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ABSTRACT 

Titanium alloys are widely used in aerospace industry but also in other industry sectors. 
Details for compressors used for generation and petrochemical plants and medical devices can 
be mentioned as a few examples. Plastic deformation during forming of the metals introduces 
residual stresses. Fatigue, creep and corrosion are typical failure mechanisms that are stopped 
or accelerated in the presence of tensile residual stress. Metal cutting as a manufacturing 
method generates residual stresses in the surface layer. The stress state in the near-surface 
zone of components is of special interest as the surface often suffers loads and consequently 
the cracks initiate and begin to grow at that location. The scope of this thesis is to investigate 
the properties of the machined surface with regards to measurement of residual stresses. The 
results achieved by X-ray diffractometry were compared with the results using a simulating 
method with the same cutting data for checking the accuracy of these two methods.  
This review highlighted the residual stress character and how they can be measured by X-ray 
diffractometry in two different directions, the transversal, the cutting direction, and 
longitudinal, the feed direction. For measurement of residual stress under the surface, the 
material was removed by an electro-chemical polishing method for not introducing more 
stress. The same procedure was checked using Finite Element simulations. 

The results obtained from the investigation clarified that: 

• The residual stress measurement by X-rays was quite accurate in comparison with finite 
element simulation on the surface generated by turning on titanium alloy. 

• There were compressive residual stresses in the cutting and feed directions of the cut. 
Residual stress is beneficial for delay of crack propagation. 

• High-pressure cooling produced and increased compressional residual stresses. 

Key Words: Aerospace, Titanium, Turning, Residual Stress, X-ray Diffraction, Finite 
Element Simulation
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1 Introduction  

Due to its high strength/density ratio, titanium alloys are widely used in aerospace industry 
[1,7,27-29]. However, titanium alloys are considered to have rather poor machinability. 
Because of their chemically reactivity, low elastic modulus and low heat conductivity, 
titanium alloys have a tendency to weld to the tool, permit great deflection and increase the 
temperature at the tool/work-piece interface during the conventional machining [2,12-15]. 
Thus, short tool life and low productivity due to the low permissible rates of metal removal 
are often associated with the machining of titanium alloys. At the same time, it is important to 
know the integrity of the surface after turning as a safety factor. High-pressure jet–assisted 
machining is starting to be established as a method for a substantial increase of the cutting 
speed in the metal cutting industry [3, 5, 10, 14-17]. 
In 1979 AB Sandvik Coromant began testing high-pressure jet-assisted turning technique “Jet 
Break”. Later at the end of the 80:s, the company applied “Jet Break” on aerospace 
components in titanium. In the difficult to cut material there exist more or less upper limits for 
the cutting speed with conventional cooling. 
The purpose of this project was to investigate the machined surface properties by measuring 
the residual stresses introduced during machining and the influence of high-pressure in 
turning of titanium for the aerospace industry in comparison to using conventional coolant.

1.1 Background 

Titanium was discovered in 1790 but not purified until the early 1900’s [51, 53]. Yet, the 
metal did not become widely used until the second half of the twentieth century. However, 
titanium now has the accumulated experience of some 50 years of modern industrial practice 
and design application to support its use. Much of this use has come in military applications in 
aircraft or gas turbine engines. Titanium has found its niche in many industries, owing to its 
unique density, corrosion-resistance and relative strength advantages over competing 
materials such as aluminum, steels and super alloys [49, 54]. 
In modern aero-engine, the highest performances are searched regarding temperatures, 
compression rates and aerodynamic efficiency. Titanium alloys have been established for 
decades to be quite attractive as engineering materials especially for discs manufacturing 
according to their elevated stress/density ratios [29]. Titanium is a low–density element 
(approximately 60% of the density of steel and super alloys) that can be strengthened greatly 
by alloying and deformation processing, Fig.1 [58]. The objective to get the best compromise 
of mass/performances requires the implementation of high stress titanium alloys for discs, 
which are mostly designed for low-cycle-fatigue resistance but also for creep when the 
temperature exceeds 450oC. The former is caused by centrifugal forces and the latter by 
temperature gradients. 
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Fig. 1: A Turbofan engine. Turbine discs are loaded by mechanical as well as thermal 
stresses [58].  

Titanium has two elemental crystal structures: in one, the atoms are arranged in a body-
centered cubic (BCC) array; in the other, the atoms are arranged in a close-packed hexagonal 
(CPH) array, Fig.2 [1, 51-54]. The cubic structure is found only at high temperatures, unless 
the titanium is alloyed with other elements to maintain the cubic structure at lower 
temperatures, as well. The two crystal structures of titanium are commonly known as alpha 
and beta. Alpha refers to any hexagonal, while beta denotes any cubic titanium, pure or 
alloyed. Commercially pure titanium and the alpha and near-alpha titanium alloys generally 
demonstrate the best general corrosion-resistance qualities. They are the most weldable of the 
titanium/titanium alloy family [27-28]. Alpha alloys usually have high amount of aluminum 
that contributes to oxidation resistance at high temperatures. Alpha-beta alloys also contain, 
as the principal element, high amounts of aluminum, but the primary reason is to stabilize the 
alpha phase. 
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Fig. 2: Microstructure of Ti-6Al-4V for thermal treatments with three different cooling rates; 
titanium is allotropic-hcp ( ) up to 885oC; bbc ( ) from 885 to 1670 oC [1].

Ti-6Al-4V alloy is unique in that it combines attractive properties with inherent 
machinability. The production experience and commercial availability that leads to reliable 
and economic usage of Ti-6Al-4V will continue to be the most-used titanium alloy for many 
years in the future. Wrought Ti-6Al-4V is used extensively for turbine engine and airframe 
applications. Engine components include blades, discs and wheels. Wrought forms are used 
for airframe components. Aerospace casting applications include the range from major 
structural components, weighing more than 135 kg each to small switch guards weighing less 
than 30 g.  Wrought Ti-6Al-4V is a useful material for surgical implants because of its low 
elastic modulus, good tensile and fatigue strength and biological compatibility.  

1.2 Surface Integrity in Machining. 

Surface integrity has two important parts [59]. The first is surface texture, which governs 
principally surface roughness (a measure of surface topography). Surface topography is one 
way to describe the function and performance of a surface. For many years, manufacturing 
companies considered that a smooth surface prolonged the life of a product. This approach is 
not always correct, nor is it productive or cost efficient. However, during the past decades 
companies have started to reconsider and have begun to evaluate which surface factors are of 
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importance. The second is surface metallurgy that is a study of the nature of the surface layer 
produced in machining. Failure analysis clearly indicates that in dynamically loaded 
components failure often initiates at or just below surface. We can, with improved knowledge 
regarding the relationships between cutting parameters and the surface integrity and how they 
relate to the reliability of the component, produce more reliable aerospace components. 
Surface integrity covers the following aspects: 

Mechanical 
• Plastic deformation 
• Tears and laps and service-like defects 
• Cracks ( macroscopic and microscopic) 
• Residual stress distribution in surface layer 
• Voids, pits, burrs or foreign material inclusions in surface 

Metallurgical 
• Transformation of phases 
• Grain size and distribution 
• Precipitate size and distribution 

Chemical 
• Intergranular attack (IGA)/corrosion(IGC) 
• Corrosion 
• Stress corrosion 

Thermal 
• Heat-affected zone (HAZ) 

1.3 Objectives and Scope of the Research  

The objective of the research are as following: 

• To investigate and clarify the mechanism behind the surface integrity regarding residual 
stresses after machining in titanium alloys.  

• To investigate how the residual stresses can be influenced, predicted and optimized. 

A systematic approach was employed. Experiments were performed in Sandvik Coromant in 
Sandviken Sweden with supplying machining and other surface treatment. Measurements of 
the residual stress were evaluated at Sandvik Materials Technology. 

1.4 Research Questions 

The research was done in order to answer the following questions: 

• How can the residual stresses be measured with appropriate precision and accuracy? 
• How can the mechanisms of the system, which influence the residual stresses after metal 

cutting, be modeled or described?
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• How can the metal cutting parameters influence residual stresses by turning? 
• How can the surface integrity after machining mainly by turning in titanium be predicted? 
• What is the effect of high-pressure cooling aimed at the rake face and/or at the clearance 

face on the residual stresses after turning? 

1.5 Limitations 

In this investigation, the number of measurements is not quite enough for statistic records, 
only one type of insert has been used for example. The pressure used in the high-pressure 
cooling is relatively moderate. So far, studies of high-pressure jet-assisted metal cutting seem 
to be limited to experimental investigations. Although experimental studies are important and 
the results so far encouraging, they do not provide a complete picture of the process nor an 
adequate predictive methodology. 



Manouchehr Vosough       Metal Cutting   Page 6 
__________________________________________________________________________________________

2 Metal Cutting 

Engineering parts made of metals and alloys are often shaped in the final form by machining 
or metal cutting [2, 25, 37, 49, 50]. The basic operation is turning in which the work material 
is held in the chuck of a lathe and rotated. The cutting tool is held rigidly in the tourate and 
moved at a constant rate along the axis of the bar, cutting away a layer of metal to form a 
cylinder or a surface of more complex profile. Important cutting parameters and forces in 
turning are illustrated in Figure 3. 

 Fig. 3: Machining parameters and forces acting in turning [26]. 

The cutting speed vc and feed f are the most important parameters which can be adjusted by 
the operator to achieve the required size of the product. For roughing, higher feed and depth 
of cut ap, are chosen in order to quickly remove material. However, for finishing operations, 
that is, when the final surface of the work-piece is generated, these two values are reduced in 
order to obtain a better surface quality. The number of angles shown in Figure 3 (upper) is 
reduced to the rake angle  and the angles  and  so that the cutting process can be 
considered as a two-dimensional process, Figure 4.  
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Fig. 4: Schematic of an orthogonal, continuous chip, machining process [25]. 

This type of cutting is called orthogonal cutting, defined by Trent [2] as cutting with a straight 
tool edge that is normal to both the direction of cutting and direction of feed.  

2.1 Machining of Titanium 

Machining of titanium alloys requires cutting forces only slightly higher than those needed to 
machine steels, but titanium alloys do have metallurgical characteristics that make them more 
difficult and consequently more expensive to machine than steels of equivalent hardness [1-2, 
54]. Reasonable production rates and excellent surface finish can be obtained with 
conventional machining methods if the unique characteristics of this metal (such as its 
reactivity) are taken into account.
Success in machining titanium depends largely on overcoming several of the inherent 
properties of the metal: 
• Titanium is chemically reactive and therefore has a tendency to weld to the tool during the 

machining process, thus leading to chipping and premature tool failure. Additionally its 
low heat conductivity increases the temperature at the tool/work-piece interface, thereby 
also affecting tool life adversely. 

• The low elastic modulus of titanium permits greater deflections of work-piece and proper 
backup may be required. 

• The contact area between the rake face and the chip is smaller than when cutting any other 
metals. This means that the compressive stresses on the cutting edge are very high. This 
leads to a risk for plastic deformation of the cutting tool materials, also to a shorter tool 
life and lower rate of metal removal for a reasonable tool life compared to the machining 
of common steel [2]. A common picture of the contact area after our operation taken by 
SEM is shown in Figure 5. 
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Fig. 5: Contact area on rake face of the tool used to cut titanium  

2.2 Effect of Residual Stress on Mechanical Properties 

The surface of titanium alloys is easily damaged during traditional machining methods like 
turning, milling, drilling etc [4, 20-22, 25-26, 57]. Damage appears in the form of micro 
cracks, scratches, built up edges, plastic deformation, heat-affected zones and mainly tensile 
residual stresses. In service, this damage can lead to a great degradation of properties such as 
fatigue strength and stress corrosion resistance. Production engineers and companies 
specializing in the machining of aerospace materials generally have developed techniques to 
maintain the demanded surface integrity after machining titanium alloys. Thus, required 
properties usually are achieved but costly. Better and predictable methods regarding surface 
integrity during and after the machining of titanium enables the producer to improve the 
productivity and also make it possible to design cleaner and lighter aerospace components. In 
the aerospace components, maximum fatigue strength is desired. Fatigue life of components 
to be cyclically loaded increases by the introduction of compressive residual stresses in the 
surface layers. This because fatigue cracks propagate in the region at the crack tip being in a 
state of tension during some point in the loading cycle. When a residual state of compressive 
stress has been superimposed over the stress state resulting from service loading, it is possible 
that most or the entire load spectrum will remain in the compression region. For applications 
with thousands of rpm, such as gas turbine engine blades, such fatigue enhancements are 
critical. Cracks initiated by foreign object damage can potentially propagate and result in 
premature failure. 
The compressive residual stress is beneficial. The most common way to introduce such 
stresses is shot peening [3], but there are some disadvantages to this process too [4]. 
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2.3 High-Pressure Cooling 

High-pressure jet–assisted machining is starting to be established as a method for substantial 
increase of removal rate and productivity in the metal cutting industry, Figure 6 [3, 5, 15-17, 
23, 30, 43]. The economy of machining steel is strongly connected to effective chip control, 
for higher utilization of machines and temperature reduction in the tool, for raising the rates of 
metal removal. This can be achieved if high-pressure jet-assisted turning is utilized properly.  
Previous researches have described that chip breakage can be achieved by introducing a high-
pressure fluid wedge into the gap between the tool and chip interface [5, 10, 14, 19-20, and 
23]. To complement this, a comprehensive survey on the jet properties of the fluid to enable 
not only chip breakage but also chip form control was performed. Results from the survey 
show that by changing pressure level and flow of the jet it is possible to create resulting force 
acting upon the chip. The reduction of tool temperature was measured at four positions on the 
tool. With an established reduction in temperature, the tool life will be prolonged. The results 
show significant possibilities to extend tool life or increase the maximum cutting speed, 
which is important for improving the productivity [5, 21, 24]. 

