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This chapter presents an analysis of workpiece surface integrity. The definition 
and material and mechanical aspects of surface integrity are discussed. 

3.1 What Does Surface Integrity Mean? 

The choice of manufacturing processes is based on cost, time and precision. The 
precision of a surface is usually based on two criteria: dimensional accuracy and 
surface roughness. However, another criterion has become increasingly important: 
the performance of the surface. The term performance has different meanings 
depending on the context but is mostly linked to fatigue, corrosion, wear and 
strength. It is usually assumed that performance is directly related to surface tex-
ture. The irregularities of the surface, especially valleys or grooves, induce stress 
concentrations that enable the plastification of the material and crack propagation. 
As a consequence, a smooth surface limits the risk of crack initiation. An example 
provided by [1] illustrates the influence of the surface texture generated by grind-
ing on the fatigue strength (Figure 3.1). Curves 1 and 2 correspond to a standard 
grinding operation with conditions leading to so-called gentle operation. On the 
contrary, curve 3 corresponds to high-productivity operation with extreme cutting 
conditions. Curves 1 and 2 show that a higher surface texture (evaluated, for ex-
ample, by the parameter Ra) is responsible for the decrease of the fatigue strength. 
It also shows that, depending on the orientation of grinding marks (surface texture 
effect), the fatigue resistance is different. Note that the surface roughness parame-
ter Ra alone is not able to describe resistance to fatigue. Additional parameters 
such as Rku, RSk, etc. are more relevant. 
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Figure 3.1. Influence of a grinding operation on the fatigue strength 

However, the surface roughness criterion does not explain the results obtained 
for curve 3, which appears to be very poor. Moreover, with this manufacturing 
procedure, the surface roughness does not seem to influence the fatigue strength. 
It is clear that the sub-surface is as important as the surface texture. Especially, 
the microstructure and the residual stress state are strategic parameters. Indeed, 
this manufacturing procedure has probably induced dramatic modifications of the 
sub-surface, which is a very common problem in grinding, as described by  
a large number of publications [2–6]. 

Another investigation [7] has shown that the effect of the mechanical state of 
the sub-surface (the residual stress state) has much more influence on the fatigue 
resistance of a piece if its surface roughness is below a certain limit. This trend 
is also confirmed by [8]. This underlines that external parameters and internal 
parameters are both strategic, depending on the context of application. For that 
reason, the term surface integrity was introduced, which aims to describe the 
state of a surface (from external and internal points of view) with regard to its 
potential performance. The oiginal definition [9] of this term is “the inherent or 
enhanced condition of a surface produced in a machining or other surface gen-
eration operation”. After some years of scientific works on the subject, a new 
definition has been proposed [10]: “the topographical, mechanical, chemical and 
metallurgical worth of a manufactured surface and its relationship to functional 
performance”. 

A surface can be defined as a border between a part and its environment. 
One particular piece belonging to a mechanical system has several surfaces. In 
common practice, engineers design pieces to satisfy a list of criteria in relation 
to the function of each surface. Some surfaces have mechanical contact with 
another part, whereas other surfaces just make contact with air or oil, etc. As a 
consequence, the specification of each surface is different depending on its 
function: 

• Mechanical functions (capability of carrying mechanical loads) 
• Thermal functions (heat resistance or temperature conductivity) 
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• Tribological functions (surface interaction with other surfaces: rolling, 
sealing, sliding, etc.) 

• Optical functions (visible appearance, light reflection behaviour) 
• Flow functions (influence on the flow of fluids) 

From a global point of view, surfaces have to support: chemical attack, tribologi-
cal solicitations, mechanical pressure, heat transfer, etc. 

A surface is usually composed of several layers that differ from the bulk mate-
rial in composition and structure. The surface composition is schematically illus-
trated in Figure 3.2. Indeed, as soon as a freshly machined surface is exposed, it 
will oxidize and adsorb. The adsorbate surface consists of water vapour and hy-
drocarbons from the environment (air, cutting fluids, etc.). Beneath this layer, 
there is an oxide. Its thickness can remain stable (for example, in the case of 
stainless steels or aluminium alloys) or may continue to grow with time (for ex-
ample, in the case of low-carbon unalloyed steels). Beneath the oxide layer is the 
strained and metallurgically altered region (by the manufacturing processes), 
which is several orders of magnitude greater than the depth of the previous layers, 
several tenths of a millimetre. 

The aircraft industry was among the first to consider the surface integrity of their 
pieces, since the consequences of a breakage are always dramatic from a human and 
economical point of view. Such an industry has a double objective: designing air-
craft with a minimum weight (i.e., with pieces having small sections) and producing 
pieces with a high degree of safety. Moreover, an additional objective is increas-
ingly becoming important: economical competition, which induces pressure on 
production costs and obliges factories to produce more rapidly. The combination of 
these three objectives (thin, fast and safe) makes this job very difficult. In such 
a context, the surface integrity of their pieces is of primary importance. 

Such objectives are also becoming increasingly critical in other industries, such 
as the automotive industry, because car manufacturers are engaged in a race with 
two objectives: 

• weight reduction in order to reduce gas consumption, 
• increase of engine power in order to satisfy pollution criteria, which leads 

to increased mechanical stresses that has to be supported by the pieces in 
the power transmission 

 
Figure 3.2. Schematic section of a machined surface 
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Figure 3.3. Interrelation between failure modes and surface properties 

These two contradictory objectives give increasing importance to the impact of 
the surface integrity on the reliability of cars. 

All companies manufacturing mechanical products have experience of a com-
ponent breaking linked either to a poor design or to a manufacturing problem. 
Each company has developed some home-made specifications and the correspond-
ing manufacturing procedure to ensure the reliability of their products. However, 
they have often carried out little investigation in order to correlate these specifica-
tions, their manufacturing procedures and the performance of the surfaces. Most of 
the time, they use the solutions developed in previous applications. When a prob-
lem occurs or when a serious change is introduced (for example, a new material), 
companies try to find a solution quickly without having all the information allow-
ing solutions to be predicted reliably. 

Some authors [10–11] have proposed a connection between the properties of 
the surface, the failure mode and the performance, as reported in Figure 3.3. 

3.1.1 Link Between Surface Integrity and its Manufacturing Procedure 

The evaluation criterion of a process depends on the functionality of the machined 
surface and on the economic efficiency of the process. Usually, the last machining 
operation is always suspected of being responsible for a breakage. In fact, it is 
very important to bear in mind that the state of the sub-surface is the consequence 
of the superposition of the individual stresses induced by all manufacturing se-
quences: from the purchase of the raw material to the superfinishing operation, 
including the machining in the low hardness state, the heat treatment, the semi-
finishing operation in the hardened state, etc. 

As an example, in the case of a synchrogear, one manufacturing procedure is il-
lustrated in Figure 3.4. Three typical causes of failure are due to: 
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• Poor surface texture generated by the super-finishing operation. This prob-
lem may lead to a breakage of the synchrocone due to the torsion sup-
ported by this surface when changing the speed of the gearbox. 

• Poor grinding operation of the teeth (bad surface texture and/or a micro-
structural modification associated with tensile residual stresses). This prob-
lem may lead to the breakage of a tooth or to a rapid wear of the surface. 

• Poor heat treatment. If the cooling rate is too high, phase transformations 
occur in the external layer, whereas the cooling of the bulk is not so rapid, 
which leads to strong internal stresses during a short period. If stresses ex-
ceed the strength, cracks may occur (Figure 3.5). 

However, the hard turning operation of the synchrocone is potentially also a cause 
of breakage, since an abusive hard turning operation, involving an excessive cut-
ting speed and/or worn tool, may induce microstructural modifications and tensile 
residual stresses, which may lead to fracture initiation in the sublayer. In deed, the 
final super-finishing operation is only responsible for the surface texture and for 
the initiation of a compressive state in the external layer (~10 µm), whereas hard 
turning can modify the microstructure deep beneath this layer [12, 13]. 

 
Figure 3.4. Manufacturing procedure of a synchrogear 

 
Figure 3.5. Cracks induced by the quenching of a gear 
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Another typical example concerns the fatigue resistance of crankshafts [5]. 
Some authors [14] have shown that the ultimate roller burnishing is able to delay 
the appearance of cracks in grooves and as a consequence improve the fatigue 
resistance. However, the final result depends strongly on the heat treatment made 
by induction, which is a very sensitive process [15]. 

Each machining process has his own signature on the surface integrity, since it 
removes layers from a workpiece with its specific mechanism. However, this sig-
nature has a spectrum of characteristics depending on the conditions of applica-
tion (cutting conditions, lubrication, wear of cutting tools, etc.); for example, a gen-
tle hard turning operation will generate a very smooth surface (Ra ~ 0.3 µm) and 
will induce compressive residual stresses, whereas an abusive hard turning opera-
tion will induce tensile residual stresses associated with microstructural modifica-
tions [12]. The main difference between these two configurations comes from the 
heat, strains and strain rates induced by the machining process. 

As a consequence, it is impossible to give detailed informations about the 
surface integrity induced by each type of machining processes whatever the 
conditions of applications used by any end user. It is only possible to provide 
some general trends about the usual surface integrity observed in some current 
applications. 

The most efficient method for designing/manufacturing companies is probably 
to characterize the surface integrity of each pair machining process/work material 
commonly applied in their shop floors. As shown previously, they should also 
consider this approach to validate new machining conditions (for example, a new 
cutting tool that is theoretically more productive or more wear resistant or a new 
cutting fluid that is more environmental friendly, etc.) and to optimise their pro-
duction conditions with the best combination of productivity, wear and surface 
integrity parameters. Moreover these data would enable engineers to select the 
best machining process for a new application. 

