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In this paper, vibration-free milling cutters (variable helix (VH) and variable pitch (VP) end mills) and standard (SD) end mills are used to 
machine TB6 (Ti-10V-2Fe-3Al) titanium alloy in order to study the influence of wear and geometric structure parameters of milling cutters on 
chatter, cutting force and surface integrity of machined surfaces. The results of the tests show that the wear of milling cutters has a significant 
influence on the chatter, cutting force, roughness, residual stress, and microhardness. Geometric structure parameters of milling cutters also 
have a clear impact on both chatter and cutting force. Also, chatter and cutting force have significant effects on roughness and residual stress, 
which are in turn affected by tool geometric structure parameters, separately.
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Highlights
•	 An analysis was performed to study the effects of wear, chatter, and cutting force on the surface integrity of TB6 titanium alloy 

when machined with solid carbide cutters of different geometry.
•	 Surface integrity has an important influence on surface quality and is influenced by many factors, such as vibration, cutting 

parameters, tool wear and tool geometric structure parameters.
•	 As per experimental results, the wear of milling cutters has a significant influence on the chatter, cutting force, roughness, 

residual stress, and microhardness.
•	 Chatter and cutting force have significant effects on roughness and residual stress.

0  INTRODUCTION

Titanium alloy has been widely used in various fields, 
such as aerospace, automotive, medical equipment, 
etc., because of its underlying properties, including 
high specific strength, excellent corrosion resistance, 
and good fatigue resistance [1] and [2]. TB6 titanium 
alloy is a near β phase titanium alloy, which is 
denser and presents high strength at low operating 
temperatures [3]. TB6 titanium alloy is primarily used 
in aircraft structural components (aircraft fuselage, 
wing, landing gear, and helicopter rotor parts) [4]. 
However, some characteristics of TB6 titanium 
alloy, such as low thermal conductivity, low elastic 
modulus, and high chemical activity, can cause high 
cutting temperatures, large cutting forces, shorter tool 
life, low metal removal rates, and poor work surface 
integrity [5] and [6]. The improvement of surface 
integrity of TB6 titanium is, therefore, a challengeable 
subject in the area of manufacturing due to its low 
machinability.

Surface integrity is commonly defined as 
“the topographical, mechanical, chemical and 

metallurgical state of a machined surface and its 
relationship to functional performance [7]. It consists 
of factors such as surface roughness, work hardening, 
residual stress, microstructure, etc. Moreover, surface 
integrity is an important performance characteristic of 
the machined surface quality, thereby determining the 
functionality and fatigue life of the critical structure 
components [8]. Surface integrity is impacted by 
many factors, including vibration, cutting force, tool 
wear, and similar. Pimenov et al. [9] studied the effect 
of the relative position on machined surface roughness 
with a face-milling cutter. The results proved that the 
relative position of the milling cutter and workpiece 
affected the cutting force, vibration and, surface 
roughness.

In 1907, chatter, as a machining phenomenon, 
was first introduced by [10], after which it has been 
extensively studied [11]. The chatter during machining 
has a significant effect on surface integrity, tool 
wear, machine damage, etc. It can not only reduce 
the surface quality of the workpiece and increase 
tool wear but can also cause damage to the machine 
[12]. Several methods have been used in the literature 
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to reduce vibration in the cutting process, and the 
most widely used technique is to optimize cutting 
conditions based on the stability lobe diagram [13] and 
[14]. Since the cutting parameters are restricted by the 
stability lobe diagram, only cutting parameters within 
a particular range can effectively suppress chatter. 
Reducing the spindle speed will reduce vibration 
but at the cost of lower material removal rate and a 
decrease in machining efficiency. If the cutting speed 
is increased, the cutting temperature will also increase, 
thereby affecting the surface quality and tool wear 
because of high chemical activity and low thermal 
conductivity of TB6 titanium alloy. Furthermore, the 
variable helix (VH) and variable pitch (VP) milling 
cutters can effectively suppress chatter at low cutting 
speeds [15] and [16] making their use an economical 
method to reduce the vibration and improve the 
cutting stability without changing the cutting speed by 
using the vibration-free milling cutters. 