Fig. 6: (a), A small squirt is better than a flood in cooling cutting tool [3], (b), Coromant 
Capto, integrated with Jet-break™[60].

Cutting with an excess amount of cutting fluids is still very common. Even if a trend towards 
dry cutting is starting to grow fast. However, many materials such as high alloy steels and 
titanium can not be effectively cut without cooling. Research made in the past has shown the 
high potential with high-pressure jet-assisted machining, compared to conventional cooling. 
Methods were focused on turning operation in the pressure range from 2,75 MPa to 280 MPa. 
Water, oil and regular cutting fluids were used. The jet can be applied into the gap between 
the chip and tool-rake face or on the tool clearance. The main advantage with a high-pressure 
jet directed at the rake face is the possibility to control the chip flow direction by a hydraulic 
wedge in combination with a reduction of the tool temperature. In the other case i.e. jet 
towards the clearance face, chip control is not possible since a build-up of a hydraulic wedge 
beneath the chip does not occur. Nevertheless, this method allows the water to reach close to 
the cutting edge providing effective cooling. 
High-pressure cutting omits the BUE (Built Up Edge) and makes a soft surface area. This 
factor shows the chips sliding on the rake surface of inserts. The chips were cooled when they 
left the cutting zone and there was no sign of melting process in them. 
The method is recommended for difficult machining materials, which are sensitive to 
temperature variation, and machining with high cutting velocity. 

(a) (b) 
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There are some problematic areas in the cutting process. Cutting forces can lead to dangerous 
vibrations and high temperatures in the contact area between the chip and the tool. This 
causes tool wear and affects the work-piece and chip breaking, in which long chips can hinder 
the cutting process and can destroy both the tool and the work-piece [10]. 
HPC (High-pressure Cooling) is on the way to be established as standard in metal cutting, due 
to its high potential and good effect on the surface. 
The temperature effect of high-pressure cooling depends to the point that jet meets the surface 
of the insert. In a test with a pressure of 45 MPa and coolant with a flow rate of 10 l/min a big 
difference in the rake face of tool happens, Figure 7, [5, 10].

 Fig. 7: Effect of the jet meeting point on the wear of the tool in a low impulse coolant (momentum I = 
50 N, P = 45 MPa , q = 10 lit/min), the arrows show the meeting point close to the edge (upper) and 
more inside the tool (lower), [5] and [10]. 

With a point of meeting of jet more inside the tool from the cutting edge, the wear is uniform. 
If the pressure and flow goes up (P = 80 MPa and q = 13 l/min) the wear monster varies a lot, 
Figure 7. 



Manouchehr Vosough       Residual Stresses Induced by Metal Cutting   Page 11 
__________________________________________________________________________________________

3 Residual Stresses Induced by Metal Cutting 

During machining (milling, turning or grinding), the near-surface region of the work-piece is 
deformed plastically. As volume elements in this region are extended when the tool passes by, 
the constraints of the bulk should introduce compressive stresses near the surface. Indeed, this 
does occur for shallow, slow, well-lubricated cuts with a sharp tool. However, extensive 
studies of the stress pattern have shown that the actual situation is usually much more 
complex [19-26]. If strong work hardening occurs only near the surface, this produces tensile 
residual stresses due to the greater elastic relaxation of this region compared to the bulk. 
Local compressive plastic deformation due to the pressure by the tool will cause tensile 
residual stresses and if the sum of external stresses and residual stresses exceed the local yield 
strength, plastic recovery will take place in this region. Even when there is no cross-feed of 
the tool, a biaxial stress state has been observed. Heating, due to the lack of lubrication or a 
dull tool or high down feed, produces tensile stresses because locally heated regions are upset 
by the cooler surroundings.  
Residual stresses are the stresses that remain in a body when all applied stresses are removed.  If 
the stress is favorable, it can improve the performance of the component. Brinksmeirer et al. 
[18] reported that residual stresses in a component act independently of external force and 
torque. The internal forces form a system of equilibrium. If any part of the component is 
removed, the state of equilibrium is disturbed. During hard machining, the amount of material 
removed is minimal, and the residual stress only has a limited depth of penetration of some 
micrometers. The machining process generates residual stresses in the work-piece by means of 
plastic deformation or metallurgical transformation [18]. Residual stress is generated in the 
work-piece by means of plastic deformation or metallurgical transformation by the hard 
machining process [20]. They described the genesis of the residual stress as a normal force 
applied to the work-piece by the machine tool, causing plastic deformation and as a 
consequence raising the compressive stress on the surface layer. Friction between the tool and 
the work-piece results in heat development leading to residual tensile stress on the layer. König 
et al. [21] provided a similar explanation, namely that the mechanical stress induced by the 
cutting tool causes a transformation of the residual austenite and strain hardening in the surface 
layer of the work-piece, which induces compressive stress. Thermal stress, i.e. residual stress, 
results from the rise in temperature caused by friction on the flank face. 
Two types of stresses can be identified, microstresses and macrostresses. Microstresses and 
the corresponding microstrains vary from one grain to another or from one part of a grain to 
another part, on a microscopic scale. On the other hand, the stress may be uniform over large 
distances; it is then referred to as macrostress.

3.1 Turning and Mechanism of Residual Stress 

How turning influences the generation of residual stress can be explained by considering the 
state of stress produced when the cutting tool slides across the work-piece, see top of Figure 8. 
The mechanism behind the generation of mechanically induced residual stress during cutting 
“A” in Figure 8 can be explained by plastic deformation in the surface layer (1) and elastic 
deformation in the underlying surface layer (2), middle of Figure 8.  
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 Fig. 8: Generation of residual stresses by turning [19].

The elastic deformation causes residual compressive stress to form the surface layer (B) 
achieves force equilibrium and compatibility after the cutting process. Heat generated 
according to the cutting process causes the thermal residual stresses, which expand the surface 
layer and produces compressive stress (A) when the work-piece cools down (B) and 
contractions in the surface layer (1) produce tension residual stresses. The tensile stress 
induced by the thermal effect decreases deeper inside the work-piece. That is why the 
temperature generated in the cutting zone is of substantial importance for the reduction of the 
tensile residual stresses. 



Manouchehr Vosough       Residual Stresses Induced by Metal Cutting   Page 13 
__________________________________________________________________________________________

3.2 Effect of Cutting Parameter on Residual Stress 

From the previous study on the carbon steel S45C the following conclusions are summarized, 
[22].  

Cutting speed 
• A decrease of cutting speed decreases the tensile residual stress near the surface, and 

increases the depth of the residual stress layer. 

Feed rate, Nominal chip thickness 
• An increase of feed/nominal chip thickness shifts the surface residual stress towards the 

tension side and increases the depth of the residual tensile stress layer.  

Depth of cut 
• On the other hand, an increase of the cut does not affect the residual stress distributions.  

Rake angle 
• A negative rake angle results in higher compressive stresses, although the influence is 

minimal.  

Nose radius 
• A larger nose radius resulted in less compressive stress. This is resulted from the fact that 

the cutting forces are spread out over a large contact area.  

It is an ambition to design a mathematical tool for determining the correct cutting parameters 
in purpose of producing specific residual stresses, Figure 9. 

Fig. 9: Residual stress estimation in the cutting direction [19].  
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The fatigue life improvement can be achieved by a stress pattern with more compressive 
stress on and below the surface of the turned part.  

This study, Paper II, showed that it is possible to control the level and magnitude of residual 
stress to a depth of approximately 50 μm beneath the surface. Table 1 includes an overview of 
thermal and mechanical generation is affected by changes in cutting conditions. 

Table: 1. Summary evaluation of the effect of cutting parameter on residual stress in turning [19]. 

Surface (0μm) Beneath the Surface (10μm-50μm) Parameter 
Thermal
generation 

Mechanical 
deformation

Residual 
stress σ

Thermal
generation 

Mechanical 
deformation 

Residual 
stress σ

Vc ++ -- ++   +/- - - 
fz/hex ++ ++ +  ++ ++ + 
Ap +/- +/- +/- +/- +/- +/- 
γ --- --- - - ++ + -- 

Rε + -  + + + + 

3.3 Methods of Measuring Residual Stresses 

X-ray methods of measuring residual stresses in crystalline materials have been tested and the 
basis of the technique is straightforward [31-35, 56-57]. First, consider the method of X-ray 
power diffractometer. With reference to Fig. 10, assume that X-ray detector is moved over a 
range of angles, 2θ, to find the angle θ, of the diffraction from grains that satisfies Bragg’s 
law such that λ = 2d sinθ. In Fig. 10(a) the incident beam diffracts X-rays of wavelength λ
from planes that satisfy Bragg’s law in crystals with these planes parallel to the sample’s 
surface. If the surface is in compression, because of Poisson’s ratio these planes are further 
apart than in the stress-free state. The d spacing is obtained from the peak in intensity versus 
scattering angle 2θ and Bragg’s law λ = 2d sinθ. In Fig. 10(b), after the specimen is tilted, 
diffraction occurs from other grains, but from the same planes, and these are more nearly 
perpendicular to the stress. These planes are less separated than in Fig. 10(a), the peak occurs 
at higher angles of 2θ. In c, after the specimen is tilted, the stress is measured in directions, 
which are the intersection of the circle of tilt and the surface of the specimen. Grains that have 
planes with this spacing that are parallel to the surface will diffract as shown in Fig.10(a). 
This diffraction takes place from a thin surface layer (≅ 20 μm). If the surface of the specimen 
is in compression, the “d” spacing of these planes is larger than in the unstressed state, 
because of Poisson’s effect. If the specimen is now tilted with respect to the incoming beam 
Fig. 10(b), new grains diffract and the orientation of the diffraction planes is more nearly 
perpendicular to the stress direction. 
The result is that, with the tilt, the “d” spacing decreases and the angle 2θ increases, as shown 
in the figure. In effect, the interplanar spacing acts as an internal strain gauge. Since the 
spacing of lattice planes (the “strain gauges”) is extremely small they will be affected by both 
micro and macro stresses. The X-ray method measures the sum of these stresses. 
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Fig. 10: Schematic of a diffractometer [6]. 

The case of uniaxial stress, the stress σ produces a strain ε in the y direction given by: 

ε = 
L

LΔ
 = 

o

o

L

LL −f

where Lo and Lf are the original and final lengths under applied load.  
Typically, two rectilinear coordinate systems are used in X-ray diffraction stress measurements: 
the laboratory coordinate system Li and the sample coordinate system Si , Figure 11. The 
laboratory system consists of the axes with respect to which (hkl) and L2 is coplanar with S1

and S2. Note that S3 is perpendicular to Ns and S1 and S2 are in the plane of sample; S1 might 
be chosen parallel to the rolling or machining direction [6, 31].  
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Fig. 11: Illustration of the two axes systems used in stress measurements: Si sample coordinate system and 
Li laboratory coordinate system [31]. 

A lattice strain can be defined by replacing Lo and Lf with the current lattice spacing d and the 
unstressed lattice spacing d0, giving: 

ε φΨ  = 
o

o

d

dd −φϕ

The indices φ,Ψ indicate the orientation between the measured lattice strain and the sample 
coordinate system. That is, ε φΨ is the strain in those lattice plains the normal vector of which 
is parallel to L3, Figure 10. If the unstressed lattice spacing d0 is known and d  is obtained 
from the peak in intensity versus scattering angle 2θ with the help of Bragg’s law, λ=2d sinθ,
the lattice strain ε φΨ  in the direction defined by the angle φ  and Ψ  can be obtained.   
The variation of dhkl with orientation ψ of the normal of (hkl) is shown in polar coordinates in 
Figure 12. 
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Fig. 12: Plane-stress elastic model [6, 31].

The strain εφΨ can be calculated by the strains in the sample coordinate system by a 
coordinate transformation of the strain tensor. Combining the result of the coordinate 
transformation with Hooke’s law, the fundamental equation for all methods of X-ray stress 
analysis in macroscopically homogeneous isotropic material is obtained,  

(ε) φΨ  = 
o

o

d

dd −φϕ
 = 

E

ν+1
{σ11 cos2φ  + σ12 sin

2φ  + σ22 sin
2φ  - σ33} sin2Ψ  + 

+
E

ν+1 σ33 - 
E

ν
(σ11 + σ22 + σ33) + 

E

ν+1
 {σ13 cosφ  - σ23 sin φ} sin 2φ,

where do, ν and E is known with sufficient precision for the chosen lattice plane (hkl).
For biaxial, it is convenient to introduce surface parallel stress state, which is often the case as 
the penetration depth is limited to a thin surface layer in X-ray diffraction. The stress 
components σ13 , σ23 and σ33 are zero. The equation for strain becomes: 

o

o

d

dd −φϕ
 = [

E

ν+1 σφ sin2
Ψ )] – [

E

ν
(hkl) (σ11 + σ22)],

This equation is termed as sin2
Ψ -method [6, 31].

