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ABSTRACT

For the various manufacturing industries, particularly aerospace and automotive
applications, producing high-quality metal-based products is very important. During the
turning and milling operations of metal workpieces, product quality is among the criteria
with the potential to be improved by using a suitable lubrication system. The capability of
the CNC milling process to produce complex shapes provides noteworthy advantages
owing to its wide variety of parameter setups. In practice, the effectiveness of lubrication
systems should be increased to enhance product quality. However, it is feasible to improve
machining quality by introducing nanoparticles to the base lubricant, which becomes a
nano-based lubricant. Nanoparticles within the lubricant reduce the friction at the tool-
workpiece interface by means of rolling and sliding actions. In this research, nano-based
lubricants containing SiO,, MoS, and carbon onion nanoparticles were developed by
mixing each of these types of particles with ordinary mineral oil. By using the Lis(4)*
orthogonal array experimental design for machining parameter optimization in the hard
turning process, improvements of 10.48%, 10.48%, 8.52%, 8.22% and 10.55% for cutting
force, power consumption, surface roughness, chip thickness and cutting temperature were
gained, respectively, as opposed to the smallest values obtained in the preliminary
experiments. Subsequently, upon implementing the L;s(4)° orthogonal array experimental
design to the hard turning process with SiO, nano-based lubricant, power consumption was
reduced by 37.19% compared with an ordinary lubrication system. From the Fuzzy logic
approach, surface roughness and tool wear were found to be reduced by 23% and 15%
when SiO, nano-based lubricant was employed in the hard turning process rather than an
ordinary lubrication system. On the other hand, implementing the Li6(4) orthogonal array
design of experiment with SiO, nano base lubricant for the milling process reduced cutting

force, surface roughness and cutting temperature by 25.02%, 26.28% and 29.34%
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respectively, compared with ordinary lubrication. Alternatively, to investigate the effect of
different types of nano-based lubricant in milling, the L;¢(4)’ orthogonal array experimental
design was utilized with a MoS; nano-based lubricant. The outcome represents 2.62%,
2.56% and 0.04% enhanced cutting force, surface roughness and cutting temperature
respectively, in contrast to the lowest values obtained from the initial experiments.
Furthermore, performance enhancement in the milling process was additionally
investigated by applying carbon onion nano-based lubricant in light of its tribological
properties. The results signify that cutting force and surface roughness were reduced by
21.99% and 46.32% respectively, in the presence of optimum carbon onion in the

lubrication system as opposed to using an ordinary lubrication system.



ABSTRAK

Dalam industri pembuatan, pengeluaran produk berasaskan logam dengan kualiti
dan produktiviti yang tinggi adalah penting terutamanya dalam bidang aeroangkasa dan
automotif. Dalam proses larik dan kisar, kualiti produk adalah salah satu kriteria yang
boleh diperbaiki dengan cara mengaplikasikan sistem pelinciran yang sesuai. Pemesinan
dengan menggunakan mesin larik dan kisar berasaskan CNC untuk menghasilkan produk
khas yang rumit menjadi satu kelebihan yang perlu diberi perhatian bagi proses
pengeluaran berasaskan logam kerana pelbagai parameter mesin yang boleh dikawal.
Dalam amalan biasa, keberkesanan sistem pelinciran perlu ditambah untuk meningkatkan
kualiti produk. Namun, kualiti pemesinan masih boleh dipertingkatkan dengan
memperkenalkan sistem pelinciran asas nano yang bertindak sebagai elemen pelicin
diantara muka cip alat pemotongan dan bahan pemesinan. Dalam kajian ini, pelincir
berasaskan nano SiO,, MoS, dan Carbon Onion telah dibangunkan oleh dengan
mencampurkan masing-masing bersama pelincir mineral biasa menjadi satu sistem
pelinciran berasaskan nano untuk mengkaji peningkatan daya pemotong dalam operasi
pemesinan CNC. Dengan menjalankan L;4(4)* reka bentuk eksperimen susunan ortogon
untuk mengoptimumkan parameter proses pemesinan bahan keras, peningkatan sebanyak
10.48 %, 10.48 %, 8.52 %, 8.22 % dan 10.55 % untuk daya pemotongan, penggunaan
kuasa, kekasaran permukaan, ketebalan cip dan suhu pemotongan telah diperolehi secara
masing-masing setelah ia dibandingkan dengan nilai yang paling kecil yang diperolehi
daripada eksperimen awal. Pada langkah berikutnya, apabila melaksanakan L;s(4)° reka
bentuk eksperimen susunan ortogon dalam proses pemesinan bahan keras untuk
mengoptimumkan parameter pelincir berasaskan SiO, nano, penggunaan kuasa boleh
dikurangkan sebanyak 37.19%, berbanding dengan sistem pelinciran biasa. Dari

pendekatan ‘Fuzzy logic’, kekasaran permukaan dan kadar kerosakan mata alat boleh
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dikurangkan sebanyak 23% dan 15% dengan penggunaan pelincir berasaskan SiO, nano
dalam proses pemesinan bahan keras berbanding dengan sistem pelinciran biasa.
Sebaliknya, pelaksanaan rekabentuk eksperimen Lig(4)° susunan ortogon dengan pelincir
berasaskan SiO, nano untuk proses pemesinan kisar telah mengurangkan kuasa memotong,
kekasaran permukaan dan suhu pemotongan sehingga 25.02%, 26.28% dan 29.34% secara
masing-masing berbanding dengan sistem pelinciran biasa. Selain itu, untuk mengkaji
kesan terhadap berlainan jenis pelincir berasaskan nano dalam proses pemesinan kisar, reka
bentuk eksperimen L;4(4)° susunan ortogon telah diplikasikan menggunakan pelincir
berasaskan MoS; nano. Hasilnya, pengurangan sebanyak 2.62%, 2.56% dan 0.04% pada
daya pemotongan, kekasaran permukaan dan suhu pemotongan dapat diperolehi secara
masing-masing berbanding dengan nilai yang paling kecil yang diperolehi daripada
eksperimen awal. Untuk tambahan, peningkatan prestasi dalam proses pemesinan kisar juga
dikaji menggunakan pelincir berasaskan karbon onion kerana sifat tribologi yang bagus.
Hasil yang diperolehi menggambarkan bahawa daya pemotongan dan kekasaran
permukaan dapat dikurangkan sebanyak 21.99% dan 46.32% secara masing-masing dengan
kehadiran carbon onion yang optimum dalam sistem pelinciran berbanding system

pelinciran biasa.
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CHAPTER 1 INTRODUCTION

1.1 Introduction

Metal based products are very popular due to their excellent mechanical properties
such as hardness and toughness. Hence, the metal based products are considered as a
common material for many purposes. As for an example, the hardened steel is commonly
used for critical mechanical components in automotive industries to build the crank shatft,
bearing and gears. On the other hand, aluminium alloys (Al-2017-T4 and Al-6016-T6) are
referred to the group of “Aerospace Alloys” for their practical applications in aviation
industries. In manufacturing of metal based products, turning and milling are considered as
an important process due to its capability to machine these kinds of materials to make
variety of complicated shapes.

