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1. Introduction

The alloy Ti-6Al-4V is frequently used in aero space 
engine applications mainly due to its properties of low weight 
in relation to the high strength at elevated temperatures [1].

However, this alloy is often considered as a difficult to 
machine alloy due to the inherent characteristics from the hot 
strength which is causing increased wear and deformation of 
the cutting tool during machining. This is mainly due to the 
low thermal conductivity in combination with the material's 
reactivity to other materials which with the high temperatures 
in the cutting zone cause a strong adhesion to the work piece 

material [2]. Further, machining of this alloy is often 
associated with relatively low cutting speeds due to the 
increased risk of rapid chipping and plastic deformation of the 
tool edge [3]. This risk will further increase when the tool 
wears out and the high dynamic shear strength increase results
in localized shear stress and development of saw-tooth chips. 
This chip formation in combination with the material's low 
modulus of elasticity will also result in vibrations during 
machining increasing the risk of notching the cutting tool [4]. 

A rather small process window, cutting speeds typically 
less than 60 m/min and feed less than 0.25 mm/rev, are often 
selected in order to control the chip formation and avoid 
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Abstract

Alloy Ti-6Al-4V is a frequently used material in aero space applications due the high strength and low weight. This material is however often 
considered as a difficult to machine alloy due to several material properties such as the inherent characteristics of high hot hardness and 
strength which is causing an increased deformation of the cutting tool during machining. The thermal properties also cause a low thermal 
diffusion from locally high temperatures in the cutting zone that allows for reaction to the tool material resulting in increased tool wear. 
Predicting the behavior of machining of this alloy is therefore essential when selecting machining tools or machining strateg ies. If the surface 
integrity is predicted, the influence of different machining parameters could be studied using Particle Finite Element (PFEM)-simulations. In 
this investigation the influence from cutting speed and feed during turning on the residual stresses has been measured using x-ray diffraction 
and compared to PFEM-simulations. 
The results showed that cutting speed and feed have great impact on the residual stress state. The measured cutting force showed a strong 
correlation especially to the cutting feed. The microstructure, observed in SEM, showed highly deformed grains at the surface from the impact 
of the turning operation and the full width half maximum from the XDR measurements distinguish a clear impact from different cutting speed 
and feed which differed most for the higher feed rate. 
The experimental measurements of the residual stresses and the PFEM simulations did however not correlate. The surface stresses as well as 
the sign of the residuals stresses differed which might be due to the material model used and the assumption of using a Coulomb friction model 
that might not represent the cutting conditions in the investigated case. 
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serrated chips [5-6]. However, for productivity reasons it is of 
great interest to investigate higher cutting speeds which then 
need to be verified regarding the resulting work piece surfaces.  

The resulting residual stress state of the machined surface 
is essential to verify and attempts has been made to predict 
this using simulations [7-8]. Özel et al. presented a FE 
simulation to predict this which was based on a good material 
model [8]. These results showed that FE simulations could be 
used to describe the cutting process quite well. If the surface 
integrity can be predicted, the influence of different machining 
parameters could be studied using relatively fast FE-
simulations. Lately, also simulations with Particle Finite 
Element Methods (PFEM) has been shown to describe the 
cutting process well in terms of chip formation, cutting force 
and heat exchange in the cutting zone by Rodríguez et al. [9].
PFEM simulation is a method based on a collection of 
particles given velocity, transporting momentum and physical 
properties such as position, displacement, strain, stress etc. In 
the PFEM simulation this collection of particles moves in a 
Lagrangian manner accordingly. PFEM in metal cutting has 
further been described by Rodríguez et al. [10]. However, 
even though PFEM has been employed to explore the cutting 
process still no report has been made where the actual 
resulting residual stress state has been simulated which is one 
of the objectives with the present investigation. The limited 
published results on how the work piece surface integrity has 
been affected by cutting parameters from turning in Ti-6Al-4V
in combination with an attempt to predict the residual stresses 
using PFEM has motivated the present work.