In this approach, dφΨ  is plotted as a function of sin2
Ψ, Figure 12.  In summary, the slope of 

dφΨ, vs. sin2
Ψ, gives σφ providing E, ν and do are known. Normally do is taken to equal d (Ψ = 

0), the experimentally measured d-spacing at Ψ = 0. This is reasonable because elastic strains 
typically introduce a maximum of 0.1% difference between the true do and d measured at 
anyΨ.



Manouchehr Vosough       Residual Stresses Induced by Metal Cutting   Page 18 
__________________________________________________________________________________________

 (d) 

Fig. 13: (a),(b),(c) different types of d vs. plots After I.C.Noan, J.B.Cohen [6]. In summary, 
the slope of the plot of dφΨ  vs. sin2

Ψ  gives σφ if E, ν and do are known. (d), d (311) versus 
sin2φ plot for a shot peened 5056-O aluminum alloy having a surface stress of –148 MPa. 

Figure 13 shows three patterns of d vs. sin2
Ψ , which might be encountered in practice. The 

linear plot of d vs. sin2
Ψ , Figure 13 (a) shows the behavior expected from biaxial or uniaxial 

stresses.  

In this case, determination of the individual stress components may require measurement of 
dφΨ for three values of φ, say 0 o, 45 o and 90o. The behavior in Figure 13 (b) is termed “psi-
splitting”, that is the d-spacing determined for Ψ < 0, dφΨ -, are no longer identical with those 
determined for Ψ > 0, dφΨ +. The subscript “+” or “-” for Ψ denotes values determined with  
Ψ > 0 or Ψ < 0, respectively. The different curves for dφΨ + and dφΨ - as a function of sin2

Ψ
indicates that triaxial stresses are present and the previous analysis must be modified. The 
case of a stress gradient shown in Figure 13 is discussed for titanium in Paper I. The 
responding depth profile is included in Paper II, Oscillatory d vs. sin2

Ψ curves Figure 13 (c) 
appears when significant levels of texture are present. Further information for residual stress 
analysis can be found in [6,8]. 
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4 Basic Approach and Experimental Set-Up 

The research work of the whole thesis is described in detail in Papers I...IV in sequence.
Papers I...III are appended to the thesis, Paper IV is a summary of them. 

There are many parameters to consider when investigating how a manufacturing process 
affects product quality. The complex interaction between machining parameters and product 
quality properties demands statistical methods that will make the process as efficient and 
accurate as possible.  

4.1 System Analysis and Modeling 

The main effort is based on the data collected by scientific experimentation, although the 
results extracted from the existing data from the literature have been used as well. 
The following hypothesis has been formulated for the project in general. 

“The residual stresses induced during machining of titanium Ti-6Al-4V (ASM) components 
can be influenced by the appliance of high-pressure coolant and a superior surface integrity 
can be achieved.” 

There are many parameters to consider when investigating how a manufacturing process 
affects product quality. When the findings do not correspond to hypothesis the findings are 
reworked leading to further modification and new process knowledge. 

4.2  Material 

The material used in the test was RMI 6AL-4V bar with a hardness of 342 Vickers (HV3). 
The 0.2% offset yield strength was 827 MPa and the ultimate tensile strength 917 MPa. The 
chemical composition of the studied material was analyzed at Sandvik Material Technology 
and the result is given in Table 1 (in wt. %). It showed that the producer’s declaration of the 
material is in phase with lab analysis in Table 2. 

Table 2: The chemical analysis of Titanium alloy (wt %) 

O
ppm 

H
ppm 

N
ppm 

Fe C V Al Ti 

1560 19 80 0.18 0.01 4.3 6.2 Bal 

4.3 Turning Condition 

The machining was done on a CNC lathe, Swedturn SMC. The high-pressure was produced 
by a pump from Hammelman with maximum pressure of 100 MPa with the motor effect 55 
kW at 1500 rpm. All tests were performed with cutting fluid water plus 5% soluble oil so 
called Coolage 5% from Castrol. The high-pressure jet was always directed towards the rake 
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face of the insert. The outer diameter of the bar was different for each operation. The turning 
conditions are summarized in Tables 3, 4. 

Table 3: The tool and insert information. 

Tool and insert designation 
Tool holder (Coromant) PRGCL 525 P12 
Insert, a round cemented 
carbide with honed edge 
radius 0.035(mm) (Coromant) 

RCHT12 04 MOKL

Rake angle ( 0) 26˚ 
Insert grade Uncoated 

H13AK25 

Table 4: The cutting condition.

 Roughing Finishing
Cutting speed vc (m/min ) 70 250 
Feed f (mm/rev ) 0.4 0.2 
Depth of cut ap (mm) 3 0.3 
Max chip thickness 
hex (mm/rev) Figure 1 

0.35 0.06 

Diameter range D (mm)  94-128 63 
Pump pressure (MPa) with 
a nozzle of 0.4 (mm) 
diameter 

28 28 

4.4 Sample Preparation for Residual Stress Measurement 

From Ti6Al4V machined rods, samples in a plate form were cut. Each plate was cut into three 
pieces and the outer pieces were used for measurement, Figure 14. 

l
w

t

Fig.14: Samples were cut out of a round bar. Typically 10mm thick (t) and 30mm wide (w) the 
length (l) is determined by the diameter of the bar. 
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4.5 Residual Stress Measurement 

The BRUKER D8 Advance X-ray diffractometer with ¼ circle Eulerian cradle carried out 
residual stress measurement. Omega-diffractometer geometry was utilized [8]. Polycapillary 
and solid state detector were used in order to obtain highest possible intensity with good angle 
resolution. In order to obtain maximum intensity, no pinhole was used in the primary beam 
and therefore a beam size of 4.9 mm in diameter was applied. A standard routine was applied 
for verifying the alignment of X-ray diffractometer [9]. A residual stress-free and texture-free 
ferrite powder was measured and an acceptable value of residual stress of 6.0±4.0 MPa was 
obtained (<6.9 MPa was required [32]). The direction parallel to the sample’s radial was 
defined as the transversal direction, namely Phi=0. The longitudinal one defined with Phi=90. 
Both Cr and Cu-radiation were used. Cr-radiation with 35 kV, 40 mA and Cu-radiation with 
40 kV, 40 mA were applied. An investigation was carried out to find the peak (103) of -Ti, 
Cr-K  radiation and peak (213) of -Ti, Cu-K  and 5Psi; 7Psi and +Psi and ± Psi were tested. 
Although measuring peak (103) of -Ti using Cr-K  radiation gave a reasonable result the 
measurement of peak (213) of -Ti using Cu-K  showed a much better precision. Therefore 
Cu-radiation, 2  between 138.3° and 143.5°, 7Psi, ±Psi 40°, step size of 0.1° and 20 
seconds were investigated and recommended. Young’s modules of E=110 GPa, Poisson’s 
ratio ν=0.33 and the method of sliding gravity with 80% threshold were used to calculate 
residual stress in order to be able to compare the results. 

4.6 Finite Element Simulation of Cutting 

The finite element program MSC. Marc has been used to perform the simulations. This is an 
implicit finite element code; which solves coupled thermo-mechanical problems. It is a solid 
formulation and uses an updated Lagrangian mesh. Because of the excessive deformations at 
the process zone the Lagrangian mesh is frequently updated using advanced front technique. 
Mesh regeneration is based on the changes in strains and also the distortion of elements. The 
full Newton-Raphson procedure is used for the solution of the nonlinear system of equations. 
A staggered method for coupled transient mechanical and heat transfer analysis is utilized. An 
isothermal mechanical step is taken followed by a rigid transient heat transfer step with heating 
from plastic work and friction.                                                    

The material model accounts for thermo-elastic-plastic strains using an isotropic Von Misses 
plasticity formulation. This is the constitutive viscoplastic model of Johnson and Cook [11]. It 
accounts for nonlinear isotropic strain hardening, strain-rate hardening and temperature 
softening and is expressed as; 

( ) ( )mn TcBA *
.
* 1ln1 −++= εεσ

where ε is the equivalent plastic strain; 
.
*ε is the ratio of test strain rate to a reference strain rate, 

which is chosen to 10-5 s-1 [12],
*T is the homologous temperature, i.e., (T-Troom)/(Tmelt  -Troom),

and σ and ε are stress and strain respectively. The five material constants are A, B, n, c and m. 
The expression in the first set of brackets gives stress as a function of strain with strain 
hardening coefficient B and strain hardening exponent n. The expression in the second and 
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third sets of brackets represents the effects of strain rate and temperature, respectively. The 
material parameters for Ti-6Al-4V are shown in Table 5. 

Table 5: Johnson and Cook material constants for Ti-6Al-4V 

Material A 
(MPa) 

B
(MPa) 

N C M 

Ti-6Al-4V 724.7 683.1 0.47 0.035 1.0 
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5 Summary of the Results  

In order to investigate the effect from coolant pressure and different cutting times on the 
surface as well as on the insert, a test plan shown in tables 6-9 was designed. With different 
turning times, different mean flank wears VB were measured until the insert was worn out. 
First the roughing operation was done without and with high-pressure cooling and the relevant 
sample was cut out after turning. Then the fine operation continued on the same rod. The 
insert was exchanged or rotated to eliminate the effect of tool wear before each cut. 

5.1 Effect of High Pressure on Turning Condition 

Although the basic machining properties of titanium metal can not be altered significantly, 
their effect can be greatly minimized by decreasing temperatures generated at the tool face 
and cutting edge. Tool life data was developed experimentally for titanium alloy shown in 
Tables 6-9, where tool life is measured versus VB (mean flank wear) for the given cutting tool 
material at a constant feed and depth of cut. It can be seen that tools for machining titanium 
alloys are very sensitive to changes in cutting time. At a high cutting speed, tool life is 
extremely short. As the cutting speed decreases, tool life dramatically increases. Industry 
generally operates at cutting speeds promoting long tool life. By applying high-pressure the 
cutting life of the insert increased up to 50%. 

Table 6: Roughing cutting data 

Time (min) VB Sample 
No. 

Ra
(μm) 

0,5 0,18 2 1.0 
1 0,22 4 0.85 
2 0,25 3 0.72 
5 0.36 1 0.70 

Table 7: Roughing cutting data with high-pressure 

Time (min) VB Sample 
No. 

Ra
(μm) 

0.8 0.18 8 0.84 
2.5 0,2 9 0.95 
5.5 0.26 10 1.26 
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Table 8: Finishing cutting data 

Time (min) VB Sample 
No. 

Ra
(μm) 

0.41 0,10 17 0.42 
1.35 0,22 16 0.52 
1.48 0.5 15 0.30 

Table 9: Finishing cutting data with high-pressure 

Time (min) VB Sample 
No. 

Ra
(μm) 

0.48 0.09 20 0.44 
1.39 0.16 19 0.45 
1.52 0.10 18 0.51 

5.2 Surface Roughness Measurement 

The results of surface roughness measurement and surface analysis by SEM are shown in 
Figures 15 and 16. The detailed measurement of the surface roughness for sample no.1 (case 
roughing with high pressure) is illustrated in Figure 15. 

Fig. 15: Surface profile and roughness data for high pressure assistance 

Figure 15 shows that the distance between the top of the render had a relation with the feeding 
rate. Figure 16 shows that with use of high pressure the machined surface is cleaner, 
Fig. 16(a), than without, Fig. 16 (b). 
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(a)   (b) 

Fig. 16: Surface analysis by SEM; a view of the surface after turning operation for sample 
No.1, (a) conventional cutting, (b) cutting with high pressure assistance leading, to higher 
surface quality 

5.3 Residual Stresses 

In order to determine the 2  and define start angle as well as stop one, whole pattern scans 
(2 : from 10° to 163°) were carried out. The results of whole pattern scan from sample 16 are 
presented in Figures 17 and 18 for Cr. and Cu-radiation respectively. From the spectrum in 
Figure 17, it can be seen that the peak at 2  =119.3° could be indexed as (103) from -Ti (10).  

Fig. 17: The whole pattern scan from Sample 16 for Cr-radiation; Lin(Counts) vs. 2-θ -Scale 

However, the intensity is too strong to be one peak only in comparison with the data file. This 
may be explained in terms of either of the textured or overlap due to the present of -Ti (11) 
or both. Estimation using TOPAS 2 software has given rise to ∼10 Vol. % -Ti. The lines 
from -Ti shown in Figure 18 confirm the present of -Ti. This indicates the overlap between 
(103) from -Ti and (211) from -Ti. When Cu-radiation was used the spectrum in Figure 16 
shows line (213) from -Ti without overlap from either -Ti or -Ti. 
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Fig.18: The whole pattern scan from Sample 16 for Cu-radiation; Lin(Counts) vs. 2- θ-Scale

In order to reduce the stress constant the largest possible 2  should be chosen with reasonable 
intensity and as close to 180° as possible [8]. Therefore, the third strongest peak (103) with 2
of 119.258° was chosen for residual stress measurement using Cr-radiation as shown in 
Figure 17. The shift from the α-Ti is most likely due to the residual stress (alloying plays 
minor role). 117.5° and 121.5° were selected as the start and stop points respectively as 
indicated in Figure 19.
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Fig.19: The selections of start and stop 2 θ and 2 θ  positions for Cr-radiation of (103)

Line of (213) of α-Ti located at 2 is equal to 139.48° for Cu-radiation and has fairly high 
intensity [55]. This line was selected for the stress measurements. The peaks at 2 =141.024°,
138.3 and 143.5° were selected for the start, stop and 2  respectively as indicated in Figure 
20. After several attempts, step size of 0.1° and 20 seconds was adopted because reasonable 
intensities were collected for one Phi angle within 3 hours. The total measuring time was 
~6 hours for 7Psi (14 measuring points because both Phi = 0°and 90° were measured) and 
~4 hours for 5 Psi measurement respectively (10 measuring points). 
Since the same batch of Ti-6Al-4V material was used for all high-pressure jet-assisted 
machining these aforesaid parameters are applicable for the residual stress measurement for 
all machined materials in this investigation. 