In metal cutting process, scientists and engineers have made greats efforts to
improve the inherently poor thermal conductivities of traditional fluids, such as water, oil
and ethylene glycol. There are two main functions of cutting fluids, which include
lubricating and cooling. The lubricating emphasis on high degree of lubricity and its
function is to reduce the friction (Rao & Srikant, 2006) and adhesion between the
workpiece, chip and tool. While the cooling requires excellent heat transfer characteristics
and it is essential to cool the tool, workpiece or other parts of the machine efficiently
during machining (Fratila, 2009; Weinert et al., 2004).

However, the usage of conventional flooding operation during machining has
become a huge liability because of hazardous wastes and economy. Figure 1.1 presents the
distribution of manufacturing cost in the European automotive industries (Nasir., 1998).
From this figure it can be seen that the cost of the lubrication system can reach as high as

16.9% compared to other cost.
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Figure 1.1 Distribution of the manufacturing cost in the European automotive industries
(Nasir., 1998)

Therefore, in order to improve the machining processes in metal cutting operation,
it is clear that a multi-pronged approach must be used. At present, many efforts are being
undertaken to develop advanced machining processes by using less lubricant. In this
research work, the development of nano base lubricant is explored in metal cutting process.
The nano base lubricant is developed to sustain in the high temperatures during machining
process in addition with non-toxicity, easy application, less lubricant and economic
feasibility. As an example, silicone dioxide (SiO;) and carbon onion nanoparticles are
successfully incorporated into nano base lubricant to improve the tribological properties in
sliding bearing. However, the application of nano base lubricant during machining (turning
and milling process) of metal based product is not clear and not yet established. For the
development of more advanced machining processes, the implication of nano base lubricant

towards performance improvement in metal cutting process is studied in this research work.



1.2 Importance of the study
The search for performance improvement in machining process is always a
challenge in the manufacturing industries. The performance improvement in machining
process greatly depends on the effectiveness of the lubrication system. This study is
important since it covers the following aspects:
e Development of SiO,, MoS, and carbon onion nano base lubricants for
performance improvement in machining process
e L4(4)* orthogonal array design of experiment machining parameter optimization
in hard turning process
e L,¢(4) orthogonal array design of experiment in hard turning process with SiO,
nano base lubricant
e Fuzzy logic approach in determining the effect of SiO, nano base lubricant on
tool wear and surface roughness in hard turning process
e L,¢(4) orthogonal array design of experiment in milling process with SiO, nano
base lubricant
e Fuzzy logic approach in determining the effect of SiO, nano base lubricant on
cutting force and surface roughness in milling process
e L4(4)’ orthogonal array design of experiment in milling process with MoS; nano
base lubricant
e Performance improvement in milling process by application of carbon onion

nano base lubricant



1.3 Problem statement

Though the significance of lubrication in machining process is widely recognized,
the usage of conventional flooding process during machining has become a huge liability.
The Environmental Protection Agency regulates the disposal lubricant waste, and many
countries and communities have classified them as hazardous material. In economic terms,
it is reported that the cost related to the lubrication and cutting fluid can reach up to 17% of
the total production cost which is normally higher than that the cost of cutting tool
equipments (Nasir., 1998). At present, many efforts have been taken to develop advanced
machining processes by using less lubricants and more improvement and advances is
required in this field for better and healthy living style (Sreejith & Ngoi, 2000).

The capability of the computer numerical control (CNC) for turning and milling
operation makes a noteworthy advantage during batch production of metal based product.
However, the demand for high quality focuses attention on the surface finishing of the
product because it represents the appearance, function and reliability. The improvement of
machining process also focus on less cost, reduction on power consumption, less lubricant
consumption in addition with environmental concern. Moreover, the tribological
characteristic of machining process requires improvement on the friction characteristic at
the tool-chip interface by introducing correct application of lubricants.

1.4 Research motivation

In engineering applications, high precision materials with accurate dimension are
developed by using different machining process. The CNC turning and milling machine is
capable to produce a wide variety of complicated shape by setting proper parameters
compared to other machining processes. Improper cutting process results product with
inferior surface finish, appearance, function and reliability. To overcome this problem, the

friction between the tool and workpiece should be reduced by improving the effectiveness
4



of existing lubrication systems. It is expected that introducing nanoparticles in the base

lubricant can reduce the cutting force, cutting temperature and surface roughness with

better performance in machining process. It is believed that the rolling and sliding actions

of nanoparticles at the tool-chip interface reduces the coefficient of friction significantly.

1.5 Objectives

In order to improve the performance of machining process by application of nano base

lubricants, this study embarks on the following objectives:

1.