3.1.2 Impact of the Surface Integrity on the Dimensional Accuracy 

Each machining sequence introduces a modification of the stress state of the 
piece. It produces relaxation inherent to the layer removal (modification of previ-
ous residual stresses) and induces additional stresses. Each production step can 
influence distortion by generating a distortion potential which is inherently stored 
in the workpiece and passed to the subsequent production steps. According to 
[16], distortions are influenced by: 

• Steel production 
• Metal forming 
• Cutting 
• Heat treatment 
• Fine finishing 

Between two manufacturing sequences, the surface residual stresses are balanced 
by bulk residual stresses of the opposite sign. Sometimes, if machining is only 
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carried out on one side of a component with a large amount of material removal, 
the residual stresses can result in considerable distortion. Figure 3.6 shows the 
example of a semi-cylindrical piece produced with the following manufacturing 
procedure: 

1. Rough machining from a monolithic bloc 
2. Annealing heat treatment, which is supposed to cancel all previous residual 

stresses 
3. Finish machining in order to obtain accurate dimensions. This is supposed 

to induce some residual stresses in a thin external layer: a few tenths of  
a millimetre. However these stresses are supposed to be negligible com-
pared to the one induced in the next step 

4. Cold forging (3 mm of plastic deformation), which induces strong residual 
stresses in the bulk material due to the plastification 

5. Rough milling of a 20 × 20 mm slot 

Figure 3.6 shows the residual stress state after the forging operation (following 
[17]). It appears that the residual stress level is very high (~ 800 MPa Von Mises 
stress). After the rough milling operation, a large distortion of the workpiece, due 
to the relaxation of the residual stresses, is observed: ΔA =1.35 mm. 

Figure 3.7 shows another basic example typically observed after the machining 
of a bar in its drawn state (following [17]). The bar contains a large gradient of 
residual stresses. The milling operation modifies this field of residual stresses and 
leads to great distortion (more than 1 mm). 

Another standard case study, i.e., the manufacturing of a bearing cage, has been 
investigated in depth by [16], since it is a typical thin part, which is especially 
sensitive to distortions. 

 
Figure 3.6. Distortion of a part due to relaxation of residual stresses 



66 J. Rech et al. 

 
Figure 3.7. Deformation of a bar due to relaxation of residual stresses 
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It has been shown [18] that the residual stress state of the initial Al7440 
T7651 block for aircraft structures can significantly affect the part distortion in the 
roughened stage (95% of chip removal), whereas the introduction of residual 
stresses in the finishing stage of thin sections also has an important effect on the 
case of thin structures. 

Some authors have tried to make a link between the superposition of residual 
stresses produced by the various sequences of a manufacturing process and the 
relaxation induced by machining. For example, [19] has investigated the modifica-
tion and evolution of the residual stress field, originating from welding, after chip-
forming machining, such as milling and cutting. 

3.1.3 Impact of the Surface Integrity on Fatigue Resistance 

Residual stresses can have a wide variety of profiles depending on the manufactur-
ing procedure. The magnitude and sign of the residual stress will have a significant 
effect on functional performance. A common idea is to prefer compressive residual 
stresses in the external layer because they tend to close surface cracks. However 
the fatigue resistance properties of a surface depend on the thermo-mechanical 
loading supported by the surface (bending, tension, torsion, rolling, etc.), for ex-
ample, it is preferable that a rolling contact has a peak of compressive residual 
stresses in the sublayer, where the shear stresses are maximum. This would limit 
the pitting fatigue in some typical applications such as bearings, camshafts, etc. As 
an example, it has been shown by [20] that rolling fatigue of bearings is improved 
when hard turning is used instead of grinding. This improvement is explained by 
the large peak of compression in the sub-surface. In parallel, [21, 22] have shown 
that hard turning operations managed in gentle conditions with new tools can in-
crease the rolling contact fatigue by up to six times compared to the same operation 
made with a worn tool. This result is explained by the modification of the residual 
stress profile and by microstructural modifications. 

If a part is submitted to a bending loading (similar to a standard four-point 
bending test in a laboratory), the external residual stress state is of great impor-
tance. As an example, [7] investigated the influence of the hard turning process on 
the fatigue resistance of the case-hardened steel 16MnCr5 (AISI5115). It has been 
shown that a hard turning operation managed with a new tool leads to compressive 
stresses in the external layer and to high fatigue resistance. This fatigue resistance 
is significantly worse with flank wear of the c-BN insert. 

A similar trend was observed for various applications by [23]: the fatigue resis-
tance in four-point bending tests is directly correlated to the external residual 
stress state. A compressive residual stress is beneficial for fatigue resistance in the 
case of a 30NiCrMo16 bainito-martensitic steel manufactured by finish turning, or 
in the case of 7075 T7351 aluminium alloy manufactured by finish peripheral 
milling. On the contrary, a TiAl6V manufactured by finish turning, or a 7075 
T7351 aluminium manufactured by face milling, do not seem to be sensitive to 
this parameter, but to the surface roughness only. 

In a different context, [24] investigated the influence of the honing process on 
12%Cr stainless steels and on Hastelloy X, showing that this process leads to 
compressive stresses in the surface and to a very smooth surface. Rotation bending 
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fatigue tests and pulsating push–pull fatigue tests have shown a great improvement 
of the resistance compared to a shot peening operation. However this improve-
ment was even better in an aggressive atmosphere (water + sodium chloride) than 
in air, which proves the improvement of the resistance against stress corrosion. 

Finally, the effect of the application of a coolant during a machining operation 
should not be neglected [25]. The tribo-physical and tribo-chemical interactions 
between the cutting tool, workpiece, metalworking fluid and surrounding medium 
have an influence on the properties of the resulting surface. Defects can be gener-
ated by adsorption and reaction layers on the machined metal surface: dirt, oils, 
greases as well as residues from the machining process. In a study of the machining 
of 42CrMo4 steel the effect of various metalworking fluids on the results of the gas 
nitriding process used for surface hardening were reported. It was observed that 
using sulphur and phosphorus additives in the cutting fluid may lead to a decreased 
surface hardness after gas nitriding, which leads to a dramatic wear rate. 

These complementary examples show that the correlation between the fatigue 
resistance of a part and its surface integrity depends strongly on the loadings sup-
ported by the surface (thermal, mechanical, chemical) and on the material and on 
the manufacturing process. It is very difficult to define universal ideas in this area. 

In this chapter, surface integrity will be more detailed regarding its sub-surface 
state (metallurgical and mechanical states). Readers interested in information about 
the influence and characterization of surface texture are referred to [10, 26−28]. 

3.2 Material and Mechanical Aspects of Surface Integrity 

Residual stresses are defined as mechanical stresses in a solid body, which is cur-
rently not exposed to forces or torques and which has no temperature gradient. 
The superposition of the residual stresses induced during the material manufacture 
and machining operations leads to the final residual stress distribution. 

3.2.1 Mechanisms Leading to Material and Mechanical Modifications 
in Machining 

In order to predict the performance of a surface, it is of great importance to character-
ize the signature of machining procedures in the field of material and mechanical 
state. A signature depends mainly on the combination of the mechanical, the thermal 
and the chemical loadings applied by the cutting process on the surface and on the 
sub-surface. Most of the processes are a combination of the three generating mecha-
nisms. Just some processes can be clearly attributed to one single mechanism. As an 
example, electro-discharge machining (EDM) is clearly a thermal process, since 
there is no mechanical contact between the workpiece and the electrode. The tem-
perature increases to the melting temperature because of electrical discharges, and 
then the material is solidified by the cooling effect of the dielectric. On the contrary, 
electro-chemical machining (ECM) is clearly a chemical process. It is not able to 
induce any residual stress in the material, nore any microstructural modifications. 
For other machining processes, the classifications are not so clear. It is evident that 
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any processes inducing large strain and strain rates will also induce some heat due to 
the plastic deformation of the material and a large quantity of heat due to the friction 
between the cutting tool and the material. Modification of the mechanical state in the 
surface and sub-surface occurs systematically, inducing residual stresses. Depending 
on the amount of energy, the temperature reached and the time of exposure, micro-
structural modifications may also occur in an external layer. A typical consequence in 
steel machining is the observation of so-called white layers, so named as they appear 
white in micrographs after etching. These are due to short-term metallurgical proc-
esses that occur under specific cutting conditions. Based on this statement, it is evi-
dent that each machining process involves more or less plastic deformation and fric-
tion, resulting in a large spectrum of consequences on the material and mechanical 
states of the machined surface. Moreover, even a defined machining process has 
a wide range of thermo-mechanical effects, since cutting tool geometries, cutting 
conditions, lubrication and tool wear are very sensitive parameters on this aspect of 
surface integrity. 

Residual-stress-generating mechanisms can be simplistically represented by 
four models: 

• Plastic deformation induced by mechanical load: the external residual 
stress is compressive because the surface layer is compacted by some form 
of mechanical action. There are no (or very limited) heating effects. This 
also applies to some other processes such as roller burnishing. 

• Plastic deformation induced by thermal load (without phase transforma-
tion): the external residual stress is tensile because the surface expands 
greatly during heating, whereas the subsurface does not. The external sur-
face is plastified by compression. When cooling, the external surface tends 
to recover its position, which is no longer possible due to the plastic de-
formation, leading to a tensile state. 

• Plastic deformation induced by phase transformations: the residual stress 
may be caused by a volume change due to a phase transformation. If the 
phase change causes a decrease in volume (for example, the transforma-
tion of martensite into austenite), the surface layer wants to contract but 
the underlying bulk material will resist this. The result is that the surface 
layer is under tension, whereas the sub-layer is under compression. If the 
phase transformation causes an increase in volume (for example, the trans-
formation of austenite into martensite), the residual stress will be com-
pressive. This is the case with conventional heat treatment of steel. It also 
applies to nitriding or case hardening, in which the volume increase is 
caused by diffusion. 

• Thermal/plastic deformation: in practice, a combination of the previous 
mechanisms occurs, leading to either more compressive or tensile stresses. 

3.2.1.1 Mechanical Plastic Deformation 

Plastic deformation occurs when the stress exceed the elastic limit, inducing strain 
hardening. A plastic flow occurs, which may lead to cracks. Depending on intensity 
and on the contact area, the mechanically affected zone can have various thick-
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nesses. In some extreme cases, grains are so distorted that the structure is not observ-
able in micrograph analysis and appears white after etching. Processes such as bur-
nishing, reaming, honing and broaching produce large strain hardening with a lim-
ited amount of heat due to either low friction phenomena or low velocities. Processes 
such as turning, milling and drilling also include large plastic deformations at low 
cutting speeds, but thermal effects become predominant in high-speed cutting. 

In mechanically dominated processes, the hardness constantly increases from 
bulk to surface, whereas in thermal processes this is not the case. 

