The rotating bending fatigue tests that were performed on the test specimens as per the 

cutting conditions shown in Tab. 3.  

 
Feed rate (mm/rev.) 0.2
Nose radius (mm) 0.2, 0.4, 0.8
Depth of cut (mm) 0.5
Cutting speed (m/min.) 80  

Tab. 3: Cutting condition employed for fatigue test. 

 

Rotation speed was 3800 rev/min. At least sixteen specimens were used to verify the fatigue 

life for every combination of feed and nose radius. When the number of rotation exceeded 107 

the test was stopped, which means the test specimen will not break under that condition  

(test-piece run out). Fig. 16 shows the relationship between cutting condition and fatigue life.  
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Fig. 16: Fatigue life of turned specimens with different nose radius. 

 

Although the surface roughness of specimens with rε = 0.2 is higher than turned specimens 

with rε = 0.4 and 0.8, the results show that the specimens with a nose radius of rε = 0.2, have a 

higher fatigue life than specimens with 0.4 and 0.8 mm nose radius. That means a higher 

compressive residual stress causes a higher fatigue life and the effect of residual stress on 

fatigue life is more than the effect of surface roughness. 

5. Conclusion 

This work presents an experimental study on the relationship between surface integrity, 

turning process parameters and fatigue behavior of 34CrNiMo6. The following conclusions 

can be drawn: 

 

1. The plastic deformation of the grain boundaries was found at the first 3 – 4 μm of the 

subsurface layer after machining. 

 

2. No significant variation in hardness was observed beneath the machined surface 

produced by different cutting conditions. 

 

3. Surface roughness at the same feed rate becomes higher when a small nose radius is 

used. 

 

4. The residual stress induced by the turning process tends to become more compressive 

as the feed rate increases. On the other hand, an increase of the nose radius of the insert 
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causes a decrease of the compressive residual stresses. Thus it is evident that the feed rate and 

nose radius are the key parameters that control residual stress in turning. 

 

5. It can be seen that an increase of compressive residual stress causes an increase of 

fatigue life. 
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Abstract 

In this study the effect of surface topography on the fatigue strength of a quenched and 

tempered steel was evaluated in terms of the surface stress concentration, the effective surface 

roughness and the surface stress singularity. In order to produce a range of surface 

topography, test specimens were given a variety of surface conditions using different types of 

surface finish methods. The surface topography resulting from manufacturing processes was 

characterized using a confocal scanning laser microscope (LEXT) and the Liu model was 

used to estimate the surface fatigue factor for different surface finishes. A modification of the 

Liu model is proposed by the authors to take into account the influence of surface stress 

singularity. The specimens were subjected to rotating bending fatigue to failure and changes 

in the fatigue strength limit resulting from the surface topography were assessed throughout 

the stress-life regime (103≤ Nf ≤107cycles). It was found that the fatigue life is surface 

topography dependent and the effect of residual stress introduced by the finishing processes 

for the evaluation of the fatigue strength must be examined. 

 

Keywords: Fatigue notch factor, Surface topography, Fatigue strength 
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Nomenclature 

 
A elongation to failure a notch or crack size 
B spacing between two notches a0 characteristic structural length 
FS surface fatigue factor b notch pitch 
Kf fatigue notch factor f feed rate 
KI mode I stress intensity factor n stress state 
Kt stress concentration factor rε tool nose radius 
L reference length s geometrical factor 
Nf number of cycles to failure t height of surface irregularities 
R stress ratio t0 crack length 
R2 regression coefficient z(x) profile height distribution 
Ra average roughness ΔK stress intensity factor range 
Re yield strength ΔKth threshold stress intensity factor 
Reff effective surface roughness γ degree of singularity 
Rm tensile strength λ ratio between spacing & height 
Rp maximum peak height ρ notch root radius 
Rv maximum valley depth ρ* material constant 
Ry,Rmax Peak-to-valley height σa stress amplitude 
Rz 10-point surface height σW intrinsic fatigue strength 
Y0 geometric correction factor φ notch opening angle 

 

1. Introduction 

The calculation of the fatigue strength for the development of structural components has 

become more important in recent years. In order to save time and cost, it is attempted to limit 

the experimental strength testing and to calculate the fatigue strength from material data. The 

fatigue strength of smooth, polished material specimens can be estimated or obtained from the 

corresponding fatigue charts with high accuracy. However, the results of fatigue strength 

determinations on material specimens cannot be directly applied to real components. This is 

because there are various parameters such as geometry and size, mean stress, type of load, 

multiaxiality, surface layer/integrity (surface topography, residual stresses, hardness, 

microstructure), temperature, corrosive media, etc that have a large impact on fatigue strength 

of structural components [1-5]. The effect of these parameters on the fatigue strength of 

components is complex and causes difficulty in its evaluation with respect to the fatigue 

strength of material specimens. In this study the effect of surface topography on the high 

cycle fatigue life of 34CrNiMo6 was examined using a variety of surface finishes. The fatigue 

strength for the different surface finishes was estimated by means of experimental results 

from the rotating bending fatigue tests. 
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2. Background 

As fatigue cracks mostly initiate at the free surface of a component, the condition of the 

surface resulting from manufacturing process is an important consideration in controlling the 

fatigue strength. The effect of surface finish has been studied by many researchers and it has 

been recognized that the most significant parameter categorizing the quality of a machined 

surface from the fatigue point of view is the maximum depth of the surface irregularities 

which can be obtained from the surface profile scan [6-20]. Siebel and Gaier [21], for 

instance, compared fatigue strength with the maximum depth of surface irregularities, 

measured by a surface roughness scan, and found a critical depth below which there was no 

change in fatigue strength and above which there was a linear fall in fatigue strength. The 

effect of surface roughness on the fatigue strength is considered by the appropriate factor to 

correct the endurance limit [22-24]. The surface correction factor is often represented by 

surface roughness parameters such as Ra (the roughness average) and Ry or Rmax  

(peak-to-valley height roughness) of the component surface topography. These parameters are 

defined with reference to the profile height distribution z(x) recorded over an assessment 

length L. Eq. (1) shows the definition of Ra. 

 

( )
0

1 L

aR z x dx
L

= ∫  Eq. (1) 

 

A schematic description of this parameter for a machined surface is shown in Fig. 1. 

 

 

Fig. 1: Arithmetical average roughness, Ra. 

 

Although the standard surface roughness parameters provide a simple and useful means of 

quantifying profile height distributions, which are important for estimating fatigue strength, 

they are, however, relatively insensitive to specific features of the surface height distribution. 
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This problem was investigated by Syren [25] and the results of his work show that not only 

the maximum depth of surface irregularity but also the whole surface topography influences 

the fatigue strength (Fig. 2, Tab. 1). 

 

 

Fig. 2: The influence of surface topography on the fatigue strength, according to Syren [25]. 

 

Type ρ [mm] t [μm] t/ρ B/b Kt, Liu σa [MPa]
1 0.4 80 0.2 1 1.45 210
2 0.4 200 0.5 1 1.71 185
3 1.0 200 0.2 1 1.45 205
4 0.4 80 0.2 >>1 1.90 170  

Tab. 1: Fatigue results according to Syren [25], Kt has been estimated by Eq. (8). 

 

Tab. 1 shows that the turned surface profiles for type 1 and 2 have the same profile valley 

radii ρ and different height amplitudes t whilst the fatigue strength σa decreases with an 

increase of the surface roughness. It can also be seen that the turned surface profiles for type 2 

and 3 have the same height amplitudes but the type 2 profile is much more detrimental to 

fatigue life due to the small profile valley radius. This means that the standard surface 

roughness parameters should not be used on an individual basis for evaluating the effect of 

surface finish on fatigue strength. Therefore it is necessary to express the relationship between 

surface topography and fatigue strength with other parameters such as the fatigue strength 

reduction factor of the notched specimen, Kf. This factor plays a key role in predicting the 

fatigue strength or fatigue life. 

