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Abstract— Ti-6Al-4V alloy is an excellent material used in aerospace industries due to its high strength to weight ratio and 
their excellent corrosion resistance. However, because of its low thermal conductivity and high chemical reactivity, Ti-6Al-4V 
alloy is considered as a difficult-to-machine material. It is well known that tool wear has a strong relationship with the cutting 
forces and a sound knowledge about correlation between cutting forces variation and tool wear propagation is important to 
analyze and optimize the machining parameters of titanium alloy. In the present study, finish-milling of Ti-6Al-4V alloy with 
tungsten carbide tools under dry cutting conditions is experimentally investigated. The current study is to analyze the cutting 
force variation and tool wear rate for optimized parameters during finish milling of Ti- 6Al-4V alloy. The finish milling 
parameters selected for the experiments are cutting speed 20 to 50 m/min. The depth of cut is kept constant at 1.0 mm and then 
feed rates are varied from 0.02 to 0.08 mm/rev. Single insert based cutting tool is used for these experiments. From the 
experimental study it can be seen that 30m/min is the optimum cutting speed, when compared to other cutting speeds. From 
the study, flank wear of VB= 0.11 mm at a cutting time of 30 min is considered as an optimum tool life for the optimized 
cutting speed. 
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I. INTRODUCTION 
 
Titanium alloys are widely used in the aerospace, 
biomedical, automotive and petroleum industries due 
to their superior mechanical properties, heat 
resistance and corrosion resistance. Titanium is very 
difficult to machine due to its poor machinability. 
During machining, conventional tools wear away 
rapidly because of their poor thermal conductivity, 
that results in higher temperature closer to the cutting 
edge and creates a strong adhesion between the tool 
and workpiece material [1-2]. Chemical reactivity of 
the titanium alloy at elevated temperatures makes it 
easy to react with the surrounding atmosphere. 
Ordinary cutting tools may fails prematurely under 
these adverse conditions. So, cutting parameters have 
to be carefully selected so as to produce machined 
surfaces with higher surface finish at reasonable 
production rates [3]. The predominant tool failure 
modes and wear mechanisms for uncoated carbide tool 
and the multi-layer CVD-coated tools were found to be 
localized flank wear (VB) close to 0.3 mm. Adhesion 
wear and diffusion wear have been the major wear 
mechanisms for these types of tools [4]. A new tool 
material, which is binderless cubic boron nitride 
(BCBN), was used for high-speed milling of titanium 
alloy Ti–6Al–4V. Observations based on the SEM and 
EDX revealed that adhesion of workpiece and attrition 
are the main wear mechanisms of the BCBN tool 
when used in high-speed milling of Ti–6Al–4V [5]. 
When compared to Ti6Al4V alloy Ti555.3 has higher 
difficulties in machining this is because of the 
following factors: (I) the mechanical properties, 
especially the hardness and the tensile stress at high  

 
temperatures (400 ◦C), (II) the differences of structure 
with a variable quantity of the alpha phase, and (III) 
the morphology of the transformed beta phase [6]. 
Cutting forces are one of the most fundamental and 
important parameter in end milling operations and it 
has major role in the generation of stresses and 
temperature in the machined surfaces. The working 
conditions if not properly selected, leads to poor 
surface integrity. Therefore, it is very important to 
analyze the machining parameters, which reduces the 
cutting forces and generate favorable surface 
characteristics [7]. Machining parameters like cutting 
speed, feed and depth of cut have been considered in 
machining of Ti-6Al-4V. Based on the study depth of 
cut has the most significant effect on the cutting force, 
which is followed by feed per tooth and cutting speed 
[8]. In Face milling of Ti-6Al-4V with uncoated 
carbide cutters in the presence of an abundant supply 
of coolant the cutting speed has only a little 
contribution to cutting force and specific cutting 
energy [9-10].   

 

 
Fig.1 End milling operation 
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Therefore in the current study finish machining of end 
milling on titanium alloy (Ti–6Al–4V) is done by 
using carbide insert based cutting tool. The 
experiments were carried out under dry cutting 
conditions. By the application of milling tool 
dynamometer the cutting force values are extracted 
and averaged. Based on the reduced cutting force, 
optimized parameters are selected. Then the tool wear 
is studied for these parameters. Finally the 
conclusions are made. 
 
II. EXPERIMENTATION FOR FORCE 
MEASUREMENT 

 
Milling tests were performed using a VF 30 CNC VS 
with the maximum speed of 6000 rpm. In this study 
Ti-6Al-4V alloy grade 5 is used as a workpiece 
material and a Tungsten carbide insert based tool is 
used. 
 
A. Workpiece material 

 
Fig.2 Work pieces after machining 

 
In this study two plates that have the dimensions of 
200 × 50 × 10 mm (l×b×t) are used for slot milling. 
The table I shows the chemical composition of 
Ti-6Al-4V alloy grade 5. 