To develop SiO,, MoS; and carbon onion nano base lubricants for performance
improvement in machining process

To optimize the machining parameters in hard turning process by using Lis(4)*
orthogonal array design of experiment

To optimize the lubrication parameters in hard turning process by using Lis(4)
orthogonal array design of experiment

To determine the effect of SiO, nano base lubricant on tool wear and surface
roughness in hard turning process by using Fuzzy logic approach

To optimize the lubrication parameters in milling process by using Lie(4)’
orthogonal array design of experiment with SiO, nano base lubricant

To determine the effect of SiO, nano base lubricant in milling process on cutting
force and surface roughness by using Fuzzy logic approach

To optimize the lubrication parameters in milling process by using Lie(4)’
orthogonal array design of experiment with MoS; nano base lubricant

To improve the performance in milling process on cutting force and surface

roughness with carbon onion nano base lubricant



1.6 Scope of study
In this research, three types of nano base lubricant containing SiO,, MoS, and carbon

onion nanoparticles were investigated during metal cutting process. Several parameters of
the nano base lubricant were varied during the experimentation including the concentration
of nanoparticles in the lubricant. In this research, both turning and milling process were
utilized in order to determine the effectiveness of the nano base lubricants in machining
process. The workpiece materials were selected from the hardened and ductile categories of
metal since these are the common materials used in industrial practice. To improve the
performance in machining process, the measurements were conducted to evaluate the
cutting force, cutting temperature, surface roughness, tool wear, chip formation and surface
morphology by using appropriate measuring equipment. After the experimental results
were collected, various analyses were conducted to ensure the performance improvements
were obtained in machining process.
1.7 Research Methodology

The detailed research methodology of this work is categorized into several stages as
in the research flow chart is presented in the Figure 1.2. The initial stage of the research
was literature review, field visit and setup of the experiments which are discussed below.
a. Literature review and field visit

The information for characterizing the nano base lubricant during machining
process was gathered at this stage. The preliminary data were collected from the various
sources, such as, preliminary experimentation, reported publication etc. The literature
review and field visit from related research is taken into consideration because of the
following reasons.

¢ Analyzing the existing problems, setting problem statements and objectives

e (Collecting preliminary data, locating the major variables and parameters



e Prediction of result towards achieving the objectives
e Conduct experiments to optimize cutting parameters in hard turning process
b. Experimental set up for SiO, and MoS; nano base lubricant system
At this stage, the appropriate experimental design was identified to ensure the
experimentation is capable to be conducted. Several steps of experimentation were
conducted by using the recommended parameters.
¢ Producing SiO, and MoS; nano base lubricant having different concentrations of
nanoparticles
e Selection of the workpiece material and cutting tools

e Implementation of the nano base lubricant in turning and milling process

Usage of measuring equipment to evaluate the response
c¢. Experimental set up for carbon onion nano base lubricant
At this stage, the suitable experimental design was identified to ensure the
experimentation is capable to conduct. Several steps of experimentation were conducted by
using the recommended parameter.
e Producing carbon onion nano base lubricant having different concentrations of
nanoparticles
e Selection of the workpiece material and cutting tools
e Implementation of the nano base lubricant in milling process
e Usage measuring equipment to evaluate the response
d. Data collection
All data from the experimentation were collected for the analysis purposes for better

understanding the behaviors of nano base lubricants.



e. Data analysis

All data were analyzed by using various techniques to explain the facts and
mechanism including response analysis, pareto ANOVA, fuzzy logic approach and
interaction analysis.
f. Report writing

In this final stage, all information were gathered in a systematic format and a report

is written together with the details of experimentation and confirmation test.
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1.8 Arrangement of thesis content

This thesis comprises of five chapters and is organized to explain the background of
the study, literature review, methodology, results together with discussion and conclusions.
The details of the chapters are summarized below:

Chapter 1 provides a general view on the background and gives the scenario of the
problems to be investigated as a motivation of this study. Next, the objectives of this study
are identified. It also states the scopes and gives a brief methodology this was used to solve
the problems.

Chapter 2 presents the literature review on all issue related to nano base lubricant.
The relevance and similar concepts reported by previous researchers are highlighted. This
helps to understand the subject matter presented in this work. Most importantly, the
research gap is realized for establishing the problem statement, objectives, scopes and
research methodology.

Chapter 3 describes the research methodology used in this study which consists of
experimental design, experimental setups, procedures, materials and apparatus used for
conducting the experiments and collecting data. The variables, procedures of experiment
and data collection techniques are clearly outlined. The detail of operating parameters and
specifications of all equipment are also included.

Chapter 4 exhibits the findings and results obtained from the experiments.
Optimization of nano base lubricants containing SiO,, MoS, and carbon onion
nanoparticles in turning and milling process is presented in this chapter. The obtained data
is analyzed and discussed to ensure the improvements of the machining process were

obtained.



Chapter 5 concludes the findings of this study. Lastly, recommendations for further
considerations and future research works pertaining to this project are suggested and

proposed.



CHAPTER 2 LITERATURE REVIEW

21 Introduction

In manufacturing industries a huge number of metal cutting and shaping operations
are involved during processing and production. The demand for better product quality
demands higher productivity in addition with more features in a single component. This
situation evolves more challenges in manufacturing a product by machining, particularly in
the area of liberalization and global cost competitiveness. These circumstances insist high
material removal rate, high stability and long life of a single cutting tools (Reddy et al.,
2010).

Cutting parameters are playing a very important role during machining and it should
be wisely selected with the proper selection of parameters in order to produce the product
with desired quality. In general, the key parameters which greatly affect the machining
performance are cutting tool variable, workpiece/material variable, cutting condition and

lubrication type. Figure 2.1 shows the basic parameters in machining process.

Cutting Tool Variable

Workpiece/Material Variable Machining Product
Cutting Condition Operation Quality
Lubrication Type / /

Figure 2.1 The basic process and parameters in machining process

The product quality can be evaluated by investigating several features such as
surface roughness, cutting force, cutting temperature, chip formation, and tool wear as it is
shown in the Figure 2.2. Out of theses parameters, surface roughness is the most important
design feature and it is usually used to measure the quality in machining process. Cutting

force is another important feature that should be reduced during machining process since it

12



leads to undesirable vibrations resulting in poor surface finish (Reddy & Rao, 2006).
During machining, the friction between tool and workpiece creates plastic deformation in
the machining zone which generates heat. The temperature at the contact zone between the
tool and workpiece rises at a fast rate due to rapid accumulation of heat. This phenomenon
directly affects quality of products of dimensional accuracy and surface finish. It is possible
to reduce the tool wear by lowering the heat generation during the machining process
through the reduction of coefficient of friction. In general, the quality, efficiency,
effectiveness, and overall economy of a machining process largely depend on the
machinability characteristic of the tool and workpiece material. In details, the machinability

is characterized by:

1. The cutting temperature, which affects the product quality and tool
performance

il. Pattern and mode of chip formation

1. Magnitude of cutting force, which affect power requirement, dimensional

accuracy and vibration

1v. Surface finish
V. Tool wear and tool life.
Cutting Tool Wear
Temperature

|:'> Product Quality <||:i Surface

ﬂ Roughness

Cutting Force

Chip Formation

Figure 2.2 Evaluation of product quality in machining process



Previously it is mentioned that a huge amount of heat is generated during metal
cutting process due to plastic deformation of workpiece material, friction at the tool-chip
interface and friction between the clearance face of the tool and workpiece (Reddy & Rao,
2006). The turning process is widely used as a metal removal process in manufacturing
industries which is associated with high cutting forces and high temperature (Reddy &
Nouari, 2011). Products with higher feed and depth of cut requires higher machining and
are inherently associated with high cutting force, higher cutting temperature with large
amount of heat velocity (Reddy et al., 2010). On the other hand, temperature of the end
milling cutting tool is not constant and undergoes a heat cycle during the intermittent
cutting. It is found that the heat cycle is one of the main reasons for tool failure because of
wear or fracture. The distribution of temperature and the peak temperature of cutting tool
are also very important factors for tool failure (Ueda et al., 2001).