Fig.20: The selections of start and stop 2 θ and 2 θ  positions for Cu-radiation of (213);
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All curves and strain distribution for both Phi = 0 and Phi = 90o are shown in Figures 9-12 for 
Cr radiation and Figures 13 and 14 for Cu radiation in Paper I.

5.4 Finite Element Simulation of Cutting 

The chip morphology obtained from the simulations is shown in Figures 21 and 22. As it is 
clear from simulations, the shear deformations in the primary deformation zone in 
combination with the stick-slip friction mechanism at the secondary deformation zone cause a 
segmented structure of the chip. The shear localization makes the cutting forces fluctuate with 
the frequency of segmentation. The average calculated cutting force in the feeding direction is 
about 1120 N for 0.2-mm feeding, see Figure 22(b). The maximum temperature of the cutting 
system is 800 o C at the insert-chip interface due to the friction, Figure 21(a). Since the 
fracture behavior of the Ti-6Al-4V is not accounted in the material model the level of 
equivalent plastic strain is reached to a level of 400%. The thickness of region with this high 
value of plastic strain is predicted to 5-10 μm. 

(a)   (b) 

Fig.21: (a) Temperature distribution in the cutting system, (b) equivalent plastic strain in the 
cutting system 
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(a)      

(b) 

Fig.22: Cutting force as a function of time (a)  in the cutting direction, (b)  in the feeding 
direction 
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The experimental measured residual stresses at a distance of 50 μm under the surface are 
presented and compared with the simulation result in Table 10.  

Table 10: A comparison of experimental and simulation for residual stresses 

Residual stress Feed direction [MPa] Cutting direction [MPa] 
Experiment  -300 -200 
Simulation -200 -350 
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6 Conclusions  

A summary about the residual measurement and the result of high-pressure according to 
information data showed that the high-pressure water-jet-assisted machining of titanium 
alloys is beneficial. 

The study revealed that there were compressive residual stresses in the transversal and 
longitudinal directions of the cut and the residual stresses in both directions were nearly of 
the same magnitude. The shear stress was very low, almost negligible. High-pressure 
cooling affected residual stresses in finishing more than in roughing. 

It introduces compressive residual stress in the finished work-piece, increasing the fatigue 
properties of the surface. 

The residual compression stresses decrease when the time of cutting increases due to the 
increase of the flank wear. 

Residual compression stresses are higher in the feed direction than in the cutting direction. 

High-pressure introduces more compression stresses (~100 MPa) when used in the 
finishing operation. 

The presence of compression residual stresses leads to a better surface integrity and 
consequently improves the properties of work metals such as fatigue. 
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7 Summaries of the Publications 

The investigation was led by a literature study [23]. The result of parameter and accuracy of 
residual measurement was presented in Paper I. In Paper II the variation of residual stress 
beneath the surface is presented. The results measured by X-ray diffractometry was compared 
using simulating methods based on FE-simulation with the same cutting data when applying 
“Jet Break” in the turning of titanium for the aerospace industry compared to conventional 
coolant appliance in Paper III. A whole evaluation effect of high-pressure jet–assisted 
machining of titanium alloys is summarised in Paper IV, which is not appended to the thesis as 
being a summary of the previous three papers: 

7.1 Paper I - Summary

Measurement of Residual Stresses in Ti-6Al-4V for the Aerospace Industry When 
Turning the Surface with Applying “Jet Break” Compared to Conventional Coolant 
Appliance 

Proceedings of the 22nd Heat Treating Society Conference and the 2nd International Surface 
Engineering Congress, 15-17 September 2003, Indianapolis, Indiana, USA, ASM 
International, pp. 492-502. 

Ti6Al4V (Ti-64) rod was machined by turning in two different manners, finishing and 
roughing. Tests were conducted on a lathe using the same cutting data and different cooling 
systems, high-pressure and conventional. In order to illustrate the effect of high-pressure jet-
assisted machining on the properties of the work-piece of Ti-6-Al-4V and its residual stress, 
X-ray diffractometery was used. 

• Third strongest peak (103) with 2  of 119.258° was chosen for residual stress 
measurement using Cr-radiation. 

• Line of (213) of α-Ti located at 2 is equal to 139.48° for Cu-radiation and has fairly high 
intensity. This line was selected for the stress measurements. The peaks at 2 =141.024°,
138.3 and 143.5° were selected for the start, stop and 2  respectively 

7.2 Paper II - Summary

Depth Profile of Titanium Alloy (Ti-6Al-4V) and Residual Stress Measured by Using X-
Ray Diffraction After Metal Cutting Assisted By High-Pressured Jet Cooling 

ICRS-7th International Conference on Residual Stresses June 14-17, 2004 X’ian, China, 
Published in: MSF (Materials Science Forum), Vol. 490-491 (ISSN: 0255-5476), 7 pages. 

The depth profile of residual stress was measured by using X-ray diffraction. Then it was 
compared to the depth profile of residual stress of the conventional machined work-piece. It 
was found that the high-pressure jet increased the amount of residual compressive stresses in 
both cutting and feed directions. In the present paper, Ti-6Al-4V rod was machined by turning 
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in two different manners, finishing and roughing. Tests were conducted on a lathe using 
different cooling systems, high-pressure and conventional. The maximal amplitude of residual 
stress, at both the longitude (feeding direction) and transversal (cutting) directions, the depth 
of compress residual stress and the depth of the total residual stress will be present as the 
function of the machining parameters. Microstructural Evaluation of Titanium Alloy (Ti-6Al-
4V) After Metal Cutting Assisted by High-Pressured Jet Cooling, is under manuscript in 
Paper V.

7.3 Paper III - Summary 

Influence of High-pressure Water-Jet-Assisted Turning on Surface Residual Stresses on 
Ti-6AL-4V Alloy by Measurement and Finite Element Simulation 

Proc. of the 3rd International Surface Engineering Congress and Exposition, August 2-4, 
2004, Orlando, Florida, USA, ASM International, pp. 107-113. 

The residual stress on the surface was measured by using high-pressure water-jet-assisted 
machining of Ti-6Al-4V alloy with X-ray diffraction. As comparison, the profile of residual 
stress was also measured for the conventional machined work-piece. The finite element 
simulation, using the updated Lagrangian formulation was also used to study the dynamic 
transient process. It was found the high-pressure jet increases the amount of residual 
compression stresses in both cutting and feed directions and that the high-pressure water-jet-
assisted machining of titanium alloys is beneficial. The result from simulation varies about up to 
30 % to that obtained from experiment. 

• The shear localization makes the cutting forces fluctuate with the frequency of 
segmentation. 

•  The average calculated cutting force in the feeding direction is about 1120 N for 0.2-mm 
feeding. 

• The maximum temperature of the cutting system is 800 o C at the insert-chip interface due 
to the friction.  

• The thickness of region with the high value of plastic strain is predicted to 5-10 μm. 
• The experimental measured residual stresses at a distance of 50 μm under the surface are 

presented and compared with the simulation result differs maximum 30%. 

Paper IV (not appended to the thesis, as being a summary of Papers I, II, III):

Influence of High Pressure Water Jet-Assisted Machining on Surface Residual 
Stresses on the Work-Piece of Ti-6Al-4V Alloy 

Proc. of SPIE, Volume 5852, part one of two, 29 November- 1 December 2004, Singapore. 



Manouchehr Vosough Future Work  Page 34 
__________________________________________________________________________________________

8 Future Work 

Implementation of high-pressure applications is still lacking in many ways although the 
benefits of using high-pressure jet-assisted machining are rapidly spreading. In this survey, 
we used the stream directed towards the rake face. An investigation is on the way regarding to 
map the residual stress on the machined surface of Ti-64. A high-pressure is directed towards 
not only the rake face but also a stream directed to the clearance face at the same time. Further 
research will be to investigate the plastic deformation below the work-piece surface, the effect 
of the contact length and the reduction in tool/chip friction by changing the shear plane angle. 
By changing the shear plan angle, it may be possible to influence the residual stresses in the 
product. A large increase in product quality is possible if the controllability of the residual 
stresses is verified. A model of the high-pressure jet injected at the same time towards the 
clearance face and the rake face can be compared with the measured residual stress by X-rays. 
A microstructural evaluation of titanium alloy (Ti-6Al-4V) for metal cutting assisted by quick 
stop is under procedure. 
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Ti6Al4V (Ti-64) rod was machined by turning in two different 
manners, finishing and roughing. Tests were conducted on a 
lathe using the same cutting data and different cooling 
systems, high pressure and conventional. In order to illustrate 
the effect of high-pressure jet assisted machining on the 
properties of the work piece of Ti-6-Al-4V and its residual 
stress, x-ray defractometery was used. 
The present study revealed that there were compressive 
residual stresses in the transversal and longitudinal directions 
of the cut and the residual stresses in both directions were 
nearly of the same magnitude. The shear stress was very low, 
almost negligible. High pressure cooling affected residual 
stresses in finishing more than in roughing. 

1 Introduction
One of the most important applications of titanium alloys is in 
the aerospace industry due to its high strength/weight ratio [1]. 
However, titanium alloys are considered to have rather poor 
machinability [2]. Because of their chemically reactive, low 
elastic modulus and low heat conductivity, titanium alloys 
have a tendency to weld to the tool, permit great deflection 
and increase the temperature at the tool/workpieace interface 
during the conventional machining [3]. Thus, short tool life 
and low productivity due to the low  permissible rates of metal 
removal are often associated with the machining titanium 
alloys [4]. At the same time the measurement of residual 
stresses is very important to know the integrity of the surface 
after turning as a safety factor. 
High-pressure jet–assisted machining is starting to establish 
itself as a method for substantial increase of economical 
production in the metal cutting industry. Cutting with an 
excess amount of cutting fluids is still very common, even if a 
trend towards dry cutting is starting to grow fast. However, 
many materials such as heat resisted alloys and titanium can 
not be effectively cut without cooling. Research made in the 
past has shown the high potential with high-pressure jet 
assisted machining compared to conventional cooling. 
Methods were focused on turning operation in the pressure 

range from 2,75 to 280 MPa. Water, oil and regular cutting 
fluids were used. The presented results showed increased tool 
life, improved surface finish, reduced cutting forces and better 
chip control. 
O. W. Boston did the first attempts using high-pressure fluids 
as early as 1938. He compared cooling with oil applied in 
three different ways: conventional high flow floods cooling, 
high pressure at the rake side and high-pressure at the 
clearance side. Results showed that the highest increase in the 
cutting speed and tool life was achieved when the jet was 
applied at the rake side. Nevertheless, Pigott and Colwell in 
1952 [5], worked with pressurized cutting oils showing 
reduction in friction on the tool/chip interface, with a jet 
applied at the clearance side. Tool life was also substantially 
increased. Despite the good results no large implementation of 
this technique was made. Instead a fast development of 
carbide tools and sophisticated chip-forming geometry stood 
for the major changes in tool life, chip control, etc.  
In 1971, it was tried [5] to force coolant through a small hole 
in the tool rake face. The jet was directed towards the already 
created chip at a distance above the tool/chip contact line. At 
the used pressure of 68,9 MPa, about 40% reduction of 
friction was measured. A change in the chip form was also 
noticed. With high jet assistance, the chips were ribbon-like, 
when in dry turning only segment chips were produced. In 
1991 further research in the ultra high-pressure area (280 
MPa) was done by Lindeke et al [14]. The aim was to 
investigate the effects of jet assisted machining of titanium. As 
much as 500% increase in tool life was reported. Short chips 
instead of long ones were also shown. The jet was applied 
through a hole in the tool. The reported increase in tool life 
was extremely high. Machining of titanium alloys requires 
cutting forces only slightly higher than those needed to 
machine steels. Because of their mechanical and physical 
properties as mentioned before, titanium alloys are difficult 
and consequently more expensive to machine compared with 
steels of equivalent hardness. Reasonable production rates and 
excellent surface finish can be obtained with conventional 
machining methods if the unique characteristics of this metal 
(such as its reactivity) are taken into account. 
The surface of titanium alloys is thought to be easily damaged 
during some traditional machining operations. Damage 
appears in the form of micro cracks, built up edges, plastic 
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deformation, heat-affected zones and tensile residual stresses. 
In service, this damage can lead to a great degradation of 
properties such as fatigue strength and stress corrosion 
resistance. Production engineers and companies specializing in 
the machining of aerospace materials generally have 
developed techniques to maximize surface integrity of 
titanium alloys. Thus, optimum properties usually are 
achieved during machining of titanium. In applications such as 
in aerospace industries the maximum fatigue strength is 
required [5]. Fatigue life of components to be cyclically 
loaded increases by the introduction of compressive residual 
stresses in the surface layers. This is due to the fact that, for a 
fatigue crack to propagate, the region at the crack tip must be 
in a state of tension during some point in the loading cycle. 
When a residual state of compressive stress has been 
superimposed over the stress state resulting from service 
loading, it is possible that most or the entire load spectrum 
will remain in the compression region. For applications with 
thousands of rpm, such as gas turbine engine blades, such 
fatigue enhancements are critical. Cracks initiated by foreign 
object damage can potentially propagate and result in 
premature failure. 
The introduction of residual stresses in compression form has 
beneficial effect. The most common way to introduce such 
stresses is shot peening [6], but there are some disadvantages 
to this process too [7]. 
Residual stress measurement has been carried out at Sandvik 
Materials Technology for years. In all cases involved in steels, 
either Fe-base or Ni-base, the Cr-radiation has been preferred. 
The present investigation was carried out with Cu-radiation as 
well as Cr-radiation. In order to establish an optimized 
procedure i.e. choice of 2θ, start and end angle lines, the 
number of Psi angles, step size and measurement time for 
measurement of residual stress on Ti-6Al-4V material. 

