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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract 

Titanium alloy (Ti6Al4V) is characterized with excellent mechanical properties, which makes it suitable for many industrial 
applications. However, the poor rate of machinability mitigates the use of titanium alloy (Ti6Al4V). This study highlight the 
various methods to improve the machinability and surface finish of titanium alloy. These methods include; the use of PCD and 
PCBN tools, cooling systems, process optimization as well as the design and selection of the proper geometry for the cutting tool. 
The Computer Aided Design, modelling and simulation as well as the Finite Element Analysis of the milling process of Ti6Al4V 
was carried out using Solidworks 2016. The physical experiments were conducted on a DMU80monoBLOCK Deckel Maho 5-
axis CNC milling with the stationary dynamometer (KISTLER 9257A 8-Channel Summation of Type 5001A Multichannel 
Amplifier) mounted directly to the machine table and the work piece screwed to it. The milling operations was carried out with 
different combination of cutting parameters while the values of the cutting force for each of the experimental trial was collected 
through the Data Acquisition System (DAS) connected to the computer. The results obtained show that the process parameters 
affect the magnitude of the cutting force significantly which in turn affects the rate of material removal. This work finds application 
in the manufacturing industry as it provides in depth understanding of the machining characteristics and behaviour of titanium 
alloy. 
 
© 2020 The Authors. Published by Elsevier B.V. 
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1. Introduction 

Titanium alloy (Ti6Al4V) is characterized with excellent 
mechanical properties such as its high strength to weight ratio, 
high corrosion resistance, high stiffness and good formability, 
which makes it suitable for many industrial applications in a bid 
to reduce the energy consumption and increase the 
environmental friendliness of the final product. Titanium alloy 
(Ti6Al4V) finds application in some industrial applications 
such as in biomedical, aerospace, automotive, marine, mining, 
railway and more [1].  

 
Nomenclature 

𝜷𝜷         Helix angle 
𝒏𝒏         Number of teeth 
𝜷𝜷𝟏𝟏 Axial rake angle 
𝜷𝜷𝟐𝟐    Radial rake angle 
𝜶𝜶 Cutting edge angle   
𝜽𝜽 Clearance angle 
𝜑𝜑 Relief angle 
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However, some identified limitations mitigate the use of 
titanium alloy (Ti6Al4V). For instance, its low Young’s 
modulus and high strength often lead to vibration and 
subsequently chatter [1]. Furthermore, its weak thermal 
conductivity can cause chemical reaction at high temperature 
(above 500°C) resulting in the formation of built up edges. 
With less of plastic deformation at high temperature, the 
material is prone to adiabatic failure and high strain rate 
machining can result in the formation of adiabatic shear bands. 

These limitations can result in surface damage, excessive 
flank wear and consequently, in poor surface finish. Poor 
surface finish is detrimental to a product development in that it 
can affect its dimensional accuracies, as well as the quality and 
performance of the final product [2-4]. The classes of titanium 
alloys include; alpha (α), alpha-beta (α-β) and beta (β).  The 
near-beta titanium alloys have a poor machinability compared 
to the alpha-beta (α-β) Ti alloys, hence, the alpha-beta (α-β) 
find extensive application in the automobile and aerospace 
industries for the development of automobile and aircraft 
components such as the airframes and engine components [5-
8]. On the other hand, the β alloys find application in high 
strength applications due to its good formability [9].  The “α” 
phase of Ti-6Al-4V has a hexagonal closely packed (HCP) 
crystalline lattice structure while the “β” phase has a body 
centred cubic (BCC) crystalline lattice. The “α-β” phase 
combination changes at 980°C at a point known as the “β” 
transition temperature. Above this temperature, the alloy exists 
only in the BCC “β” phase. Research have proven that the high 
strength and poor thermal conductivity of titanium alloy 
contribute to its poor machinability [10-12]. The low thermal 
conductivity often leads to formation of shear bands that can 
cause temperature to build up at the tool-work piece interface. 
When high temperature builds up at the work-tool interface, it 
may cause the chips to build up edges, resulting in poor surface 
finish. In addition, an increase in temperature often increases 
the cost and energy requirement of the cutting process thereby 
making the process less environmentally friendly. Most 
research on titanium machining were reported on low speed 
machining with a very few reported works on high speed 
machining mainly due to increase of tool-work interface 
temperature. High speed machining of titanium alloy with high 
temperature can induces severe tool wear and deteriorates the 
surface finish. In addition, researchers are still exploring 
different approaches for the development of an efficient 
process for machining titanium alloy in order to mitigate its 
machinability challenges. Most importantly, the development 
of computer aided modelling and simulation based approach 
has not been sufficiently reported by the existing literature. The 
numerical approach used in this study will allow proper study 
of the machining operation in a virtual environment in order to 
avoid expensive rework. This will also enhance the 
determination of the optimum ranges of the process parameters 
to promote effective machinability of titanium alloy. This work 
finds application in the manufacturing industry as it provides 
in depth understanding of the machining characteristics and 
behaviour of titanium alloy. 

2. Methodology 

The methodology employed in this work include the process 
design which involves the analysis of the suitability of the 
cutting tool for the required operation as well as the 

determination of the critical process parameters. It also include 
the analysis of the cooling systems and the chances of 
modulation during the machining operation. Next is the 
numerical experimentation involving the computer aided 
design, modelling, simulation of the cutting process as well as 
the finite element analysis of the work piece during the 
machining operation. This is followed by the use of the design 
of experiment tools for the feasible combination of the physical 
experiments and the conduction of the physical 
experimentations.  The chemical composition as well as the 
mechanical and electrical properties of the titanium alloy (Ti-
6Al-4V) are presented in Tables 1 and 2 respectively. 