In order to discuss the mechanical impact of a cutting process, a turning opera-
tion will be described. As shown in Figure 3.8, mechanical effects are due to the 
pressure applied by the rake face and by the cutting edge radius. The workmater- 
ial is plastically deformed by compression in front of the cutting tool, whereas it  
is submitted to tension behind the cutting tool. Figure 3.8 shows the compressive 

 

 
Figure 3.8. Principle of residual stress creation under a pure mechanical load in cutting 
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zone OAB and the tensile zone CDE. Finally, when the cutting tool has moved far 
from the surface, the unload zone EF appears. When the machined surface is not 
exposed to any forces, it appears that compressive residual stresses remain at the 
surface. Of course, to maintain the mechanical equilibrium of the system, tensile 
stresses exist in the sub-surface [29, 30]. 

If the plastic deformation is very high, the material may become so deformed 
that it is not possible to discern any microstructure. The external layer appears as 
white in a micrograph. If such so-called white layers remain during service oper-
ation, failure may occur by an excessive additional stress. 

3.2.1.2 Thermal Effects Without Microstructural Changes 

Thermal effects have a totally different action compared to mechanical effects. 
When crossing the primary shear zone in front of the cutting tool and when rubbing 
the clearance face of the cutting tool, the future machined surface is submitted to an 
intense heat flux (Figure 3.9). If the mechanical effects and the microstructural 
modifications are neglected, the machined layer is either in compression or in ten-
sion, depending on the expansion coefficient. Most of the time, for metals, the ex-
pansion coefficient has a positive value. As a consequence, in the zone OAB (Fig-
ure 3.9), the future machined surface is in compression. The zone BCD corresponds 
to the cooling of the surface by means of the bulk material or of the environment (air 
or coolant). During the exposure to intense heat fluxes, high temperature gradient 
exists, which may lead to a local plastification of the workmaterial. When the sur-
face is returned to a steady state at room temperature, tensile stresses remain at the 
surface. Consequently compressive stresses exist in the sub-surface [31]. 

3.2.1.3 Thermal Effects with Microstructural Changes 

As described previously, intense heat fluxes are applied on the machined surface 
in the primary shear zone and in the rubbing zone. A thermal load has a delayed 
consequence, since the heat transfer depends on the thermal properties of the ma-
terial and of the cutting tool. This also depends on the heat exchange coefficient at 
the tool–work material interface. Anyway, the temperature can rise very quickly in 
the vicinity of the heat sources, whereas it takes time to raise some micrometres 
further in the sub-surface. For a defined amount of energy, microstructural modifi-
cations can occur. These changes are completely different to the one typically 
observed in the steady-state situation. Indeed, the heating rate and the cooling rate 
can be very high, which limits the possibilities of atoms diffusion and reconstruc-
tion of crystals. Example, in hard turning, a typical heating rate is around 106 °C/s 
[32, 33], whereas a typical cooling rate in grinding is around 103 °C/s [34, 35]. 

The case of the machining of treated steel will be more detailed in the rest of the 
section since it is the most common situation that has been largely discussed in the 
scientific literature [36]. In this context, the metallurgical modifications are often 
called white layers. This term refers to surfaces appearing white in a micrograph 
analysis, which means that its microstructure cannot be distinguished due to either 
a very thin structure or a lack of chemical reaction of the structure with the chemi-
cal reactor used (typically nital for steels). A white layer is often accompanied by 
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Figure 3.9. Principle of residual stress creation under a pure thermal load in cutting 
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In conventional heat treatment, TTT diagrams are used for the prediction of 
the phase transformation. However such diagrams suppose that the duration is 
long enough to obtain a homogeneous structure. In the case of machining proc-
esses, the heating rate is very high. As a consequence, in conventional heat treat-
ment, the temperature necessary to reach similar transformations are much higher. 
Figure 3.10 shows how the heating rate modifies the limit Ac1 and Ac3 of an 
hypereutectoid steel. It appears that a tempered state enables the modification to 
occur at much lower temperatures and after a shorter duration. It is clear why 
hardened steel has a tendency to undesirable transformations even at a heat im-
pact for a short time. After long heat treatment durations, transformations can 
take place via nucleation, crystal growth, diffusion, etc. At a definite critical heat-
ing rate no further shifts of the transformation lines Ac1 and Ac3 can be ob-
served. In high-speed cutting, a diffusionless transformation occurs, which means 
that recrystallisation of different crystal modifications without atomic diffusion 
processes happens. 

In short-time heat treatment processes, the quenching rate can be reached by 
rapid heat dissipation to the cooler core of the part or to the lubricant, so that 
a lasting heat impact on the newly generated martensite is suppressed. Hence, 
a very fine-grained structure is formed, which in micrographs can appear as white 
due to the limit of resolution of a light optical microscope. This induces the re-
hardening of the external layer. This specific performance is utilised in short-time 
heat treatment methods such as induction and laser hardening to carry out a local 
surface hardening while supplying relatively low quantities of energy. 

When the amount of heat is higher due to a longer exposure or to a more in-
tense heat flux, the sub-layer cannot evacuate rapidly the heat flux coming from 
the surface. Then the sub-layer may be tempered, causing softening. This layer is 
a so-called overtempered martensite structure (appearing black in the case of steel 
etched by nital), which has a lower hardness than bulk material made of conven-
tional martensite (Figure 3.11). On micrographs, no clear transformation line can 
be seen between the heat-affected layer and the bulk. 

 
Figure 3.10. Influence of the heating rate on the TTA diagram for a hypereutectoid steel 
Cf53 



74 J. Rech et al. 

When this amount of heat becomes even higher, additional microstructural trans-
formations (with diffusion) mavy occur, leading to untempered martensite and re-
tained austenite, in parallel to an oxidation of the surface (burned surface). Such lay-
ers appear as white in micrographs, since austenite is not sensitive to nital etching. 

Beside the aforementioned phase transformation, which occurs depending on the 
time–temperature profile and on the specific material properties, the thermal expan-
sion caused by the generated heat as well as by the volume alterations caused by the 
phase transformations lead to an unstable stress field. This stress field is superposed 
onto the two previous ones induced by the pure mechanical and the pure thermal 
effects, which makes the prediction very complex in real cutting processes. 

3.2.2 Modelling of Residual Stresses 

Residual stresses in machined surfaces have been investigated since the early 
1950s, leading to handbook data (experimental approach). More recently, finite 
element methods of machining have been used to predict residual stresses from 
computed stress and temperature distributions. However, such methods are highly 
time consuming and very costly. As a consequence, new approaches combining 
experimental, analytical and numerical models appeared recently in order to en-
able a rapid prediction of the residual stresses within a few minutes, making this 
approach usable for industrial applications. 

The large majority of these researches are interested in predicting the residual 
stress state after orthogonal turning (or grinding), which is a 2D problem far from 
realistic cutting processes (3D turning, milling, drilling, etc.). The main limitation 
to moving towards complex cutting processes is central processing unit (CPU) 
time. Only few investigations dealt with 3D turning operation but with many more 
assumptions and uncertainties in order to limit the CPU time [37, 38]. Moreover 
such models do not consider microstructural modifications, which limit their ap-
plications. From this point of view, the cutting scientific community is behind the 
welding scientific community which has investigated the coupling of metallurgi-
cal–mechanical–thermal effects in 3D configurations for a long time [39, 40]. This 
section aims to provide some trends and references in residual stresses modelling 
in orthogonal cutting without considering metallurgical changes. 

 
Figure 3.11. Microstructural modification induced by a hard turning operation on 
a 27MnCr5 case-hardened steel [12] 
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3.2.2.1 Numerical Modelling 

Numerical models necessitate the application of standard finite element codes 
such as SYSWELD, ABAQUS, DEFORM, etc. In such approaches, two major 
types of parameters are strategic (Figure 3.12): 

• The input data: mechanical properties of the workmaterial, thermal proper-
ties of the workmaterial and of the cutting tool, friction model at the tool–
work material interface, etc. 

• The numerical model:  
−  Lagrangian, Eulerian or ALE techniques 
−  Adaptative remeshing or none 
−  Implicit or explicit formulation 
−  Element type and size 

The cutting tool geometry is provided by the tool manufacturer (rake and clear-
ance angles, cutting edge radius, chip breaker geometry). Most of the time, authors 
consider a plane-strain configuration since they consider that the depth of cut is 
much larger than the feed. 

The Lagrangian technique consists of tracking a discrete material point [41]. 
A predetermined line of separation at the tool tip is usually present, propagating 
a fictitious crack ahead of the tool in order to avoid severe mesh distortions (Fig-
ure 3.13). In this case, a failure criterion is required. The criterion is either based on a 
distance between the tool tip and the node, or based on a parameter depending on the 
stress state, on the strain rate and on the temperature at a certain distance ahead of the 
tool tip. In both cases, the separation occurs when a critical value is reached [42, 43]. 
However only sharp cutting tools can be modelled. Other kinds of Lagrangian tech-
niques prefer the use of adaptive remeshing techniques to bypass the problem, which 
enables the modelling of blunt tools [44–46] (Figure 3.14). Of course, the CPU time 
becomes very high since a fine mesh is required around the cutting edge radius. 

Mechanical properties
of the workmaterial

Thermal properties
of the workmaterial

and cutting tool

Friction model

Numerical model 

Chips 

Cutting forces 

Temperature fields

Residual stresses

Cutting tool geometry
(angles, edge radius) 

and feed

 
Figure 3.12. Data involved in the numerical modelling of residual stresses 
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Eulerian techniques consist of tracking volumes and do not induce problems of 
mesh distortion or require failure criterion [47, 48]. However the determination of 
free surfaces is critical, which necessitates some assumptions about the chip ge-
ometry (no segmented chips, etc.). Finally, the avoidance of elastic behaviour does 
not enable the estimation of residual stresses. 

The arbitrary Lagrangian–Eulerian (ALE) technique is a relatively new model-
ling technique that represents a combination of the Lagrangian and Eulerian tech-
niques without their drawbacks [49]. Figure 3.15 illustrates an application of this 
approach. Regions A, C and D were modelled as Lagrangian regions with adaptive 
meshing. So free surfaces can be modelled properly and boundary conditions can 
be applied in a simple way. Consequently, automatic chip formation takes place. 
Region B was modelled as an Eulerian region, where the mesh is fixed in space 
and the material flows through it. This solves the problems encountered around the 
tool tip. 