Kuhn et al. [26] explained Kf as the ratio of the fatigue strength of a smooth specimen to 

the fatigue strength of a notched specimen under the same experimental conditions and the 

same number of cycles. The limiting condition proposed for Kf is explained as 1 ≤ Kf ≤ Kt. 
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The fatigue notch factor is dependent on many parameters such as size and geometry, stress 

gradient, material properties and loading type.  

Weixing et al. [27] have reviewed the expressions for the fatigue notch factor and 

classified them into three types: the average stress model, the fracture mechanics model and 

the stress field intensity model. These expressions were compared based on the fatigue 

mechanism and experimental results. Neuber [28], Peterson [29] and Heywood [30] have 

proposed classical approaches for defining Kf based on the average stress model instead of the 

peak stress. Eq. (2) shows the proposed formulation for Kf by Neuber [28] where ρ* is a 

material constant correlated experimentally to the ultimate tensile strength. 

 

*

11
1

t
f

KK
ρ
ρ

−
= +

+

 Eq. (2) 

 

Note that the material constant ρ* is dependent only on the ultimate strength and does not 

include fracture mechanics constants. In order to make a connection between fatigue limit and 

fracture mechanics constants such as fatigue threshold, El-Haddad et al. [31] proposed an 

asymptotic solution that is able to explain the transition between fatigue limit towards fatigue 

threshold by means of defining the material constant a0 Eq. (9). 

Ciavarella et al. [32] showed that the classical formulation for Kf has limitations when 

their asymptotic behavior is considered and thus presented the modified equations for Kf to 

include the fatigue threshold dependence Eq. (3). 

 

0

11 11

t
f

t

KK K
a
a

−
= +

−
+

   (Neuber modification) Eq. (3) 

 

They also showed that only the Neuber formula has a correct functional form in the entire 

range of notch sizes and shapes (Fig. 3). 
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Fig. 3: Prediction of fatigue behavior according to Eq. (3). 

 

Fig. 3 shows that Neuber modified formula is conservative in the short cracks/short notches 

region in comparison with El-Haddad. 

Taylor [33] has proposed a unifying theoretical model and applied Neuber’s idea to short 

cracks. He showed that the average stress range evaluated over the distance from the crack tip 

to 2a0 is equal to the plain fatigue limit when ∆K = ∆Kth and the expression below for Kf 

holds true Eq. (4). 

 

0.5

0

1f
aK
a

⎛ ⎞
= +⎜ ⎟

⎝ ⎠
 Eq. (4) 

 

Neuber [28] proposed an approximation solution for the mode I stress intensity factor KI 

of a crack at the root of a semi-elliptical notch Fig. 4, Eq. (5). 

 

 

Fig. 4: Semi-elliptical notch with crack, according to Neuber [28]. 

 

( )
0.42.5

2.5 11 1 1I
t

IL

K s K
K s

−−
−

⎧ ⎫⎡ ⎤⎪ ⎪⎛ ⎞= ⋅ + − + −⎢ ⎥⎨ ⎬⎜ ⎟
⎝ ⎠⎢ ⎥⎪ ⎪⎣ ⎦⎩ ⎭

 Eq. (5) 
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where KIL and s are the stress intensity factor for a long crack having a length of (t + t0) and 

geometrical factor of ( )0 0t t t+ , respectively. 

Liu [34] has developed the idea of Neuber to indicate the effect of surface profile using the 

surface fatigue factor FS Eq. (6). 

 

( )
, 0.42.5

2.5
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0

1

1 1 1 1

a
S Liu
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eff

t Liu

F
R

K
a

σ
σ −−

−

= =
⎡ ⎤⎛ ⎞
⎢ ⎥+ − + + −⎜ ⎟⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦

 Eq. (6) 

 

It should be noted that in Eq. (6) the geometrical value s is replaced by ( )0 0 effa a R+ . 

This model characterizes the surface topography, besides the surface roughness Reff, with 

the use of a surface stress concentration factor Kt and a characteristic structural length a0. 

Note that the surface fatigue factor FS exhibits the same expression as 1/Kf. 

The effect of surface finish can conveniently be characterized by the surface fatigue factor. 

This is the ratio of the fatigue strength σa for a particular surface finish to the fatigue strength 

σW (intrinsic fatigue strength) for carefully polished surfaces commonly used for laboratory 

specimens in which care has been taken to avoid the introduction of residual stresses or 

hardening or softening the surface layers. σW has been measured as 625 MPa for polished 

specimens employed in this investigation when R = -1 (load case: rotating bending). The 

surface fatigue factor is normally, as would be expected, less than 1. 

2.1. Surface stress concentration factor 

The surface stress concentration factor Kt characterizes the stress at the edge of a hole or at 

a notch root of the surface topography [35]. This factor indicates the surface topography 

employed by different manufacturing processes as sharp or blunt. The theoretical dependency 

between the stress concentration factor and the size of surface grooves is defined by the 

Neuber rule [28]. Neuber recognized that the features of surface topography are more 

indicative of successive adjacent notches that promote a lower degree of stress concentration 

than that for a single notch (Fig. 5). 
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Fig. 5: Near-notch stress trajectories for multiple surface notches. 

 

In application to the surface roughness, the stress concentration factor can be expressed in the 

empirical form as Eq. (7). 

 

1 z
t

RK n λ
ρ

= +  Eq. (7) 

 

where Rz and ρ are the 10-point surface height and the notch root radius, respectively. 

Coefficient n depends on the kind of stresses: n = 1 in shear and n = 2 in tension and bending. 

Coefficient λ depends on the ratio of spacing and height of surface irregularities. With 

reference to the profile in Fig. 5, λ = B/t. An alternative expression for the stress concentration 

factor imposed by surface texture was proposed by Liu [34]. This expression for the stress 

state in tension and bending is given by Eq. (8) 

 

, 1 2t Liu
b tK
B ρ

⎛ ⎞= + − ⋅⎜ ⎟
⎝ ⎠

 Eq. (8) 

 

where B and b are the spacing between two successive adjacent notches and the notch pitch, 

respectively (Fig 6). 

 

 

Fig. 6: Multiple surface notches. 

 

Fig. 7 demonstrates the correlation between the stress concentration factor Kt with the 

features of surface topography in a double logarithmic diagram. 
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Fig. 7: Kt according to Liu [34], (load case: tension or bending). 

2.2. Characteristic structural length 

The characteristic structural length represents a material dependent value. This length is 

defined as the largest non-damaging crack at the fatigue limit which will not grow [36-37]. 

The characteristic structural length is calculated from the fatigue strength of the material and 

the threshold value for macroscopic crack propagation. This expression is given by Eq. (9). 

 

2

0
0

1
2

th

W

Ka
Yπ σ

⎛ ⎞Δ
= ⋅⎜ ⎟⋅ ⋅⎝ ⎠

 Eq. (9) 

 

where ΔKth and σW are the threshold stress intensity factor range and fatigue limit stress, 

respectively. For the material employed in this investigation, ΔKth has been assumed as 12 

MPa m1/2 when R = -1. σW is a limiting value where the maximum fatigue limit is achieved 

and no further reduction in crack depth has any effect. The value of Y0, which is geometry 

dependent, is approximately 1.12. The calculated value of a0 is 22 μm. 

2.3. Effective surface roughness 

The conventional relationship in turning is for the surface finish to be directly related to 

the tool feed rate f and the size of the nose radius rε. A large feed rate will give shorter cutting 

times but a poor surface finish. A large nose radius will generate a better surface finish but an 

excessively large nose radius can lead to vibration tendencies, unsatisfactory chipbreaking 

and shorter tool-life because of insufficient cutting edge engagement. In practice, therefore, 

the size of the insert nose radius and the feed rate should be limited in an operation. The 
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geometric contribution of tool nose radius and tool feed rate, shown in Fig. 8, is also called 

theoretical surface roughness. 

 

 

Fig. 8: Illustration of roughness on the finished surface. 

 

A basic theoretical model (Theorem of Pythagoras) for surface roughness is given by the 

following Eq. (10): 

 

2
2

max 2
fR r rε ε

⎛ ⎞= − − ⎜ ⎟
⎝ ⎠

 Eq. (10) 

 

where f is the feed rate (mm/rev.) and rε is the tool nose radius (mm). 