Table 1. Chemical composition of titanium alloy (Ti-6Al-4V) [13]. 

Element Al Fe O Ti V 
Percent 
weight 
(wt.%) 

6 0.25  0.2 90 4 

Table 2. Mechanical and electrical properties of titanium alloy (Ti-6Al-4V) 
[13]. 

S/N Properties Value 
1. Mechanical  
2. Density 45000 kg/m3 
3. Brinell’s hardness 334  
4. Yield strength 830 MPa 
5. Ultimate tensile 

strength 
950 MPa 

6. Bulk modulus 150 GPa 
7. Modulus of elasticity 113.8 GPa 
8. Poison’s ratio 0.342 
9. Shear modulus 44 GPa 
10. Shear strength 550  MPa 
 Electrical  
1. Specific heat 

capacity 
0.5263J/g℃ 

2. Thermal 
conductivity 

6.7 W/m.K 

3. Melting point 1660℃ 
4. Coefficient of 

Thermal expansion 
8.70 𝐾𝐾−1 

 
The low modulus of elasticity of titanium is the main cause 

of chatter during machining. This causes deflection when 
subjected to cutting pressure and the spring-back induces 
cutting edge failure and vibration [14]. Furthermore, the 
growth of flank wear grows linearly between 20 to 200 m/min 
of cutting speed for Ti6Al4V and for 250 m/min the flank wear 
growth found to have an exponential increase [15]. Fig. 1 
illustrates the mechanics of milling cutting operation. 

Fig. 1. The mechanics of milling cutting operation [16]. 
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2.1 Process design 
 

The machinability and surface finish of Ti alloy can be 
improved in the following ways; 

 
i. The use of PCD and PCBN tools 

The Polycrystalline Diamond (PCD) and Polycrystalline 
Cubic Boron Nitride (PCBN) cutting tools and inserts have 
greater hardness than the titanium alloy as well as high 
toughness, wear resistance, thermal conductivity and lower 
coefficient of friction. The geometry of the tool can be 
optimized with the appropriate edge preparation, radius, rake 
angles, wipers and chip breakers to meet the surface finish and 
dimensional tolerance requirements of the work piece 
(Ti6Al4V). 

ii. Cooling systems  

Rahman et al. [3] and Yang and Liu [17] proposed the use 
of high-pressure coolant (40 kPa, water jet coolant) to enhance 
the lubrication and cooling at the tool-work interface. The 
introduction of cooling systems during machining operation of 
titanium alloy will eliminate the adhesion of work material on 
the cutting edge and improves the tool life as well as the surface 
finish. 

iii. The use of Modulation Assisted Machining 
(MAM) 

The MAM process promotes a controlled oscillation during 
the machining process to improve 
the machining conditions.  This improves process efficiency, 
precision and capability most especially in difficult-to-
machine materials such as the titanium alloy, that are required 
for high-performance operations. The MAM process 
incorporates fundamental changes in mechanics of chip 
formation and fluid access to machining interfaces. A 
preliminary success on machining titanium alloys was reported 
with the use of MAM [18]. 
 
2.2 Process optimization 

The process optimization involves the determination of the 
most feasible combination of the values of the process 
parameters that will produce the least deflection, vibration, 
surface roughness and friction with good machinability and 
process economics. The process parameters include; the cutting 
speed, feed rate, depth of cut, spindle speed, cutting force, 
temperature etc. The effective control of process parameters 
during the milling operation of Ti6Al4V will help to obtain a 
product that conforms to machining requirements. In addition, 
a good process design will also assist in the selection of the best 
possible combinations of process parameters, which will 
significantly improve the manufacturing economics in terms of 
cost and production time. To determine the optimum range of 
the process parameters, the Design of Experiment (DoE) are 
often carried out with the aid numerical experimentation via the 
Response Surface Methodology (RSM), Artificial Neural 
Network (ANN), Taguchi, Generic Algorithm (GA) etc.  

 
i. Depth of cut 

The depth of cut is the perpendicular distance measured 
between the machined surface and the uncut surface of the 

work piece, which is a function of the thickness removed from 
the work piece during the machining operation. As the depth of 
cut increases within its optimum range, the surface area to 
volume ratio decreases, hence, the friction and energy 
requirement of the process decreases. The reduction in friction 
and energy requirement of the process reduces the temperature 
at the tool-work piece interface, thus, making the process more 
environmentally friendly. This can also promote significant 
improvement in the quality of surface finish and the 
dimensional accuracy of the final product.  

 
ii. Cutting speed 

The cutting speed is the relative velocity between the cutting 
tool and the work piece during engagement for material 
removal. Within the optimum range of the cutting speed, an 
increase in the cutting speed will result in the reduction in the 
cutting force, machining time, friction and energy requirement 
of the process, thereby, promoting the development of work 
piece with smooth surface with the reduction in chip thickness 
due to the thermal softening.  
The cutting speed is expressed as Equation 1. 
𝑉𝑉 = 𝜋𝜋𝜋𝜋𝜋𝜋

1000     (1) 
Where 𝐷𝐷 is the diameter of the work piece (mm) and 𝑁𝑁 is the 
spindle speed (rpm). 
 