In metal cutting simulations, authors usually apply explicit integration methods; 
although some works are available with implicit methods [44, 50]. In explicit inte-
gration, a system of decoupled differential equations is solved on an element-by-
element basis, in which only the element stiffness matrix is formulated and saved 
without the need for the global stiffness matrix. On the other hand, the global 
stiffness matrix has to be formulated and saved in implicit integration, and the 
whole system of differential equations has to be solved simultaneously. Therefore, 
explicit methods are computationally more efficient, especially when non-linearity 

 
Figure 3.13. Principle of the Lagrangian technique applied to metal cutting modelling 

 
Figure 3.14. Example of Lagrangian model simulating the residual stresses of a 316L  
steel [46] 
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is encountered. This becomes more evident in thermally coupled analysis, as in 
metal cutting, because structural and thermal variables are solved simultaneously. 
On the other hand, explicit integration is conditionally stable because the critical 
time step depends on the minimum element size and the speed of wave propaga-
tion, while implicit integration is unconditionally stable [51]. 

Concerning the input data of numerical models, the identification of the consti-
tutive equations for the work material (flow stress model and damage model) 
remains an issue, since it requires the determination of material properties at high 
strain rates, large strains, high temperatures and high heating rates. The main prob-
lem originates from the strain rate achievable in standard mechanical tests (for 
example, Hopkinson’s bar), which are about 100 times too slow compared to clas-
sical strain rates in metal cutting ~105–106 s–1. A common practice consists of 
using the Johnsson–Cook model, including deformation hardening, thermal sof-
tening and rate sensitivity. Another major problem originates from the identifica-
tion of the coefficients independently from each other, i.e., the strain rate effect is 
identified at low temperature, the temperature effect is identified under low strain 
rates, etc. As a consequence, there is no way to validate that such models remain 
meaningful under the combination of high strain rates and high temperatures. 
Some authors have underlined the sensitivity of Johnsson–Cook parameters on the 
residual stresses predicted to prove the necessity of improvement of the identifica-
tion methodology and of the constitutive models [44]. 

Friction is also one of the most critical parameter in metal cutting. Indeed, it is 
the most sensitive parameter for the determination of residual stresses, since 
a small modification of its value induces large modifications of the residual stress 
field [43, 52]. A lot of authors assumed that the Coulomb friction model is valid, 
with a constant coefficient irrespective of the pressure and of the temperature. 
Newly developed tribometres combined with numerical models enable the identi-
fication of more realistic friction models [53]. 

 
Figure 3.15. Principle of the ALE technique applied to metal cutting numerical modelling 
since [49] 
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Due to the transient thermal and dynamic behaviour of the model, it is neces-
sary to relax thermally and mechanically the workpiece after the cutting process in 
order to quantify residual stresses. 

All these models provide relevant information in the range of application for 
which they have been developed for. Usually, scientific papers present results for a 
limited number of cutting conditions, without showing the capacity of the model to 
extrapolate results for other applications. An example is provided in Figure 3.14. 
However the CPU time required to obtain an acceptably accurate result is around 1 
or 2 weeks even with a powerful computer, which does not currently enable its 
industrial application. However such models are useful for researchers, since the 
residual stress prediction can be made for several configurations, which facilitates 
the investigation of the sensitivity of these parameters. This also enables the devel-
opment of cutting operations based on residual stress criterion by modifying: 

• Cutting conditions: cutting speed, coolant, etc. 
• Cutting tool geometry: edge radius, angles, etc. 
• Cutting tool material: coatings, substrate, etc. 

3.2.2.2 Analytical Modelling 

The objective of analytical models is to predict residual stresses based on equa-
tions coming from mechanical and thermal properties of work materials. Such 
models are very efficient in terms of speed compared to experimental or numerical 
approaches. Moreover such models enable the effects of each parameter on the 
system to be understood in detail, which is necessary for any process optimization. 

Pure analytical models are almost nonexistent since they are unable to model 
dynamic movement. Indeed, the cutting boundary changes continuously during 
machining. So modelling a turning process from the beginning to a steady state 
becomes complex. As a consequence, most authors apply the finite element tech-
nique to solve this problem. Compared to the previous approach, the numerical 
calculation is only used to facilitate and accelerate the resolution of the mechani-
cal and thermal equations for each step. It especially enables to record the history 
of thermo-mechanical loading and unloading. From a practical point a view, au-
thors have to perform three kinds of operations (Figure 3.16): 

1. Quantifying the thermo-mechanical loadings supported by the machined 
surface 

2. Moving the thermo-mechanical loadings with the velocity corresponding to 
the cutting speed 

3. Removing the loadings and waiting for the relaxation of the thermal and 
mechanical field before quantifying the residual stress fields. 

Based on this statement, each author has a different way to quantity the thermo-
mechanical loadings supported by the machined surface. Some authors consider 
only thermal loadings and neglect mechanical effects [54]. Other authors prefer 
processing the thermo-mechanical loadings in two steps: 
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1. A first calculation aims to model the heat transfer between tool, chip and 
workpiece. Heat sources coming from the shear energy in the primary 
shear zone and from the friction energy produced at the tool rake face–chip 
contact zone. The heat generated from the friction at the flank face–
workpiece interface is not considered by some authors [55], whereas other 
authors consider it to be of primary importance [52, 56]. The quantification 
of each parameter is always problematic, considering: the heat partition 
coefficient, heat exchange coefficient with the environment, amount of 
plastic deformation energy converted into heat, repartition of the heat flux 
density along the contact surface, availability of a relevant friction model 
(see previous section), influence of the coating etc. Among the articles us-
ing this approach, each author has their own choice depending on the data 
available in the literature. However, based on this thermal analysis, the 
temperature distribution within the workpiece is calculated. Temperature 
gradient leads to a non-homogeneous mechanical stress field. 

2. A mechanical load is combined with the preliminary stress. At this step, 
two strategies exist. The first strategy consists of neglecting coupling ef-
fects [56], whereas the second strategy consists in taking into account this 
thermo-mechanical coupling [52]. Such an approach induces the absence 
of coupling between mechanical and thermal phenomena. However, the 
quantification of each parameter remains a problem: repartition of the pres-
sure over the contact surface, area of contact surface, isotropic or kine-
matic hardening, etc. Depending on the author, various solutions exist. 
Some authors use pure theoretical models [55], whereas others prefer using 
experimental data obtained basic orthogonal cutting tests (cutting and feed 
force, flank face contact area, chip thickness, etc.) [52, 56]. 

Such analytical models enable one to obtain interesting results in terms of preci-
sion (example in Figure 3.17) and CPU time (some minutes according to [52]). 
Models combining analytical equations fitted by experimental results can be con-
sidered as a realistic way to model residual stresses before the development of 
efficient and rapid numerical models. 

 
Figure 3.16. Principle of moving sources [52] 
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All these models (analytical and numerical) contribute to a better understanding 
of the phenomena leading to residual stresses. They also enable decision regarding 
the cutting tool design and the selection of proper cutting conditions to be taken. 
However, for the time being, all these models have been developed for one spe-
cific application: one work material, one kind of cutting tool material, one geome-
try, etc. and their validation is always restricted to few cases because of the cost 
for each residual stress measurement. As a consequence, there is still no software 
available on the market that is able to predict residual stress fields for a large range 
of applications (various work materials, various cutting tools, various cutting con-
ditions, application of lubrication, etc.). The great improvement made during the 
last 10 years leads us to think that such software could appear in the next few 
years if some leading companies apply pressure and provide financial support to 
research laboratories in order to determine much more accurately the input data 
necessary for their models and if the CPU time continues to decrease in order to 
obtain accurate results within a reasonable time to enable industrial optimization. 
In the mean time, the experimental approach will probably remain the reference. 

3.2.3 Experimental Approach 

3.2.3.1 Introduction 

The most widely used approach to characterize surface residual stresses induced 
by machining processes remains the experimental approach. It consists of charac-
terizing the residual stress state and the microstructure before and after the ma-
chining operation. The X-ray diffraction technique and the micrograph analysis 
are the reference for such investigations. The experimental approach is very effi-
cient to provide results, but it requires several days of characterization. Moreover, 
the cost of such equipment and the complexity of their application necessitates 
competent engineers, which leads to very high cost (several hundreds to thousands 
of US$ for each piece, depending on the number of directions investigated, the 
precision required and the number of points on the profiles). 
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Figure 3.17. Example of results obtained by analytical models [52] 
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However such results exhibit large deviations since a large number of cutting 
parameters have a strong influence on the residual stress profile. Parameters such 
as cutting speed, feed, etc. are very commonly known, but information about 
parameters such as cutting edge preparation, lubrication (nature, application) and 
wear of cutting tools is not always reliable and can vary significantly. Such pa-
rameters are well known to have a strong influence on the residual stress profile 
since they modify entirely the thermo-mechanical load supported by the surface 
[12, 13]. Most of the time, such detailed information is not clearly expressed, or 
controlled. As a consequence, it is necessary to carry out several characteriza-
tions for each case study in order to find the lower and upper bounds of the re-
sults, including standard industrial deviations. Based on this range of results, it is 
possible to take decisions regarding the capability of a process. This necessitates 
a lot of time and money in order to obtain reliable information. As a conse-
quence, few companies are willing to perform such investigations, except the 
aircraft industry, the nuclear industry and the automotive industry for some stra-
tegic surfaces concerning safety parts. Usually, companies prefer to select their 
manufacturing conditions based on common criteria: cost, time, wear, accuracy, 
etc. and subcontract the characterization in order to validate (or not) the surface 
integrity. The main problem with this approach is that the probability of satisfy-
ing the specifications is rather poor since there are no basic reliable models 
available on the market that are able to predict the results (see the previous sec-
tions). As a consequence, companies are ill equipped to take a decision regarding 
the modification of one parameter among all the possible parameters. When the 
residual stresses have to be compressive in the external layer, the least hazardous 
solution consists of adding a super-finishing processes such as honing, belt fin-
ishing or roller burnishing. However such solutions are very expensive and delay 
the time to market of the product. 