Many researchers have indicated that the 
geometric structure parameters of milling cutters 
had significant influence on the quality of machined 
surfaces. Particularly when the variable helix (VH) 
and variable pitch (VP) tools were involved, the 
investigations were usually carried out to enhance 
stability and suppress regenerative chatter in order to 
improve the milling quality. Ott et al. [17] studied the 
mechanical vibrations in milling with non-uniform 
pitch and variable helix tools. The results showed that 
the distributed delay in variable helix tools led to a 
stabilization of the cutting process. Moreover, Sims 
et al. [18] analysed the influence of radial immersion 
on the stability of variable pitch or helix milling tools. 
The cyclic fold bifurcations were found to exist for 
both at lower radial immersions. Also, Wang et al. 
[19] investigated the chatter prediction for variable 
pitch and variable helix milling and found them to 
be effective for suppressing chatter. Stability lobes 
were studied by Altintas et al. [20] for variable pitch 
milling cutters and designed an optimal tooth spacing 
to increase the chatter-free depth of cuts. Li et al. [21] 
also investigated the effect of a face-milling cutter 
with a variable pitch on vibration. Furthermore, Niu et 
al. [22] improved the generalized Runge-Kutta method 
by considering runout to analyse the milling process 
stability with variable pitch and variable helix milling 
cutters. 

However, the published literature on the VH 
and VP milling cutters seldom analysed the chatter 
with tool wear and rarely emphasized surface quality 
indexes other than chatter induced surface texture.

Furthermore, cutting forces have a great influence 
on workpiece precision, surface quality, cutting system 

vibration, cutting power, and tool life, especially 
when the milling cutters have a complex geometry in 
machining [23]. Cutting forces are affected by several 
factors such as tool geometry, workpiece material 
properties, cutting conditions, etc. [24]. Huang et 
al. [25] investigated the cutting forces by analysing 
the time domain and the frequency domain in TC4 
titanium alloy milling. The results showed that the 
radial forces of VP milling cutter were minimum 
compared with standard (SD) and VH milling cutters.

Moreover, tool wear has a significant impact on 
the surface integrity of titanium alloy. The influence 
of tool wear on roughness is related to the tool wear 
state. Liang and Liu [26] investigated the effect 
of tool flank wear on surface integrity; the results 
showed that the roughness first increased and then 
decreased with the tool flank wear increasing from 
0 mm to 0.3 mm. This behaviour was caused by 
different wear states of tool flank face. However, Yang 
et al. [27] reported contradictory results, in which 
the machined surface roughness of TB6 presented 
an increasing trend with the increase of tool flank 
wear. Tool wear also had significant influence on 
residual stress and microhardness. Residual stresses 
beneath the machined surface became much more 
compressive and penetrated to a deeper depth with the 
worn tools [28]. Nevertheless, some other researchers 
obtained the contrary results, with the tool flank wear 
increasing, and the surface residual stresses becoming 
more tensile due to the increased temperature [29]. 
The hardness of the machined surfaces produced with 
worn tools was harder, and the affected layer depth 
was larger than those produced with new tools under 
the same cutting parameters [30] and [31].

Consequently, based on the literature reviewed, 
the reasons affecting the surface integrity of titanium 
alloy are complex, and a gap in research exists about 
the influence of wear, chatter, and cutting force on 
surface integrity with vibration-free milling cutters. 
The study in this paper investigates the surface 
integrity of the titanium alloy TB6 machined by 
VH, VP, and SD milling cutters, and aims to provide 
reference data for the effects of wear, tool geometric 
structure parameter, chatter, and cutting force on 
surface integrity.

1  EXPERIMENTAL DESIGN

Tool wear and surface integrity tests were designed 
for the subject purpose. First, a wear test was carried 
out to observe the flank wear of the milling cutters. 
Then the cutting test of surface integrity was carried 
out after the flank wear of the three types of milling 
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cutters reached the blunt standard. Cutting force and 
vibration were recorded during the surface integrity 
test.

VH, VP, and SD milling cutters were used in the 
cutting tests of wear and surface integrity. K44UF 
cemented carbide was used as tool material for the 
three types of milling cutters, which were not coated. 
The geometric structure parameters of the three types 
of milling cutters are shown in Table 1.

Table 1.  Geometric structure parameters of three types of milling 
cutters

Milling 
cutter

No. of 
flutes

Radius of 
tool [mm]

Helix 
angle [deg]

Tooth 
pitch [deg]

VP 4 5 45 86 and 94
VH 4 5 41 and 45 85 and 95
SD 4 5 45 90

The three types of milling cutters had the same 
geometric structure parameters except for the helix 
angle and tooth pitch. The cross-section of three types 
of milling cutters is shown in Fig. 1.