Hence, lubrication becomes a critical component to minimize the effects of cutting
forces and temperature on cutting tool and workpiece during machining process.
Dimensional instability and uncertain failure of cutting tools caused by high temperature
can be minimized by using proper lubrication. On the other hand the surface finish and
accuracy of the product is also affected by the heat generated in machining process which
can be reduced by proper lubrication (Reddy et al., 2010).

2.2 Computer numerical control (CNC) machining process

The computer numerical control (CNC) machining process is one of the most
advanced machining processes which involves computer aided machining tools. The CNC
is commonly used in material removal machining process such as turning and milling. A
computer program named G-code is used to control the movement of the tool by using
numerical method based on the design and the shape of final product. The G-code is

developed from computer aided design (CAD) data by using computer aided manufacturing
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(CAM) program. By using this program, the machine tool can be controlled in terms of
speed, feed rate, depth of cut and tool path. CNC aided machining process results more
precise, repetitive and reliable compare to other manual process.

Requirements for high precision from machining process, a number of complicated
shapes with varieties are required to be developed. In CNC milling machine, a variety of
set-up parameters can be controlled which makes the machining process superior compared
to other manual machining processes. The capability of CNC aided milling machine is
noteworthy to make complicated products for batch production.

2.3 Lubrication system
2.3.1 Ordinary lubrication system

The tribological characteristic of machining process can be improved by
introducing cutting fluid at the machining zone. Application of cutting fluids at the
machining zone influences the performance of machining because of its lubrication and
cooling action (Reddy et al., 2010; Tonshoff & Denkena, 2013). Cutting fluid also helps to
dissipate the heat generated at the machining zone. As for example, in grinding process
cutting fluid is used to protect workpiece and wheel from damages such as thermal burn,
residual stress, phase transformation and microcracks. However, implementation of cutting
fluid raises some techno-environmental problem like environmental pollution, water
contamination, health issue to the operators etc (Reddy & Rao, 2005; Reddy & Rao, 2006;
Tan et al., 2002; Venkata Rao, 2011).

Conventional cutting fluid in grinding has raised some issues in advanced
machining process due to their restricted accessibility of coolants at the machining zone
and their insufficient heat transfer rate (Alberts et al., 2009). In addition, conventional
cutting fluids also incur a major portion of the total manufacturing cost (Sreejith & Ngoi,

2000). Some researchers estimated that the cost required for cutting fluid is frequently
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higher than the cost of cutting tools. This is due to the reason that many of these fluids are
health hazard, hence raising major environmental concerns. So the management and
recycling process of these cutting fluids are relatively higher than other parts and processes
in the industries (Tan et al., 2002). Therefore, industrial practitioners are looking for cutting
fluids which possess both functions in order to reduce severe friction and wear, and hence
improve the tribological action of cutting fluids (Ginzburg et al., 2002; Liu et al., 2004;
Thottackkad et al., 2012; Zhou et al., 1999).

Moreover, the development of governmental pollution preventing initiatives and
increasing consumer focus on industrial regulations has put increased pressure on industries
to minimize the use of cutting fluids (Reddy & Rao, 2006). Therefore, the use of less
cutting fluids during machining has become the prime priority to minimize all these
adverse factors (Sharma et al., 2009).

In other words, industries are struggling to achieve an eco-friendly and sustainable
manufacturing process. For this reason the fluid maintenance, fluid life, waste management
and health issue of the workers are emphasized (Reddy et al., 2010). Moreover more
intense research is required towards the elimination of cutting fluids even though many
techniques and equipment have been developed for fluid maintenance and waste disposal.
On the other hand, researches in the direction of dry machining, cryorgenic cooling,
minimal quantity lubricant (MQL) and solid lubricants should be carried out. Effective
lubrication minimizes the friction between tool and workpiece which reduces the heat
generation to some extent. Factors and benefits for effective lubrication are depicted in

Figure 2.3.



Figure 2.3 Factors and benefit for effective lubrication

In high-speed machining process, conventional cutting fluid often fails to penetrate
into the chip-tool interface and thus cannot exercise its characteristic effectively.
Insufficient heat transfer rate of the cutting fluids reduces the cutting speed due to the
requirement of long time for cooling. To solve this problem, high pressure jet of soluble oil
can be effectively applied at the tool-chip interface since it can reduce the cutting
temperature and thus improve the tool life (Dhar et al., 2007).

Applying cutting fluids in a metal cutting process can reduce the tool wear and
improve the surface quality of the product. However, cutting fluids has negative effects as
well such as environment pollution, health issue and high cost. Therefore, there is an
increasing demand to reduce the amount of cutting fluid in industries during machining. To
serve that purpose, a minimal-cutting-fluid technique is studied in this research.

2.3.2 Minimal Quantity Lubricant

Industries and researchers are searching an alternative to reduce the amount of
cutting fluids in metal cutting process to obtain better safety, reduce environmental
pollution and gain economical benefits. Beside this, the determination of minimal quantity

lubrication (MQL) provides some advantages in terms of reducing the tool wear (Hadad,



2010). It is reported that application of MQL to the tool rake and tool flank increases the
tool life (Attanasio et al., 2006).