When companies decide to perform residual stresses measurements, some pre-
fer measuring residual stresses on the external layer only. This practice is risky 
since the external residual stress level is very sensitive. A small variation of the 
process parameters can lead to large variations in its value. On the contrary, the 
shape of the residual stress profile is much more stable, so it is highly recom-
mended to analyze residual stress profiles instead of single external values. 

From the 1950s to the 1990s, the number of investigations was rather limited 
since the characterization methods were rather rare, expensive and difficult to 
manage. The development and diffusion of the X-ray diffraction technique have 
enabled a strong acceleration of these investigations in laboratories and industry. 
Since this time, the scientific literature has provided a large number of papers 
dealing with a wide range of machining techniques. It is almost impossible to 
provide a comprehensive description of all of these investigations. It is only pos-
sible to give an idea of the results provided for some key applications, which 
have driven large improvements in the basement knowledge. 

The following sections will be devoted to the presentation of some typical cut-
ting processes with common parameter (not extreme) values and the correspond-
ing induced residual stress states. 
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3.2.3.2 Grinding 

Among the machining technologies for which data dealing with residual stresses is 
available in the literature grinding is probably the most investigated process, for 
several reasons. Firstly it is a finishing technology and, as a consequence, is an 
important contributor to the fatigue and wear resistance of the surface. Second, 
this is a very sensitive technology involving a high concentration of energy dissi-
pated through narrow surfaces, which may induce easily thermal damages (white 
layers, oxidation, burn, etc.). Moreover grinding is applied in almost all strategic 
parts of typical mechanisms: motor engines (crankshaft, camshaft, valves, etc.), 
gear boxes (gears, shaft, etc.), turbine engines (blades, rotors, etc.), and so on. As 
a consequence of the high potential risk of this technology, combined with the 
high stakes in such leading industries, a lot of investigations have been undertaken 
in order to qualify and model surface integrity in grinding. 

Before presenting some typical residual stress profiles generated in grinding, it 
should be noted that there are a large variety of parameters: 

• Work material: composition, microstructure 
• Grinding wheel: material – c-BN, alumina, SiC- and structure 
• Lubrication: composition, application (pressure, nozzles, etc.) 
• Dressing conditions 
• Grinding conditions 
• Wear of the grinding wheel 

For each configuration, the physical phenomena are very different, which leads to 
a large variety of residual stress profiles (tensile or compressive states in the ex-
ternal layer, with or without phase transformations). Surface integrity in grinding 
depends on the thermo-mechanical loadings supported by the work material and 
on its metallurgical properties. At the grain scale, different phenomena occur: 
microchip formation, ploughing, rubbing, etc. Grinding operations necessitate 
powerful machines. A large amount of the energy consumed is dissipated into heat 
because of the predominance of ploughing and rubbing phenomena (plastic de-
formation), which lead to a very poor energy efficiency ratio. So, grinding is 
a machining process that involves high concentrations of heat fluxes at the inter-
face, combined with large contact areas, in comparison to other techniques (turn-
ing, etc.). The objective of the manufacturer is to dissipate this energy into the 
grinding fluid instead of into the work material (where it can cause surface integ-
rity damage) or into the grinding wheel (where it can cause excessive wear and 
dimension variations). However, the complexity of the grinding wheel structure 
and the difficulty that the grinding fluid has in reaching the contact area due to the 
high tangential speed (from 30 m/s in conventional grinding to 200 m/s in high-
speed grinding) lead to large deviations in the results, which classify this technol-
ogy among unstable processes. A small difference in the parameters listed above 
can change the results dramatically. 

When no phase transformation occurs, tensile stresses are always observed in 
the external layer because of the predominance of plastic deformation induced by 
the thermal expansion of the work material (Figure 3.18). However, an increase of 
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the grinding speed leads to high temperatures. When a defined temperature is 
reached, phase transformation may occur (for example, martensite  austenite). 
The rapid cooling of the surface leads to quenching and variation of volumes 
which may induce compressive residual stresses (austenite to martensite) or tensile 
stresses (martensite to austenite) (Figure 3.19). 

A large number of authors have investigated the influence of grinding parame-
ters on the surface integrity and it is almost impossible to mention them all 
[34−35, 42, 57−66, 30−31]. Among these investigations, authors have dedicated  
a large number of articles to the characterization of high-speed grinding involving 
c-BN wheels, since this enables the improvement of surface integrity (residual 
stresses, surface texture, wear rate, etc.) combined with a large gain in productivity. 

 
Figure 3.18. Typical residual stress profiles obtained after grinding 

 
Figure 3.19. Mechanisms of residual stress generation associated with phase transfor-
mations [34, 35] 
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3.2.3.3 Turning 

The second most widely investigated machining technology is probably turning. 
Since [67], various papers were published intermittently until the end of the 1990s. 
Companies manufacturing turbine engines associated with academic laboratories 
were the main contributors to this literature. Due to the difficulties in obtaining 
such data and the cost, only part of these investigations has been published. More-
over, most of the investigations were concerned with high-strength steels (e.g., 
39NiCrMo16), stainless steels (e.g., 316L) and titanium alloys (e.g., TA6V). Since 
the 1990s, the appearance of c-BN tools has completely changed the manufactur-
ing processes in the automotive, aircraft and bearing industries. The possibility of 
replacing grinding operations by dry hard turning operations has brought about 
new opportunities for productivity improvements. In this period, the question was: 
is the surface integrity induced by hard turning appropriate for the fatigue/wear 
resistance of the machined surface. As a consequence, since this period, a large 
number of papers dealing with surface integrity in hard turning have appeared in 
scientific journals. 

Turning of Austenitic Stainless Steels AISI316L with Carbide Tools [49, 68, 52] 
Residual stress profiles induced by turning all have a similar shape (Figure 3.20). 
Tensile stresses are present on the external surface, followed by a large compres-
sive peak in the sublayer. Among the strategic parameters, small nose radii and 
low cutting speeds are favourable to decrease the stress level and the affected layer 
thickness. Feed has a strong influence on the affected layer thickness. 

Turning of Titanium Alloys (TA6V) in their α+β Structure with Coated Carbide 
Tools [23, 69] 
External residual stresses are compressive. The affected layer can increase from 
100 to 400 µm with increasing cutting speed. The fatigue resistance in four-point 
bending tests seems to be much more highly correlated with surface texture than to 
the residual stress state. 

 
Figure 3.20. Example of experimental measurements obtained after turning of 316L [68] 
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Turning of Inconel718 in Their Hardened State with Mixed Ceramic Tools or 
c-BN Tools [70−71] 
Ceramic tools induce larger tensile residual stresses compared to c-BN cutting 
tools when they are used in their own functioning domains (450 m/min for ce-
ramic and 250 m/min for c-BN). With new tools, c-BN cutting tools generate 
compressive residual stresses, whereas wear changes it to tension. The residual 
stress is sensitive to cutting speeds. At low cutting speeds (~10–200 m/min) com-
pressive residual stresses are generated, whereas tensile stresses are generated at 
high cutting speeds (~350–810 m/min). Round inserts and the application of cool-
ant are much favourable to compressive stresses. 

Turning of Inconel718 in Their Hardened State with Coated Carbide Tools [72] 
As cutting speed increases the surface residual tensile stress drops while an in-
crease in feed rate results in a slight increase in both the surface tensile stress and 
the depth of the compressive stress layer. The largest influence on the surface 
integrity generated is caused by tool wear. 

Turning of Annealed Steels (C45, AISI1018) in Their Ferrito-Perlitic State with 
Carbide Tools [73–76] 
Tensile stresses are obtained in the external layer, followed by a thick compressive 
layer. The parameters with the greatest influence seem to be the cutting speed and 
feed rate. An increase of the cutting speed seems to move residual stresses toward 
tension and to decrease the thickness of the affected layer. An increase of feed or 
wear makes the residual stresses more tensile, but increases the thickness of the 
affected layer. 

Turning of Medium Carbon Steels (42CrMo4) in Their Bainito-Martensitic State 
with Coated Carbide Tools [77] 
The most important parameters seem to be cutting speed, feed and wear. An in-
crease of feed and wear seems to make the residual stresses more tensile, whereas 
a high cutting speed seems to make them more compressive. The application of 
lubrication seems to worsen residual stresses and increase the thickness of the 
affected layers. In contrast, the influence of the depth of cut does not seem to be 
significant. 

Turning of High Resistant Steels (30NiCrMo16, 39NiCrMo16) in Their Marten-
sitic State with Coated Carbide Tools [23, 78] 
Tensile stresses are present in the circumferential and axial directions on the ex-
ternal surface, followed by a compressive layer below. The affected layer is lower 
than 400 µm thick. The effect of cutting parameters is controversial: [78] indicates 
that feed rate and nose radius are the most influential parameters, and that cutting 
speed has little influence; in contrast, [23] indicates that the external residual stress 
state decreases with increasing cutting speed and decreasing nose radius and feed 
rate. Additionally, external residual stresses seem to decrease with increasing 
depth of cut and seem to be minimum for cutting tools having a leading angle Kr 
of about 90°. The fatigue resistance in four-point bending tests seems to be corre-
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lated with the residual stress state and not with the surface texture. In this context, 
the best fatigue performance for cutting applications is obtained using cutting tools 
having a small nose radius, a leading angle around 90° and a high cutting speed. 

3.2.3.4 Hard Turning 

The hard turning technique has been considered independently from the previous 
turning application, since this technique is in direct competition with grinding 
(work materials HRc > 55). Moreover, cutting tools for hard turning have a totally 
different substrate (c-BN instead of carbide) and their geometry is totally different 
(strong negative rake angles) from turning operations of steels with lower hard-
ness. As discussed previously, this technique has been intensively investigated 
since the 1990s due to its high productivity. 

The influence of some cutting parameters on residual stresses of a case carbur-
ized steel with hardness in the range HRc 58–62 has been investigated [20], show-
ing that external residual stresses after hard turning are not significantly affected 
by depth of cut and feed rate. These observations and highlights have been con-
firmed [12], and it was reported that cutting speed and tool wear were the most 
influential parameters, leading to tensile stresses and microstructure modifications 
in the external layer. The influence of tool wear has also been confirmed by  
[6, 21–22, 62, 79–80]. There exists a tendency for the thrust force to increase 
gradually with the increase of the tool wear [80]. Moreover there is an increase of 
the contact area at the tool–workpiece interface. As a consequence, tool wear leads 
to higher thermal process energy related to the increase in friction, leading to a 
shift of the residual stresses towards tension in the external layer. 