Note that Rmax (the maximum height of roughness) describes the sum of the maximum peak 

height Rp and the maximum valley depth Rv of the contour curve at the reference length. A 

schematic description of this parameter for an arbitrary machined surface is shown in Fig. 9. 

 

 

Fig. 9: Schematic illustration of Rmax. 

 

According to this model, one needs only decrease the feed rate or increase the tool nose 

radius to improve desired surface roughness. Tool vibration and chip adhesion are such 

effects that lead to the degradation of surface roughness in this model. Hence the actual 

surface roughness does not match the theoretical surface roughness. 
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The effective surface roughness Reff is represented in terms of the peak-to-valley height 

roughness of the specimen surface topography. 

The surface fatigue factor FS is plotted against the effective surface roughness for various 

stress concentration factors at the same characteristic structural length (a0 = 22 μm) in a 

double logarithmic diagram in Fig. 10. 

 

 

Fig. 10: Surface fatigue factor for different Kt, a0 = 22 µm. 

 

It can be seen that the influence of surface increases when the stress concentration factor 

increases. The same effect can be recognized when also the effective surface roughness 

increases. Fig. 10 also shows that a surface topography with high values of Kt which has small 

height amplitudes of surface irregularity would be much more detrimental to fatigue life in 

comparison with a surface topography with small values of Kt which has large height 

amplitudes.  

Fig. 11 presents the correlation between the surface fatigue factor FS with the effective 

surface roughness for various characteristic structural lengths at the same stress concentration 

factor (Kt = 1.5) in a double logarithmic diagram. 
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Fig. 11: Surface fatigue factor for different a0, Kt = 1.5. 

 

Fig. 11 demonstrates that the influence of the surface decreases when the characteristic 

structural length increases. This means that the high strength materials which are more 

sensitive to the specific features of the surface are more notch sensitive. 

3. Proposing a modified model 

Geometrical discontinuities in mechanical components and structures such as notches and 

cracks cause localized perturbations of the stress distributions in the neighborhood of these 

stress raisers. Analytical, numerical and experimental methods were used to evaluate these 

stress fields by several authors. Some reported that the stress distribution in such fields 

depends on the opening angle of notches [38-41]. 

Machining parameters such as feed rate f and nose radius rε affect the notch opening angle 

φ, Fig. 12. 

 

 

Fig. 12: Illustration of notch opening angle and machining parameters. 

 

Eq. (11) shows the relationship between φ and machining parameters. 
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2 arccos
2

f
rε

ϕ
⎛ ⎞

= ⋅ ⎜ ⎟⋅⎝ ⎠
 Eq. (11) 

 

Since these parameters affect the opening angle and influence the stress field, the authors 

of the present work carried out finite element analyses using ABAQUS® to evaluate the stress 

distribution caused by a different combination of machining parameters Tab. 3. 

Multiple surface notches were simulated based on different feed rates and nose radii and 

the maximum principle stress was plotted against the distance from the notch tip in a double 

logarithmic diagram, Fig.13. 

 

 

Fig. 13: Singularity degree γ of the stress field at the notch bottom. 

 

Note that the notch root radius ρ is equal to the tool nose radius rε. 

The results of FE-analyses show that the degree of singularity γ of the asymptotic stress 

solution is no longer 0.5 according to linear elastic fracture mechanics but changes from case 

to case depending on the machining parameters, Tab. 5. This is not surprising, as the degree 

of singularity of the linear elastic stresses is related to the machining parameter which is a 

function of f and rε Eq. (15). 

The authors propose a slight modification to Liu’s formula [34] which has been applied to 

Eq. (12). 
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0.42.5

2.5
,

0

1

R
1 1 1 1

S

eff
t Liu

F

K
a

γ
−−

−

=
⎡ ⎤⎛ ⎞⎛ ⎞⎢ ⎥⎜ ⎟+ − + + −⎜ ⎟⎢ ⎥⎜ ⎟⎝ ⎠⎝ ⎠⎣ ⎦

 Eq. (12) 



Ataollah Javidi  Publication II 

105 

 

The modification lies in the proposed parameter γ which takes into account the influence of 

the surface stress singularity. 

Further analysis shows that the surface fatigue factor FS has a range as demonstrated in 

Eq. (13). 
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 Eq. (13) 

4. Experimental details 

4.1. Material and surface conditions 

The material used for machining and fatigue testing was a 0.34% carbon steel in the form 

of rolled cylindrical bars of 20 mm diameter. Steel was used in this investigation because steel 

is very commonly used for mechanical parts with balanced strength/weight ratio with respect 

to cost. Steel bars of the type 34CrNiMo6 (quenched and tempered) with the material number 

1.6582 had been heat treated to obtain a tensile strength Rm of 1100 MPa. The micrograph of 

the bar feedstock is presented in Fig. 14, which shows that the microstructure is composed of 

bainite. 

 

 

Fig. 14: Confocal scanning laser micrograph of the bar feedstock. 
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The chemical composition and mechanical properties of this steel are given in Tab. 2, 

where Re and A are the yield strength and elongation to failure, respectively. 

 

C Mn Cr Ni Mo Re Rm A
MPa MPa (%)

0.36 0.64 1.52 1.44 0.15 1045 1115 15.0

Steel Chemical                           
composition 

Mechanical            
properties

34CrNiMo6 (wt%)

 

Tab. 2: Chemical composition and mechanical properties of 34CrNiMo6. 

 

In order to produce a range of surface topography, test specimens were given a variety of 

surface conditions. The following types of surface finish were produced using the methods 

explained below: 

(a) Turning: a series of regular grooves were produced, perpendicular to the long axis of 

the specimens (longitudinal turning) using an ordinary stable two-axes CNC lathe (Mori Seiki 

SL 25 2001) at various feed rates f. The test specimens were machined by turning in wet 

conditions. Turning was performed using inserts DCMT 11 T3 02, 04, 08 4025 from Sandvik. 

The three inserts differ from each other in nose radius rε. The depth of cut and the cutting 

speed for all specimens was 0.5 mm and 80 m/min, respectively. A new cutting tool was used 

for each specimen. The cutting conditions employed for these samples are shown in Tab. 3. 

 

Feed rate (mm/rev.) 0.1, 0.2, 0.3
Nose radius (mm) 0.2, 0.4, 0.8
Depth of cut (mm) 0.5
Cutting speed (m/min.) 80  

Tab. 3: Cutting condition employed for turned specimens. 

 

Two series of turned specimens produced by cutting condition f = 0.1 mm/rev and rε = 0.2 

mm were used to produce the other surface finishes using the following methods: 

(b) Grinding: using normal workshop practice. 

(c) Shot peening: was performed by means of an injector-type system. Steel shot 0.35 mm 

in diameter (SD-G3) were used. All peening was done at full coverage. The intensity achieved 

was 0.21mmA. 

(d) Grinding after shot peening: One series of shot peened specimens were ground using 

normal workshop practice. 
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The specimens produced by the aforementioned methods have the configuration as in 

Fig.15. 

 

 

Fig. 15: Configuration of the test specimens. 

 

4.2. Surface roughness measurement 

After the machining process, measurement of the surface roughness, using laser scanning 

microscopy, was carried out in the longitudinal direction in the middle of specimen. Fig. 16 

shows the machined surface using the scanning technique for the cutting condition f = 0.2 

mm/rev and rε = 0.2 mm. 

 

 

Fig. 16: Longitudinal section at the test zone of a turned specimen. 

 

The parameters t and ρ can be defined approximately as Reff and rε, respectively.  

4.3. Fatigue testing 

A rotating bending fatigue testing machine of the uniform bending moment type with a 

rotation speed of 3800 rpm was used to carry out the fatigue tests. The fatigue program was 

conducted on test specimens in this bending mode in air at room temperature under constant 

amplitude loading conditions. The fatigue limit is defined as the nominal bending stress under 
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which a specimen endured 107 cycles. When the number of rotations exceeded 107 the test 

was stopped, which meant the test specimen would not break under that condition (test-piece 

run out). At least sixteen specimens were used to verify the fatigue life for every type of 

surface finish. The design of the fatigue specimens was demonstrated in Fig. 15. 