In this investigation the influence from cutting speed and 
feed during turning has been studied with the objective to 
clarify the impact on the residual stresses and to explore how 
well PFEM could assess the residual stress state of the 
machined surface.

2. Material and experimental details

2.1. Material

Table 1. Chemical composition of test sample bar.

Element Ti Al V O C N H Fe Others

[wt-%] 89.8 5.7 4.1 0.15 0.01 0.01 0.014 0.15 <0.1

Table 2. Material properties of test sample bar.

Property Value Unit

Density 4.428 g/cm3

Young’s modulus 114 GPa

Poisson’s ratio 0.32

Tensile strength 960 MPa

0.2 % Yield strength 888 MPa

Elongation 15 %

Beta transus temperature 991.5 °C

The tests in this investigation were performed on a forged 
Ti-6Al-4V cylindrical test bar with an initial diameter of 140 
mm. The test bar was manufactured by hot forging followed 
by subsequent heat treatment (710°C in 2 h and then air 

cooling), straightening and rough turning. The material 
properties and chemical composition of the test bar is 
presented in Tables 1 and 2.

2.2. Experimental

The turning tests were performed in a George Fischer CNC 
lathe, by orthogonal turning using triangular inserts to cut the 
test bar at six different positions, race tracks (RT), according 
to Figure 1. Slots between the RT were cut using a parting 
tool before the test. The dimensions of the RT were selected 
for an engagement of the tool over the complete surface to be 
cut which corresponded to a width of 4 mm. The tests were 
carried using radial feed and when the final depth was reached 
a rapid retraction of the tool was employed. The test matrix 
was designed to evaluate different cutting speeds (Vc) and 
feeds (f) shown in Figure 1. The insert tool used for the test is 
specified according to Table 3. Further, the cutting forces 
were measured using a three component Kistler dynamometer 
type 9263 with a 300 Hz low pass filter employed.

Fig 1. Overview of the test sample illustrating the different race tracks with 
different cutting speeds (Vc) and feeds (f).

Table 3. Properties of the cutting tool used for the turning test.

Property Setting Unit

Tool geometry Triangular

Tool ID TNMG 160408-QF grade 4015

Insert coating TiCN-Al2O3 

Wedge angle 90 °

Edge radius 47 µm

Edge primary land 0.15 mm

Rake face angle -6 °

2.3. Examination methods

The residual stresses were measured using X-ray 
diffraction with an equipment from Stresstech, XStress 3000 
G2R. This diffractometer was equipped with a Titanium X-
ray tube (λ:0.27497 nm) at 30kV and 6.7 mA. The lattice 
plane (110) was measured which has a 2θ diffraction peak 
located at approximately 139°. The modified sin2ψ 
measurement strategy was used with 5 psi angles (40°...-40°). 
The residual stress was calculated assuming elastic strain 
theory according to Hook’s law using 114 GPa as Young’s 
modulus and 0.32 as Poisson’s ratio, further described by 
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Noyan and Cohen [11]. Measurements of residual stress 
profiles were performed with layer removal where successive 
material removal was performed by electro polishing. The 
electro polishing was done with Struers Movipol and Struers 
electrolyte A2. All measurements were performed in an 
accredited laboratory in accordance with the SS-EN 
15304:2008 standard that describes how residual stress 
measurements are performed by X-ray diffraction [12].

The impact upon the microstructure was studied on 
polished cross sections made in cutting direction of the test 
bar. The polished cross sections were further prepared by 
etching using Kroll’s reagent (100 ml H2O + 2 ml HF + 5 ml 
HNO3) for 5-15 s. The microstructure was investigated using 
a Jeol 6610LV SEM and the hardness was measured with a 
Qness micro hardness tester and the Knoop method was 
employed with 100 g load which gave an appropriate 
sensitivity of the measurement.