Fig. 1. Cross-section of three types of milling cutters;  
the lengths are in mm

The two cutting tests were then carried out under 
dry milling conditions, and the workpieces were 
machined by side milling and up milling. The size 
of workpiece used in the two cutting tests was (70 × 
57.5 × 35) mm. The workpiece was machined with 
an NC machine tool of type BV75. The material of 
the workpiece used in all tests was TB6 titanium 
alloy, which is one of the β-phase titanium alloys with 
high strength, high toughness, and machined after the 
forging process. The nominal chemical composition 
of TB6 titanium alloy is shown in Table 2, and the 
mechanical properties at room temperature of the TB6 
alloy are shown in Table 3 [32].

Wear of the milling cutters was observed using the 
Dino-Lite AM7013MZT microscope and expressed 
by the width of flank wear of milling cutters. The 
blunt standards of the three types of milling cutters 
were 0.1 mm, 0.2 mm, and 0.3 mm, respectively. The 
width of flank (the main cutting edge) wear of milling 

cutters was measured when the wear of cutting edge 
was close to the blunt standard. Then the mean value 
of four cutting edges was taken as the wear extent of 
the milling cutter.

Table 2.  Chemical composition of TB6 (mass fraction, %)

Element wt. [%] Element wt. [%]
Al 3.15 O 0.10
V 10.5 N 0.03
Fe 2.1 H 0.002
C 0.02 Ti Balance

Table 3.  Mechanical properties of TB6 at room temperature

Mechanical properties Value
Tensile strength [MPa] 1105
Yield strength [MPa] 1035
Elastic modulus [GPa] 106
Elongation [ %] 4~10

Hardness [HV] > 375
Fracture toughness [MPa √m] ≥ 60

Cutting force was measured with a piezoelectric 
force sensor of type CL-YD-3310, and the acceleration 
was measured with a piezoelectric acceleration 
transducer of type VM45-1QZH. The radial rigidity 
of milling cutter was low, and since the radial cutting 
force was more suitable for analysing the vibration 
of the cutting system than the tangential and axial 
cutting forces [33] and [34], it was studied in this 
paper. The vibration and cutting force measurement 
devices of the low rigidity cutting test are shown in 
Fig. 2. Furthermore, the modes of the cutting system 
were measured with hammering tests. The first-order 
modes of these two test systems are shown in Table 4.

Fig. 2.  Measuring equipment of vibration and cutting force  
of low rigidity cutting test
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Table 4.  First-order modes of cutting systems

Cutting 
system

Workpiece-dynamometer-
worktable [Hz]

Tool-spindle [Hz]

Mode 469 216

During the cutting process, the depth of cut and 
the width of cut were kept constant, and the overhang 
of the three types of milling cutters was 40 mm each. 
The cutting parameters used in the two cutting tests 
are shown in Table 5.

Table 5.  Cutting parameters of wear and surface integrity cutting 
tests

Test
no.

Cutting speed
[m/min]

Feed per 
tooth [mm/z]

Depth of 
cut [mm]

Width of 
cut [mm]

Milling 
cutter

1 30 0.06 5 0.5
SD2 30 0.06 5 0.5

3 30 0.06 5 0.5
4 30 0.06 5 0.5

VH 5 30 0.06 5 0.5
6 30 0.06 5 0.5
7 30 0.06 5 0.5

VP8 30 0.06 5 0.5
9 30 0.06 5 0.5

Surface roughness was measured by using the 
roughness measuring instrument of type TIME3220. 
The roughness of the workpiece surface was measured 
along the feed direction. The sampling length 
of roughness measurement was 0.8 mm, and the 
evaluation length was 4 mm. Samples were cleaned 
using ethanol solution via ultrasonic cleaning before 
taking measurements. Nine samples were measured 
in this experiment, and the average roughness was 
obtained by measuring roughness five times for each 
sample.

The residual stress was measured with the Prism 
system, produced by Stresstech Oy. The hole-drilling 
technique was used for residual stress measurement 
in which, by removing a volume of material, 
residual stresses were released locally, and the stress 
equilibrium in the part was changed. The stresses in 
the remaining material rebalanced and the surface 
distorted slightly, especially near the hole. The Prism 
system measured surface distortion optically using 
a laser that was diffusely reflected from the sample 
surface.