5. Results 

Surface profiles of the machined specimens were used to determine the effective surface 

roughness of each surface finish. The measurement of surface roughness using scanning laser 

microscopy was repeated at least 5 times for each surface finish. The surface roughness of the 

turned specimens was also calculated by means of Eq. (10). The measured (real) and 

calculated (theoretical) surface roughness for each combination of feed rate and nose radius 

for the turned specimens is listed in Tab. 4. 

 

Measured Calculated Predicted
f [mm] rε [mm] Rmax [μm] Rmax [μm] Rmax [μm]

0.1 0.2 7.70 6.35 7.56
0.1 0.4 4.00 3.14 4.09
0.2 0.2 29.13 26.79 29.64
0.2 0.4 13.62 12.70 14.42
0.2 0.8 4.79 6.27 7.48
0.3 0.8 16.60 14.19 16.02
0.4 0.8 28.60 25.40 28.14

Surface finish
Cutting condition

Tu
rn

in
g

 

Tab. 4: Measured and calculated surface roughness for turned specimens. 

 

Tab. 4 shows that the actual surface roughness does not match the theoretical surface 

roughness and Eq. (14) describes the relationship between real and theoretical surface 

roughness using a regression analysis to obtain a least squares fit for the data of the cutting 

conditions from Tab. 4. 

 

[ ]max(measured) max(calculated)1.08 0.7 μmR R= × +  Eq. (14) 

 

Eqs. (10) and (14) can be used to predict the effective surface roughness. Fig. 17 reports the 

predicted surface roughness versus that of the measured. 
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Fig. 17: Predicted vs. measured surface roughness for turned specimens. 

 

There is a fairly good agreement between predicted and measured values as can be derived. 

Surface profiles of the ground and shot peened specimens were recorded by confocal scanning 

laser microscope (LEXT) and used to determine the effective surface roughness and profile 

valley radii at the test zone. The longitudinal sections at the test zone of ground and shot 

peened specimens are shown in Fig. 18 and Fig. 19, respectively. 

 

 

Fig. 18: Longitudinal section at the test zone of a ground specimen. 

 

Fig. 19: Longitudinal section at the test zone of a shot peened specimen. 
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The effective surface roughness, stress concentration factor, degree of singularity and 

surface fatigue factor for each type of surface finish are listed in Tab. 5. 

 

Surface finish f [mm] rε [mm] Reff [μm] Kt γ FS

0.1 0.2 7.56 1.194 0.08 0.977
0.1 0.4 4.09 1.101 0.04 0.993
0.2 0.2 29.64 1.385 0.13 0.897
0.2 0.4 14.42 1.190 0.08 0.961
0.2 0.8 7.48 1.097 0.04 0.988
0.3 0.8 16.02 1.142 0.06 0.968

Grinding 0.0001 1.50 2.0 0.4 0.974
Peening 0.038 14.00 1.4 0.2 0.907
Peening & Grinding 0.0001 1.50 2.0 0.4 0.974

Turning

 

Tab. 5: Results of surface topography and surface fatigue factor for different surface finishes. 

 

Eq. (15) shows an analytical expression based on the experimental results obtained in turning. 

 

0.70

0.13 f
rε

γ
⎛ ⎞

= ⋅ ⎜ ⎟
⎝ ⎠

 Eq. (15) 

 

Fig. 20 demonstrates the correlation between the surface fatigue factor FS with the 

effective surface roughness for various degrees of singularity for the same characteristic 

structural length and stress concentration factor (a0 = 22 μm, Kt = 2.5) as given by the double 

logarithmic diagram. 

 

 

Fig. 20: Surface fatigue factor for different γ at a0 = 22 µm and Kt = 2.5. 
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The surface fatigue factor FS is plotted for the data investigated in this study at the 

characteristic structural length (a0 = 22 μm) in Fig. 21. 

 

 

Fig. 21: Surface fatigue factor of different surface finishes at a0 = 22 µm. 

 

Fig. 21 shows that the variation of Kt and Reff has no large impact on the surface fatigue factor 

provided γ is small whereas when γ is large, the variation of Kt and Reff influences the surface 

fatigue factor dramaticaly. 

The results indicate that the data investigated in this study can be described in the same 

terms as short crack data, using a Kitagawa [42] diagram in which the crack length axis is 

replaced by effective surface roughness and the surface fatigue factor can be estimated 

according to Eq. (16). 

 

0

1 eff
S

R
F

a

γ−
⎛ ⎞

= +⎜ ⎟
⎝ ⎠

 Eq. (16) 

 

The results of the rotating bending fatigue test conducted with an R value of -1 are plotted 

in Tab. 6. 
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Surface finish f [mm] FS σa ,Measured σa,Predicted

0.1 0.977 569 610
0.1 0.993 574 621
0.2 0.897 511 561
0.2 0.961 429 601
0.2 0.988 462 618
0.3 0.968 434 605

Grinding 0.974 667 609
Peening 0.907 637 567
Peening & Grinding 0.974 670 609

Turning

 

Tab. 6: Measured and predicted fatigue endurance data. 

 

Fig. 22 reports the predicted fatigue endurance versus the measured for the steel 

investigated. 

 

 

Fig. 22: Predicted vs. measured fatigue strength. 

 

As expected, there is no agreement between predicted and measured values of the fatigue 

results. This means that surface topography is not the only factor which affects the fatigue 

strength. Fig. 22 shows that the additional effect of residual stress introduced by the 

machining process would interfere with the effect of surface topography. Two groups of 

surface finishes that exhibit two different kind of residual stresses can be recognized in  

Fig. 22. Group I includes specimens with a high level of tension residual stress produced by 

turning. The second group demonstrates ground and shot peened specimens with compressive 

residual stresses. This leads to the fact that tensile residual stress decreases and compressive 

residual stress increases the fatigue strength. It can also be seen that the tensile residual stress 

reduces the fatigue limit greatly whilst the compressive residual stress improves the fatigue 

strength only marginally. 
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6. Discussion 

It can clearly be seen from the results plotted in Fig. 22 that the residual stress produced 

by surface finish process has a marked effect on the fatigue behavior. To understand the effect 

of surface topography, residual stresses were eliminated by some research studies [43-44] but 

it should be noted that a stress relief treatment may alter the metallurgical condition of the 

material. It has been well known that both of these factors act together and affect fatigue 

strength in a complex manner [45]. Therefore they must be simultaneously taken into 

consideration in the evaluation of fatigue strength. Despite the great volume of work done on 

the influence of surface finish on fatigue strength, no reliable quantitative models have been 

developed to describe this effect. A model that would be able to predict the fatigue strength 

must include two factors namely the surface fatigue factor and the residual stress factor 

respectively. Surface fatigue factor represents the effect of surface topography on the fatigue 

strength and the model presented in this paper can be used to indicate this effect. In the next 

part of this paper the influence of residual stress on fatigue strength will be analyzed and 

discussed. Furthermore a predictive model will be proposed that can be used to estimate the 

residual stress factor for different surface finishes. 

7. Conclusion 

From an investigation into the effect of surface finish on the fatigue strength of a 

quenched and tempered steel the following conclusions have been formed. 

 

1. The standard surface roughness parameters should not be used on an individual basis 

for evaluating the effect of surface topography on fatigue strength and the model proposed in 

this paper can be used to estimate the surface fatigue factor for different surface finishes. 

 

2. Due to tool vibration and chip adhesion in surface finishing process, the actual surface 

roughness does not match the theoretical surface roughness. 

 

3. The surface fatigue factor generally decreases when the stress concentration factor and 

the effective surface roughness increase. 