2 Experimental  
Machining and other surface treatments were carried out in the 
machining laboratory at AB Sandvik Coromant and residual 
stress measurements were performed at Sandvik Materials 
Technology in Sandviken Sweden. 

2.1 Material 
The material used in the test was RMI 6AL-4V bar with a 
hardness of 342 Vickers (HV3). The 0.2% offset yield strength 
was 827 MPa and the ultimate tensile strength 917 MPa. The 
chemical composition of the studied material was analyzed at 
Sandvik Material Technology and the result is given in table.1 
(in wt. %). It showed that the producer’s declaration of the 
material is in phase with lab analysis in table 1. 

Table 1: The chemical analysis of Titanium alloy (wt %) 
O ppm H ppm N ppm Fe C V Al Ti 
1560 19 80 0.18 0.01 4.3 6.2 Bal. 

2.2 Turning condition
The machining was done on a CNC lathe, Swedturn SMC. 
The high-pressure was produced by a pump from Hammelman 

with maximum pressure of 100 MPa with the motor effect 55 
kW at 1500 rpm. All tests were performed with cutting fluid 
water plus 5% soluble oil so called Coolage 5% from Castrol. 
The high-pressure jet was always directed towards the rake 
face of the insert. The outer diameter of the bar was different 
for each operation. The turning conditions are summarized in 
tables 2-3. 

Table 2: The tool and insert information. 
Tool and insert designation 

Tool holder (Coromant) PRGCL 525 P12 

Insert, a round cemented carbide 
with honed edge radius 0.035(mm) 
(Coromant) 

RCHT12 04 MO KL 

Rake angle (γo) 26˚ 
Insert grade  Uncoated H13AK25 

Table 3: The cutting condition. 
 Roughing Finishing 
Cutting speed vc (m/min ) 70 250 
Feed f (mm/rev ) 0.4 0.2 
Depth of cut ap (mm) 3 0.3 
Max chip thickness 
hex (mm/rev) figure 1 

0.35 0.06 

Diameter range D (mm)  94-128 63 
Pump pressure (MPa) with a 
nozzle of 0.4 (mm) diameter 

28 28 

Figure 1: Formulas for max chip thickness. 

2.3-Sample preparation for residual stress measurement 
From Ti6Al4V machined rods, samples in a plate form were 
cut. Each plate was cut into three pieces and the outer pieces 
were used for measurement (figure 2). 

l
w

t

Figure 2: Samples were cut out of a round bar. Typically 
10mm thick (t) and 30mm wide (w) the length (l) is determined 
by the diameter of the bar. 

2.4 Residual stress measurement 
The BRUKER D8 Advance x-ray diffractometer with ¼ circle 
Eulerian cradle carried out residual stress measurement. 
Omega-diffractometer geometry was utilized [8]. 
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Polycapillary and solid state detector were used in order to 
obtain highest possible intensity with good angle resolution. In 
order to obtain maximum intensity, no pinhole was used in the 
primary beam and therefore a beam size of 4.9 mm in 
diameter was applied. A standard routine was applied for 
verifying the alignment of x-ray diffractometer [9]. A residual 
stress-free and texture-free ferrite powder was measured and 
an acceptable value of residual stress of 6.0±4.0 MPa was 
obtained (<6.9 MPa was required [9]). The direction parallel 
to the sample’s radial was defined as the transversal direction, 
namely Phi=0. The longitudinal one defined with Phi=90. 
Both Cr and Cu-radiation were used. Cr-radiation with 35 kV, 
40 mA and Cu-radiation with 40 kV, 40 mA were applied. An 
investigation was carried out to find the peak (103) of α-Ti, 
Cr-Kα radiation and peak (213) of α-Ti, Cu-Kα and 5Psi; 7Psi 
and +Psi and ± Psi were tested. Although measuring peak 
(103) of α-Ti using Cr-Kα radiation gave a reasonable result 
the measurement of peak (213) of α-Ti using Cu-Kα showed a 
much better precision. Therefore Cu-radiation, 2θ between 
138.3° and 143.5°, 7Psi, │±Psi│≤40°, step size of 0.1° and 20 
seconds were investigated and recommended. Young’s 
modules of E=110 GPa, Poisson’s ratio ν=0.33 and the 
method of sliding gravity with 80% threshold were used to 
calculate residual stress in order to be able to compare the 
results. 

3.Results and discussion 
In order to investigate the effect from coolant pressure and 
different cutting times on the surface as well as on the insert, a 
test plan shown in tables 3-7 was designed. With different 
turning times, different mean flank wears VB were measured 
until the insert was worn out. First the roughing operation was 
done without and with high-pressure cooling and the relevant 
sample was cut out after turning. Then the fine operation 
continued on the same rod. The insert was exchanged or 
rotated to eliminate the effect of tool wear before each cut. 

3.1 Effect of high pressure on turning condition 
Although the basic machining properties of titanium metal can 
not be altered significantly, their effect can be greatly 
minimized by decreasing temperatures generated at the tool 
face and cutting edge. Tool life data was developed 
experimentally for titanium alloy shown in Table 4-7, where 
tool life is measured versus VB (mean flank wear) for the 
given cutting tool material at a constant feed and depth of cut. 
It can be seen that tools for machining titanium alloys are very 
sensitive to changes in cutting time. At a high cutting speed, 
tool life is extremely short. As the cutting speed decreases, 
tool life dramatically increases. Industry generally operates at 
cutting speeds promoting long tool life. By applying high-
pressure the cutting life of the insert increased up to 50%. 

Table 4: Roughing cutting data 
Time (min) VB Sample No. Ra (μm) 

0,5 0,18 2 1.0 
1 0,22 4 0.85 
2 0,25 3 0.72 
5 0.36 1 0.70 

Table 5: Roughing cutting data with high-pressure
Time (min) VB Sample No. Ra (μm) 

0.8 0.18 8 0.84 
2.5 0,2 9 0.95 
5.5 0.26 10 1.26 

Table 6: Finishing cutting data  
Time (min) VB Sample No. Ra (μm) 

0.41 0,10 17 0.42 
1.35 0,22 16 0.52 
1.48 0.5 15 0.30 

Table 7: Finishing cutting data with high-pressure
Time (min) VB Sample No. Ra (μm) 

0.48 0.09 20 0.44 
1.39 0.16 19 0.45 
1.52 0.10 18 0.51 

3.2 Surface roughness measurement 
The surface is produced by the minor edge with a chip 
thickness nearly zero, figure 1. From tables 2-5 one can see 
that the usage of high pressure cooling did not improve the 
surface roughness. Figure 4 shows that with use of high 
pressure the machined surface is cleaner. Figure 3 shows that 
the distance between the top of the render had a relation with 
the feeding rate. 

Figure 3: Detailed measurement of surface roughness for 
sample No.1
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Figure.4: Surface analysis by SEM; a view of the surface after 
turning operation for sample No.1 

3.3 Residual stresses 
In order to determine the 2θ and define start angle as well as 
stop one, whole pattern scans (2 θ: from 10° to 163°) were 
carried out. The results of whole pattern scan from sample 16 
are presented in figures 5 and 6 for Cr. and Cu-radiation 
respectively. From the spectrum in figure 5 it can be seen that 
the peak at 2θ =119.3° could be indexed as (103) from α-Ti 
(10). However, the intensity is too strong to be one peak only 
in comparison with the data file. This may be explained in 
terms of either of the textured or overlap due to the present of 
β-Ti (11) or both. Estimation using TOPAS 2 software has 
given rise to ∼10 Vol. % β-Ti. The lines from β-Ti shown in 
figure 6 confirm the present of β-Ti. This indicates the overlap 
between (103) from α-Ti and (211) from β-Ti. When Cu-
radiation was used the spectrum in figure 6 shows line (213) 
from α-Ti without overlap from either α-Ti or β-Ti.
In order to reduce the stress constant the largest possible 2θ
should be chosen with reasonable intensity and as close to 
180° as possible [12]. Therefore, the third strongest peak (103) 
with 2θ of 119.258° was chosen for residual stress 
measurement using Cr-radiation as shown in figure 7. The 
shift from the α-Ti is most likely due to the residual stress 

(alloying plays minor role). 117.5° and 121.5° were selected 
as the start and stop points respectively as indicated in figure 
7.
Line of (213) of α-Ti located at 2θ is equal to 139.48° for Cu-
radiation and has fairly high intensity [13]. This line was 
selected for the stress measurements. The peaks at 
2θ =141.024°, 138.3 and 143.5° were selected for the start, 
stop and 2θ respectively as indicated in figure 8. 
After several attempts, step size of 0.1° and 20 seconds was 
adopted because reasonable intensities were collected for one 
Phi angle within 3 hours. The total measuring time was ~6 
hours for 7Psi (14 measuring points because both Phi = 0°and 
90° were measured) and ~4 hours for 5 Psi measurement 
respectively (10 measuring points). 
Since the same batch of Ti-6Al-4V material was used for all 
high-pressure jet assisted machining these aforesaid 
parameters are applicable for the residual stress measurement 
for all machined materials in this investigation. 
All curves and strain distribution for both Phi = 0 and Phi = 
90o are shown in figures 9-12 for Cr radiation and 13-14 for 
Cu radiation. From all curves shown in figure 9-a to figure 12-
a it can be seen that the intensities were very low for Psi>40°.
However, in the present software there is no possibility to set 
up different step size and measuring time for an individual Psi 
angle in order to increase the intensity. Therefore Psi>40° is 
not desirable. No fundamental difference was observed 
between +Psi and ±Psi measurings. 
The results of residual measurement are summarised in table 8 
for Cr radiation and table 9 for Cu radiation. Comparing the 
results in table 8 it can be seen that 7-point measurement gave 
results with better statistics although measurements with 5 or 7 
points, +Psi or ±Psi all gave rise to very similar residual 
stresses. Hence, measurement with 7-point and ⏐±Psi⏐≤40°
would be desirable. Moreover, the results show a very poor 
precision of residual stress using Cr radiation, particularly the 
longitudinal ones (Phi = 90o). This may be attributed to the 
interference from the overlapped β-Ti line (211). Hence, Cr 
radiation would not be the optimized choice for the residual 
stress measurement in the present case. In contrast the results 
in table 9 show a very high precision both at the transversal 
and longitudinal direction. The residual stresses in both 
directions are very similar. The very low shear stress indicates 
that there is no shear stress introduced. However, the 
repetition of measurement produced somewhat different 
values in case of sample 19 as shown in table 9. This may be 
explained in terms of inhomogeneous distribution of residual 
stress in sample 19. Measuring two locations of the same 
sample may be needed to verify this point. In the computation 
of residual stress Young’s modules E=110 GPa and Poisson’s 
ratio ν=0.33 would be used [8-9]. Traditionally residual 
stresses of Ti were measured using Cu-radiation and line of 
(213) [8-9] because of its reasonable intensity, large 2θ and no 
overlap. Residual stresses of the received material as well as 
texture are needed to enable to understand the results from the 
residual stress measurement of machined material. 
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4. Conclusion 
Measurement of residual stress of Ti-6Al-4V using peak (103) 
of α-Ti, Cr-Kα radiation, 7Psi has given a reasonable result. 
However, peak  (213) of α-Ti; Cu-Kα gave rise to a much 
better precision. Thus Cu-radiation and 2θ between 138.3° and 
143.5° and 7-point and ⏐±Psi⏐≤40°, step size of 0.1° and 20 
seconds are recommended. 
A summary about the residual measurement and the result of 
high pressure according to information data in tables 2-7 are 
graphically described in figures15-18. The residual stresses 
are completely in compression form in both cutting direction 
Phi=0o and feed direction Phi=90o.
High-pressure jet-assisted machining of Ti-6Al-4V resulted in 
a compression stress of about –300 MPa. The residual 
compression stresses decrease when the cutting time increases. 
The residual stresses also decrease with increased flank wear 
(VB). Residual compression stresses are higher in the feed 
direction than in the cutting direction. High-pressure 
introduces more compression stresses (~100 MPa) when used 
in finishing operation. 