For the nine samples measured, the distances 
below the surface where the holes were drilled were 
0.01 mm, 0.02 mm, 0.03 mm, 0.04 mm, 0.05 mm, 
0.060 mm, 0.07 mm and 0.080 mm. 

Nano-hardness at different depths on the cross-
section of the machined surface was measured using 
a Nano Indentationer G200 system. Nine tests were 
performed to obtain the nano hardness. The three 
indentations performed below the machined surface in 
each test were 5 μm, 50 μm, and 100 μm, respectively 
(as shown in Fig. 3). The penetration depths were 
realized using diamond Berkovich tip after precise 
focus on the cross-section. The penetration depths for 
each indentation below the surface were 1μm.

Fig. 3.  Distribution of indentations in nanometer indentation 
measurement

Microstructures were observed by using the three-
dimensional (3D) laser microscope LEXT OLS4100. 
First, the nine samples were embedded to three 
specimens, and each specimen included three samples. 
Then, the samples were abraded and polished. Finally, 
the samples were etched for about 20 seconds using 
a corrodent matched by HF : HNO3 : H2O = 1 : 4 : 45.

2  RESULTS AND DISCUSSION

2.1  Wear

The wear extents were determined by measuring the 
flank wear of the VH, VP, and SD milling cutters. 
First, the flank wear of each cutting edge of the three 
types of milling cutters was measured for five times 
and the average of the wear of the four cutting edges 
was taken to obtain the wear extent of each milling 
cutter. The blunt standard of the three types of milling 
cutters was the same for all, and the blunt standard was 
0.1 mm, 0.2 mm, and 0.3 mm. When cutting speed 
was set to 30 m/min, and the feed was fixed at 0.06 
mm, the wear extent of each milling cutter changed 
with time; the changes observed are shown in Fig. 4.

It can be deduced from Fig. 4 that the wear of 
VH, VP, and SD milling cutters was at the normal 
wear stage. When the wear extents were close to 0.1 
mm, 0.2 mm, and 0.3 mm, the wear of VP milling 
cutter was the fastest, followed by VH milling cutter, 
and SD milling cutter. Therefore, SD milling cutter 
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has the best wear resistance, and the VP milling cutter 
has the worst wear resistance.

As shown in Fig. 5, when the wear of milling 
cutter was close to the blunt standard, which was 0.1 
mm or 0.2 mm, the wear measuring errors of teeth 
of VP and VH milling cutters were big and that of 
SD milling cutter were small. This phenomenon is 
due to the changes of helix and pitch causing non-
even wear of teeth of vibration-free milling cutters, 
thereby increasing the wear measuring errors. With 
the increase of wear, the wear-measuring errors of 
VP and VH milling cutter edges had a decreasing 
tendency, especially when the wear was close to the 
blunt standard of 0.3 mm. Also, the wear measuring 

a) 

b) 

c) 
Fig. 5.  Wear measuring errors of teeth of three types of milling cutters; a) VB = 0.1 mm, b) VB = 0.2 mm, and c) VB = 0.3 mm

Fig. 4.  Wear extent varied with time of three types  
of milling cutters
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errors of VP and VH milling cutter edges decreased 
significantly, thereby causing reductions in the non-
uniform wear caused by the cutter geometry (helix 
angle and pitch).

The wear-measuring errors of the three types of 
milling cutters are shown in Table 6, which shows that 
the error between the measured wear of the three types 
of milling cutters and the blunt standard was between 
0.1 % and 5.1 %, and the measured wear was close to 
the blunt standard.

Table 6.  Measuring errors of wear

Cutting speed 
[m/min]

Blunt standard 
[mm]

Wear
[mm]

Error
[%]

Milling 
cutter

30
0.1 0.1048 4.8

SD0.2 0.2082 4.1
0.3 0.2949 5.1

30
0.1 0.1014 1.4

VH0.2 0.1965 1.75
0.3 0.3121 4.03

30
0.1 0.0986 1.4

VP0.2 0.2014 0.7
0.3 0.3004 0.1

The changes of pitch and helix angles of 
vibration-free milling cutters induced the cutting force 
to change, leading to faster wear of VP and VH milling 
cutters compared to wear rate of SD milling cutter. 
This fact further resulted in even wear of SD milling 
cutter and non-even wear of VP and VH milling 
cutter [35] thereby increasing the wear measuring the 
difficulty of VP and VH milling cutters.