2.4 PFEM simulations

The numerical simulations were carried out using the 
Particle Finite Element Method (PFEM) developed by the 
authors, see Rodríguez et al. [9-10]. An orthogonal cutting 
operation was employed to mimic 2D plain strain conditions 
(see Figure 2). The depth of cut, used for all the test cases, 
was equal to 1 mm. The dimension of the workpiece was 8 × 
1.6 mm. A horizontal velocity corresponding to the cutting 
speed was applied to the particles at the right side of the tool 
as is given in Table 3. The particles along the bottom and the 
left sides of the workpiece were fixed. The workpiece 
material was modeled using a Johnson-Cook constitutive 
model (see Table 4). The calibration was accomplished via a 
parameter fitting procedure in conjunction with material data 
based on uniaxial compression tests at low and high strain 
rates, at high strain rates a SHPB rig was used (see more 
information Rodríguez et al. [9]). Material properties of the 
tool were assumed as thermoelastic.

Fig 2. 2D plane strain PFEM model of orthogonal cutting: initial set of 
particles. 

Table 4. Johnson Cook material parameters

A [MPa] B [MPa] N C M E_ref

860 612 0.78 0.08 0.66 1

3. Results and analyses

3.1. Cutting force

The cutting forces were measured in radial (feed) direction 
and tangential (cutting) direction. The results are presented in 

Table 5 which represents the average values taken when the 
measured signal was stable at the end of the cutting cycle. The 
results show that the tangential cutting force is higher than the 
radial force when the feed is high while for the low feed the 
radial feed force is higher than the tangential cutting force. 
Further, it could be seen that the force in feed direction is low 
for all combinations of cutting speed and feed.

Table 5. Results of the force measurements during the turning tests.

Vc [m/min] f [mm] Ffeed [N] Fcutting [N]

30 0.05 481.1 417.8

30 0.15 828.7 961.7

60 0.05 447.2 395.1

60 0.15 698.2 868

120 0.05 662.4 458.9

120 0.15 702.6 839.2

3.2. Residual stress

The surface residual stresses and the cutting forces are 
shown in Figure 3. These results show a clear influence from
the cutting parameters on the measured surface residual stress 
state and cutting forces. The residual stresses show quite high 
tensile stresses for Vc30/f:0.15, Vc60/f:0.05 and Vc60/f:0.15. 
Cutting speed 120 show similar tensile stresses independently 
of the feed. However, for Vc30/f:0.05 the surface stresses are 
instead in compression both in axial and cutting direction. 

The influence of the feed on the surface residual stresses 
show that the feed increase the tensile residual stresses in all 
cases except Vc 30 in cutting direction.

The influence of the cutting speed show that low cutting 
speed generates compressive residual stresses while Vc 60 
generates the highest tensile surface residual stress while 120 
only generates moderate tensile stresses. 

The measured forces correlates well with the feed which 
show that higher feed, 0.15, result in an approximately 50% 
increase of the cutting force. The influence of the cutting 
speed is less pronounced for low feed while for the feed of 
0.15 the cutting force decays with higher cutting speed.

Fig. 3. Surface residual stresses and cutting forces for turning test samples.  

These results clearly show that the feed has a strong 
influence on the resulting cutting force. However, the 
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influence of cutting parameters is not that obvious on the 
surface residual stress state which instead shows that Vc 60 
has the most detrimental characteristics with high tensile 
residual stresses.

The results from the residual stress profile measurements 
are presented in Figure 4 for the cutting direction and in 
Figure 5 for the axial direction. These profiles show great 
impact from both the cutting speed and feed. 

The cutting speed seems to be the most influential on the 
residual stress profiles in the cutting direction. For Vc 30, 
both for feed 0.05 and 0.15, show compressive residual stress 
profiles while all other profiles are tensile, seen in Figure 4. It 
could further be observed that Vc 60 generated the highest 
tensile stress profile. Similar results regarding the influence of 
Vc could be observed for the axial direction but the difference 
in magnitude between different Vc is much lower. This is 
characterized by that Vc 60 show the highest tensile stress 
followed by Vc 120 while Vc 30 show a compressive stress 
profile instead.