Figure 15: The residual stress vs. cutting time and flank 
wear(VB) for roughing 

Figure 16: The residual stress vs. cutting time and flank 
wear(VB) for roughing with high pressure 

Figure 17: The residual stress vs. cutting time for finishing. 

Figure 18: The residual stress vs. cutting time and VB for 
finishing with high pressure. 
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Figure 5: The whole pattern scan from Sample 16 for Cr-radiation 

Figure 6: The whole pattern scan from Sample 16 for Cu-radiation
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Figure 7 The selections of start and stop 2θ and 2 θ positions for Cr-radiation of (103)

Figure 8: The selections of start and stop 2θ and 2 θ positions for Cu-radiation of (213);

(200)β
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All Curves -Phi = 0 for Sample 16 +Psi only Strain Distribution -Phi = 0 for Sample 16 +Psi only 

Figure9-a Sample 16 plus Psi only. All curves at Phi= 0, 
transversal direction (Cr radiation). 

Figure9-b. Sample 16 plus Psi only. Strain distribution at Phi 
= 0, transversal direction. 

All Curves -Phi = 90 for Sample 16 +Psi only 
Strain Distribution -Phi = 90 for Sample 16 +Psi only 

Figure9-c. Sample 16 plus Psi only. All curves at Phi= 90, 
the longitudinal direction (Cr radiation). 

Figure9-d. Sample 16 plus Psi only. Strain distribution at Phi 
= 90, the longitudinal direction. 

All Curves -Phi = 0 for Sample 16 ±Psi Strain Distribution -Phi = 0 for Sample 16 ±Psi 

Figure10-a Sample 16 ±Psi All curves at Phi = 0 
transversal direction (Cr radiation). 

Figure10-b Sample 16 ±Psi. Strain distribution at Phi = 0, 
transversal direction. 

All Curves-Phi = 90 for Sample 16 ±Psi Strain Distribution -Phi = 90 for Sample 16 ±Psi 

Figure10-c. Sample 16 ±Psi All curves at Phi = 90, the 
longitudinal direction (Cr radiation). 

Figure10-d. Sample 16 ±Psi Strain distribution at Phi = 90, the 
longitudinal direction. 
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All Curves – Phi = 0 for Sample 19 +Psi only Strain Distribution - Phi = 0 for Sample 19 Psi only 

Figure11-a. Sample 19plus Psi only. All curves at Phi = 0, 
transversal direction (Cr radiation). 

Figure11-b. Sample 16 plus Psi only. Strain distribution at Phi 
= 0, transversal direction. 

All Curves - Phi = 90 for Sample 19 +Psi only Strain Distribution - Phi = 90 for Sample 19 ±Psi only 

Figure11-c. Sample 19 ±Psi All curves at Phi = 90, the 
longitudinal direction (Cr radiation). 

Figure11-d. Sample 19, Psi Strain distribution at Phi = 90, the 
longitudinal direction. 

All Curves - Phi = 0 for Sample 19 ±Psi Strain Distribution - Phi = 0 for Sample 19 ±Psi 

Figure12-a. Sample 19 ±Psi All curves at Phi = 0, 
transversal direction (Cr radiation). 

Figure12-b. Sample 19 ±Psi Strain distribution at Phi = 0, 
transversal direction. 

All Curves - Phi = 90 for Sample 19 ±Psi Strain Distribution - Phi = 90 for Sample 19 ±Psi

Figure12-c. Sample 19, ±Psi All curves at Phi = 90, the 
longitudinal direction (Cr radiation). 

Figure12-d. Sample 19, ±Psi Strain distribution at Phi = 90, 
the longitudinal direction.
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All Curves – Phi = 0 for Sample 16 ±Psi Strain Distribution - Phi = 0 for Sample 16 ±Psi 

Fig. 13-a. Sample 16, ±Psi. All curves at Phi = 0, 
transversal direction (Cu radiation). 

Figure 13-b. Sample 16 ±Psi. Strain distribution at Phi = 0, 
transversal direction. 

All Curves - Phi = 90 for Sample 16±Psi Strain Distribution - Phi = 90 for Sample 16 ±Psi 

Figure13-c. Sample 16, ±Psi. All curves at Phi = 90, the 
longitudinal direction (Cu radiation). 

Fig. 13-d. Sample 16 ±Psi. Strain distribution at Phi = 90, the 
longitudinal direction. 

All Curves - Phi = 0 for Sample 19 ±Psi Strain Distribution - Phi = 0 for Sample 19±Psi 

Figure 14-a. Sample 19 ±Psi. All curves at Phi=0, 
transversal direction (Cu radiation). 

Figure 14-b. Sample 19 ±Psi Strain distribution at Phi = 0, 
transversal direction. 

All Curves - phi = 90 for Sample 19 ±Psi Strain Distribution - Phi = 90 for Sample 19 ±Psi

Figure14-c. Sample 19 ±Psi All curves at Phi= 90, the 
longitudinal direction (Cu radiation). 

Figure14-d. Sample 19 ±Psi. Strain distribution at Phi = 90, 
the longitudinal direction. 
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Table8: Results of residual stress measured using Cr-Kα and (103) of α-Ti at 2θ of 119.3°.
Residual Stress (MPa) 

Phi =0° Phi = 90°Sample  Number of Psi (°) angle Method 
Normal Shear Normal Shear 

Slid.Grav*. 
80%Threshold -558±52 101±29 -43 ±15 -57±9

Parabolic 80% 
Threshold -466±78   -27±42 252±58 -182±24

Fit -354±34 41±19 15±9 -48± 5 

7  points: + (58.5, 48.8, 
39,29.3,,19.5,9.75,0)* 

average -459±70 38±44 75±118 -96±58
Slid.Grav. 
80%Threshold -306±24 44±4 -197±13 1±2

Parabolic 80% 
Threshold -370±27 41±5 -135±11 5±2

Fit -361±24  30± 4    -113±6  2±1

16

7 points: ± (50, 33.3, 16.7,0) 

average -346±26 38±6 -148±32 3±3
Slid.Grav. 
80%Threshold -335±50 14±20 -245±26 37±10

Parabolic 80% 
Threshold -236± 43 -13±17 -366±27 100±10 

Fit -328±38   38±15   -15±12 -20±5

5 points: + (50, 37.5, 25,12.5,0) 

average -300±43 13±17 -199±132 39±41
Slid.Grav. 
80%Threshold -354±30 63±6 2± 13 -30±2

Parabolic 80% 
Threshold -342±31 64±6 -17±18 -46±3

Fit -239±16 14±3 -49±5 -10± 1 

19

7 points: ± (50, 33.3, 16.7,0) 

average -362±50 47±22 -21±18 -29±12
* Because of the very low intensity Psi= 58.5 was excluded in the calculation of residual stress. 

Table 9: Results of residual stress measured using Cu-Kα and (213) of α-Ti at 2θ of 141.586°.
Residual Stress (MPa) 

Phi =0° Phi = 90°Sample  Number of Psi (°)
angle 

Method 
Normal Shear Normal Shear 

Slid.Grav. 80%Threshold -322±18 1± 4 -368±20 -16±4
Parabolic 80% Threshold -294±8 -3±4 -343±19   -14±4
Fit -282±15 1±3 -347±1 -9±4

16 7  points: ±(40; 
26.7; 13.3; 0;) 

average -299±15  0±1 -353±10 -13±3
Slid.Grav. 80%Threshold -322±17 -11±4 -373±20 -20±4
Parabolic 80% Threshold -309±18 -13±4 -374±23   -23±5
Fit -279±15 -9±3 -289±15 -10±3

16
second 

run

7  points: ±(40; 
26.7; 13.3; 0;) 

average -303±16  -11±2 -345±10 -13±3
Slid.Grav. 80%Threshold -286±16 -10±3 -288±17 -18±4
Parabolic 80% Threshold -304±24 -13±5 -290±20 -9±4
Fit -254±14 -10±3 -229±13 -10±1

19 7  points: ±(40; 
26.7; 13.3; 0;) 

average -281±18 -11±1 -286±21 -12±4
Slid.Grav. 80%Threshold -373±20 11±4 -409±23 19±5
Parabolic 80% Threshold -382±22 12±5 -379±23 11±5
Fit -322±16 6±4 -364±20 11±5

19
second 

run

7  points: ±(40; 
26.7; 13.3; 0;) 

average -359±24 10±4 -384±17 14±4
*Slide Gravity 
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Abstract. Titanium alloys are used in aerospace industry owing to their high strength to weight 
ratio. These alloys are considered to be difficult to machine due to their rigidity and poor thermal 
conductivity. High-pressure jet–assisted machining of titanium alloys is beneficial. It not only 
increases production efficiency, by increasing the cutting speed and lowering temperature both in 
cutting zone and the cutting tool, but also improves chip control, and increases tool life. It also 
produces better surface integrity and compress residual stress, which improves the properties of 
work-piece. The depth profile of residual stress was measured by using x-ray diffraction. Then it 
was compared to the depth profile of residual stress of the conventional machined work-piece. It 
was found that the residual stress was a function of machining parameters, such as cutting speed, 
feed and depth of cut. Particularly the high-pressure jet increased the amount of residual 
compressional stresses in both cutting and feed directions [1,2,3]. In the present paper, Ti-6Al-4V 
rod was machined by turning in two different manners, finishing and roughing. Tests were 
conducted on a lathe using different cooling systems, high pressure and conventional. To illustrate 
the effect of high-pressure jet assisted machining on the properties of the work-piece of Ti-6Al-4V 
and the depth profile of its residual stress, X -ray defractometer was used. The maximal amplitude 
of residual stress, at both the longitude (feeding direction) and transversal (cutting) directions, the 
depth of compress residual stress and the depth of the total residual stress will be present as the 
function of the machining parameters. 

1 Introduction 
The machinability of titanium is in general comparable to that of stainless steel. With higher alloy 
content and hardness, the machinability of titanium alloys generally decreases. That is the case for 
most of the metals. At a hardness level over 38RC increased difficulty in operations such as 
drilling, tapping, milling and broaching can be expected. In general, however, if the particular 
characteristics of titanium are taken into account, the machining of titanium and its alloys should 
not present undue problems. When cutting titanium, a high shear angle is produced between the 
work-piece and chip, resulting in a thin chip flowing at high velocity over the tool face. High 
temperatures develop, since titanium has low thermal conductivity, therfore the chips have a 
tendency to gall and weld to the tool cutting edges. This speeds up tool wear and failure. 
Short tool life and low productivity due to the low permissible rates of metal removal are often 
associated with the machining titanium of alloy [1]. At the same time the measurement of residual 
stresses is very important to know the integrity of the surface after turning as a safety factor. A 
combination of mechanical deformation and thermal changes affects the residual stresses induced 
by machining operatins. The pressure of the cutting tool on the work-piece causes plastic 
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deformation, leading to compressive residual stresses at the surface layer. The heat developed by 
friction between the tool and the work-piece can lead to residual tensile stress at the surface. The 
resultant stress on the material depends on the relative importance of each factor [4]. 
The residual stress distributions due to machining were reported by Parrish of three different types 
as shown (Fig.1). The type I curve represents an abusive machining caused by excessive friction 
heat development, leading to tensile residual stresses. This is the worst stress distribution: tensile 
stress is generated at the surface and below it. A hard-turned with much worn tool generates this 
distribution to a specimen. The type III curve shows extremely good machining conditions, when 
only the surface work hardening is allowed to occure. Crack formation and propagation is 
prevented by this ideal stress distribution. A new tool without heat generation has such effect. The 
type II curves coresponds that heat has been introduced, but plastic deformation below the surface 
has created compressive residual sress at the surface. Type II curve relates to normal machining 
process, although tool wear could lead to a type I curve [5]. 

Figure.1: Types of machining stress distribution according to Parrish (1977). 