iii. Feed rate 

The feed rate is the measure of the relative velocity moved 
by the cutting tool along the work piece in one revolution per 
minute. Within the optimum range of the feed rate, an increase 
in the feed rate will result in quick material engagement and 
removal. This is because an optimum feed rate leads to increase 
in the length of the work piece with the production of chip and 
work piece with reduced surface roughness and chip thickness. 
The feed rate (𝑉𝑉𝑓𝑓) is expressed as Equation 2. 
𝑉𝑉𝑓𝑓 = 𝑛𝑛 × 𝑓𝑓𝑧𝑧 × 𝑍𝑍    (2) 
Where; 𝑛𝑛 is the number of teeth and 𝑓𝑓𝑧𝑧  is the feed per tooth 
(mm/tooth), and 𝑍𝑍 𝑓𝑓𝑟𝑟 is the number of flutes. 
 
2.3 Determination of optimum cutting tool geometry  

The design requirements of a high performance milling 
cutters takes into consideration the geometry, which is key to 
the surface finish requirement of the work piece. The geometry 
of the cutting tool for the up and down milling operation is 
shown in Fig. 2. 

 

Fig. 2. The orientation of the cutter for up and down milling operation [16]. 
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increase in the cutting speed will result in the reduction in the 
cutting force, machining time, friction and energy requirement 
of the process, thereby, promoting the development of work 
piece with smooth surface with the reduction in chip thickness 
due to the thermal softening.  
The cutting speed is expressed as Equation 1. 
𝑉𝑉 = 𝜋𝜋𝜋𝜋𝜋𝜋

1000     (1) 
Where 𝐷𝐷 is the diameter of the work piece (mm) and 𝑁𝑁 is the 
spindle speed (rpm). 
 

iii. Feed rate 

The feed rate is the measure of the relative velocity moved 
by the cutting tool along the work piece in one revolution per 
minute. Within the optimum range of the feed rate, an increase 
in the feed rate will result in quick material engagement and 
removal. This is because an optimum feed rate leads to increase 
in the length of the work piece with the production of chip and 
work piece with reduced surface roughness and chip thickness. 
The feed rate (𝑉𝑉𝑓𝑓) is expressed as Equation 2. 
𝑉𝑉𝑓𝑓 = 𝑛𝑛 × 𝑓𝑓𝑧𝑧 × 𝑍𝑍    (2) 
Where; 𝑛𝑛 is the number of teeth and 𝑓𝑓𝑧𝑧  is the feed per tooth 
(mm/tooth), and 𝑍𝑍 𝑓𝑓𝑟𝑟 is the number of flutes. 
 
2.3 Determination of optimum cutting tool geometry  

The design requirements of a high performance milling 
cutters takes into consideration the geometry, which is key to 
the surface finish requirement of the work piece. The geometry 
of the cutting tool for the up and down milling operation is 
shown in Fig. 2. 

 

Fig. 2. The orientation of the cutter for up and down milling operation [16]. 
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The high performance milling cutters should be designed to 
have unequally paced cutting edges as well as uneven helical 
pitch in order to reduce vibrations and enhance smooth cutting 
action. The design should also incorporate high cutting 
performance at high speed and temperature. Because of high 
temperature, it is recommended that the tool be coated to 
prevent oxidation and supplemented with an optimized fine-
grain substrate for improved toughness and hardness. The 
cutter should also be designed such that its geometry will allow 
sufficient space for chip evacuation from the tool-work piece 
interface. Also, the design should consider the homogeneity of 
the cutting edge and should be rounded off to prevent the 
growth of cracks and chips as well as rate of wear while 
ensuring slow and even abrasion. 
 

i. The helix angle  

This determines the surface finish, vibrations and deflection 
of the work piece. Large helix angle of a mill cutter often leads 
to minimal vibration and quick chip removal. On the other 
hand, the cutting tool becomes weaker with reduction in its 
useful life. However, smaller helix angle makes the cutting tool 
stronger but with increased surface roughness. Hence, smaller 
helix angle are suitable for heavy cut where surface finish is not 
important while larger helix angle are often desirable for 
finishing operations.  

 
ii. The lead angle 

The lead angle is the approach angle of the cutting edge with 
respect to the work piece, which is measured off the cutter axis. 
Hence, as opposed to the small lead angle, a large lead angle 
will bring about a significant increase in chip thickness, 
reduction in the overall contact area with decrease in the tool 
life. This however will enhance quick material removal rate 
with the overall reduction in the machining time.  
The lead angle is expressed by Equation 3. 
 
𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝐿𝐿𝑎𝑎𝑎𝑎𝑎𝑎𝐿𝐿 = 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶×𝑝𝑝𝑑𝑑

𝑇𝑇𝑑𝑑𝑇𝑇𝑇𝑇𝐶𝐶𝑇𝑇𝐶𝐶 ℎ𝐶𝐶𝑒𝑒𝑑𝑑𝑒𝑒 𝑑𝑑𝑇𝑇𝑇𝑇𝑒𝑒𝐶𝐶  (3) 
  

iii. The rake angle 

The rake angle represents the angle of inclination of the top 
surface of the cutting edge measured in the axial or radial 
planes. Milling cutters with higher positive rake will consume 
less power than negative axial rake or lower positive rake 
angles. Also, the cutting edge of the tool can be strengthened 
using a negative but radially raked cutting tool which allows 
for the optimization of the cutting speed and tool life. 