2.2  Chatter

2.2.1  Resonance Analysis

The vibration frequency is mainly related to the 
spindle rotation frequency (SRF) and tooth pass 
frequency (TPF). SRF and TPF are used to analyse 
whether chatter occurs during the cutting process. 
SRF is defined as shown in Eq. (1).

 SRF
kn kv

D
� �
60

1000

60�
,  (1)

where, n is spindle speed [r/min], v is cutting line 
speed [m/min], D is milling cutter diameter [mm], and 
k is the coefficient with values 1, 2, 3,… Moreover, 
TPF is defined as shown in Eq. (2).

 TPF N
kn

=
60
,  (2)

where, N is the number of teeth of the milling cutter.

According to Eqs. (1) and (2), when the cutting 
speed was 30 m/min, SRF = 15.9 Hz, and TPF = 63.6 
Hz. Moreover, when the occurred frequency was 
different from multiples of SRF and TPF, the chatter 
appeared.

Figs. 6 to 8 showed the vibration spectrum of 
SD, VH and VP milling cutters when cutting speed 
was 30 m/min, the feed was 0.06 mm, and the wear 
of the three types of milling cutters reached the blunt 
standard which was 0.1 mm, 0.2 mm and 0.3 mm, 
respectively. Ac max in these figures represented the 
maximum chatter amplitude.

The first mode of tool-spindle was 216 Hz, and 
the first mode of workpiece-dynamometer-worktable 
was 469 Hz (see Table 4). Since the maximum 
amplitude frequency was far from the two modes in 
the low rigidity cutting test (see Figs. 5 to 7), there 
was no resonance generation at the frequency of 
maximum amplitude, but there were amplitudes that 
had approximate frequency near the two modes, and 
the amplitudes were small. Therefore, small resonance 
occurred in the cutting test of surface integrity.

2.2.2  Influence of Wear on Chatter

As shown in Fig. 9, the maximum chatter amplitude 
of SD, VH and VP milling cutters increased with 
the increase of wear. When the wear extent was 0.1 
mm, the chatter of SD milling cutter was the largest, 
followed by VH milling cutter, and VP milling cutter, 
and there was a small difference of chatter between 
the VH and VP milling cutters. When the wear extent 
was 0.2 mm and 0.3 mm, the chatter of SD milling 
cutter was the largest, followed by VP milling cutter, 
and VH milling cutter.

2.3  Cutting Force

For studying the average cutting force, it can be seen 
from Fig. 10 that the cutting force of the three types 
of milling cutters increased when the wear increased 
from 0.1 mm to 0.3 mm. When the wear extent was 
0.1 mm and 0.2 mm, the cutting force of VP milling 
cutter was the largest, followed by SD milling cutter, 
and VH milling cutter. When the wear extent was 0.3 
mm, the cutting force of SD milling cutter was the 
largest, followed by VP milling cutter, and VH milling 
cutter.

The increase of the contact area between the 
flank face of milling cutter and the workpiece led to 
the increase of the extrusion pressure. However, due 
to the different geometric structure parameters of SD, 
VH, and VP milling cutters, the extrusion pressure 
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                                             a)                                                                            b)                                                                           c)
Fig. 6.  Acceleration spectrum of standard milling cutter; a) VB = 0.1, V = 30 m/min, f = 0.06 mm/z;  

b) VB = 0.2, V = 30 m/min, f = 0.06 mm/z; c) VB = 0.3, V = 30 m/min, f = 0.06 mm/z

                                          a)                                                                            b)                                                                           c)
Fig. 7.  Acceleration spectrum of variable helix milling cutter a) VB = 0.1, V = 30m/min, f = 0.06 mm/z;  

b) VB = 0.2, V = 30 m/min, f = 0.06 mm/z; c) VB = 0.3, V = 30 m/min, f = 0.06 mm/z

                                           a)                                                                            b)                                                                           c)
Fig. 8.  Acceleration of variable pitch milling cutter a) VB = 0.1, V = 30m/min, f = 0.06 mm/z;  

b) VB = 0.2, V = 30 m/min, f = 0.06 mm/z; c) VB = 0.3, V = 30 m/min, f = 0.06 mm/z

was different at the same wear. Compared with SD 
milling cutter, the actual feed per tooth of VP milling 
cutter was not consistent, because it was affected by 
the change of tooth pitch and the superposition of 
given feed, which also became the reason behind the 
change in cutting force.