Researcher concluded that MQL machining combined with the mixture-supply
system provides almost the same performance as conventional machining with flood
lubrication (Dixit et al., 2012; Tawakoli et al., 2011). This finding is also supported by
researchers with further conclusion that the requirement of cutting force in MQL technique
is less than dry cutting and flood cooling (Aoyama, 2002; Dhar et al., 2007; Kelly &
Cotterell, 2002; Rahman et al., 2002). It is found that the MQL technique is very effective
at low speed, low feed rate and low depth of cut in comparison with flood cooling (Shen et
al., 2008). Investigation on the different lubrication conditions during low-speed milling
concluded that mineral oil spray in form of mist prevents the adhesion of work material on
the machined surface and reduces the severity of abrasive wear (Liew, 2010). In another
word it can be say that MQL technique reduces the rate of tool wear, dimensional
inaccuracy and surface roughness by reducing the temperature at cutting zone and
introducing favorable changes in tool-chip and work-tool interaction (Tawakoli et al.,
2010).

It is reported that the cutting fluid is applied at the tool-chip interface in a form of
narrow, pulsed jet with high velocity at a rate of 2 ml/min. The performance of machining
with pulsed-jet application was studied in high-speed milling of hardened steel and the
results were compared with dry machining and machining with flood application. The
results clearly showed that the pulsed-jet application reduces the cutting force and tool
wear, increases tool life and improves the surface finish, especially at high cutting velocity
compared to dry machining and machining with flood application (Sadeghi et al., 2010).
Moreover, the amount of cutting fluid consumed in pulsed-jet application (2 ml/min) is a

drastic reduction compared to flood application. Additional benefit in pulsed-jet application
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is that no harmful oil mist is generated during operation. In conclusion, the pulsed-jet
application can be applied to mill hardened steel using ball end mills which reduces the
negative effects on the environment, improves machining performances, and consequently
reduces total production cost (Tawakoli et al., 2009; Thepsonthi et al., 2009).

The cooling process during machining plays a very important role and many
operations cannot be carried out efficiently without proper cooling system. Application of a
coolant in a cutting process increases the tool life and dimensional accuracy, decrease
cutting temperatures, surface roughness and the amount of power consumptions and thus
improve the quality of a given system (Lathkar & Bas, 2000; Tawakoli et al., 2010).

2.4 Nano base lubricant
2.4.1 Nano base lubricant performance

In the modern age of time, nanotechnology have become the most regarded and
revolutionary technology and its application have become very wide. Investigations on
tribological properties of nanoparticles containing lubricant have been conducted to
improve performance in machining process (Bhaduri et al., 2010; Chang et al., 2006; Deng
et al., 2006; Erdemir et al., 1997; Gopal & Rao, 2004; Greenberg et al., 2003; JX et al.,
2006; Krishna & Rao, 2008; Mukhopadyay et al., 2007; Prihandana et al., 2009; Reddy et
al., 2010; Reddy & Rao, 2005; Reddy & Rao, 2006; Vamsi Krishna et al., 2012; Wu et al.,
2007).

Nano base lubricant system is defined as a new kind of engineering material that
consists of nanometer sized particles dispersed in a base fluid. This is an effective method
to reduce the friction between two contact surfaces under certain condition (Demas et al.,
2012). The requirements of a nano base lubricant are: it must be able to sustain the high
machining temperatures during processing, must be non-toxic, easy to be applied and cost

effective (Deshmukh & Basu, 20006).



Several types of nanoparticles can be used in nano base lubricant system including
graphite, boron nitride, molybdenum disulfide and tungsten disulfide. Graphite and
molybdenum disulfide nanoparticles are commonly used in the nano base lubricant system
because of their lubrication properties, morphology and crystal structure. For example,
graphite possesses hexagonal arrangement of carbons which forms a stable planar lattice
due to strong covalent bonds. The effectiveness of the nano base lubrication depends on the
morphology and crystal structure of the base lubricant and nanoparticles, dispersion
characteristics of the nanoparticles at the tool-workpiece interface, size of the particles and
quantity (Alberts et al., 2009).

Due to high performance of the nano base lubricants, it is expected that labor and
materials associated with preserving lubricant and equipment will be minimized. Health
and environmental concern need to be addressed when dealing with lubricant materials. In
addition, the productivity in a machining industry can be increased through cost reduction
by reducing the usage of cutting fluid, and thus saving the environment in addition with
improved machining properties.

As an example, the rolling and sliding is the dominant mechanism of fullerene to
reduce the friction between to surfaces under certain loading conditions (Rapoport et al.,
2002). When the fullerenes debris are transferred in between two rubbing surfaces, the
dominant friction mechanism of fullerenes are observed (Rapoport et al., 2003). The role of
fullerene based nanofluids in ball bearings can be divided into two steps. The first step is
the rolling and protective effect which enhances the lubrication efficiency (Lee et al.,
2009). The combination of rolling and sliding actions of fullerenes in ball bearing reduces a
significant amount friction coefficient.

In the second step the surface modification is occurred by the abrasion of fullerene

nanoparticles which significantly enhance the lubrication property. Physical analysis of
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nanofluid showed that the nanoparticles can penetrate into the rubbing surfaces and impose
a large effect on elastohydrodynamic lubrication (Peng et al., 2009). Under single trust
bearing tester, it is seen that the friction coefficient of fullerene nanofluid is less than pure
oil and the extreme pressure of nanofluid is two times higher than that of pure oil (Lee et
al., 2009). Hence it can be concluded that fullerene nanofluid improve the lubrication
performance by increasing the viscosity and preventing the contact between the rubbing
surfaces.

It is expected that smaller and spherical nanoparticles will possess superior rolling
action with lower affinity towards the metal surface, decrease contact temperature, higher
elasticity and higher chemical resilience. Smaller particles can provide stable lubricants
which can reduce wear, friction, noise, heat generation and vibration and extend the life of
moving parts. Consequence of all these benefits provides longer equipment operation
periods, higher efficiency and extended maintenance intervals. A higher affinity towards
adhesion is observed for the smaller particles. On the other hand, large particles have more
tendency towards agglomeration and the most importantly it is difficult to enter the
interface between tool and workpiece (Alberts et al., 2009).