 
iv. The number of flutes 

Deep polished flutes are characterized with sharp cutting 
edges and suitable for cutting soft materials like aluminum 
producing large amounts of chips, hence, large number of flutes 
may cause the frequent collision of the flutes with the formed 
chips thereby causing chatter. Meanwhile, tough materials like 
the titanium alloy often require shallow flutes and square off 
cutting edges to facilitate improved tool life and effective rate 
of material removal. The more the number of flutes, the more 
the cutting edge and the narrower the space for quick chip 
removal. Hence, since the flute space reduces with increasing 

number of flutes, thus, an important design decision is the 
selection criteria involving the choice of the right number of 
flutes with respect to the chip loads. The use of 2-flutes 
enhances the largest amount of flute space thereby allowing for 
quick chip removal in soft materials. On the other hand, 3-flutes 
allows for better finish in harder materials and provides greater 
strength than the 2-flutes. Hence, the 3-flutes is more suitable 
for slotting operations in both ferrous and non-ferrous 
materials. The use of 4-flutes (multiple flutes) often allows for 
faster feed rate, which enhances good surface finish. However, 
the reduced flute space may hinder quick chip removal, hence, 
it is most ideal for finishing operations requiring light cutting 
with small amount of chip loads. 
 
2.4 Numerical experimentation 

 
The Computer Aided Design (CAD), modelling and simulation 
of the milling operation was carried out using the Solidworks 
2016. The Finite Element Analysis (FEA) was also carried out 
in order to study the engagement of the cutting tool with the 
work piece. The essence is to understudy the behaviour of the 
material to stress, strain and deformation distribution. The 
mesh type (10 elements) with an average element size 20 ×
20 𝜇𝜇𝜇𝜇  with linear displacement and temperature advancing 
front was employed. This is to mesh the cutting tool and the 
work piece into finite elements. It was thereafter subjected to 
convergence simulation runs with mesh refinement feature 
used for the ease of convergence. The operating temperature 
corresponds to 200°C in a thermal step within a step time of 10 
milliseconds while the thermal boundary conditions were 
imposed axis of the model. The temperature of the node 
however is constrained to the ambient (20°C). 
 
2.5 Physical Experiment 
 

The physical experiment was conducted on a 
DMU80monoBLOCK Deckel Maho 5-axis CNC milling. The 
stationary dynamometer (KISTLER 9257A 8-Channel 
Summation of Type 5001A Multichannel Amplifier) was 
mounted directly to the machine table with the work piece 
(Titanium alloy) screwed to it. The milling operations was 
carried out with different combination of cutting parameters of 
cutting speed, feed per tooth and depth of cut as given by the 
Central Composite Design (CCD). The CCD is an experimental 
design approach in the Response Surface Methodology (RSM) 
and was employed for this work due to the iterative nature of 
the physical experimentations. The approach has been proved 
to be suitable for sequential and iterative experimentations as 
well as the experimental matrix design for the feasible 
combinations of the process parameters [21-23]. The feasible 
range of the process parameters were selected after extensive 
literature survey involving a careful study of similar works 
carried out by previous researchers [24-26]. The values of the 
cutting force for each of the experimental trial was collected 
through the Data Acquisition System (DAS) connected to the 
computer. The illustration of the experimental set up is shown 
in Fig. 3. 
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Fig. 3. The dynamometer set up for cutting force measurement [20]. 

The specifications of the cutting tool is presented in Table 3. 

Table 3. The cutting tool specifications. 

Symbol Parameter Value 
𝑻𝑻𝒅𝒅 Tool diameter (mm) 10 
𝑭𝑭𝒍𝒍 Flute length (mm) 15 
𝑭𝑭𝒏𝒏 Number of flute 2 
𝑳𝑳 Overall length(mm) 58 
𝜷𝜷 Helix angle (o) 30 
𝒏𝒏 Number of teeth 2 

𝜷𝜷𝟏𝟏 Axial rake angle 15o 
𝜷𝜷𝟐𝟐 Radial rake angle 15o 
𝜶𝜶 Cutting edge angle 10o 
𝜽𝜽 Clearance angle 10o 
𝝋𝝋 Relief angle 10o 

3. Results and Discussion 

Fig. 4 shows the results of the stress distribution of the 
titanium alloy during milling operation. The stress induced in 
the material ranges from a minimum value of 539 Pa to 
maximum value of 16.42 MPa. The maximum value of the 
stress induced is significantly lower than the yield strength of 
the material, thus, indicating low rate of material removal. This 
is because the applied cutting force is insufficient to bring about 
sufficient shearing action.  However, the stress induced was 
observed to be maximum around the shear plane. This is the 
point at which the cutting tool engages the work piece resulting 
in work piece deformation via the shearing action of the cutting 
tool. The magnitude of the stress at point is connected with the 
fact that temperature increase more around the shear plane due 
to the engagement of the cutting tool and the work piece 
resulting in the buildup of stresses. The results obtained were 
similar to the findings of Priyadarshini et al. [27] during the 

finite element modeling of chip formation in orthogonal 
machining. 

 

Fig. 4. Stress distribution. 

Fig. 5 shows the displacement distribution of the material. 
The displacement distribution of the material under the 
application of cutting force is a function of the rate of stability 
of the process. When the cutting force exceeds the threshold 
value, the material and work piece are displaced due to increase 
in vibration and chatter with increasing surface roughness of 
the final product. The magnitude of the displacement ranges 
from a minimum value of 1.0 × 10−30 𝑚𝑚𝑚𝑚  to 2.891 ×
10−2 𝑚𝑚𝑚𝑚.  The small value of displacement may indicate the 
application of low cutting force or adequate clamping of the 
work piece and cutting tool. 