For the VH milling cutter, compared with SD 
milling cutter, except that the feed of each tooth pitch 

was inconsistent, which caused the different actual 
feed, the change of helix angle led to the change of 
working rake angle, the actual feed and working rake 
lead subject to change of cutting force. The wear of 
milling cutter led to the decrease of radial cutting 
depth which reduced the cutting force. These reasons 
caused the cutting forces of the three types of milling 
cutters to turn out to be different.
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Fig. 9.  Chatter varied with wear extent  
of three types of milling cutters

Fig. 10.  Cutting force varied with wear extent  
of three types of milling cutters

2.4 Surface Integrity

2.4.1 Surface Roughness

2.4.1.1 Influence of Wear on Roughness

The roughness of machined surface produced by VH, 
VP and SD milling cutters was measured five times, 
and the mean roughness and standard deviation are 
shown in Fig. 11. The standard deviations indicated 
that the discrete degree of measured roughness was 
small, and the measurement of roughness had high 
precision. 

It can also be seen from Fig. 11 that the roughness 
of machined surface produced by three types of 
milling cutters increased with the increase in wear.

a) 

b) 

c) 
Fig. 11.  Roughness of machined surface with three types of 

milling cutters at different wear, a) VH, b) VP, and c) SD

2.4.1.2  Influence of Chatter on Roughness

Roughness was affected by the chatter. When the 
roughness produced by SD, VH, and VP milling 
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cutters were compared (see Fig. 12), the roughness 
caused by SD milling cutter was the largest, followed 
by VP milling cutter, and VH milling cutter. The 
reason for this is that the chatter had a significant 
influence on roughness. Chatter can increase the 
radial displacement of the cutter teeth in cutting, 

increasing radial cutting depth, thereby increasing the 
roughness. Compared with SD milling cutter, when 
the wear extent was 0.2 mm and 0.3 mm, the effect of 
suppressing chatter of VH milling cutter was the best, 
followed by VP milling cutter. Although the chatter 
of the VP milling cutter was the smallest when the 
wear extent was 0.1 mm, there was little difference of 
chatter between the VP and the VH milling cutters (as 
shown in Fig. 9).

The roughness was, therefore, affected not only 
by the chatter but also by the tool geometric structure 
parameters. The change of tooth pitch affected the 
actual feed causing the change of helix angle, which in 
turn caused the working rake angle, thereby affecting 
the roughness. For these reasons, the roughness 
produced by VH milling cutters was the smallest.

2.4.2  Residual Stress

The generation process of residual stress is complex. 
High temperature, pressure, strain, and strain rate 
are produced in the contact area of milling cutter 
and workpiece, and uneven elastoplastic deformation 
occurs in the cutting area. Generally, residual stress 
is caused by uneven elastoplastic deformation caused 

                                             a)                                                                            b)                                                                           c)
Fig. 13.  Residual stress of machined surface with VH milling cutter; a) VB = 0.1 mm, b) VB = 0.2 mm, and c) VB = 0.3 mm

                                             a)                                                                            b)                                                                           c)
Fig. 14.  Residual stress of machined surface with VP milling cutter; a) VB = 0.1 mm, b) VB = 0.2 mm, and c) VB = 0.3 mm

Fig. 12.  Influence of geometric structure of milling cutters on 
surface roughness
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by cutting force and cutting heat. Therefore, residual 
stress is the result of the interaction of cutting 
parameters, tool wear, tool geometric structure 
parameters and several other factors in the cutting 
process.

In the present work, the resultant residual stresses 
exhibited irregular distribution (as shown in Figs. 
13 to 15). It was found that the residual stress had 
large fluctuation, which might be caused by the large 
grain size and uneven plastic deformation of TB6 
titanium alloy [36]. It can also be seen that the residual 
compressive stress tended to be the main stress with 
the increase of wear.

Moreover, Fig. 16 showed the maximum residual 
stress of machined surface with VH, VP, and SD 
milling cutters resulted when the wear extent was 0.1 
mm to  0.3 mm. It can be further observed that the 
maximum residual tensile stress and the maximum 
residual compressive stress increased with the increase 
of wear. When the milling cutter was worn, the contact 
area between the flank face of milling cutter and the 
workpiece surface increased, thereby increasing the 
extrusion pressure on the workpiece, which increased 
residual compressive stress. At the same time, the 
wear of milling cutter increased the friction between 
flank face and the workpiece, causing an increase 

in the friction heat, thereby causing the increase of 
residual tensile stress.