The cause of residual stress distribution is the strong temperature gradient near the surface 
generated during machining, resulting in a strong modification of phase distributions with surface 
distance, and in a large shifting of the stress-free lattice spacing. A variation in lattice spacing is 
subjected to the residual stresses on the surface layer vary rapidly over the first micrometer depth 
from the surface. 
High-pressure jet–assisted machining is starting to establish itself as a method for substantial 
increase of economical production in the metal cutting industry. Cutting with an excess amount of 
cutting fluids is still very common, even if a trend towards dry cutting is starting to grow fast. 
However, many materials such as heat resisted alloys and titanium can not be effectively cut 
without cooling. Research made in the past has shown the high potential with high-pressure jet-
assisted machining compared to conventional cooling. Methods were focused on turning operation 
in the pressure range from 2,75 to 280 MPa. Water, oil and regular cutting fluids were used. The 
presented results showed increased tool life, improved surface finish, reduced cutting forces and 
better chip control [6]. 
The surface of titanium alloys is considered to easily damage during some traditional machining 
operations. Damage appears in the form of micro cracks, built up edges, plastic deformation, heat-
affected zones and tensile residual stresses. In service, this damage can lead to a great degradation 
of properties such as fatigue strength and stress corrosion resistance. Production engineers and 
companies specializing in the machining of aerospace materials generally have developed 
techniques to maximize surface integrity of titanium alloys. Thus, optimum properties usually are 
achieved during machining of titanium. In applications such as in aerospace industries the 
maximum fatigue strength is required [6]. Fatigue life of components to be cyclically loaded 
increases by the introduction of compressive residual stresses in the surface layers. This is due to 
the fact that, for a fatigue crack to propagate, the region at the crack tip must be in a state of tension 
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during some point in the loading cycle. When a residual state of compressive stress has been 
superimposed over the stress state resulting from service loading, it is possible that most or the 
entire load spectrum will remain in the compression region. For applications with thousands of rpm, 
such as gas turbine engine blades, such fatigue enhancements are critical. Cracks initiated by 
foreign object damage can potentially propagate and result in premature failure. 
Residual stress measurement has been carried out at Sandvik Materials Technology for years. In all 
cases involved in steels, either Fe-base or Ni-base, the Cr-radiation has been preferred. The present 
investigation was carried out with Cu-radiation as well as Cr-radiation. In this paper the procedure 
to measure the depth profile of residual stress during metal cutting of titanium alloy (Ti-6Al-4V) 
assisted by high-pressured jet using x-ray diffraction is established. 

2 Experimental

2.1 Material 
The material used in the test was RMI 6AL-4V bar, with the USA specification AMS 4920 and 
Europe AECMAprEN3312, an alpha-beta titanium base alloy with anominal composition of 6 
percent aluminium and 4 percent vanadium with a hardness of 342 Vickers (HV3). The 0.2% offset 
yield strength was 827 MPa and the ultimate tensile strength 917 MPa. The chemical composition 
of the studied material was analyzed at Sandvik Material Technology and the result is given in 
table1. It showed that the producer’s declaration of the material is in phase with lab analysis in table 
1.

Table 1: The chemical analysis of titanium alloy  
Fe(wt %) C(wt %) V(wt %) Al(wt %) Ti(wt %) O (ppm) H (ppm) N (ppm) 

0.18 0.01 4.3 6.2 Ba. 1560 19 80 

2.2 Turning condition 
The machining was done on a CNC lathe, Swedturn SMC. The high-pressure was produced by a 
pump with maximum pressure of 100 MPa with the motor effect 55 kW at 1500 rpm. All tests were 
performed with cutting fluid water plus 5% soluble oil so called Coolage 5% from Castrol. The 
high-pressure jet was always directed towards the rake face of the insert. The outer diameter of the 
bar was different for each operation. The turning conditions are summarized in tables 2-3. 

    Table 2: The tool and insert information. 
Tool and insert designation 

Tool holder (Coromant) PRGCL525 P12 
Insert, a round cemented carbide with honed 
edge radius 0.035(mm) (Coromant) 

RCHT12 04 MO KL 

Rake angle ( o) 26˚
Insert grade  Uncoated H13AK25 

Table 3: The cutting condition. 
Cutting data Roughing Finishing 

Cutting speed , Vc (m/min ) 70 250 
Feed , f (mm/rev ) 0.4 0.2 
Depth of cut, ap (mm) 3 0.3 
Diameter range , D (mm)  94-128 63 
Pump pressure (MPa) with a nozzle of 0.4 
(mm) diameter 

28 28 
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2.3-Sample preparation for residual stress measurement 
From Ti-6Al-4V machined rods (Fig. 2) samples plate form was cut. Each plate was cut into three 
pieces and the outer pieces were used for measurement. 

l
w

t

Figure 2: Samples were cut out of a round bar. Typically 10mm thick (t) and 30mm wide (w) the 
length (l) is determined by the diameter of the bar. 

Data was developed experimentally for titanium alloy shown in table 4-5, where cutting time for 
each sample is measured for the given cutting tool material at a constant feed and depth of cut. In 
these tables cutting data is illustrated for roughing with and without high pressure. 

Table 4. Roughing cutting data 

Cutting
time (t min)

Sample  
No.

0,5 2 
1 4 
2 3 
5 1 

Table 5. Roughing cutting data with high-pressure 

Cutting time 
(t min) 

Sample  
No.

0.8 8 
2.5 9 
5.5 10 

For measurement of residual stress under the surface the material was removed by electro-
chemically polishing methode. Electro-chemically polishing was used for two reasons. Firstly x-ray 
can only penetrate ca 5 m under surface. Secondly the mechanical removal of material originates 
residual stresses, which is not desired. 
Samples were electro-chemically polished using electrolyte of 30 ml HClO4, 175-ml n-butyl alcohol 
and 300 ml methanol at 17 V and room temperature. The current density was 0.05-0.10 A/cm2 and 
the polishing rate ~ nm /s. 

2.4 Residual stress measurement 
The BRUKER D8 Advance x-ray diffractometer with ¼ circle Eulerian cradle carried out residual 
stress measurement. Omega-diffractometer geometry and radiation were utilized [7]. (213) Peak of 

-Ti was selected. 
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3.Results and discussions 

In order to show the effects of high-pressure, the depth profiles of residual stress were measured in 
the transversal or cutting (T) and longitudinal or feed (L) directions of the cut table 6.
Table. 6 Depth profile residual stress of electro-polished samples at the transversal or cutting (T) 
and longitudinal or feed (L) directions. 

Sample T L T L T L T L T L 
0 m (Depth under 

surface) 
130 m (Depth under 

surface)
169 m (Depth under 

surface)
200 m (Depth under 

surface)
396 m (Depth under 

surface)No.1 
-424 24 -211 12 -5 1 -10 1 -22 1 -24 2 -39 2 24 2 -15 1 -9 1

0 m 41 m 104 m 296 m 392 mNo.2 
-395 22 -248 16 -19 1 -28 1 -44 2 -8 2 -21 1 -3 1 -28 1 -2 1

0 m 17 m 101 mNo.3 
-430 23 -284 16 -15- 1 7 2 -19 1 -5 1     

0 m 31 m  45 m
-349 19 -209 12 --196 10 -296 15 -8 1 -22 1     No.4 
-422 23 -387 22 -61 1 -159 8 -14 1 4 1     

0 m 52 m 90 m 241 mNo.8  
-402 24 -235 15 -328 17 -217 12 -28 2 -7 1 -5 1 -7 1              

0 m 52 m 150 mNo.9 
-356 23 -219 13 -18 2 -28 2 0 0 -10 2     

0 m 66 m 162 m 200 mNo10
-334 20 -194 13 -87 5 -97 5 -22 2 -27 2 -2 1 -13 1

The results presented in table 6, are plotted for the roughing cutting data with and without high-
pressure in figures. 3-5 for the pair of samples No.4-No.8, No.3-No.9 and No.1-No.10 respectively.
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Fig.3. The comparison of depth profiles of sample No.4 with No.8. 
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Figures 3-5 show residual stresses versus depth profiles for approximately a similar cutting time. 
Data for comparisons derived from table4-5. 
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It is noteworthy that roughing machining resulted in compress residual stress in all cases 
i.e.between -200 to -250 MPa at the longitudinal direction (L) and between –350 to -400 MPa at the 
transversal direction (T). The residual stresses are much higher at the transversal or cutting 
direction (T) than at longitudinal or feed direction (L). The difference is larger than 100 MPa.
High-pressure jet did not always result in higher amplitude of residual stress as in the cases shown 
in Figs. 4 and 5. However, as can be seen high-pressure jet induced a much deeper compress 
residual stress under similar cutting condition in all cases. The affected layer by cutting increased 
from ~45 m for sample No.4 to  ~90 m for sample No.8 (Fig.3); from ~17 m for sample No.3 to  
~52 m for sample No.9 (Fig.4) and from ~130 m for sample No.1 to  ~200 m for sample No.10 
(Fig.5).
It can be concluded that the depth of the layers affected by cutting is twice as much as conventional 
machining although the amplitude of the compress residual stress was not greatly affected by high-
pressure jet during cutting.  These results agree with the model presented by Parrish. 

4. Conclusion 
Roughing resulted in fairly high compress residual stress on the titanium alloy for all samples. The 
residual stresses were higher at the transversal/cutting direction (T) compared to longitudinal/feed 
direction (L).
High-pressure jet did not greatly affect the amplitude of the compress residual stress but high-
pressure jet induced compress residual stress nearly twice as deep as the convetional roughing 
cutting.
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Residual stresses from the machining process can cause severe 
failure due to fatigue and stress corrosion. The depth profile of 
residual stress was measured for high-pressure water-jet 
assisted machining of Ti-6Al-4V alloy using x-ray diffraction. 
As comparison, the depth profile of residual stress was also 
measured for the conventional machined work-piece. The 
finite element simulation, using the updated Lagrangian 
formulation was also used to study the dynamic transient 
process. It was found that the residual stress was a function of 
machining parameters, such as cutting speed, feed force, depth 
of cut and particularly the high-pressure jet increases the 
amount of residual compression stresses in both cutting and 
feed directions. It is shown that the high-pressure water-jet 
assisted machining of titanium alloys is beneficial. It reduces 
shear forces in the secondary cutting zone along the tool/chip 
interface, reduces the cutting force and introduces 
compressive residual stress in the finished work-piece.  

1 Introduction 
A common manufacturing process is metal cutting. There are 
so many complex thermo mechanical factors, such as shear 
forces (often called friction) in the interaction between the 
chip and tool in the secondary shear zone, elevated 
temperature in the chip induced by mechanical energy 
dissipation and high strain rate in the primary shear zone. 
Work-piece surface integrity depends strongly on the 
temperature rise and the cutting performance in terms of tool 
life and friction effects at the tool/chip interface. By 
controlling the tool/chip interfacial temperature rise and 

frictional effects through the use of a coolant/lubricant, this 
performance can be improved enormously. A coolant fluid is 
directed to the back of the chip in conventional metal cutting. 
The existence of a high contact pressure at the tool/chip 
interface prevents the penetration of lubricating fluid into the 
tool/chip. This reduces the effect of the cooling. Water is used 
as the coolant usually not with high flow speed (as example, 
0.2 m/s when water is applied at a fairly high pressure of 5 
MPa [1]). A conventional lubrication method does not seem to 
be effective in cutting process. A pressurized lubricant jet 
directly to the tool/chip interface is more efficient. It has been 
shown that this method can reduce temperature rise and 
contact friction and improves the functions of the cutting 
process [2]. 
Pigott and Colwell [3] performed an experimental study on 
metal cutting with a high-pressure cutting fluid in the form of 
a jet. The use of a high-velocity jet caused to an improved 
work-piece surface finish, elimination of a built-up edge and 
reduced tool wear. The investigators reported that due to 
pressure both temperature and cutting force were decreased. 
They also concluded that the chip surface in contact with the 
tool showed the longitudinal channels, indicating fluid 
penetration into the tool/chip interface.        
Titanium alloy, especially Ti-6AL-4V with +  structure, is 
of great importance in many industrial applications due to its 
highly attractive properties, such as good formability, low 
density, high specific strength, excellent corrosion resistance 
and high temperature strength retention [1]. Mechanical 
characterization of Ti-6AL-4V is of great complexity and 
strongly sensitive to the processing parameters, i.e. strain rate 
and temperature. It is important to clarify its deformation 
modes and the relationship between the processing variables, 
microstructure and properties under different loading 
conditions. As a mater of fact titanium is one of the difficult-
to-machine materials such as nickel-based super alloys, 
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hardened alloy steels and stainless steels. The thermo 
mechanical instability of the work material under the 
conditions of cutting plays an important role in the shear 
localization. Shear-localized chips are generally formed in 
materials with limited slip or in hcp metals, such as titanium 
alloys with unfavorable thermal properties. Table I [5] gives a 
comparison of the thermal properties of steels, aluminum 
alloys, a titanium alloy and a nickel-based super alloy. If we 
consider the thermal properties of AISI 1018 steel as unity, it 
can be seen that the thermal conductivity ( ) of aluminum 
alloy is 3 times that of steel, while that of titanium alloy is 
only about one-tenth of it. Similarly, the thermal diffusivity (a) 
is about 4 to 4.5 times that of steel for the aluminum alloys, 
while that for titanium alloys is only about 15 percent that of 
steel. Also the product of the thermal properties, namely the 
thermal-coefficient ( c) is about 2 times that of steel for 
aluminum alloys, while for the titanium alloy it is only about 8 
percent that of steel. This, in turn, will affect the temperature 
generated and the heat transfer from the shear-localized 
regions to the rest of the segments. 