It has been reported that feed greatly influences residual stresses in the sublayer 
[81]. A high feed rate leads to higher compressive stresses into the material and 
moves the compressive peak deeper. 

In parallel, some authors have investigated the influence of the geometry of 
cutting tools [20, 80, 82–84]. Thiele and Melkote [82] investigated the subsurface 
residual stresses in longitudinal turning of through hardened AISI52100 bearing 
steel with different tool edge preparations while keeping the cutting parameters 
fixed. By using X-ray measurements, they found that hone edge preparation pro-
duces more compressive residual stresses than the chamfer edge geometry after 
machining a workpiece hardened to HRc 57. Additionally, they showed that the 
penetration depth is more important with hone edges. This trend is expected for 
bearings in order to ensure satisfactory rolling contact fatigue, due to the fact that 
the maximal shear stress is not at the surface but some micrometres below. 

Other investigations [20, 85] indicated that the size of the primary shear zone 
seemed to be of secondary importance, while the size of the plastic zone near the 
tool edge seemed to play a major role. They observed that the hone edge and the 
double chamfer geometries offered the greater subsurface penetration, and pro-
duced larger values of maximum compressive stress, compared to a sharp edge. 

Liu et al. [80] explained the influence of the honed edge by the fact that a small 
depth of cut and low feed rates are chosen in hard turning. So, the undeformed 
chip thickness has the same order of magnitude as the radius of the cutting edge or 
the size of the edge chamfer. Consequently, the chips are formed along the nose of 



 Workpiece Surface Integrity 87 

the tool in the region of the edge chamfer or the cutting-edge radius. Therefore, 
the cutting-edge geometry contributes to larger plastic deformation in the primary 
shear zone and around the edge, which is beneficial for compressive residual 
stresses. 

Dahlman et al. [81] investigated the effect of the inclination angle of the cham-
fer during the machining of AISI52100 steels and revealed that a large negative 
angle provides greater compressive stresses as well as a deeper affected zone be-
low the surface. With larger negative rake angles, the position of maximum stress 
is moved further into the material. 

Other studies [86, 80] investigated the influence of the insert nose radius on the 
residual stresses induced by hard turning. They show that inserts with a small 
radii lead to much more compressive stresses in the external layer, compared to 
rounder insert. Liu et al. [80] explained this trend by a pure geometrical effect:  
a smaller contact area for an almost equivalent force increases the pressure at the 
tool–workpiece interface, leading to larger plastic deformation in the machined 
surface. 

Rech and Claudin [84] revealed that a wiper nose geometry has a beneficial ef-
fect on residual stresses toward compression. Additionally cutting tools with  
a TiN coating and a low c-BN content are much more favourable for a compres-
sive state. 

Finally the service performance of hard turned surfaces compared to ground 
surfaces has been investigated [87, 20]. Hard turning can induce surface integrity, 
when machined in selected conditions, which can be without thermal damage 
and superior to grinding. The most exciting new opportunity for hard turning is 
its capability to produce compressive residual stress, in a wide range with suffi-
cient magnitude and depth, which is not possible with conventional abrasive-
based processes. It enables to reach desired pre-stresses. Experimental data has 
been reported to show that the fatigue life of hard turned surfaces is better than 
that of ground surfaces. However, the best turning parameters can result in as 
much as 47 times better fatigue life than that from the worst turning parameters 
with the same surface finish. Therefore, the method of selecting hard turning 
parameters is extremely important for obtaining the incredible benefit of hard 
turning in terms of fatigue life. However, for one set of cutting parameters and 
cutting tool, the fatigue resistance can be significantly worsened by excessive 
tool wear, as shown by [18]. 

3.2.3.5 Milling 

In contrast to the two previous manufacturing techniques, milling has been poorly 
investigated. Indeed, surfaces machined with these processes are not critical parts 
for the fatigue resistance. The exception is parts involved in aircraft structures, 
mostly made of aluminium alloys. As shown by [18], milling operations of air-
craft structures with small sections significantly affect distortions. The wide ma-
jority of investigations dealing with peripheral or face milling were concerned 
with aluminium from the 2000 or 7000 families. 
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Another field of research on surface integrity in milling is machining with end 
mills and ball nose mills. Such investigations were promoted by the development 
of the high-speed cutting (HSC) technology in two main areas: the production of 
dies and moulds, and the production of turbine blades made of super alloys (tita-
nium, Inconel718, etc.), because such parts are very long and expensive to pro-
duce. Moreover they are submitted to intensive thermo-mechanical fatigue cycles. 
The expectation of industry was to finish parts directly from milling in order to 
avoid super-finishing processes (honing, belt finishing, etc.), which are well 
known as being favourable for surface integrity improvement. 

Peripheral and Face Milling of Aluminium Alloys (7075 T7351, 2024 T351) 
[18, 23, 88, 89] 
Residual stresses are affected by the cutting speed and the working mode. In par-
ticular, it is recommended to machine at low cutting speed under up-milling trajec-
tories. Depth of cut is a secondary important parameter, for which a low value 
seems to be more favourable. The effect of coolant can be neglected since its ef-
fect is only important for low cutting speed, which is rather unusual in the aircraft 
industry. The effect of feed is not so clear. Indeed some authors [23, 89] recom-
mend a low value, whereas others [18, 90] recommend high values in order to 
induce compressive stresses and thick affected layers. Finally a cutting tool with 
a large nose radius is recommended. 

It should be noted that the residual stress state is very different in the direction 
parallel to the feed and in the perpendicular direction (an opposite sign may oc-
cur). The thickness of the affected layer is usually less than 0.2 mm. The fatigue 
resistance of aluminium parts in four-point bending tests seems to be more closely 
correlated to their residual stress state than to their surface texture. 

 
Figure 3.21. Example of residual stress profiles in hard turning [12] 
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Face Milling of Annealed Steels (C35, C45, C60, 42CrMo4) [91–94] 
Compressive residual stresses are obtained much more easily if an up-milling 
strategy is selected. Cutting speed, feed and wear should be kept as low as possi-
ble in order to improve the surface integrity. However it appears that milling in-
duces different stresses in the direction parallel to the feed and in the perpendicu-
lar direction (opposite sign may occur). Indeed, [93–94] expect tensile stresses in 
the direction parallel to the feed and compressive stresses in the opposite direction, 
whereas [91–92] expect compressive stresses. However the thickness of the af-
fected layer is usually less than 0.15 mm. 

Face Milling of Treated Steels (C35, C45, C60) [94] 
Residual stresses are in traction at the surface and tend to become compressive 
inside the material. 

Ball Nose Milling of Tool Steels (H13) or Inconel718 [95, 96] 
High compressive stresses can be obtained with low cutting speeds, low feeds and 
low orientation angle of the tool (tool perpendicular to the surface). The trajectory 
is also a very sensitive parameter: a horizontal upwards cutter orientation (meas-
ured parallel to the feed direction) is critical to obtain compressive instead of ten-
sile stresses when machining with a horizontal upwards strategy. 

3.2.3.6 Super-finishing 

From the previous sections, it is not surprising to announce that super-finishing 
processes have also been investigated since they are applied on critical surfaces 
submitted to fatigue and wear. The main difficulty with super-finishing techniques 
comes from their variety. A large number of super-finishing are available (honing, 
belt finishing, belt grinding, lapping, polishing, electro-chemical polishing, bur-
nishing, roller burnishing, etc.). Moreover, the application of each super-finishing 
technique necessitates a lot of adaptation, which induces differences in surface 
integrity (surface texture and residual stresses). For example, the application of 
belt finishing to cylindrical parts such as bearings [97] is totally different from its 
application to crankshafts [98]. In the first case, the material removal is caused by 
the axial oscillation of a belt with small abrasive grains, whereas in the second 
case it is caused by the rotation of the workpiece but with larger grains. Addition-
ally, the comparison between the surface integrity obtained after the belt finishing 
of crankshafts made of bainitic steel (e.g., 35MnV7) or spheroid cast iron is very 
difficult. As a consequence, each scientific paper dealing with the surface integrity 
of super-finishing processes is usually difficult to exploit for other investigations, 
which does not facilitate the understanding of the fundamental mechanisms. 

Belt Finishing/Belt Grinding on Hardened Steels [97, 99] 
The belt finishing technique applied to hardened steels or on super alloys leads to 
compressive residual stresses in a thin layer ~10 µm in both the circumferential 
and axial directions. Such a technique never leads to thermally affected layers if it 
is used with plain oil lubrication. 
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Lapping on a Hardened Steel [100] 
Lapping induces strong compressive residual stresses in the surface and leads to 
great improvements in the fatigue strength of a martensitic stainless steel during 
plane bending fatigue tests, compared to conventional grinding operation. 

Honing on Hardened Steel and Hastelloy X [20, 97, 24] 
The honing technique shifts the external residual stress profile towards compres-
sion. Rotation bending fatigue tests and pulsating push–pull fatigue tests have 
shown a great improvement of the resistance compared to a shot peening opera-
tion. This improvement was even better in an aggressive atmosphere (water + sod-
ium chloride) than in air, which proves the improvement of the resistance against 
stress corrosion. 

Burnishing/Roller Burnishing of Hardened Steels [14, 27, 101, 102] 
In roller burnishing operation, a hydrostatically borne ceramic ball rolls over the 
component surface under high pressure. The roughness peaks are flattened and the 
quality of the workpiece surface is improved. Roller burnishing delay the appearance 
of cracks in grooves. It has been shown that this process is able to generate deep com-
pressive stresses in both the axial and circumferential directions. Hard roller burnish-
ing does not generate any white layers. The affected layer is very thick (~5 mm). 

 
Figure 3.22. Residual stresses induced by belt finishing on a AISI52100 hardened steel 
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Figure 3.23. Influence of the residual stresses induced by honing on a AISI52100 hardened 
steel 
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Note that the residual stresses in reamed surfaces have some similarities with 
burnished surfaces. Reamed surface are compressive in nature. This is because of 
the rubbing and plastic deformation of the material caused by the sizing section of 
the reamer. 