 

Fig. 5. The displacement distribution. 

Fig. 6 shows the strain developed in the material as a result 
of the stress induced. The strain distribution represents the 
change in the dimensions or orientation of the material under 
the application of cutting force which is a function of the rate 
of material’s deformation. The magnitude of the strain ranges 
from a minimum value of 1.128 × 10−8  to 9.228 × 10−5 .  
The small value of strain indicates insignificant material 
removal with the applied cutting force having little impact on 
the dimensions and orientation of the material. 
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The high performance milling cutters should be designed to 
have unequally paced cutting edges as well as uneven helical 
pitch in order to reduce vibrations and enhance smooth cutting 
action. The design should also incorporate high cutting 
performance at high speed and temperature. Because of high 
temperature, it is recommended that the tool be coated to 
prevent oxidation and supplemented with an optimized fine-
grain substrate for improved toughness and hardness. The 
cutter should also be designed such that its geometry will allow 
sufficient space for chip evacuation from the tool-work piece 
interface. Also, the design should consider the homogeneity of 
the cutting edge and should be rounded off to prevent the 
growth of cracks and chips as well as rate of wear while 
ensuring slow and even abrasion. 
 

i. The helix angle  

This determines the surface finish, vibrations and deflection 
of the work piece. Large helix angle of a mill cutter often leads 
to minimal vibration and quick chip removal. On the other 
hand, the cutting tool becomes weaker with reduction in its 
useful life. However, smaller helix angle makes the cutting tool 
stronger but with increased surface roughness. Hence, smaller 
helix angle are suitable for heavy cut where surface finish is not 
important while larger helix angle are often desirable for 
finishing operations.  

 
ii. The lead angle 

The lead angle is the approach angle of the cutting edge with 
respect to the work piece, which is measured off the cutter axis. 
Hence, as opposed to the small lead angle, a large lead angle 
will bring about a significant increase in chip thickness, 
reduction in the overall contact area with decrease in the tool 
life. This however will enhance quick material removal rate 
with the overall reduction in the machining time.  
The lead angle is expressed by Equation 3. 
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𝑇𝑇𝑑𝑑𝑇𝑇𝑇𝑇𝐶𝐶𝑇𝑇𝐶𝐶 ℎ𝐶𝐶𝑒𝑒𝑑𝑑𝑒𝑒 𝑑𝑑𝑇𝑇𝑇𝑇𝑒𝑒𝐶𝐶  (3) 
  

iii. The rake angle 

The rake angle represents the angle of inclination of the top 
surface of the cutting edge measured in the axial or radial 
planes. Milling cutters with higher positive rake will consume 
less power than negative axial rake or lower positive rake 
angles. Also, the cutting edge of the tool can be strengthened 
using a negative but radially raked cutting tool which allows 
for the optimization of the cutting speed and tool life. 

 
iv. The number of flutes 

Deep polished flutes are characterized with sharp cutting 
edges and suitable for cutting soft materials like aluminum 
producing large amounts of chips, hence, large number of flutes 
may cause the frequent collision of the flutes with the formed 
chips thereby causing chatter. Meanwhile, tough materials like 
the titanium alloy often require shallow flutes and square off 
cutting edges to facilitate improved tool life and effective rate 
of material removal. The more the number of flutes, the more 
the cutting edge and the narrower the space for quick chip 
removal. Hence, since the flute space reduces with increasing 

number of flutes, thus, an important design decision is the 
selection criteria involving the choice of the right number of 
flutes with respect to the chip loads. The use of 2-flutes 
enhances the largest amount of flute space thereby allowing for 
quick chip removal in soft materials. On the other hand, 3-flutes 
allows for better finish in harder materials and provides greater 
strength than the 2-flutes. Hence, the 3-flutes is more suitable 
for slotting operations in both ferrous and non-ferrous 
materials. The use of 4-flutes (multiple flutes) often allows for 
faster feed rate, which enhances good surface finish. However, 
the reduced flute space may hinder quick chip removal, hence, 
it is most ideal for finishing operations requiring light cutting 
with small amount of chip loads. 
 
2.4 Numerical experimentation 

 
The Computer Aided Design (CAD), modelling and simulation 
of the milling operation was carried out using the Solidworks 
2016. The Finite Element Analysis (FEA) was also carried out 
in order to study the engagement of the cutting tool with the 
work piece. The essence is to understudy the behaviour of the 
material to stress, strain and deformation distribution. The 
mesh type (10 elements) with an average element size 20 ×
20 𝜇𝜇𝜇𝜇  with linear displacement and temperature advancing 
front was employed. This is to mesh the cutting tool and the 
work piece into finite elements. It was thereafter subjected to 
convergence simulation runs with mesh refinement feature 
used for the ease of convergence. The operating temperature 
corresponds to 200°C in a thermal step within a step time of 10 
milliseconds while the thermal boundary conditions were 
imposed axis of the model. The temperature of the node 
however is constrained to the ambient (20°C). 
 