The spherical shaped nanoparticles increase the effectiveness of rolling mechanism
during friction. Spherical nanoparticles also act as a spacer which eliminates direct
asperities contact between two contact surfaces. Nevertheless, it can be a third body
material from the fractured particles to the base fluid (Wu et al., 2007). It is well
documented that, boric acid (nano base lubricant) is used as a lubricant in turning process.
The variations, cutting force, tool wear, tool temperature and surface roughness have been
studied under different machining conditions and the results indicate that there is
considerable improvement in the machining performance with boric acid assisted

machining (Damera & Pasam, 2008).
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Previously the machinability of nano base lubricants containing graphite and
molybdenum disulphide (MoS;) nanoparticles were characterized in terms of cutting force,
tool wear, chip thickness, machining dimension, and surface finish of the workpiece.
Graphite and molybdenum disulphide are considered as effective lubricant additives due to
their lamellar structure. There are several materials which are suitable for nano base
lubricants including boron nitride (Erdemir et al., 1999), polytetrafloroethylene (PTFE),
talc, calcium fluoride, cerium fluoride and tungsten disulphides (Sharma et al., 2009). The
appropriate ratio of nanoparticles and base fluid can be estimated by selecting the desired
lubrication properties of cutting fluid (Alberts et al., 2009; Xiaodong et al., 2007). The
three most commonly used nano base lubricants are:

e Graphite - Used in air compressors, foodstuff industry, railway track joints, open
gear, ball bearings, machine-shop works etc. Graphite is also common for
lubricating locks.

e Molybdenum disulfide (MoS,) - Used in joints and space vehicles.

e Hexagonal boron nitride - Used in space vehicles. This material is called "white
graphite".

The lubricating properties of nanofluids are attributed from the layered structure in the
molecular level having weak bonding between layers. Such layers are able to slide on each
other with a minimal applied force. Thus these materials possess low frictional properties.
Nanoparticles also act as tiny ball bearings in a sliding contact and facilitate the relative
movements between two contacting surfaces, thereby leading to lower friction and wear

(Greenberg et al., 2003).
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2.4.2 Nano base lubricant in machining to improve environmental issues

Lubricants are meant to reduce the friction at the tool-chip interface during machining.
But in service not all lubricants have same performance. For instance, high quality and
fully synthetic variants of lubricants reduce the friction better than normal mineral oils. As
soon as the friction is reduced during machining, less energy is converted to frictional heat.
In a consequence, the cutting force is also reduced due to less energy dissipation. This
lowers the operating temperature and reduces the vibration level which provides the
opportunity to drive the machine at low power and thus the output is enhanced. With proper
lubricating system the energy saving can reach as high as 15%. In some cases the saving is
much more depending on the other machining and cutting factors (Thepsonthi et al., 2009).

Upgrading the lubrication system is essential for less energy consumption during
machining. High quality lubricants are more expensive but much more economic than
conventional lubricants. Considering the high energy costs and energy taxes, the use of
high quality lubricants usually pays for itself which can be estimated from the lower energy
bills. Moreover, the high quality lubricant requires up to 5 times less amount compared to
conventional lubricants. On the other hand, high quality lubricants produce less hazardous
materials posing less threat to the environment (Khettabi et al., 2013).

For ultra clean environment, nanoparticles are suitable since they are free from routine
maintenance (Krajnik et al.,, 2011). As an example, graphite and boric acid has no
pathogenic clinical history which indicates that they are free from hazard (Nageswara Rao
& Vamsi Krishna, 2008). Besides, nano base lubricants are not forbiddingly expensive
since they can be reused. Hence, nano base lubricants are efficient in term of economical
issues (Nageswara Rao & Vamsi Krishna, 2008). However, safety precaution should be
taken into consideration since the nanoparticles are very small and tiny material that they

can get into human body quite easily, either by inhalation or transdermally.
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2.4.3 Nano base lubricant in machining to improve cutting force

Cutting force is the most fundamental, and one of the most significant parameters in
machining operation. As an example, in milling processes cutting force can be a cause for
parts and tool deflections which may result the violation of tolerance (Budak, 2006).
Therefore the maximum force is estimated during tool design and cutter geometry is
optimized to minimize the production cost and time. Hence, the measurement of cutting
force is important in machining process in order to achieve high accuracy and productivity
and it could provide the basis information for process planning as well (Budak, 2006;
Reddy & Rao, 2006)

Recent investigation on cutting force shows that the turning process of steel with
cemented carbide tool can be obtained at lower cutting force in the presence of nano base
lubricants (a mixture of graphite and boric acid with SAE 40 oil) compared to the
conventional machining process (Krishna & Rao, 2008). The effectiveness of nano base
lubricants appears to be better compared to dry and wet machining process by minimizing
the frictional effect between tool and workpiece which in turn reduces the cutting force. In
general, the cutting force increases with increasing the surface area for machining.
However, the extent of cutting force is varied depending on the type and concentration of
the particles.

Nano base lubricant can be envisaged as the rolling of billions of miniature ball
bearings. Hence, the cutting force and friction between the contact surface is greatly
reduced (X.Tao et al., 1996). From Figure 2.4 it can be seen that graphite nanoparticles
containing nano base lubricant minimizes the frictional effects at the tool and workpiece
interface to a great extent compared to that of wet and dry machining. As a result, the
energy requirement is also reduced and thereby presence of such lubricants enhances the

machinability. Graphite is considered to be a good ingredient for nano base lubricant
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because of its sliding characteristics at the interface, which contributes to the reduction of
friction force. The substantial reduction in cutting forces during nano base lubricant
assisted machining is attributed from the formation of the thin film lubricants at the

interface which reduces the shear strength of material at the machining zone. (Kalita et al.,

2012; Reddy et al., 2010).
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Figure 2.4 Variation of thrust force with machining under (a) wet, (b) dry and (c) nano base
lubricant assisted machining (Reddy et al., 2010)

In another study, the coefficient of friction at tool-chip interface in dry cutting of
hardened steel and cast iron by using Al,O3/TiC/CaF, ceramic tool was reduced compared
to Al,O3/TiC with CaF, nano base lubricant (Deng et al., 2006). Another researcher used
automated feeder to supply nano base lubricant to the machining zone to increase the
effectiveness of machining process especially to improve the morphology and crystal
structures of the nano base lubricant particles. It is reported that, the cutting force, surface

quality and specific energy is considerably improved by using nano base lubricants (Reddy

& Rao, 2006).
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For grinding process, investigation were conducted by using graphite as a solid
lubricating medium to reduce the heat generation at the cutting zone (Shaji &
Radhakrishnan, 2002). Also the development of nano base lubricant moulded grinding
wheel with various bonding and lubricants is also reported in attempting to improve the
solid lubrication method (Shaji & Radhakrishnan, 2003; Shen, 2008). Recently, a research
has been conducted to investigate the feasibility of nanoparticles aided lubrication in
diamond turning of RB-SiC. The result shows that nanoparticles provide an effective
lubrication for high performance ultra precision cutting of hard materials (Yan et al., 2010).
On the other hand, thick paste of powder lubricant made from water soluble oil is reported
to serve as the general purpose of grease and it is found that the cutting force is reduced
successfully (S.Shaji & V.Radhakrishnan, 2002).