Table I 
Chemical composition of workpiece material 

 
 

B. Tool material 
In this study single insert cutting tool is used which is 
procured from Kennametal. The diameter is 12 mm 
has shown in Fig 3 (The specification of the 
Kennametal holder is 12A01R020A16ED10 and 
insert specification is EDPT10T304PDERHD). The 
TiAlN PVD coated insert and holder geometry is 
given in Table II. Tungsten carbide insert as shown in 
Figure 5. 
 

 
Fig.3 Insert with holder 

Table II 
Holder and insert Dimensions 

 

 
Fig. 4 Dimensions of the holder 

 

 
Fig. 5 Tungsten carbide insert 

 
C. Experimental procedure 
1) Design of Experiment (DOE):  In this study a 16 set 
of experiments are designed using full factorial design 
in Minitab software. Here Cutting speed (m/min) and 
feed/tooth (mm/tooth) are varied and axial depth of 
cut (mm) is maintained to 1 mm.  The various factors 
and their levels are listed in Table III. 

 
Table III 

Factors and Levels 

 
 
2) Experimental setup: In the current study cutting 
forces have been measured during the end milling 
operation on Ti-6Al-4V using the carbide tip end 
milling cutter. The cutting force induced during end 
milling operation can be divided into three 
components, namely FX (In feed), FY (Cross feed) and 
FZ (Thrust force). These three cutting force 
components are measured using the mill tool 
dynamometer has a measuring range of -5 to 5 KN as 
shown in Fig 6. (Kistler Type 9257B). Finally these 
cutting force values are extracted by dynoware 
software. 
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The averaged amplitudes of feed, tangential and axial 
forces, namely Fx(amp) , Fy(amp) , and Fz(amp)   thus 
obtained are listed in Table IV. 
 

 
Fig 6. Kistler Type 9257B Dynamometer 

Table IV 
Averaged cutting force values 

 
 
In order to evaluate the significant factor that tends to 
affect the desired output parameter ANOVA is 
performed. It can further bring out the percentage 
contribution of each factor that was considered for 
finding the optimized parameters. In this research the 
ANOVA was performed for the force attained through 
the experiments to find the most significant factor. 
The analysis was run using the Minitab software with 
the General Linear Model Technique with a 
confidence level of 95%. From the results given in the 
ANOVA table (Ref Table V)  it can be seen that 
feed/tooth contributes the most for the cutting force 
when compared to cutting speed. 

Table V 
Analysis of variance for feed force 

 
DOF = Degree of Freedom, SEQ SS = Sequential sum 
of squares, ADJ MS = Adjusted mean square 
 
3) Signal to noise ratio: Taguchi method, there are 
three categories of performance characteristics i.e., 
the lower-the-better, the higher-the-better, and the 
nominal-the-better which can be used to determine the 
optimal machining parameters to obtain the desired 
response. Since the objective of this work is to reduce 
the selected response (cutting force), so 
lower-the-better characteristic of the S/N ratio is 
selected in Minitab. Eq. (1) represents the 
lower-the-better characteristics equation. 

            (1) 
Where, S/N is the signal to noise ratio, y is the 
observed data, n is the number of observations. Fig 7 
shows S/N ratio for the feed force Fx with respect to 
feed and cutting speed levels chosen for the 
experimentation. Similarly the S/N ratios were 
computed for Fy tangential and Fz axial force using 
the Minitab 16 data analysis software. All the three 
plots gave similar parameters (smaller is better) as 
feed of 0.02mm/tooth and cutting speed 30m/min. 
 

 
Fig. 7 S/N ratio for Feed force Fx 

 
Based on the S/N ratio plots optimized parameters are 
considered as feed of 0.02 mm/tooth and cutting speed 
30m/min. Here instead of using 0.02 mm/tooth, the 
second better value 0.04mm/tooth is selected as a feed 
to do the tool wear, in order to reduce the machining 
time.  
 
III. STUDY ON TOOL LIFE 
 
During the metal cutting process, the cutting tools are 
subjected to heavy machining forces resulting from 
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the deformation process of chip formation and friction 
between the tool and work piece. All the contact 
surfaces are usually clean and chemically very active; 
therefore the cutting process is connected with 
complex physical-chemical processes. Wear on the 
tool, which occurs as the consequence of these 
processes. Finally it leads to progressive wearing of 
particles from the tool surface.  
Cutting tool wear depends on the tool material, 
geometry, workpiece Material, cutting parameters, 
cutting fluids and machine-tool characteristics. The 
wear land of the cutting tool insert is the area of the 
cutting tool, near the cutting edge, were the insert is 
worn during machining. Two basic areas of tool wear 
are flank wear and crater wear, but several other 
mechanisms also occur. Tool lifetime is often 
measured in terms of crater or flank wear according to 
ISO 3685:1993. Fig.8 shows the crater and flank wear 
region of a tool.  
 