2.5 Physical Experiment 
 

The physical experiment was conducted on a 
DMU80monoBLOCK Deckel Maho 5-axis CNC milling. The 
stationary dynamometer (KISTLER 9257A 8-Channel 
Summation of Type 5001A Multichannel Amplifier) was 
mounted directly to the machine table with the work piece 
(Titanium alloy) screwed to it. The milling operations was 
carried out with different combination of cutting parameters of 
cutting speed, feed per tooth and depth of cut as given by the 
Central Composite Design (CCD). The CCD is an experimental 
design approach in the Response Surface Methodology (RSM) 
and was employed for this work due to the iterative nature of 
the physical experimentations. The approach has been proved 
to be suitable for sequential and iterative experimentations as 
well as the experimental matrix design for the feasible 
combinations of the process parameters [21-23]. The feasible 
range of the process parameters were selected after extensive 
literature survey involving a careful study of similar works 
carried out by previous researchers [24-26]. The values of the 
cutting force for each of the experimental trial was collected 
through the Data Acquisition System (DAS) connected to the 
computer. The illustration of the experimental set up is shown 
in Fig. 3. 
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Fig. 3. The dynamometer set up for cutting force measurement [20]. 

The specifications of the cutting tool is presented in Table 3. 

Table 3. The cutting tool specifications. 
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𝑭𝑭𝒍𝒍 Flute length (mm) 15 
𝑭𝑭𝒏𝒏 Number of flute 2 
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𝜷𝜷𝟏𝟏 Axial rake angle 15o 
𝜷𝜷𝟐𝟐 Radial rake angle 15o 
𝜶𝜶 Cutting edge angle 10o 
𝜽𝜽 Clearance angle 10o 
𝝋𝝋 Relief angle 10o 

3. Results and Discussion 

Fig. 4 shows the results of the stress distribution of the 
titanium alloy during milling operation. The stress induced in 
the material ranges from a minimum value of 539 Pa to 
maximum value of 16.42 MPa. The maximum value of the 
stress induced is significantly lower than the yield strength of 
the material, thus, indicating low rate of material removal. This 
is because the applied cutting force is insufficient to bring about 
sufficient shearing action.  However, the stress induced was 
observed to be maximum around the shear plane. This is the 
point at which the cutting tool engages the work piece resulting 
in work piece deformation via the shearing action of the cutting 
tool. The magnitude of the stress at point is connected with the 
fact that temperature increase more around the shear plane due 
to the engagement of the cutting tool and the work piece 
resulting in the buildup of stresses. The results obtained were 
similar to the findings of Priyadarshini et al. [27] during the 

finite element modeling of chip formation in orthogonal 
machining. 

 

Fig. 4. Stress distribution. 

Fig. 5 shows the displacement distribution of the material. 
The displacement distribution of the material under the 
application of cutting force is a function of the rate of stability 
of the process. When the cutting force exceeds the threshold 
value, the material and work piece are displaced due to increase 
in vibration and chatter with increasing surface roughness of 
the final product. The magnitude of the displacement ranges 
from a minimum value of 1.0 × 10−30 𝑚𝑚𝑚𝑚  to 2.891 ×
10−2 𝑚𝑚𝑚𝑚.  The small value of displacement may indicate the 
application of low cutting force or adequate clamping of the 
work piece and cutting tool. 

 

Fig. 5. The displacement distribution. 

Fig. 6 shows the strain developed in the material as a result 
of the stress induced. The strain distribution represents the 
change in the dimensions or orientation of the material under 
the application of cutting force which is a function of the rate 
of material’s deformation. The magnitude of the strain ranges 
from a minimum value of 1.128 × 10−8  to 9.228 × 10−5 .  
The small value of strain indicates insignificant material 
removal with the applied cutting force having little impact on 
the dimensions and orientation of the material. 
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Fig. 6. The strain distribution. 

Table 4 presents the radial, tangential and axial cutting 
forces in the X, Y, and Z directions for various combinations 
of the process parameters. The effect of the process parameters 
as it affects the variations in the cutting forces were studied. 
The measurement of the cutting force allows for the process 
optimization of the milling process as well as the development 
of a mathematical model for the prediction of the cutting force. 
The cutting forces are exerted in three directions namely the 
tangential, radial and axial directions. The tangential force is 
the force which overcomes the resistance to rotation and cutting 
hence it  accounts for a greater proportion of the cutting force 
as shown in Fig. 4. The rake angle plays significant role in the 
determination of the cutting force as it determines the depth of 
cut, power required for the cutting operation as well as the 
strength of the cutting edge and chip flow direction. The axial 
rake angle determines the direction of chip disposal and 
produces excellent machinability when positive while negative 
rake angle produces excellent chip disposal. The cutting force 
increases as the rake becomes more negative with an increase 
in the strength of the cutting edge of the tool. In addition, the 
lead angle of the tool which measures the angle at which the 
cutting edge of the tool approaches the work piece influences 
the magnitude and direction of the radial and axial cutting 
forces. This also determines the thickness of the chip. Hence, 
small angle of the lead angle produces thin chips and small 
cutting impact, thus, the impact of the cutting force and chip 
thickness increases as the lead angle increases.  

Fig. 7 shows the variation of cutting forces within 20 
seconds. It was observed that the value of the tangential cutting 
force (Fx) was the highest followed by the radial cutting force 
while the axial cutting was the least. 

 

Fig. 7 The variation of cutting force with time. 