In a research, the performance of graphite in nano base lubricant is evaluated while
grinding SiC to reduce the heat generation at the grinding zone. The results show that the
tangential force component considerably reduce the specific energy requirement (Gopal &
Rao, 2004). In general, higher plasticity in the nanoparticle results in better lubrication
performance. This phenomenon is due to the micro fracture/deformation characteristics of
the particles. An extremely thin film is generated at the interface due to the
fracture/deformation of particles which reduces the direct contact among the asperities
between the cutting tool and workpiece (Yan et al., 2010).

Particle size also plays a significant role in affecting the lubrication performance.
The smaller particles are considered to be the better than the larger particles due to their
capability to penetrate easily at the tool-workpiece interface. In another words, smaller
particles facilitate the accessibility to the cutting zone (Yan et al., 2010). At the early stage
of cutting, when the tool and workpiece surface are smooth it is important to utilize the

smaller nanoparticles. The lubrication performance of solid particles might depend on the
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micro  fracture/deformation  characteristics of the particles. Through the
fracture/deformation of the particles, an extremely thin film of nano base lubricant is
generated at the interface which significantly reduces the direct contact among the

asperities between the cutting tool and the workpiece (Yan et al., 2010).

2.4.4 Nano base lubricant in machining to improve cutting temperature

The high temperature at the cutting zone results in dimensional deviations, fast
oxidation, corrosion, thermal stress, residual stresses and microcracks on the workpiece.
Thermal burn and phase transformation also exist due to the heat generation during
machining (Alberts et al., 2009). For this reason, heat generation generally considered a
critical issue in term of workpiece quality. Therefore, the heat generated at the cutting zone
must be effectively controlled to ensure good surface finish during machining (Reddy &
Rao, 20006).

Cutting fluid is a critical component to deal the excess heat generation during
machining. Figure 2.5 compares the tool temperature measured at the nodal point at
different time intervals for dry, powder and coolant machining. It is seen that heat
generation is lower in case of boric acid assisted (nano base lubricant) machining compared
to dry machining. The lubricating action of the nano base lubricants reduces the frictional
forces between tool-chip interfaces (Kalita et al., 2012). For this reason the heat generation
is reduced in case of nano base lubricants compared to dry and wet machining. The thin
film formation of on the surface of the workpiece is significantly depends on temperatures
variation of the temperature on cutting tool that presents during the machining process.
Though the difference in temperatures while machining with cutting fluid or boric acid is
not much, the nonpolluting nature of boric acid is a clear advantage and a critical parameter

in making the choice (Damera & Pasam, 2008).
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Figure 2.5 Variation of tool temperature with machining time for (a) HSS and (b) carbide
tool (Damera & Pasam, 2008)

Various nanoparticles, such as multi-walled carbon nanotube (MWCNT), fullerene,
copper oxide, silicon dioxide and silver are used to produce nanofluids for enhancing the
thermal conductivity and lubrication properties. Ethylene glycol, mineral oil, silicon oil and
poly-a-olefin oil (PAO) is used as a base fluid. The thermal conductivity and kinematic
viscosity of the nanofluids are crucial to investigate the thermo-physical properties of
nanofluids. It has been observed that, the thermal conductivity of nanofluid increases with
increasing the concentration of particles (Hwang et al., 2006).

In the recent research, the base fluid is mixed with the nanoparticles and the
Brownian motion of the nanoparticles are modeled, analyzed and compared with existing
experimental data from the literatures. The results from simulation indicate that this mixing
has a significant influence on the effective thermal conductivity of nanofluids (Li &
Peterson, 2007). The thermal conductivity of the nano base lubricants seems to be
decreased with increasing the nanoparticles content (Krishna et al., 2009; Reddy et al.,
2010).

2.4.5 Nano base lubricants in machining to improve tool wear

The efficiency of cutting and the resultant surface finish is greatly affected by the
tool wear. Cutting tools may fail prematurely, randomly and catastrophically by mechanical
breakage and plastic deformation under adverse machining conditions caused by intensive
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pressure, uneven temperature distribution and/or dynamic loading at the tip of cutting edge
particularly if the tool material lacks strength, hot-hardness and fracture toughness.
However, for a given tool and workpiece in optimum machining conditions, the tool failure
mode is mostly gradual wear. The wear of carbide tool is assessed from the actual
machining time as it is shown in Figure 2.6 for wet, dry and nano base lubricant assisted
machining. The gradual increase of tool wear under all environments indicates steady
machining without any premature failure by chipping or fracturing. Figure 2.6 also shows
that the increase of tool wear is decreased by nano base lubricant assisted machining. The
cause behind the reduction in tool wear may be attributed from the reduction in temperature
by nano base lubricant, which helps to reduce abrasion wear by retaining tool hardness,
adhesion and diffusion. Hence the strength and wear resistance of a cutting tool can be
retained, which leads to a significant improvement of tool life (Damera & Pasam, 2008;

Reddy et al., 2010).
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Figure 2.6 Variation of flank wear with machining time of carbide tool (Damera & Pasam,
2008)

Tool wear characteristics are altered when nano base lubricant assisted machining is
employed. The variation in tool wear characteristic depends on the type and concentration
of nanoparticles. The existence of scratch marks on the tool surface is caused by the

scratching of the nanoparticle grain and/or of thermal-chemical reactions between
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nanoparticles and tool material. Also, the extend of cutting force should be taken into
consideration to determine the tool wear under certain condition.