 

4. The degree of singularity of the stress distribution at the notch root is a function of 

machining parameters such as feed rate and tool nose radius. 
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5. A reasonable agreement between the predicted and experimental fatigue strength can 

only be obtained, when the effect of residual stress in addition to surface topography is taken 

into consideration. 
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Abstract 

Manufacturing processes induce residual stresses in components. These residual stresses 

can considerably modify the fatigue performance of mechanical structures. Residual stresses 

are superimposed on the load applied to the component and influence the mean stress during 

cyclic loading. The state of stress resulting from applied service loading can be uniaxial, but 

the nature of residual stresses is always multiaxial. In order to evaluate the fatigue strength in 

the presence of residual stresses, a multiaxial fatigue criterion is required. In this paper, an 

empirical multiaxial fatigue model is presented to predict the fatigue strength of different 

surface finishes in the presence of residual stresses. Furthermore, a comparison is made 

between the proposed empirical model, shear stress intensity hypothesis and quadratic failure 

criterion, using results from fatigue tests and measurements of residual stresses on cylindrical 

specimens from a quenched and tempered steel 34CrNiMo6. 

 

Keywords: Surface residual stress, Multiaxial stress state, Fatigue strength 
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Nomenclature 

A elongation to failure p
F RS residual stress factor q,s
F S surface fatigue factor r ε
K empirical coefficient γ
K t stress concentration factor δ
M,M τ mean stress sensitivity σ 11
R stress ratio σ 22

R 2 regression coefficient σA
R e yield strength σ a ,τ a
R eff effective surface roughness σm ,τ m
R m tensile strength σRS
a,b,m,n coefficients of SIH σ Sch
a 0 characteristic structural length σ va ,τ va
d 0 specimen diameter at test zone σ vm ,τ vm
f feed rate σW
l 0 integral length τ Sch
n χ fatigue ratio factor τ W

circumferential residual stress
axial residual stress
rotating angle
degree of singularity
tool nose radius
empirical parameter of EMP
mean stress sensitivity according to QVH

fatigue limit for alternating axial loading (tension-compression)  
fatigue limit for pulsating torsional loading

mean stress
stress amplitude
stress amplitude in uniaxial fatigue loading according to QVH

equivalent mean stress
equivalent stress amplitude
fatigue limit for pulsating axial loading
residual stress

fatigue limit for alternating torsional loading  

1. Introduction 

Residual stresses are the dominant factor affecting the fatigue behavior of materials. They 

are superimposed on the load applied to the component and thus alter the fatigue resistance. 

Many researchers reported that the residual stresses are equivalent to the mean stresses in 

their effect [1-6]. Therefore the effect of residual stresses in fatigue behavior is evaluated 

using Haigh diagram, in which the mean stress in a fatigue cycle is replaced by σm + σRS, as is 

shown in Fig. 1. 

 

 

Fig. 1: Haigh diagram to evaluate the fatigue limit in the presence of residual stress [7]. 

 

The fatigue limit in the presence of residual stress can be expressed as in Eq. (1). 

 

( )a W m RSMσ σ σ σ= − ⋅ +  Eq. (1) 
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where M is a constant, which depends on the mechanical properties of the material, and is 

called the mean stress sensitivity. 

The Haigh diagram provides a very simple means of predicting the effect of residual stress 

on fatigue strength, but the multiaxial nature of the residual stresses is neglected. This 

problem raises the question of selecting a multiaxial fatigue criterion to evaluate the effect of 

residual stresses [7]. Due to the prediction of the endurance limit under multiaxial loading, 

many multiaxial criteria have been developed in recent years [8-12]. Multiaxial fatigue 

assessments are carried out using an appropriate rule or criterion to reduce the complex 

multiaxial loadings to an equivalent uniaxial loading. The multiaxial fatigue criteria are 

divided into three groups, i.e. stress criteria, strain criteria and energy criteria. The stress 

criteria can be categorized into three viewpoints, i.e. integral approaches, critical plane 

approaches, and empirical formulae. In the integral approach the calculation of the equivalent 

stress is carried out as an integral of the stresses over all cutting planes of a volume element. 

The critical plane approach assumes that the failure occurs in the critical plane with the 

maximal value of equivalent stress. The shear stress intensity hypothesis SIH and the 

quadratic failure criterion QVH typically represent the integral method and critical plane 

approach, respectively. 

In this paper, a simple plane stress state with an alternating normal stress and two static 

biaxial normal stresses was studied, Fig. 2.  

 

 

Fig. 2: Investigated stress state. 

 

This state of stress is of special practical importance when the effect of biaxial residual 

stresses is evaluated. Many mechanical components such as shafts, axles, con-rods, etc. 

experience this kind of stress state where biaxial residual stresses at their surface superimpose 

on the alternating normal stress resulting from the applied loading. These residual stresses are 

introduced by manufacturing operations and their nature is multiaxial. 

In this study the shear stress intensity hypothesis and quadratic failure criterion are first 

discussed briefly and then an empirical formula is proposed. Furthermore, a comparison is 

made between these criteria using results from fatigue tests and measurements of residual 
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stresses on cylindrical specimens from a quenched and tempered steel 34CrNiMo6. In 

addition, the validation of the proposed empirical model is verified by means of experimental 

data reported in the literature. 

1.1. Shear Stress Intensity Hypothesis (SIH) 

This approach is based on an expression derived by Novozhilov [13] under the name of 

mean tangential stress. Novozhilov showed that the root mean square value of the shear 

stresses over all cutting planes is identical to the von Mises stress, as given in Eq. (2). 
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∫ ∫  Eq. (2) 

 

Simbürger [14] modified the idea of Novozhilov for application to fatigue problems under 

the name of effective shear stress hypothesis which was later been described by Zenner and 

Richter in a slightly modified form as the shear stress intensity hypothesis [15-16]. A further 

development of the shear stress intensity hypothesis was proposed by Liu [17-18]. In this 

modification, the equivalent shear and normal stress amplitudes are evaluated as the integral 

of the stresses over all cutting planes. In order to obtain the mean stresses, the mean shear and 

normal stresses are weighted over the shear and normal stress amplitudes, respectively. Eqs. 

(3)-(6) show the simplified form of the equivalent stress for each of the four stress 

components in the cutting plane. 
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Eq. (7) shows the failure condition using the combination of equivalent stresses. 

 

2 2 2 2
va va vm vm Wa b m nτ σ τ σ σ⋅ + ⋅ + ⋅ + ⋅ =  Eq. (7) 

 

The coefficients a, b, m and n can thus be obtained from Eqs. (8)-(11). 
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Liu [19] proposed an explicit solution for the endurance limit under the load case studied 

in this paper based on the shear stress intensity hypothesis, Eq. (12). 

 

22

2 2 2 2

5 41
7 21 7 7

ym ymxm xm
a W

W W W W

n m n mσ σσ σσ σ
σ σ σ σ

= ⋅ − ⋅ − ⋅ − ⋅ − ⋅  Eq. (12) 

 

where σa refers to the fatigue endurance limit in the presence of two static normal mean 

stresses, σxm and σym. 

The shear stress intensity hypothesis like several other prediction criteria for fatigue 

evaluation requires the fatigue strength measured either in pure tension σW or in pure torsion 

τW as an input parameter. From the application of the von Mises criterion for static multiaxial 

stress evaluation, a value of √3 is predicted for the σW/τW–ratio. For SIH this ratio is measured 

in the range 2/√3 ≤ σW/τW ≤ √3. 

The material’s mean stress sensitivity factor M is the next input parameter which is 

required to evaluate the fatigue behavior in multiaxial loading. Schütz [20] analyzed the 

sensitivity of a variety of materials for which the fatigue strength was available at  

σm = 0 (R = -1) and at σm = σa (R=0). Using these two values for fatigue strength, the mean 

stress sensitivity factor can be defined by Eq. (13). 

 

( )
( )

1
1
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a

a

R
M

R
σ
σ

= −
= −

=
 Eq. (13) 

 

The relationship between the alternating axial loading σW = σa (R=-1) and the pulsating 

axial loading σSch = 2σa (R=0) is given in Eq. (14). 

 

2
1Sch WM

σ σ= ⋅
+

 Eq. (14) 
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For the pulsating torsional strength, the value of mean stress sensitivity factor Mτ is 

approximately estimated by Mτ = M/2 [21], Eq. (15). 