Fig. 8 shows the variation of the moment of the cutting forces 
within 20 seconds. It was observed that the value of the moment 
of force has the highest magnitude along the radial axis, 
followed by the axial axis and the least values of the moment 
of forces was observed along the axial direction. The values are 
within the permissible range and insignificant to cause 
vibration, chatter and sudden breakage of the tool. A significant 
increase in the moment of the cutting force can cause the 
fretting of the tool and spindle taper, thus, resulting in 
undesirable tool and work piece deflection or bending. This 
will promote dimensional inaccuracy of the final product with 
decrease in the tool life. An increase in the tool length with high 
cutting force will create excessive side load with resulting large 
torque thereby causing the tool and work piece to bend. This 
implies that the cutting force is an important cutting parameter 
that should be kept within the optimum range in order to 
enhance effective rate of material removal without vibration or 
chatter. 
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Table 4. Combination of process parameters and the corresponding cutting forces.

 
Run 
 

Cutting 
speed 
(mm/min) 

Feed 
per 
tooth 
(mm) 

Depth 
of cut 
(mm) 

Radial 
cutting 
force Fy 
(N) 

Tangential 
cutting 
force Fx 
(N) 

Axial  
force fz 
(N)  

Moment 
of force 
My 
(Nm) 

Moment 
of force 
Mx 
(Nm) 

Moment 
of force 
Mz 
(Nm) 

1 267.50 0.24 1.75 12.62451 14.67488 13.46789 -2.93 2.82 2.84 
2 270 0.04 1.50 11.77002 16.24650 13.79850 -2.97 2.67 2.86 
3 267.50 0.14 1.40 11.95313 15.20157 12.54667 -3.15 3.08 2.61 
4 265 0.20 0.50 10.30578 17.37894 15.66570 -3.37 2.97 2.82 
5 275 0.20 3.00 10.91553 20.47869 12.11560 -2.93 2.67 2.77 
6 260 0.14 1.65 11.52588 25.56740 20.44567 -3.26 2.86 2.77 
7 267.50 0.06 2.00 11.28174 21.87740 15.23470 -2.86 2.82 2.83 
8 260 0.08 1.65 10.85449 23.80533 9.223560 -2.67 2.67 2.88 
9 265 0.12 1.00 10.18311 23.80533 8.058990 -3.11 2.71 2.88 
10 270 0.16 1.75 11.28174 18.67768 14.05683 -3.26 2.60 2.80 
11 275 0.08 0.50 11.40381 22.09540 9.675690 -3.08 2.71 2.77 
12 254.89 0.06 0.30 12.07520 19.98530 13.34560 -3.11 2.60 2.82 
13 260 0.20 0.60 12.50244 22.58790 13.87943 -2.86 2.71 2.83 
14 265 0.22 2.40 12.31934 24.97405 19.39856 -3.08 2.49 2.78 
15 270 0.14 2.50 11.83105 21.78000 12.09465 -3.41 2.93 2.86 
16 275 0.16 2.80 11.64795 22.09830 15.93457 -3.22 2.97 2.73 
17 265 0.18 2.60 11.46484 21.67020 16.04768 -3.30 3.04 2.80 
18 260 0.14 1.60 10.61035 16.48975 15.98560 -3.22 2.64 2.70 
19 267.50 0.16 1.55 10.5493 19.88765 19.00002 -3.26 2.89 2.78 
20 280.11 0.10 2.50 11.55678 20.00054 19.86735 -2.86 2.75 2.92 

 
 
 

 

Fig. 8. The variation of the moment of the cutting forces within 20 seconds. 

Fig. 9 shows the resultant moment of the cutting forces 
along the different cutting angles. The magnitude of the 
resultant cutting force was insignificant from angles 0o to 60o 
and from angles 0o to 270o but was significant from angles 60o 
to 270o. The resultant moment should be kept below the 
threshold in order to avoid a catastrophic failure of the tool. 
 

 

Fig. 9. The resultant moment of forces at different angles. 

4. Conclusion 

This study highlights the various methods to improve the 
machinability and surface finish of titanium alloy. These 
methods include; the use of pCBN and PCD tools, cooling 
systems, process optimization as well as the design and  
selection of the proper geometry for the cutting tool. The 
computer aided design and the finite element analysis was 
carried out using the solidworks 2016. The results indicate 
insignificant rate of material removal due to low cutting force. 
The physical experiments show that the variation of values of 
the process parameters affect the magnitude of the cutting force 
significantly along the tangential, radial and axial directions. 
Hence, the optimization of the process parameters influences 
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Fig. 6. The strain distribution. 

Table 4 presents the radial, tangential and axial cutting 
forces in the X, Y, and Z directions for various combinations 
of the process parameters. The effect of the process parameters 
as it affects the variations in the cutting forces were studied. 
The measurement of the cutting force allows for the process 
optimization of the milling process as well as the development 
of a mathematical model for the prediction of the cutting force. 
The cutting forces are exerted in three directions namely the 
tangential, radial and axial directions. The tangential force is 
the force which overcomes the resistance to rotation and cutting 
hence it  accounts for a greater proportion of the cutting force 
as shown in Fig. 4. The rake angle plays significant role in the 
determination of the cutting force as it determines the depth of 
cut, power required for the cutting operation as well as the 
strength of the cutting edge and chip flow direction. The axial 
rake angle determines the direction of chip disposal and 
produces excellent machinability when positive while negative 
rake angle produces excellent chip disposal. The cutting force 
increases as the rake becomes more negative with an increase 
in the strength of the cutting edge of the tool. In addition, the 
lead angle of the tool which measures the angle at which the 
cutting edge of the tool approaches the work piece influences 
the magnitude and direction of the radial and axial cutting 
forces. This also determines the thickness of the chip. Hence, 
small angle of the lead angle produces thin chips and small 
cutting impact, thus, the impact of the cutting force and chip 
thickness increases as the lead angle increases.  