3.2.3.7 Hole Manufacturing 

In contrast to the previous processes, machining processes such as drilling, ream-
ing, etc. are poorly investigated. Small holes are usually not considered as critical 
surfaces in terms of fatigue resistance. Moreover, it is very difficult to investigate 
the surface texture of holes and almost impossible to investigate the residual stress 
fields, at least by X-ray diffraction. Problems with surface integrity of holes are 
rather recent. Indeed, critical surfaces have been intensively investigated and holes 
have been neglected. As a consequence, great improvements have been made on 
some surfaces whereas holes have not experienced any benefit. In parallel, the 
increase of the thermo-mechanical loadings supported by some parts such as 
crankshafts with the power increase of motor engines, or by some parts from tur-
bine engines, have led to breakages. As a consequence, holes are starting to be the 
focus of attention of researchers. After the statement about the poor knowledge on 
surface integrity induced by drilling and reaming, some companies have decided 
to apply super-finishing processes such as roller burnishing or honing to induce 
compressive stresses and improve surface texture. This clearly shows how a lack 
of knowledge leads to abusive production costs. 

References 

[1] Metcut research associates (1980) Machining data handbook. Institute of Advanced 
Manufacturing Sciences, Cincinnati, USA. 

[2] Barbacki A, Kawalec M, Hamrol A (2003) Turning and grinding as a source of mi-
crostructural changes in the surface layer of hardened steel. J Mater Process Technol 
133:21–25. 

[3] Saravanapriyan SNA, Vijayaraghavan L, Krishnamurthy R (2003) Significance of 
grinding burn on high speed steel tool performance. J Mater Process Technol 
134:166–173. 

[4] Guo YB, Sahni J (2004) A comparative study of hard turned and cylindrically ground 
white layers. Int J Machine Tools Manuf 44:135–145. 

[5] Silva FS (2003) Analysis of a vehicle crankshaft failure. Eng Failure Anal 
10:605−616. 

[6] Wang JY, Liu CR (1999) The effect of tool wear on the heat transfer, thermal dam-
age and cutting mechanics in finish hard turning. Ann CIRP 48/1:53–58. 

[7] Denkena B, Toenshoff HK, Muller C, Zenner H, Renner F, Koehler M (2002) Fa-
tigue strength of hard turned components. Proc International Conference ICMEN, 
3−4 October 2002, Sani, Greece. 

[8] Smith S, Melkote SN, Lara-Curzio E, Watkins TR, Allard L, Riester L (2007) Effect 
of surface integrity of hard turned AISI 52100 steel on fatigue performance. Mater 
Sci Eng A 459:337–346. 

[9] Field D, Kahles JF (1964) The surface integrity of machined and high strength steels. 
DMIC Rep 210: 54–77. 



92 J. Rech et al. 

[10] Griffiths B (2001) Manufacturing surface technology. Penton, ISBN 1-8571-8029-1. 
[11] Tonshoff HK, Brinksmeier E (1980) Determination of the mechanical and thermal 

influences on machined surfaces by microhardness and residual stress analysis. Ann 
CIRP 29/2:519–530. 

[12] Rech J, Moisan A (2003) Surface integrity in finish hard turning of case hardened 
steel. Int J Machine Tool Manuf 43/5:543–550. 

[13] Rech J, Kermouche G, Carcia-Rosales C, Khellouki A, Garcia-Navas V (2008) Char-
acterization and modelling of the residual stresses induced by belt finishing and hon-
ing on a AISI52100 hardened steel. J Mater Process Technol, accepted for publica-
tion in 2008. 

[14] Seiler W, Reilhan F, Gounet-Lespinasse F, Lebrun JL (1998) Détermination du profil 
de contraintes résiduelles dans les gorges galetées de vilebrequins. J Phys 8:139−146. 

[15] Kristoffersen H, Vomacka P (2001) Influence of process parameters for induction 
hardening on residual stresses. Mater Des 22:637–644. 

[16] Brinksmeier E, Solter J, Grote C (2007) Distortion engineering – Identification  
of causes for dimensional and form deviations of bearings rings. Ann CIRP 
56/1:109−112. 

[17] Rech J, Hamdi H (2005) Internal report about the modelling of part distortion due to 
residual stresses induced by thermo-mechanical loads, Ecole Nationale d’Ingénieurs 
de Saint-Etienne (France). 

[18] Denkena B, Reichstein M, de Leon Garcia L (2007) Milling induced residual stresses 
in structural parts out of forged aluminium alloys, proceedings of the 6th interna-
tional conference on HSM 2007, San Sebastian. 

[19] Dattoma V, De Giorgi M, Nobile R (1986) On the evolution of welding residual 
stress after milling and cutting machining. Comput Struct 84:1965−1976. 

[20] Matsumoto Y, Hashimoto F, Lahoti G (1999) Surface integrity generated by preci-
sion hard turning, Ann CIRP 48/1:59–62. 

[21] Schwach DW, Guo YB (2005) Feasibility of producing optimal surface integrity by 
process design in hard turning. Mater Sci Eng A, 395:116−123. 

[22] Schwach DW, Guo YB (2005) A fundamental study of surface integrity by hard 
turning on rolling contact fatigue. Trans NAMRI/SME 33:541–548 

[23] Brunet S (1991) Influence des contraintes résiduelles induites par usinage sur la tenue 
en fatigue des matériaux métalliques aéronautiques. PhD Thesis, ENSAM Paris. 

[24] Coulon A (1983) Effect of the honing drum upon the inducement of compressive 
residual stresses. J Mech Working Technol 8:161–169. 

[25] Brinksmeier E, Lucca A, Walter A (2004) Chemical aspects of machining processes. 
Ann CIRP 53/2:685. 

[26] Mainsah E, Greenwood JA, Chetwynd DG (2001) Metrology and properties of engi-
neering surfaces. Kluwer Academic, Norwell, ISBN 0-412-80640-1. 

[27] Stephenson DA, Agapiou JS (2006) Metal cutting theory and practice. Taylor and 
Francis, London, ISBN 978-0-8247-5888-2. 

[28] Enache S (1972) La qualité des surfaces usinées, Dunod, Paris.  
[29] Mahdi M, Zhang LC (1999) Residual stresses in ground components caused by cou-

pled thermal and mechanical plastic deformation. J Mater Process Technol 
95:238−245. 

[30] Mahdi M, Zhang L (1999) Applied mechanics in grinding. Part 7: residual stresses 
induced by the full coupling of mechanical deformation, thermal deformation and 
phase transformation. Int J Mach Tools Manuf 39:1285–1298. 



 Workpiece Surface Integrity 93 

[31] Mahdi M, Zhang L (1998) Applied mechanics in grinding. Part 6: residual stresses 
and surface hardening by coupled thermo-plasticity and phase transformation. Int 
J Mach Tools Manuf 38:1289–1304. 

[32] Poulachon G, Moisan A, Jawahir IS (2001) On modelling the influence of thermo-
mechanical behaviour in chip formation during hard turning of 100Cr6 bearing steel. 
Ann CIRP 50/1:31–36. 

[33] Poulachon G, Moisan A, Dessoly M (2002) A contribution to the study of the cutting 
mechanisms in hard turning. Mécanique Ind 3/4:291–299. 

[34] Hamdi H, Zahouani H, Bergheau JM (2004) Residual stresses computation in 
a grinding process. J Mater Process Technol 147:277–285. 

[35] Hamdi H, Dursapt M, Zahouani H (2004) Characterization of abrasive grain’s behav-
iour and wear mechanisms. Wear 254/12:1294–1298. 

[36] Brinksmeier E, Brockhoff T (1999) White layers in machining steels, Proceedings of 
the 2nd International Conference on HSM, Darmstadt. 

[37] El-Wardany TI, Kishawy HA, Elbestawi MA (2000) Surface integrity of die material 
in high speed hard machining – part 2: microhardness variations and residual stresses. 
Trans ASME 122:632–641. 

[38] Attanasio A, Ceretti E, Giardini C (2007) 3D simulation of residual stresses in turn-
ing operations, Proceedings of the 1st international conference on sustainable manu-
facturing, 17–18 October 2007, Montreal (Canada). 

[39] Leblond JB, Pont D, Devaux J, Bru D, Bergheau JM (1997) Metallurgical and me-
chanical consequences of phase transformations in numerical simulations of welding 
processes. Modelling in Welding, Hot Powder Forming and Casting, Chapter 4, ed-
ited by Pr Lennart Karlsson. ASM International, pp. 61−89. 

[40] Devaux J, Mottet G, Bergheau JM, Bhandari S, Faidy C (2000) Evaluation of the 
integrity of PWR bi-metallic welds. ASME J Pressure Vessel Technol 122/-
3:368−373. 

[41] Obikawa T, Sasahara H, Shirakashi T, Usui E (1997) Application of computational 
machining method to discontinuous chip formation. J Manuf Sci Eng 119:667−674. 

[42] Chen L, El-Wardany TI, Harris WC (2004) Modelling the effects of flank wear and 
chip formation non residual stresses. Ann CIRP 53/1:95–98. 

[43] Shet C, Deng X (2003) Residual stresses and strains in orthogonal metal cutting. Int 
J Machine Tools Manuf 43:573–587. 

[44] Umbrello, D. M’Saoubi, R. Outeiro, J.C. (2007) The influence of Johnsson-Cook 
material constant on finite element simulation of machining of AISI 316L steel. Int 
J Machine Tools Manuf 47:462–470. 

[45] Marusich TD, Ortiz M (1995) Modelling and simulation of high speed machining. Int 
J Numer Methods Eng 38:3675–3694. 

[46] Salio M, Berruti T, De Poli G (2006) Prediction of residual stress distribution after 
turning in turbine disks. Int J Mech Sci 48:976–984. 

[47] Strenkowski JS, Athevale SM (1997) A partially constrained eulerian orthogonal 
cutting model for chip control tools. J Manuf Sci 119:681–688. 

[48] El-Wardany TI, Kishawy HA, Elbestawi MA (2000) Surface integrity of die material 
in high speed hard machining – part 2: microhardness variations and residual stresses. 
Trans ASME 122:632–641. 

[49] Nasr MNA, Ng EG, Elbestawi MA (2007) Modelling the effects of tool-edge radius 
on residual stresses when orthogonal cutting AISI316L. Int J Machine Tools Manuf 
47:401–411. 