 

2
11
2

Sch W

M
τ τ= ⋅

+ ⋅
 Eq. (15) 

 

Since the effect of the residual stresses are equivalent to the mean stresses, Eq. (12) can be 

applied to evaluate the effect of residual stress based on SIH, Eq. (16). 
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= − ⋅ − ⋅ − ⋅ − ⋅  Eq. (16) 

 

Residual stress factor FRS is the ratio of the fatigue endurance limit σa for a particular 

surface finish with respect to the fatigue strength σW (intrinsic fatigue strength) for carefully 

polished surfaces commonly used for laboratory specimens in which care has been taken to 

avoid the introduction of residual stresses or the hardening or softening the surface layers Eq. 

(17). 

 

a
RS

W

F σ
σ

=  Eq. (17) 

 

This factor can be used as an appropriate factor to predict the endurance limit of different 

surface finishes produced by the various manufacturing processes. 

1.2. Quadratic Failure Hypothesis (QVH) 

The critical plane approaches to multiaxial fatigue have evolved from experimental 

observations of the initiation and growth of cracks during cyclic loading. These types of 

models attempt to compute fatigue damage on specific planes within a test specimen or 

component. Troost and El-Magd [22] developed a general form of failure criterion based on 

the critical plane approach to predict the fatigue endurance limit under multiaxial stresses. 
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This criterion takes account of anisotropic fatigue behavior which also occurs in the case of 

isotropic materials. 

The QVH includes the relationship between the stress amplitude σA and mean stress σm in 

terms of uniaxial fatigue loading. Troost and El-Magd [23] proposed a general quadratic 

parabola to describe the function σA(σm), Eq. (18). 
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 Eq. (18) 

 

where p is a measure to evaluate the mean stress sensitivity, Eq. (19). 
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 Eq. (19) 

 

Fig. 3 demonstrates the correlation between the stress amplitude σA with the mean stress 

σm for different values of p with reference to the Haigh diagram. 

 

 

Fig. 3: Stress amplitude vs. mean stress under uniaxial fatigue loading. 

 

The straight line (p = 1) on the normalized plot was proposed by Goodman [24] and is 

called the Goodman line. The solid curve (p = 0) as illustrated in Fig. 3 represents the Gerber 

parabola and the dashed curve (p = 0.5) refers to Dietmann parabola [25-26]. 
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The stress components σx* and σy* for the stress state investigated in this paper (Fig. 4) are 

given by equation, Eq. (20). 

 

* * *

* *
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sin

0

x xm xa

y ym

xy

tσ σ σ ω

σ σ

τ

= + ⋅

=

=

 Eq. (20) 

 

The same state of plane stress can be described on any other coordinate system, such as  

x-y (Fig. 4). This system is related to the original one by an angle of rotation δ, and the values 

of the stress components change to σx and σy in the new coordinate system. 

 

 

Fig. 4: State of plane stress dependent on the rotation angle δ [22]. 

 

The stress components dependent on the angle δ are as described in Eqs. (21)-(22): 

 

( )

* 2 * 2

* 2 * 2

* *

cos sin

sin cos

sin cos

xm xm ym

ym xm ym

xym xm ym

σ σ δ σ δ

σ σ δ σ δ

τ σ σ δ δ

= ⋅ + ⋅

= ⋅ + ⋅

= − ⋅ ⋅

 Eq. (21) 

 

* 2

* 2

*

cos

sin

sin cos

xa xa

ya xa

xya xa

σ σ δ

σ σ δ

τ σ δ δ

= ⋅

= ⋅

= ⋅ ⋅

 Eq. (22) 



Ataollah Javidi  Publication III 

127 

 

Eq. (23) shows the failure criterion proposed by Troost and El-Magd [27] based on the 

stress state investigated in this study. 
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 Eq. (23) 

 

σAx, σAy and σAxy are the stress amplitudes as a function of mean stress in terms of uniaxial 

fatigue loading according to [27] and are given by Eqs. (24)-(26). 
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 Eq. (26) 

 

Troost and El-Magd [22, 27] justified that the failure condition is fulfilled by the 

orientation angles at either δ = 0° or δ = 45° with respect to the considered stress state. These 

angles are called critical orientations. 

Fig. 5 shows the correlation between the stress amplitude σa with the orientation angle δ in 

the simplified form of a demonstrated stress state. The minimum values of σa refer to the 

maximum stress amplitude which can be endured by the material. In other words, the 

minimum values represent the fatigue endurance limit under the considered stress state and 
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orientation angle. The critical orientation where the failure occurs for the stress state 

mentioned in Fig.5 (left) is at δ = 0° and right at δ = 45° where failure occurs. 

 

 

Fig. 5: Stress amplitude dependency on orientation angle and mean stress according to QVH [22, 23]. 

 

Fig. 5 also demonstrates that the maximum fatigue endurance limit is calculated by the 

minimum value of the residual stress factor. The residual stress factor FRS is defined as in  

Eq. (17). 

2. Experimental details 

2.1. Material and surface conditions 

The material used for machining and fatigue testing was a 0.34% carbon steel in the form 

of rolled cylindrical bars of 20 mm diameter [28]. Steel bars of the type 34CrNiMo6 

(quenched and tempered) with the material number 1.6582 had been heat treated to obtain a 

tensile strength Rm of 1115 MPa. The chemical composition and mechanical properties of this 

steel are given in Table 1, where Re and A are the yield strength and elongation to failure, 

respectively. 

 

C Mn Cr Ni Mo Re (MPa) Rm (MPa) A (%)
0.36 0.64 1.52 1.44 0.15 1045 1115 15.0

Mechanical                             
properties

Chemical                           
composition (wt%)

34CrNiMo6

Steel

 
Table 1: Chemical composition and mechanical properties of 34CrNiMo6. 

 

Table 2 shows the material properties investigated for the test specimens. 
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Material σW (MPa) σSch (MPa) τW (MPa) τSch (MPa)
34CrNiMo6 625 932 415 728  

Table 2: Material properties of test specimens. 

 

In order to produce differentiating effects of surface topography and residual stresses, test 

specimens were given a variety of surface conditions. The following types of surface finish 

were produced using the methods explained below: 

 

(a) Turning: a series of regular grooves were produced, perpendicular to the long axis of 

the specimens (longitudinal turning) using an ordinary stable two-axes CNC lathe (Mori Seiki 

SL 25 2001) at various feed rates f. The test specimens were machined by turning in a wet 

condition. Turning was performed using inserts DCMT 11 T3 02, 04, 08 4025 from Sandvik. 

The three inserts differ from each other in nose radius rε. The depth of cut and the cutting 

speed was 0.5 mm and 80 m/min. for all specimens, respectively. A new cutting tool was used 

for each specimen. The cutting conditions employed for these samples are shown in Table 3. 

 

Feed rate (mm/rev.) 0.1, 0.2, 0.3
Nose radius (mm) 0.2, 0.4, 0.8
Depth of cut (mm) 0.5
Cutting speed (m/min.) 80  

Table 3: Cutting condition employed for turned specimens. 
 

Two series of turned specimens, produced by cutting condition f = 0.1 mm/rev. and  

rε = 0.2 mm, were used to produce other surface finishes using the following methods: 

 

(b) Grinding: was applied parallel to the longitudinal axis of the test specimens using 

normal workshop practice. The traces were parallel with the direction of the alternating 

normal stress. 

(c) Shot peening: was performed by means of an injector-type system. Steel shot with a 

shot size of 0.35 mm in diameter (SD-G3) was used. All peening was done at full coverage. 

The intensity achieved was 0.21mmA. 

(d) Grinding after shot peening: One series of shot peened specimens were ground using 

normal workshop practice. 

The cylindrical test specimens produced by the aforementioned methods have the 

configuration as shown in Fig.6. 
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Fig. 6: Configuration of the test specimens. 

 

The specimens were 7.5 mm in diameter at the center. 