The influence of the feed is also most influential for Vc 30 
which shows a much higher compressive residual stress state 
for 0.15 feed compared to the 0.05 feed. The results further
show that Vc 60 generates the highest tensile stresses and that 
the feed mainly influence the penetration depth resulting in a 
shift of the profile of approximately 20 µm between feed 0.05 
and 0.15. On the contrary, Vc 120 shows a shift of the profile 
towards the surface at higher feed but the magnitude of these 
profiles differs some. 

The influence of the feed on the residual stress profiles in 
axial direction show less influence from the cutting 
parameters compared to the cutting direction. Further, feed 
show minor influence at low cutting speed. For Vc 60 and 120 
the feed mainly influence the depth impact which shifts the 
profile close to the surface for Vc 60.

Fig. 4. Residual stress profiles, turning test samples in cutting direction. 

Generally the profiles for Vc 60 and 120 are highly 
unwanted from a fatigue perspective. This shows that an 
additional finishing operation is required to ensure that the 
surface attained has compressive residual stresses. The great 
difference in residual stress profiles further show that there 
are a crossing point in the retrieved data where the Vc change 
from the compressive state into a tensile state. This crossing 
point is located in the interval of Vc 30-60 m/min. 

These results show similar trends as reported by Velásquez
et al. who also showed that low cutting speed resulted in 
compressive stresses while high cutting speed instead resulted 
in tensile stresses [13]. However, the magnitude of the 
stresses measured in this investigation is higher which could 
be due to a different cutting tool geometry used in this case.  

Fig. 5. Residual stress profiles, turning test samples in axial direction.  

3.3. Deformation

The diffraction peak width, full width half maximum 
FWHM, holds information of the deformation of the surface 
which is frequently used in order to evaluate the amount of 
cold working from e.g. shot peening [14]. The FWHM data 
from the performed diffraction measurements show that the 
surfaces have been affected to a depth of 50-200 µm 
depending on the machining parameters used. The results are 
presented in Figure 6.  

These results show that with a feed of 0.05 the profiles are
very similar and characterized by an impact depth of 
approximately 150 µm. However, for the very outer surface 
the Vc 60 surface indicate the highest amount of deformation. 
The results for feed 0.15 show greater influence from the 
cutting speed where Vc 60 again show the highest degree of 
deformation at the surface while Vc 120 show much lower 
impact compared to all other samples with a penetration depth 
of only approximately 50 µm. Both Vc 30 and Vc 60 show 
much deeper impact to depths of approximately 200 µm.

Fig. 6. The average FWHM profiles from diffraction data of the samples.
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The deformation was also studied using Knoop hardness 
measurements, presented in Figure 7. The results showed a 
variation between individual indents in the profile for the 
different samples. The surface measurements showed a lower 
hardness to a depth of 50 µm for all samples. Further, a 
difference could be observed for the samples with a higher 
feed rate which showed a higher hardness in the interval from 
the surface and to a depth of 400 µm, especially for Vc 30.

Fig.7. Hardness profiles for the samples with A: feed 0.05 and B: feed 0.15. 

The microstructure was further investigated for all samples 
using SEM, presented in Figure 8. The surface deformations 
are clearly shown as sheared grains and grain boundaries in 
the surface. The affected depth is further illustrated by yellow 
lines in Figure 8. The grains are generally affected 5-15 µm 
below the surface for the different samples, depending on 
different locations across the cut surface.  

Further investigations using advanced microscopy,
Electron Back Scattering Diffraction, might distinguish 
individual differences even better between the samples.

Fig. 8. Micrograph from SEM in x1000 magnification showing the impact on 
the surface for the different turning settings. The scale bar is 10 µm.