The workpiece surface is also affected by both the 
cutting force and cutting heat in the cutting process, 
and residual stress is the result of the combined action 
of the two factors. The depth range of 0 mm to 0.04 mm 
from the machined surface was close to the machined 
surface of the workpiece. The heat dissipated rapidly 
in this depth range, and the extrusion effect of cutting 
force was obvious. Therefore, the residual stress 
in this depth range was dominated by compressive 
stress, and the maximum residual compressive stress 
appeared in this depth range. 

Furthermore, the depth range of 0.04 mm to 0.08 
mm was far from the machined surface. Due to the 
poor thermal conductivity of TB6 titanium alloy, the 
thermal stress had an obvious effect on the material in 
this depth range. Therefore, the residual stress within 
this depth range was dominated by tensile stress, and 
the maximum residual tensile stress appeared within 
this depth range.

2.4.3 Microhardness

Nano-hardness was obtained via three steps: loading 
of sample, dwelling, and unloading. At the start, 

                                             a)                                                                            b)                                                                           c)
Fig. 15.  Residual stress of machined surface with SD milling cutter; a) VB = 0.1 mm, b) VB = 0.2 mm, and c) VB = 0.3 mm

                                             a)                                                                            b)                                                                           c)
Fig. 16.  Maximum residual stress of machined surface with three types of milling cutters; a) VH, b) VP, and c) SD
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loading of the sample was performed from the depth 
of 0 nm to 1000 nm; dwelling was executed from 1000 
nm to 1024 nm, and, finally, unloading was done from 
1024 nm to 769 nm. The obtained loading/unloading 
curve is shown in Fig. 17.

Fig. 17.  Loading/unloading curve

As shown in Fig. 18, the sub-surface of nine 
machined samples were divided into three regions 
according to the positions of intentions. These were 
characterized as the hard region, soft region, and near 
the bulk material region. 

Fig. 19 showed the nano hardness in the hard 
region, soft region, and near bulk material region with 
the wear from 0.1 mm to 0.3 mm. The hardness of the 
material in the hard region was the greatest, followed 
by the near bulk material region, and the hardness of the 
material in the soft region was the smallest. It can also 
be observed that the geometric structure parameters of 
the three types of milling cutters had little influence 

on the hardness distribution beneath the machined 
surface.

Fig. 18.  Regions below the machined surface

During the processing, the titanium elements in 
the titanium alloy interacted with oxygen elements 
and nitrogen elements in the air to form titanium 
oxide and titanium nitride, which made the machined 
surface brittle [37] and increased the microhardness 
of the hardening zone. The extrusion pressure on the 
workpiece surface was also an important reason for 
the increase of hardness in the hardening zone.

Furthermore, the thermal conductivity of TB6 
titanium alloy was low, which caused the cutting heat 
to be too late to transfer in cutting titanium alloy, 

                                             a)                                                                            b)                                                                           c)
Fig. 19.  Hardness of machined surface with three types of milling cutters; a) VB = 0.1 mm, b) VB = 0.2 mm, and c) VB = 0.3 mm
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resulting in thermal expansion, dislocation density 
reduction, and hardness reduction of the material in 
the soft region.

Thermal softening also resulted in the expansion 
of material in the soft region. As a result, the material 
in the near bulk material region was squeezed, which 
caused the dislocation density to increase, thereby 
also causing the hardness of the material in the near 
bulk material region to increase.

Fig. 20 shows the relationship between wear and 
microhardness of the three types of milling cutters. 
It can be observed from the figure that the hardness 
of the material in the hard region and near the bulk 
material region increased with the increase of wear, 
while the hardness of the material in the soft region 
decreased. It also can be observed that the changes of 
hardness in the three regions were aggravated with the 
increase of wear.

Wear further caused the contact area between 
the flank face of the milling cutter and the workpiece 
to increase. Then the extrusion pressure increased, 
resulting in an increase in the microhardness of 
material in the hard region. Wear also caused the 
friction between the flank face and the workpiece to 
increase, thereby causing an increase in the cutting 

heat, which resulted in the enhancement of the thermal 
softening effect and the decrease of the hardness of 
the material in soft region. The enhanced thermal 
softening effect in the soft region, in turn, led to the 
aggravation of material expansion, which increased 
the material extrusion in the near bulk material region 
to cause an increase the hardness of the material in 
near bulk material region.