The mechanics of chip formation when machining titanium 
alloys have been conducted since the early 1950s. Several 
unique features associated with the machining of these alloys 
have been studied and the following illuminated: 

Instability in the cutting process resulting in the 
asymmetric cyclic chip formation. 
The unfavorable thermomechanichal properties of 
titanium alloys (e.g. low thermal conductivity, fewer slip 
planes being hexagonal etc.), control the nature of plastic 
deformation (i.e. strain localization) in the primary zone. 
The occurrence of periodic gross inhomogeneous 
deformation in the primary zone. 
Periodic oscillation in the cutting and thrust components 
of the force, causing chatter or vibration, and the need to 
have a rigid tool-work machine-tool system to minimize 
this effect. 
Generation of high chip/tool interface temperatures 
together with the high chemical reactivity of titanium 
alloys with almost any tool material in machining at high 
speeds, leading to rapid tool wear. 
The low modulus of elasticity of titanium alloys 
which decreases rapidly with temperature (even at 
moderate temperatures), causing undue deflections 
of the work-pieces, especially when machining 
slender parts and resulting inaccuracies on the 
finished parts. 
Titanium is a poor conductor of heat. Heat, 
generated by the cutting action, does not dissipate 
quickly. Therefore, most of the heat is concentrated 
on the cutting edge and the tool face. Tool life is 
adversely affected. 
Titanium has a strong alloying tendency or chemical 
reactivity with materials in the cutting tools at tool 
operation temperatures. This causes welding to the 

tool during the machining operation and consequent 
galling, smearing, and chipping of the machined 
surface along with rapid destruction of the cutting 
tool.
Use generous quantity of cutting fluid: A coolant 
provides more effective heat transfer. It also washes 
away chips and reduces cutting forces, thus 
improving tool life

In 1991 further research in the ultra high-pressure area (280 
MPa) was done by Lindeke et al [6]. The aim was to 
investigate the effects of jet-assisted machining of titanium. 
As much as 500% increase in tool life was reported. Short 
chips instead of long ones were also shown. The jet was 
applied through a hole in the tool. The reported increase in 
tool life was extremely high. Machining of titanium alloys 
requires cutting forces only slightly higher than those needed 
to machine steels. 
The surface of titanium alloys is thought to be easily damaged 
during some traditional machining operations. In service, this 
damage can lead to a great degradation of properties such as 
fatigue strength and stress corrosion resistance. The 
introduction of residual stresses in compression form has 
beneficial effect. 

2 Experimental  
Machining and other surface treatments were carried out in the 
machining laboratory at AB Sandvik Coromant and residual 
stress measurements were performed at Sandvik Materials 
Technology in Sandviken Sweden. In order to establish an 
optimized procedure, i.e. choice of 2  start and end angle 
lines, the number of Psi angles, step size and measurement 
time for measurement of residual stress on Ti-6Al-4V material 
were measured. The simulation part of this study was carried 
out at Polhem Laboratory at Luleå University of Technology, 
one of VINNOVA (the Swedish agency for innovation 
systems) competence centra. 

2.1 Material 
The material used in the test was RMI 6AL-4V bar with the 
USA specification AMS 4920 and Europe AECMAprEN3312, 
an alpha-beta titanium- base alloy with a nominal composition 
of 6 percent aluminum and 4 percent vanadium with a 
hardness of 342 Vickers (HV3). The 0.2% offset yield strength 
was 827 MPa and the ultimate tensile strength 917 MPa. The 
chemical composition of the studied material was analyzed at 
Sandvik Material Technology and the result is given in table1. 
It showed that the producer’s declaration of the material is in 
phase with lab analysis in table 2. 

Table 2: The chemical analysis of titanium alloy (wt %) 
O ppm H ppm N ppm Fe C V Al Ti
1560 19 80 0.18 0.01 4.3 6.2 Bal. 
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2.2 Turning condition
Table 5. Roughing cutting dataThe machining was done on a CNC lathe, Swedturn SMC. 

The high-pressure was produced by a pump from Hammelman
with maximum pressure of 100 MPa with the motor effect 55
kW at 1500 rpm. All tests were performed with cutting fluid
water plus 5% soluble oil so called Coolage 5% from Castrol.
The high-pressure jet was always directed towards the rake
face of the insert. The outer diameter of the bar was different
for each operation. The turning conditions are summarized in 
tables 3-4.

Cutting time (t min) Sample No.
0,5 2
1 4
2 3
5 1

Table 6. Roughing cutting data with high-pressure
Table 3: The tool and insert information

Tool and insert designation
Tool holder (Coromant) PRGCL 525 P12 
Insert, a round cemented carbide
with honed edge radius 0.035(mm)
(Coromant)

RCHT12 04 MO KL 

Rake angle ( o) 26˚
Insert grade Uncoated H13AK25 

Cutting tim  (t min) Sample No.
0,8 8
2,5 9
5 10

Table 4: The cutting condition
Roughing Finishing

Cutting speed vc (m/min ) 70 250
Feed f (mm/rev ) 0.4 0.2
Depth of cut ap (mm) 3 0.3
Max chip thickness
hex (mm/rev) figure 1

0.35 0.06

Diameter range D (mm) 94-128 63
Pump pressure (MPa) with a 
nozzle diameter of 0.4 (mm)

28 28

For measurement of residual stress under the surface, the
material was removed by electro-chemical polishing method.
Electro-chemical polishing was used for two reasons. Firstly
x-ray can only penetrate ca. 5 m under surface. Secondly the 
mechanical removal of material originates residual stresses,
which is not desired.
Samples were electro-chemically polished using electrolyte of 
30ml HClO4, 175ml n-butyl alcohol and 300ml methanol at
17V and room temperature. The current density was 0.05-0.10
A/cm2 and the polishing rate ~ 25nm /s.

2.4 Residual stress measurement
The BRUKER D8 Advance x-ray diffractometer with ¼ circle 
Eulerian cradle carried out residual stress measurement.
Omega-diffractometer geometry was utilized [7]. (213) Peak
of -Ti was selected.

2.3-Sample preparation for residual stress measurement
From Ti-6Al-4V machined rods, samples in a plate form were 
cut. Each plate was cut into three pieces and the outer pieces
were used for measurement (figure 1).

l
w

t

3 Finite element modeling details
Finite element simulations are extensively used as an integral
part in the design process to provide a deeper understanding
concerning the performance of design in service and good
support during the iterative procedure of synthesis-analysis
loops. In the last decades, the finite element method has been 
applied to predict various cutting processes [8-10]. It has been
shown that the FEM cutting simulation can be used to estimate 
the process variables that are not directly measurable or very
difficult to measure during a cutting operation. Simulation
makes it possible to study the influence of changing the
process parameters on product life cycle behavior, such as the
state of residual stresses and surface integrity. The special
conditions in the process zone of machining require
accounting for thermal-mechanical coupling. The accuracy of 
FE-models is highly dependent on the correct modeling of the
thermal and mechanical boundary conditions and inelastic
material properties. The latter has some additional
complications compared with normal nonlinear deformation
problems. The cutting process may also be associated with

Figure 1: Samples were cut out of a round bar. Typically
10mm thick (t) and 30mm wide (w) the length (l) was
determined by the diameter of the bar.

Data was developed experimentally for titanium alloy shown
in table 5-6, where cutting time for each sample is measured
for the given cutting tool material at a constant feed and depth
of cut. In these tables cutting data is illustrated for roughing
with and without high pressure.
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micro structural changes in the material which it further
complicates the modeling of the material behavior.
This section describes the finite element modeling of water-jet
assisted turning. The implicit finite element code MSC. Marc
is used to calculate the state of residual stresses under surface
of the work-piece. The simulation results are compared with
the experiments.

3.1 FE Simulation of cutting
The finite element program MSC. Marc has been used to
perform the simulations. This is an implicit finite element
code; which solves coupled thermo-mechanical problems. It is 
a solid formulation and uses an updated Lagrangian mesh.
Because of the excessive deformations at the process zone the
Lagrangian mesh is frequently updated using advanced front
technique. Mesh regeneration is based on the changes in
strains and also the distortion of elements. The full Newton-
Raphson procedure is used for the solution of the nonlinear
system of equations. A staggered method for coupled transient
mechanical and heat transfer analysis is utilized. An 
isothermal mechanical step is taken followed by a rigid
transient heat transfer step with heating from plastic work and
friction.
The material model accounts for thermo-elastic-plastic strains
using an isotropic Von Misses plasticity formulation. This is
the constitutive viscoplastic model of Johnson and Cook [11].
It accounts for nonlinear isotropic strain hardening, strain-rate
hardening and temperature softening and is expressed as;

mn TcBA *
.
* 1ln1

(1)

where  is the equivalent plastic strain;  is the ratio of test 
strain rate to a reference strain rate, which is chosen to 10

.
*

-5 s-1

[12],
*T  is the homologous temperature, i.e., (T-

Troom)/(Tmelt-Troom), and  and  are stress and strain
respectively. The five material constants are A, B, n, c, and m.
The expression in the first set of brackets gives stress as a
function of strain with strain hardening coefficient B and
strain hardening exponent n. The expression in the second and
third sets of brackets represents the effects of strain rate and
temperature, respectively. The material parameters for Ti-6Al-
4V are shown in table 7.

Table 7:  Johnson and Cook material constants for Ti-6Al-4V

Material A (MPa) B (MPa) N C M

Ti-6Al-4V 724.7 683.1 0.47 0.035 1.0

3.2 FE modeling of the boundary condition
In the most machining cases the surface of a work-piece is
generated by the minor cutting edge, see figure 2. The choice
of low feed rates in experimental set up allows using a two-
dimensional plain strain finite element model to study the

influences of high-pressure jet-assisted machining on chip
formation and surface integrity.
The used insert was CoroMill 200 produced by Sandvik
Coromant. The insert geometry and the assumed boundary
conditions for the simulations are shown in figure 3.

Major
cutting edge

Minor
cutting edge

Feed
direction

Insert

Work piece

Figure 2: Major and minor cutting edges in turning operation.

Figure 3: Insert geometry of CoroMill 200 produced by
Sandvik Coromant and the boundary condition assumption.

The coolant is applied at high pressure directly to the tool/chip
interface. In this study, a fluid pressure is applied at the
normal direction to the interacting surfaces of insert rake angle
and the chip. An equally distributed load on both the insert 
and the chip as shown in figure 4 models the pressure of
coolant-jet. The cooling of the process zone is modeled using
a convective boundary condition. The heat transfer coefficient
for convection is chosen to 300 W/m2K [13] at water-jet
interface and 29 W/m2K elsewhere. The Coulomb stick-slip
friction model with a friction coefficient of 0.25 [14] for high-
pressure jet-assisted cutting is used to model the chip velocity
along the insert.
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Figure 6: Equivalent plastic strain in the cutting system
Figure 4: Modeling the high-pressure water-jet

4 Results 
The chip morphology obtained from the simulations is shown
in figure 5-6. As it is clear from simulations, the shear
deformations in the primary deformation zone in combination
with the stick-slip friction mechanism at the secondary
deformation zone cause a segmented structure of the chip. The
shear localization makes the cutting forces fluctuate with the
frequency of segmentation. The average calculated cutting
force in the feeding direction is about 1120 N for 0.2-mm
feeding, see figure 7. The maximum temperature of the cutting
system is 800 o C at the insert-chip interface due to the
friction, figure 5. Since the fracture behavior of the Ti-6Al-4V
is not accounted in the material model the level of equivalent
plastic strain is reached to a level of 400%. The thickness of
region with this high value of plastic strain is predicted to 5-10

m.
Figure 7: Cutting force in the cutting direction.

Figure 5: Temperature distribution in the cutting system
Figure 8: Cutting force in the feeding direction.

The experimental measured residual stresses at a distance of 
50 μm under the surface are presented and compared with the
simulation result in table 8. The simulated residual stresses x
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and y at different distance from the surface are shown in 
figure 9-12. 

Table 8: Residual stresses 

Residual stress Feed direction [MPa] Cutting direction [MPa] 
Experiment  -300 -200 
Simulation -200 -350 

5 Conclusion 
It is shown that the high-pressure water-jet assisted machining 
of titanium alloys is beneficial. It reduces shear forces in the 
secondary cutting zone along the tool/chip interface, reduces 
the cutting force and introduces compressive residual stress in 
the finished work-piece. The presence of compression residual 
stresses leads to a better surface integrity and consequently 
improves the properties of work metals such as fatigue. Table 
8 shows the results of measurements and simulations method. 
The difference between these two methods is 100-150 MPa in 
both cutting and feed directions. Simulation can be considered 
a good device for evaluation of residual stress monster after 
turning.  
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Table 1. Density and Thermal Properties of Some Work Materials

Thermal
Conductivity

Density Specif
ic

Thermal Diffusivity Product of ( c)

Material (W/m
°C)

(  of
A1S1
1018
Steel = 
1)

(kg/m3)
Heat
c,
(J/kg
°C)

 x 104
(m2/s)

(  of
A1S1
1018 Steel 
= 1) 

c  x 108
([J/m2 °C]
2/s)

( c of
A1S1
1018 Steel 
= 1) 

Titanium
6Al-4V

6,70 0,1135 4430 586,2 0,0258 0,1585 0,1740 0,0816

INCONEL
718

12,14 0,2057 8190 435,4 0,0340 0,2081 0,4329 0,2031

A1S1
4340 steel 

33,37 0,5652 7830 460,5 0,0925 0,5663 1,2032 0,5641

Al 6061-
T6

177,02 3,00 2710 892,2 0,733 4,4418 4,2801 2,00

Figure 9-12:

Figure 9: Simulated residual stresses x and y
on the surface.

Figure 10:Simulated residual stresses x and
y at a distance of 35 m from the surface

Figure 11:Simulated residual stresses x and
y at a distance of 50 m from the surface.

Figure 12:Simulated residual stresses x and
y at a distance of 100 m from the surface.
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