3.4. PFEM simulations

Results from the PFEM simulations have been compared to 
the XRD measurements for the samples with feed 0.15 mm 
and Vc:30 in Figure 9, Vc:60 in Figure 10 and Vc:120 in 
Figure 11. The results show a great difference between the 
simulations and the measurements both in regard to the 
surface state as well as the affected depth. The PFEM predicts 
tensile surface residual stress state for all samples while the 
measurements for the Vc 30 sample show a quite high 
compressive residual stress state. The PFEM further show an
unexpected behaviour of a fairly low surface stress state that 
increases with a maximal tensile stress peak located at depth 
of approximately 100 µm. This was not observed in the 
measured data. However, for some of the samples the depth 

position of the maximal tensile peak in the simulations
coincides with the position for the measured maximal 
compressive stress from the measurements. The attribute that 
correlates quite well is the depth to which the cutting process 
has affected the stresses, i.e. where the residual stresses level 
out towards zero.

The main reason for the differences between the 
simuations and the measured results is believed to be due to 
the material model used for the PFEM simulations. This 
model is a simple constitutive model (Johnson-Cook) that 
might not be representative for the present case. A further 
development of the model is required where the dislocation 
density and a damage model need to be considered. Also, 
further attention to the friction needs to be considered with a 
model that is not based on Coulomb friction. It should also be 
noted that the model used for the PFEM simulation was 
developed in order to study the thermo-mechanical aspects of 
the cutting process in order to study the thermal impact and 
the chip formation when cutting at different speeds and feeds. 
Consequently, the model needs further development in order 
to predict residual stresses more accurately. Similar 
difficulties of simulating the residual stresses have been 
presented by Attanasio et al. [15]. They showed results where 
the experimental data showed high tensile stresses in the 
surface while the simulations showed high compressive 
stresses for orthogonal cutting in a carbon steel.

Fig.9. Residual stress profile comparison between PFEM simulations and 
XRD profile measurements for sample with Vc 30 and feed 0.15.

Fig.10. Residual stress profile comparison between PFEM simulations and 
XRD profile measurements for sample with Vc 60 and feed 0.15.
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Fig.11. Residual stress profile comparison between PFEM simulations and 
XRD profile measurements for sample with Vc 120 and feed 0.15.

4. Discussion

The turning operation results in plastic deformation of the 
surface. This is thermo-mechanically induced where the 
cutting parameters determine which regime that dominates. 
The results in this investigation showed that the thermal 
regime has greatest impact for high Vc while for low Vc the 
mechanical deformation increase. It was further observed that 
the highest Vc of 120 resulted in a lower tensile stress 
compared to Vc 60. This indicates that there exists a crossing 
point where the thermal impact is influencing more. 

The surprisingly high compressive stresses for Vc 30 at 
feed 0.15 was measured and verified at two different positions
with a separation of 90° on the sample showing same levels of 
stress throughout the profile. It could further be concluded 
that similar trends has been reported by Velásquez et al. [13]. 

5. Conclusions

This investigation has shown that cutting speed and feed 
have great impact on the cutting forces and the residual stress 
state. The impact from the turning operation is greatest in the 
cutting direction.

Increasing turning feed increases the surface tensile 
residual stresses in all cases in cutting direction, except for Vc 
30. It has further been shown that the cutting speed has a 
strong impact where Vc 30 produced high compressive 
residual stress profiles for a feed of 0.15. For Vc 60 and 120 
the profiles were tensile instead to a relatively high magnitude 
in the surface region, especially for Vc 60.

The cutting forces showed a clear correlation to the feed 
where a higher feed resulted in 50% higher cutting forces. 

The FWHM showed a high impact in the surface for all 
samples indicating surface deformations extended to depths of 
150 µm for samples with a feed of 0.05 and to depths of 50-
200 µm for the samples with a feed of 0.15. 

The microstructure showed a distinct impact from the 
cutting operation with a highly deformed surface which was 
also seen in the lower hardness in the surface region. 

Stresses from the PFEM simulations did not show a 
correlation to the measured residual stresses due to limitations 
in the used material model.
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