2.4.4  Microstructure

As shown in Figs. 21 to 23, surface defects were 
mainly the tears and cavities, and there was no 
obvious plastic deformation observed because of the 
small cutting depths.

To summarize, wear and tool geometry have 
an important influence on chatter, cutting force, and 
surface integrity.

Wear of milling cutter can cause increases of 
chatter, cutting force, roughness, residual stress 
and microhardness. Wear affects the cutting force 
coefficient and process damping coefficient [38], 
which have significant influence on the chatter 
stability zone in the cutting process, which causes the 
chatter to increase thereby affecting the roughness 

                                             a)                                                                            b)                                                                           c)
Fig. 20.  Influence of wear on hardness with three types of milling cutters; a) VB = 0.1 mm, b) VB = 0.2 mm, and c) VB = 0.3 mm

                                                                                                                                                     
                               a)                                                                            b)                                                                           c)

Fig. 21.  Microstructure of machined surface with VH milling cutter (1000×) ; a) VB = 0.1 mm, b) VB = 0.2 mm, and c) VB = 0.3 mm
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of the machined surface. The extrusion pressure and 
friction on the workpiece surface further increase 
with the increase in wear, resulting in the increase of 
cutting force and cutting heat which directly affect the 
residual stress and microhardness.

Moreover, the geometric structure parameters 
of milling cutters influence chatter, cutting force and 
roughness. The change of tooth pitch caused changes 
in the phase of cutting motion, while changes of the 
helix angle caused changes in the working rake angle 
of the milling cutter. These changes affected the 
periodic change of cutting force and reduced chatter. 
At the same time, the actual feed change caused by the 
change of tooth pitch and the change of working rake 
angle caused by the change of helix angle affected the 
cutting force and roughness.

3  CONCLUSIONS

In this paper, titanium alloy TB6 was dry-machined 
using three types of milling cutters to investigate the 
chatter, cutting force and workpiece surface integrity 
with tool wear. The main results are summarized as 
follows:
i.  Tool geometry had a significant influence on 

milling cutter wear. Compared with SD milling 
cutter, the wear of VP and VH milling cutters 

which had different helixes and pitches, was 
faster, and changed helix and pitch resulted in 
uneven wear. Also, with the increase of wear, the 
wear unevenness of VP and VH milling cutters 
tended to decrease tendency.

ii.  Wear of VP, VH and SD milling cutters had a 
significant effect on chatter and cutting forces. 
Chatter and cutting forces increased with the 
increase of wear for the three types of milling 
cutters.

iii. The change of tool geometry can effectively 
suppress the chatter. Compared with the standard 
milling cutter, the pitch and helix angle of VP 
and VH milling cutter changed, and the chatter 
suppression effect of vibration-free milling cutter 
was found to be better than that of the standard 
milling cutter.

iv. For VP and VH milling cutters, cutting forces 
were affected by both tool geometry and wear. 
Compared with the standard milling cutter, 
although the changes of helix and pitch affected 
cutting forces, wear decreased the radial cutting 
depth while increasing the extrusion pressure, 
thereby making the cutting force of vibration-free 
milling cutter the result of these factors.

v. Surface roughness increased with the increase 
of wear of three types of milling cutters, and 

                                             a)                                                                            b)                                                                           c)
Fig. 22.   Microstructure of machined surface with VP milling cutter (1000×) ; a) VB = 0.1 mm, b) VB = 0.2 mm, and c) VB = 0.3 mm

TearCavity Cavity Cavity

                                             a)                                                                            b)                                                                           c)
Fig. 23.  Microstructure of machined surface with SD milling cutter (1000×) ; a) VB = 0.1 mm, b) VB = 0.2 mm, and c) VB = 0.3 mm
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the roughness produced by VH and VP milling 
cutters was smaller than that of SD milling cutter. 
Residual compressive stress tended to be the main 
stress with the increase of wear of all the milling 
cutters. Furthermore, microhardness increased 
with the increase of the wear of all cutters in the 
hard region and near the bulk material region, 
while it decreased with the increase of wear in the 
soft region.
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