 
Fig. 8 Flank and crater wear measurement 

 
In the previous sections of this study the various 
parameters affecting the cutting force in end milling 
of Ti-6Al-4V were studied and the optimized 
parameters to achieve reduced cutting force were 
selected. In this section the tool life of the inserted end 
mill cutter is studied by conducting experiments. 
 
A. Experimentation on tool wear 
For the study of tool life a new insert is used. The 
performance of the insert is studied by machining the 
slots on the Ti-6Al-4V plates. The machining 
parameters used for the study are feed/tooth = 0.04 
mm/rev, cutting speed = 30 m/min and axial depth of 
cut = 1 mm. The flank wear of the tool was measured 
using a Zeiss optical microscope (Model Axiocam 
ERC 5S) having magnification capabilities up to 
5X-100X. The flank wear result was taken after 
machining of each slot (i.e 1.6 min). 
 
The tool life is related to the wear magnitude in 
different areas of the cutting tool, and the tool life 
criterion can be set on a certain level of wear. As the 
flank wear is one of the determining factors on the life 
of a tool, the flank wear (VBmax) of the tool that was 
used for milling was measured at regular a time 
interval of 1.6 min (Ref table VI) using the Zeiss 
optical microscope. 

Table VI 
Experimentation on tool wear 

 
Fig.9 shows the maximal flank wear with the cutting 
time. The initial (from 0 to 6 min) running into wear, 
is characterized by a high wear rate during a very short 
period of time. Following the initial wear stage, the 
cutting tool enters its second phase with nearly a 
constant wear rate, called steady-state region where 
normal operation for the cutting tool occurs (from 6 to 
30 min).  Then cutting tool enters its third phase, 
which stops with catastrophic failure. This region is 
often accompanied by high cutting forces and 
temperatures in combination with severe tool 
vibrations. 
 

 
Fig. 9 Flank wear Vs cutting time 

 
B. Wear mechanism 

 
Fig.10 Insert flank wears at the time of 46.4min 

 
From the experimental study the tool wear criterion 
can be set as 0.11 mm with a tool life of 30 min. Based 
on the flank wear plots in Fig.9, the maximal flank 
wear of  VBmax= 0.16 mm occurs at a cutting time of 
46th  min (Ref Fig. 10). After a cutting time of 46th 
minute, the flank of the cutting edge has experienced a 
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severe wear and failed at a 54th minute because of 
severe raise in temperature and force. Fig 11 and 12 
shows the fresh cutting edge and broken edge of the 
tool respectively. Attrition, chipping, and plastic 
deformation are the major causes of wear when 
machining of aero-engine alloys with carbide tools at 
lower speed conditions [11]. 
 

 
Fig.11 Cutting edge before machining 

 

 
Fig.12 Insert cutting edge breakage 

 
Cutting edge of the tool is subjected to extreme 
thermal and mechanical loads for every engagement 
of the tool in the machined part during end milling 
process. The flank wear of 0.16 mm in the cutting is 
followed by a brittle fracture and coating delamination 
as shown in Fig 12. 
 
During dry machining, the tool–chip contact occurs 
under extreme conditions such as an intense friction 
and a high cutting temperature. This supports the 
activation of the diffusion process and atoms move 
from the tool towards the chip through the tool–chip 
interface, and vice versa [4]. Based on the study the 
rake and flank wear were obviously resulted from 
diffusion and attrition when machining titanium 
alloys. Dissolution/diffusion wear predominated on 
the rake face where attrition was the competitive wear 
mechanism. Due to the very high chemical reactivity 
of titanium alloy, it has a tendency to weld to the 
cutting tool during machining which leads to chipping 
and premature tool failure [11]. 

C. Surface roughness measurement  
 

 
Fig. 13 Setup for surface roughness measurement (Ra) 

 
Surface roughness was measured in a machined 
workpiece at tool life of 1.6th min & 30th min, the 
average surface roughness values are 0.206 µm & 0.22 
µm respectively. From this study it can be seen that 
surface finish of N4-N5 is achievable at the selected 
process parameters till the tool life of 30 minute. 
Hence these parameters can be used effectively for 
finish milling of Ti alloys. 
 
CONCLUSION 
 
This paper experimentally investigates cutting force 
and tool wear during finish milling of Ti-6Al-4V alloy 
with tungsten carbide insert under dry condition, and 
the tool wear is studied at optimized machining 
parameters. 
From the experimental results, cutting speed of 
30m/min is considered as the optimum speed, when 
compared to other cutting speeds used in this study.  
In tool wear study the performance and wear 
mechanisms were experimentally investigated on the 
TiAlN PVD coated tungsten carbide insert.  
Based on the study, average flank wear of 0.11 mm 
can be considered as a limit for finish milling of 
titanium alloy, with a life of 30 min.   
Surface roughness is within the accepted level of 
finish milling process hence this parameter can be 
used effectively used for finish milling of Ti alloys. 
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