2.2. Residual stress measurement 

X-ray diffraction was used to measure the residual stresses in the specimens following 

machining. An XSTRESS 3000 analyzer emitting CrKα at 200 W was used to locate the 

relaxed Fe (211) peak for residual stress measurements. In order to obtain the stress 

distribution by depth, the layers of specimens were removed by electrolytic polishing. The 

machined surface was exposed for 20 seconds. Measurements were taken at two angles of  

0 deg (axial, σ11) and 90 deg (circumferential, σ22) for each test specimen. Standard sin2ψ 

techniques were employed to determine the normal stress (strain) for each angle. 

Measurements of residual stresses were carried out for test specimens subjected to 107 fatigue 

cycles at a load level corresponding to the fatigue limit. These residual stresses are 

characterized as stabilized stresses. In other words, there is no residual stress relief at the 

fatigue limit level during the cyclic loading. The stabilized residual stresses are used to 

estimate the residual stress factor. 

2.3. Surface topography measurement 

The surface topography resulting from the manufacturing process was characterized using 

a confocal scanning laser microscope and the surface fatigue factor FS was used as a 

quantitative description of the surface topography produced by different surface finishes  

Eq. (27). 
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 Eq. (27) 
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where Kt and Reff are the surface concentration factor and effective surface roughness, 

respectively. The parameters γ and a0 refer to the surface stress singularity and characteristic 

structural length. 

A detailed description of this factor and how it is estimated was given by the authors  

in [29]. 

2.4. Fatigue testing 

A rotating bending fatigue testing machine of the uniform bending moment type with a 

rotation speed of 3800 rpm was used to carry out the fatigue tests. The fatigue program was 

conducted on cylindrical test specimens (7.5 mm in diameter) in the bending mode in air at 

room temperature under constant amplitude loading conditions (R = -1). The fatigue limit is 

defined as the nominal bending stress under which a specimen endured 107 cycles. When the 

number of cycles exceeded 107 the test was stopped, which meant the test specimen would not 

break under that condition (test-piece run out). At least sixteen specimens were used to verify 

the fatigue life for every type of surface finish. The design of the fatigue specimens was 

demonstrated in Fig. 6. 

3. Results and analysis 

Machined specimens were measured for the axial σ11 and circumferential σ22 residual 

stresses using an X-ray diffraction technique. The measured residual stresses at the machined 

surface were tensile in all the turning conditions while grinding and peening processes 

presented compressive residual stresses. The analysis of experimental data for turned 

specimens investigated in this study shows that the residual stresses are dominated by the two 

process parameters such as feed rate f and tool nose radius rε. Fig. 7 shows the residual stress 

distribution after turning, produced by different nose radii at the same feed rate f = 0.2 

mm/rev. 
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Fig. 7: Residual stress distribution at the turned surface using the same feed rate. 

 

Results indicate that the machine tool with the nose radius rε = 0.8 mm causes the 

maximum value of the tensile residual stress at the surface while the nose radius rε = 0.2 mm 

yields the maximum compressive residual stress below the machined surface. This is not 

surprising, in so far as the residual compressive stresses are related to the plastic deformation. 

In other words, the cutting force applied on the machined surface by the cutting tool rε = 0.2 

mm causes higher plastic compressive shear deformation than rε = 0.8 mm. This effect 

contributes to induce higher compressive residual stresses in the layers beneath the surface. 

Fig. 8 demonstrates the comparison between different feed rates at the same value of the tool 

nose radius. 

 

 
Fig. 8: Residual stress distributions obtained by different feed rates. 

 

Results show that the higher the feed rate, the higher the induced tensile residual stress at 

the surface. The feed rate f = 0.3 mm/rev. demonstrates this effect well. The high value of 

tensile residual stress indicates a high level of heat flow into the machined surface due to the 

friction between the work piece and cutting tool. The maximum values of compressive 

residual stresses below the surface at different feed rates are of the same order as those where 
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an equal tool nose radius was used. The maximum compressive residual stresses in a 

circumferential direction in two cases rε = 0.8 mm and rε = 0.4 mm show an anomaly which 

can, up to now not be explained. 

The measured surface residual stresses for each surface finish condition are listed in  

Table 4. It should be noted that the presented results in Table 4 are related to the measured 

residual stresses at the surface of the specimens and not the layer below the surface. 

 

Surface finish f [mm] rε [mm] σ11 [MPa] σ22 [MPa]
0.1 0.2 159 241
0.1 0.4 211 318
0.2 0.2 188 277
0.2 0.4 283 325
0.2 0.8 491 410
0.3 0.8 628 518

Grinding -195 -372
Peening -478 -488
Peening & Grinding -425 -498

Turning

 
Table 4: Measured surface residual stresses for different surface conditions. 

 

It is generally accepted that turning generates residual tensile stresses at the surface layers 

of the metal depending on the machining parameters such as feed rate and tool nose radius. 

Eq. (28) shows an analytical expression that fits the experimental data obtained from turning. 

 

1 2 3RS K K f K rεσ = + ⋅ + ⋅  Eq. (28) 

 

where σRS is the surface residual stress in the axial or in the circumferential direction and 

K1, K2 and K3 are empirical parameters estimated from experimental data. Table 5 shows the 

estimated coefficients for the residual stresses in both directions. 

 

K1 K2 K3 

[MPa] [(MPa)(rev/mm)] [MPa/mm]
σ11 -70 868 508
σ22 140 475 259

State

 
Table 5: Estimated empirical coefficients depending on measuring direction. 

 

The regression coefficients of the proposed model are about R2 = 0.98 for the axial 

residual stresses σ11 and R2 = 0.94 for the circumferential residual stresses σ22, which 
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demonstrate an extremely good fit. Table 6 reports the predicted versus the measured values 

of residual stresses for the turned specimens. 

 

σ11 [MPa] σ11 [MPa] σ22 [MPa] σ22 [MPa]
Measured Predicted Measured Predicted

0.1 0.2 159 118 241 239
0.1 0.4 211 220 318 291
0.2 0.2 188 205 277 287
0.2 0.4 283 307 325 339
0.2 0.8 491 510 410 442
0.3 0.8 628 597 518 490

Turning

Surface finish f [mm]  rε [mm]

 
Table 6: Measured and predicted surface residual stresses for turned specimens. 

 

The measured values of the stabilized surface residual stresses for the peened and ground 

specimen (Table 4) and the predicted values of the residual stresses for the turned specimen 

(Table 6) are used for the calculation of the residual stress factor FRS. To compare and to 

validate the methods of calculation, values for the stabilized residual stresses are introduced 

into the multiaxial fatigue criteria, discussed in this study as mean stresses. 

Fig. 9 demonstrates the correlation between the residual stress factor in the z direction 

with residual stresses in the axial and the circumferential direction as mean stresses. 

 

 
Fig. 9: Variation of residual stress factor as a function of residual stresses according to SIH and QVH. 

 

The authors of this present work propose an empirical model (EMP) which is a stress 

based critical plane criterion of multiaxial fatigue to evaluate the residual stress factor  

Eq. (29). 
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 Eq. (29) 

where q and s are empirical parameters estimated from experimental data. The calculated 

value of the parameter p is 0.26 for the material investigated in this study. 

Fig. 10 displays the evaluation of fatigue limit (left) and residual stress factor (right) using 

the proposed empirical model. 

 

 
Fig. 10: Evaluation of fatigue limit and residual stress factor according to EMP. 

 

Fig. 10 shows that the fatigue limit decreases when the tensile residual stresses increase. It 

can be also derived that an increase in compressive residual stress leads to an increase in 

fatigue limit. When the effective stress level, resulting from a combination of residual and 

applied stress, exceeds the yield stress, the surface layer becomes plastic and relaxation takes 

place. This effect causes a decrease in fatigue limit. In other words a further increase in the 

residual stress factor is limited when the yield stress level is exceeded. 