Fig. 7 shows the variation of cutting forces within 20 
seconds. It was observed that the value of the tangential cutting 
force (Fx) was the highest followed by the radial cutting force 
while the axial cutting was the least. 

 

Fig. 7 The variation of cutting force with time. 

Fig. 8 shows the variation of the moment of the cutting forces 
within 20 seconds. It was observed that the value of the moment 
of force has the highest magnitude along the radial axis, 
followed by the axial axis and the least values of the moment 
of forces was observed along the axial direction. The values are 
within the permissible range and insignificant to cause 
vibration, chatter and sudden breakage of the tool. A significant 
increase in the moment of the cutting force can cause the 
fretting of the tool and spindle taper, thus, resulting in 
undesirable tool and work piece deflection or bending. This 
will promote dimensional inaccuracy of the final product with 
decrease in the tool life. An increase in the tool length with high 
cutting force will create excessive side load with resulting large 
torque thereby causing the tool and work piece to bend. This 
implies that the cutting force is an important cutting parameter 
that should be kept within the optimum range in order to 
enhance effective rate of material removal without vibration or 
chatter. 
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Table 4. Combination of process parameters and the corresponding cutting forces.

 
Run 
 

Cutting 
speed 
(mm/min) 

Feed 
per 
tooth 
(mm) 

Depth 
of cut 
(mm) 

Radial 
cutting 
force Fy 
(N) 

Tangential 
cutting 
force Fx 
(N) 

Axial  
force fz 
(N)  

Moment 
of force 
My 
(Nm) 

Moment 
of force 
Mx 
(Nm) 

Moment 
of force 
Mz 
(Nm) 

1 267.50 0.24 1.75 12.62451 14.67488 13.46789 -2.93 2.82 2.84 
2 270 0.04 1.50 11.77002 16.24650 13.79850 -2.97 2.67 2.86 
3 267.50 0.14 1.40 11.95313 15.20157 12.54667 -3.15 3.08 2.61 
4 265 0.20 0.50 10.30578 17.37894 15.66570 -3.37 2.97 2.82 
5 275 0.20 3.00 10.91553 20.47869 12.11560 -2.93 2.67 2.77 
6 260 0.14 1.65 11.52588 25.56740 20.44567 -3.26 2.86 2.77 
7 267.50 0.06 2.00 11.28174 21.87740 15.23470 -2.86 2.82 2.83 
8 260 0.08 1.65 10.85449 23.80533 9.223560 -2.67 2.67 2.88 
9 265 0.12 1.00 10.18311 23.80533 8.058990 -3.11 2.71 2.88 
10 270 0.16 1.75 11.28174 18.67768 14.05683 -3.26 2.60 2.80 
11 275 0.08 0.50 11.40381 22.09540 9.675690 -3.08 2.71 2.77 
12 254.89 0.06 0.30 12.07520 19.98530 13.34560 -3.11 2.60 2.82 
13 260 0.20 0.60 12.50244 22.58790 13.87943 -2.86 2.71 2.83 
14 265 0.22 2.40 12.31934 24.97405 19.39856 -3.08 2.49 2.78 
15 270 0.14 2.50 11.83105 21.78000 12.09465 -3.41 2.93 2.86 
16 275 0.16 2.80 11.64795 22.09830 15.93457 -3.22 2.97 2.73 
17 265 0.18 2.60 11.46484 21.67020 16.04768 -3.30 3.04 2.80 
18 260 0.14 1.60 10.61035 16.48975 15.98560 -3.22 2.64 2.70 
19 267.50 0.16 1.55 10.5493 19.88765 19.00002 -3.26 2.89 2.78 
20 280.11 0.10 2.50 11.55678 20.00054 19.86735 -2.86 2.75 2.92 

 
 
 

 

Fig. 8. The variation of the moment of the cutting forces within 20 seconds. 

Fig. 9 shows the resultant moment of the cutting forces 
along the different cutting angles. The magnitude of the 
resultant cutting force was insignificant from angles 0o to 60o 
and from angles 0o to 270o but was significant from angles 60o 
to 270o. The resultant moment should be kept below the 
threshold in order to avoid a catastrophic failure of the tool. 
 

 

Fig. 9. The resultant moment of forces at different angles. 

4. Conclusion 

This study highlights the various methods to improve the 
machinability and surface finish of titanium alloy. These 
methods include; the use of pCBN and PCD tools, cooling 
systems, process optimization as well as the design and  
selection of the proper geometry for the cutting tool. The 
computer aided design and the finite element analysis was 
carried out using the solidworks 2016. The results indicate 
insignificant rate of material removal due to low cutting force. 
The physical experiments show that the variation of values of 
the process parameters affect the magnitude of the cutting force 
significantly along the tangential, radial and axial directions. 
Hence, the optimization of the process parameters influences 
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the magnitude of cutting force and promotes the rate of material 
removal.  This work finds application in the manufacturing 
industry as it provides in depth understanding of the machining 
characteristics and behaviour of titanium alloy. It is 
recommended that the optimization of the process parameters 
for the milling of Ti6Al4V be carried out to determine the 
optimum range of the process parameters and tool geometry. 
This will lead to the formulation of mathematical model, which 
correlates an dependent process parameter (the measured 
variable) as a function of the independent process parameters.  
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