[50] Mamalis AG, Horvath M, Branis AS, Manolakos DE (2001) Finite element simula-
tion of chip formation in orthogonal metal cutting. J Mater Process Technol 
110:19−27. 



94 J. Rech et al. 

[51] Sun JS, Lee KH, Lee HP (2000) Comparison of implicit and explicit finite element 
methods for dynamic problems. J Mater Process Technol 105:110–118. 

[52] Valiorgue F, Rech J, Hamdi H, Gilles P, Bergheau JM (2007) A new approach for the 
modelling of residual stresses induced by turning of 316L. J Mater Process Technol 
191:270–273. 

[53] Zemzemi F, Rech J, Ben Salem W, Kapsa P, Dogui A (2007) Development of 
a friction model for the tool-chip-workpiece interface during dry machining of 
AISI4142 steel with TiN coated carbide cutting tools. Int J Mach Machinability Ma-
ter 2/3-4:361–367. 

[54] Kevin Chou Y, Evans CJ (1999) White layers and thermal modelling of hard turned 
surfaces. Int J Mach Tools Manuf 39:1863–1881. 

[55] Ulutan D, Erdem Alaca B, Lazoglu I (2007) Analytical modelling of residual stresses 
in machining. J Mater Process Technol 183:77–87. 

[56] Yu XX, Lau WS, Lee TC (1997) A finite element analysis of residual stresses in 
stretch turning. Int J Machine Tools Manuf 37/10:1525–1537. 

[57] Lortz W (1979) A model of the cutting mechanism in grinding. Wear 53:115−128. 
[58] Wang H, Subhash G (2002) An approximate upper bound approach for single-grit 

rotating scratch with conical toll on pure metal. Wear 252:911–933. 
[59] Matsuo T, Toyoura S, Oshima E, Ohbuuchi Y (1989) Effect of grain shape on cutting 

force in superabrasive single-grit tests. Ann CIRP 38/1:323–326. 
[60] Brinksmeier E, Giwerzew A (2003) Chip formation mechanisms in grinding at low 

speeds. Ann CIRP 52/1:253–258. 
[61] Sosa AD, Echeverria MD, Moncada OJ, Sikora JA (2007) Residual stresses, distor-

tion and surface roughness produced by grinding thin wall ductile iron plates. Int 
J Machine Tools Manuf 47:229–235. 

[62] Abrao AM, Aspinwall DK (1996) The surface integrity of turned and ground hard-
ened bearing steel. Wear, 196:279–284. 

[63] Grum J (2001) A review of the influence of grinding conditions on resulting residual 
stresses after induction surface hardening and grinding. J Mater Process Technol 
114:212–226. 

[64] Klocke F, Brinksmeier E, Evans C, Howes T, Inasaki I, Minke E, Toenshoff HK, 
Webster JA, Stuff D (1997) High-speed grinding: fundamentals and state of the art in 
Europe, Japan, and the USA. Ann CIRP 46/2:715–724. 

[65] Moulik PN, Yang HTY, Chandrasekar S (2001) Simulation of thermal stresses due to 
grinding. Int J Mech Sci 43:831–851. 

[66] Xu XP, Yu YQ, Xu HJ (2002) Effect of grinding temperatures on the surface integ-
rity of a nickel-based superalloy. J Mater Process Technol 129:359–363 

[67] Henrisken EK (1951) Residual stresses in machined surface. Trans ASME 73:69–76. 
[68] M’Saoubi R, Outeiro JC, Changeux B, Lebrun JL, Dias AM (1999) Residual stress 

analysis in orthogonal machining of standard and resulfurized AISI 316L steels. 
J Mater Process Technol 96:225–233. 

[69] Franz HE (1979) Bestimmung des Eignespannungen an deflieniert bearbeiteten ober-
flâchen des Werkstoffe TiAl6v and TiAl6VSn2. Techn Mitt 34:1–37. 

[70] Arunachalam RM, Mannan MA, Spowage AC (2004) Residual stress and surface 
roughness when facing age hardened Inconel 718 with CBN and ceramic cutting 
tools. Int J Mach Tools Manuf 44:879–887. 

[71] Schlauer C, Peng RL, Oden M (2002) Residual stresses in a nickel based superalloy 
introduced in turning. Mater Sci Forum 404–407:173–178. 

[72] Sharman ARC, Hughes JI, Ridgway K (2006) An analysis of the residual stresses 
generated in Inconel 718 when turning. J Mater Process Technol 173:359−367. 

[73] Tsuchida K, Kawada Y, Kodama S (1975) A study on residual stresses distribution 
by turning. Bull JSME 18/116. 



 Workpiece Surface Integrity 95 

[74] Jouan M (1986) Influence des paramètres d’usinage de tournage sur les contraintes 
résiduelles mesurées par diffraction de rayons X. Mémoire CNAM. 

[75] Liu CR, Barash MM (1982) Variable governing patterns of mechanical stresses in 
a machined surface. J Eng Ind 104:257–264. 

[76] Outeiro JC, Dias AM (2006) Influence of workmaterial properties on residual stresses 
and work hardening induced by machining. Mater Sci Forum 524−525:575−580 

[77] Schreiber E, Schlicht H (1986) Residual stresses after turning of hardened compo-
nents. Proc ICRS1 – Garmisch 2:853–860. 

[78] Capello E (2005) Residual stresses in turning part 1: influence of process parameters. 
J Mater Process Technol 160:221–228. 

[79] Agha SR, Liu CR (2000) Experimental study on the performance of superfinishing 
hard turned surfaces in rolling contact. Wear 244:52–59. 

[80] Liu M, Takagi J, Tsukuda A (2004) Effect of nose radius and tool wear on residual 
stress distribution in hard turning of bearing steel. J Mater Process Technol 
150:234−241. 

[81] Dahlman P, Gunnberg F, Jacobson M (2004) The influence of rake angle, cutting 
feed and cutting depth on residual stresses in hard turning. J Mater Process Technol 
147:181–184. 

[82] Thiele JD, Melkote SN (1999) The effect of tool edge geometry on workpiece sub-
surface deformation and through-thickness residual stresses for hard turning of 
AISI52100. Trans NAMRI/SME 27:135–140. 

[83] Zhou JM, Walter H, Andersson M, Stahl JE (2003) Effect of Chamfer angle on wear 
of PCBN cutting tool. Int J Mach Tools Manuf 43:301–305. 

[84] Rech J, Claudin C (2008) Influence of cutting tool constitutive parameters on residual 
stresses induced by hard turning. Int J Mach Machinability Mater. 

[85] Hua J, Shivpuri R, Cheng X, Bedekar V, Matsumoto Y, Hashimoto F, Watkins TR 
(2005) Effect of feed rate, workpiece hardness and cutting edge on subsurface resid-
ual stress in the hard turning of bearing steel using chamfer + hone cutting edge ge-
ometry. Mater Sci Eng 394:238–248. 

[86] Choi, Y. Liu, C.R. (2006) Rolling contact fatigue life of finish hard materials sur-
faces. Part 2. Experimental verification. Wear 261:492–499. 

[87] Liu CR, Mittal S (1998) Optimal pre-stressing the surface of a component by super-
finish hard turning for maximum fatigue life in rolling contact. Wear 219:128−140. 

[88] Scholtes B (1987) Residual stresses induced by machining. Adv Surf Treat 4:59–71. 
[89] Fuh KH, Wu CF (1995) A residual-stress model for the milling of aluminium alloy 

(2014-T6). J Mater Process Technol 51:87–105. 
[90] Rao B, Shin YC (2001) Analysis on high-speed face-milling of 7075-T6 aluminium 

using carbide and diamond cutters. Int J Mach Tools Manuf 41:1763–1781. 
[91] Hoffmann J, Starker P, Macherauch E (1982) Bearbeitunsgeigenspannungen, Eigen-

spannungen und Lastspannungen. Carl Hanser Verlag, Munich, pp. 84–91. 
[92] Weber H, Lutze HG, Zimmermann P, Höfer U (1980) Einfluss des Bearbeitungs-

parameter auf die Bearbeitungspannungen, Wissenschaftliche Zeitschift der Techni-
schen Hochschule Karl Marx Stadt, pp. 15–24. 

[93] Bouzid Saï W, Ben Salah N, Lebrun JL (2001) Influence of machining by finishing 
milling on surface characteristics. Int J Mach Tools Manuf 41:443–450. 

[94] Chevrier P, Tidu A, Bolle B, Cezard P, Tinnes JP (2003) Investigation of surface 
integrity in high speed end milling of a low alloyed steel. Int J Mach Tools Manuf 
43:1135–1142. 

[95] Axinte DA, Dewes RC (2002) Surface integrity of hot work tool steel after high 
speed milling – experimental data and empirical models. J Mater Process Technol 
127:325–335. 



96 J. Rech et al. 

[96] Aspinwall DK, Dewesa RC, Ng EG, Sage C, Soo SL (2007) The influence of cutter 
orientation and workpiece angle on machinability when high-speed milling Inconel 
718 under finishing conditions. Int J Mach Tools Manuf 47:1839–1846. 

[97] Rech J, Kermouche G, Carcia-Rosales C, Khellouki A, Garcia-Navas V (2008) Char-
acterization and modelling of the residual stresses induced by belt finishing on 
a AISI52100 hardened steel. J Mater Process Technol  
doi: 10.1016/j.jmatprotec.2007.12.133 

[98] El Mansori M, Sura E, Ghidossi P, Deblaise S, Dal Negro T, Khanfir H (2007) To-
ward physical description of form and finish performance in dry belt finishing proc-
ess by a tribo-energetic approach. J Mater Process Technol 182:498–511. 

[99] Axinte DA, Kritmanorot M, Gindy NNZ (2005) Investigations on belt polishing of 
heat-resistant titanium alloys. J Mater Process Technol 166:398–404. 

[100] Yahata N (1987) Effect of lapping on the fatigue strength of a hardened 13Cr-0.34C 
stainless steel. Wear 115:337–348. 

[101] Mathews PG, Shunmugam MS (1999) Neural-network approach for predicting hole 
quality in reaming. Int J Mach Tools Manuf 39:723–730. 

[102] Klocke F, Liermann J (1998) Roller burnishing of hard turned surface. Int J Mach 
Tools Manuf 38/5–6:419–423.  