Table 7 shows the residual stress factor calculated using SIH, QVH and EMP for different 

surface finishes studied in this paper. FS denotes the surface fatigue factor [29]. 
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Surface finish FS σ11 [MPa] σ22 [MPa] FRS,SIH FRS,QVH FRS,EMP

0.977 118 239 0.924 0.964 0.944
0.993 220 291 0.862 0.920 0.909
0.897 205 287 0.871 0.927 0.914
0.961 307 339 0.798 0.872 0.872
0.988 510 442 0.593 0.726 0.766
0.968 597 490 0.458 0.649 0.712

Grinding 0.974 -195 -372 1.050 1.001 1.066
Peening 0.907 -478 -488 1.075 0.975 1.097
Peening & Grinding 0.974 -425 -498 1.070 0.992 1.100

Turning

 
Table 7: Residual stress factor for different surface finishes using stabilized surface residual stresses. 

 

The surface fatigue factor and residual stress factor are used to predict the fatigue limit 

using an empirical formula as shown in Eq. (30). 

 

a W S RSF F nχσ σ= ⋅ ⋅ ⋅  Eq. (30) 

 

where nχ represents the gradient effect due to the type of loading (tension-compression and 

bending) and called the fatigue ratio factor [30]. Fig. 11 illustrates the variation of nχ as a 

function of stress gradient χ for the specimens having a diameter, d0 = 7.5 mm according to 

the FKM-Guideline [31]. 

 

 
Fig. 11: Fatigue ratio factor for the specimen with diameter d0 = 7.5 mm [31]. 

 

For the material investigated in this study (34CrNiMo6 steel quenched and tempered) the 

value of nχ is 1.06. The fatigue ratio factor can also obtain from Eq. (31) according to 

Eichlseder [30].  
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where σb is the fatigue limit for alternating bending loading. 

Fatigue tests under various surface conditions were performed by repeated rotating 

bending of test specimens with a diameter of 7.5 mm. The source of specimen failure was 

fatigue crack initiation from discontinuities existing at the machined surface followed by 

crack propagation until the flaw reached a critical length Fig. 12. 

 

 
Fig. 12: Typical fatigue fracture surface of the investigated specimens. 

 

Fig. 12 illustrates a typical micrograph found using confocal scanning laser microscopy. 

For all investigated specimens the origin of failure was at the surface. For the turned 

specimens, it is natural that the crack source comes from the surface, where the maximum 

tensile residual stress occurs. For the peened or ground specimens, the crack origin at the 

surface can be explained in this way that the high applied cyclic tensile stresses caused by 

loading surpass the compressive residual stress field in the low cycle fatigue region. 

The results of the fatigue tests are listed in Table 8. 

 

Surface finish σa,exp (σa,predic)SIH (σa,predic)QVH (σa,predic)EMP

569 564 589 576
574 535 571 564
511 489 520 512
429 480 524 524
462 366 448 473
434 277 393 431

Grinding 667 639 609 649
Peening 637 610 553 622
Peening & Grinding 670 651 604 669

Turning

 
Table 8: Results obtained from the experimental and calculated fatigue limit. 
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The prediction of the fatigue limit of different surface finishes was carried out by means of 

Eq. (30) where the residual stress factor FRS is calculated by three different multiaxial fatigue 

methods such as SIH, QVH and EMP. 

Fig. 13 presents a comparison between the experimental values of fatigue endurance limit 

and the predicted ones based on the investigated models discussed in this study. 

 

 
Fig. 13: Predicted vs. measured fatigue limit. 

 

The comparison clearly shows that the proposed empirical model provides improved 

performance in the prediction of the fatigue limit. 

4. Discussion 

In order to evaluate the fatigue limit in the presence of residual stresses, a simple stress 

state which included two static biaxial normal stresses and an alternating axial stress was 

investigated. This stress state demonstrates the biaxial nature of residual stresses at the surface 

after machining which was imposed by the applied load. 

To estimate the residual stress factor as an appropriate factor to correct the fatigue limit, 

two multiaxial fatigue criteria were employed in this study. The stabilized residual stresses at 

the surface were used to calculate the residual stress factor. This consideration provides a 

simple method to take into account the effect of residual stresses but their distribution below 

the surface is neglected. In other words, surface residual stresses take into account the crack 

initiation at the surface, however, the crack propagation at a distance below the surface is not 

considered. 

The present authors employed the integral method to incorporate the residual stress 

distribution below the surface Eq. (32). 
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( )
0

0 0

1 l

ij RS x dx
l

σ σ= ⋅ ∫  Eq. (32) 

 

where σij is the axial (σ11) or circumferential (σ22) residual stresses. For the material 

investigated in this study, reasonable results were merely obtained for the value of l0 very 

close to the surface where l0 ≈ 0. 

Due to this observation, surface residual stresses were applied to evaluate the fatigue limit and 

their distribution below the surface was neglected. Nevertheless, it seems that the length l0 

would be a function of the micro structural length a0, which characterizes the material 

behavior. Further investigation is needed to establish the correlation between residual stress 

and fatigue limit based on fracture mechanisms in the low fatigue crack growth region. 

An empirical model was given to evaluate the residual stress factor. This model provides 

improved performance in prediction of the fatigue limit. The experimental data reported in 

literature is employed to verify the empirical model presented in this study. As far as the 

authors are aware, the experimental data reported in literature to evaluate the stress state  

σxa + σxm, σym is quite limited. The references [27] and [32] present some experimental results 

which are used to show the accuracy of the empirical model to predict the fatigue limit under 

a particular stress state. The materials presented in this literature are E335 and 20MnCr5 with 

the material number 1.0060 and 1.7147, respectively. The reported material data is listed in 

Table 9. 

 

Reference Material σW (MPa) σSch (MPa) τW (MPa) Rm (MPa) Re (MPa)
El-Magd E335 294 500 176 765 550
Lüpfert & Spies 20MnCr5 516 832 303 1028 940  

Table 9: Reported material data according to [27] and [32]. 
 

Table 10 shows the experimental data and predicted results using the empirical model 

mentioned in Eq. (29). 
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σxm σym σa,exp σa,predic σa,predic/σa,exp

(MPa) (MPa) (MPa) (MPa) (-)
E335 0 0 294 294 1.000

0 306 290 277 0.955
0 459 259 260 1.005
76 306 286 278 0.974
76 459 259 267 1.030
153 306 279 275 0.987
153 459 263 268 1.021

20MnCr5 0 0 516 516 1.000
416 0 416 416 1.000
0 -214.4 506 514 1.017

-276.5 -214.4 553 540 0.977
381 -214.4 381 372 0.976
0 -428.8 502 503 1.003

-285.5 -428.8 571 571 1.000

Material

 
Table 10: Experimental data and predicted results obtained from the EMP model. 

 

For the E335 and 20MnCr5 material the calculated values of the parameter p are 0.195 

and 0.125, respectively. The fitting parameters q and s were determined using a regression 

analysis to obtain a least squares fitting for the data from Table 10. 

Fig. 14 demonstrates the Haigh diagram calculated using EMP (empirical model) for 

biaxial mean stresses from the data listed in Table 10. 

 

 
Fig. 14: Correlation between calculated and measured data using the Haigh diagram. 

 

As can be derived, there is a fairly good agreement between predicted and measured data. 

Results show that the EMP model is able to evaluate the experimental data either in the tensile 

or in the compressive mean stress region. 

Further experimental work is needed to validate this model for different materials. 

5. Conclusion 

From an investigation into the effect of residual stress on the fatigue strength of a 

quenched and tempered steel the following conclusions can be drawn. 
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1. The surface residual stresses are multiaxial, therefore a method for uniaxial stress 

evaluation is not appreciable. 

 

2. The residual stresses were tensile in all the turning conditions while grinding and 

peening processes presented compressive residual stresses.  

 

3. In the case of turned specimens, residual stresses are dominated by the process 

parameters namely feed rate and nose radius. An increase in feed rate and nose radius leads to 

an increase in residual stresses in both the axial and circumferential directions. 

 

4. Not only the magnitude of residual stress at a special point but also its distribution at a 

distance will act on the short crack propagation and influence the fatigue limit. 

 

5. The empirical model proposed in this study can evaluate the residual stress effect well. 

 

6. To validate the empirical model for other materials or for other manufacturing 

processes which give rise to residual stress, additional tests are required. 
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