In boric acid assisted machining, for a given tool-chip combination the flank wear is
observed to be considerably less. The chip slides against the tool rake face at a high speed
and induces high cutting temperature during cutting process. The nano base lubricant is
expected to melt and smear to create a thin film of lubricant on the rake face of the tool in
such high cutting temperatures. Due to the low coefficient of friction and sliding action, a
substantial reduction of flank wear is observed. The reduction of flank wear is also due to
the low shear resistance at the tool and workpiece interface. Due to the lamellar structure
the nano base lubricant possesses three important properties: low friction coefficient,
sliding between layers and low shear resistance. Therefore, the effectiveness of lubricating
action of this lamellar particles mainly depends on the combinations of cutting conditions
and tool-workpiece combination (Damera & Pasam, 2008).

In a research the sliding wear tests on cemented carbide tool was carried out in
presence of nano base lubricants containing ceramic nanoparticles. From the results it was
seen that the ceramic composites exhibits a self-lubricating property both in the case of
sliding wear tests and in machining processes. The scanning electron microscopy suggested
that a self-tribofilm was consistently formed on the wear surfaces from nano base
lubricants containing CaF,. The coefficient of friction was significantly reduced due to the
presence of self-tribofilm which was formed by the releasing and smearing of CaF,
containing nano base lubricants on the wear surface. As a consequence it can be said that
the nano base lubricants containing ceramic nanoparticles protect the tool from severe wear
by brittle microfracture (Jianxin et al., 2007).

To optimize the nano base lubricant, it is seen that lubricants containing 20% of

boric acid in SAE 40 provides better performance for a selected tool-workpiece
30



combination and cutting conditions. However, not much change is observed when the boric
acid content is beyond 20%. This suggests that the sliding nature of nano base lubricants is
decreased at high viscosity (Krishna et al., 2009). A method has been proposed to adjust the
adhesive conditions at the interface between particles and tool or particles and workpiece to
reduce the tool wear. Based on the simulation, the tool wear is significantly changed with
the change in adhesive strength at these interfaces (Yan et al., 2010).

It is reported that the mechanism of tool wear resistance and reduction of friction is
influenced by the colloidal effect, rolling effect, protective films and third body
characteristic. The colloidal nanoparticles can penetrate to the tool-workpiece
elastohydrodynamic contact by the mechanism of mechanical entrapment. The colloids also
form a thin layer of boundary film which is at least two or three times thicker than the size
of the nanoparticles in rolling contact at low speed (Wu et al., 2007). At different colloid of
nanoparticles, the deposition of tribochemical reaction product is also produced during the
friction process. In other words, it results wear resistance boundary films and decreases the
shearing stress (Wu et al., 2007).

To demonstrate the machining and wear performance of patterned carbide tool
coated with TiN, turning operation was performed on hardened 4340 steel in presence of
nano base lubricant containing indium nanoparticles. The results showed that the flank
wear was effectively reduced by the incorporation of indium nanoparticles into the
lubricant during machining (Guleryuz et al., 2009).

In some instances, nanoparticles concentration is also an important factor to affect
the friction and wear (Reddy & Rao, 2006). Some researchers found that low concentration
of nanoparticles is sufficient to improve the tribological properties. There are different
optimum concentrations for different types of nanoparticles for obtaining the best

tribological properties for a given material. It is also reported that flank wear can be
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reduced by employing nano base lubricant assisted machining compared to wet and dry
machining process. Nano base lubricants containing ceramic nanoparticles are also found to
be effective during machining of hardened AISI52100 steel at high cutting speed (Singh &

Rao, 2008).

2.4.6 Nano base lubricants in machining to improve surface roughness

Surface roughness influences the functional characteristics of the workpiece such as
compatibility, fatigue resistance and surface friction (Reddy & Rao, 2006). In the end
milling, the surface roughness is influenced by process parameters, tool geometry, and heat
generated during machining operation (Reddy & Rao, 2005). In general, increased wear at
the tool flank deteriorates the surface finish (Choi & Liu, 2009; Sarhan et al., 2001).

Figure 2.7 compares the surface roughness of a machined surface in dry, wet and
boric acid nano base lubricant machining conditions. The results indicate that the surface
finish is improved in the presence of boric acid assisted nano base lubricant compared to
dry and wet machining process. The reduction in the cutting forces and the decrement of
surface roughness for the presence of boric acid could be a reason for improved surface
finish. It is also reported that the lubricating action of the boric acid reduces the frictional
forces at the tool and workpiece interface (Erdemir, 1991; Erdemir et al., 1991). This
decreases the temperatures evolution at the cutting zone which in turn reduces the tool wear

thus resulting improved surface finish (Damera & Pasam, 2008).
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Figure 2.7 Surface roughness (R,) for different lubricants (HSS Tool)(Damera & Pasam,
2008)

The surface roughness for dry hard turning and nano base lubricants assisted hard
turning at different cutting speed is shown in Figure 2.8. It can be seen that nano base
lubricant assisted hard turning produces low values of surface roughness compared to dry
hard turning. Among the two variants of the nano base lubricant assisted machining,
presence of molybdenum disulphide shows better results compared to graphite (Dilbag &

Rao, 2008).

|l Dry m Graphite m MoS2

-y

0.6

|
0-3.-

o I

0.4

Surface roughness ( pm)

0.2 4

50 75 100 125 150
Cutting speed (m/min}

Figure 2.8 The variation of surface roughness for dry hard turning and nano base lubricants
assisted hard turning at different cutting speed (Dilbag & Rao, 2008)
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At high cutting speed, presence of nano base lubricants containing ceramic
nanoparticles such as molybdenum disulphide are more effective during machining of
AISI52100 steel. The variation of surface roughness at different cutting speed is shown in
Figure 2.9 for dry hard turning and nano base lubricants assisted hard turning. It is seen that
nano base lubricants reduces the surface roughness (Dilbag & Rao, 2008). Presence of nano
base lubricants reduces the surface roughness even at high temperatures. It is assumed that
the layered lattice structures of the nanoparticles contribute to these phenomena. The strong

adhesions of molybdenum disulfide provide better surface roughness compared to graphite.
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Figure 2.9 Variation of surface roughness for dry hard turning and nano base lubricants
assisted hard turning at different cutting speed

(Singh & Rao, 2008)
2.4.7 Nano base lubricants in machining to improve surface morphology
Nanoparticles suspended lubricants have been identified as an advances in modern
technology which can sustain and provide lubricity over a wide range of temperatures
(Nakamura et al., 2000). Besides, several types of nanoparticles such as MoS; and graphite
have been used by the researchers in order to reduce the friction between the contacts at the
surfaces (He et al., 2010; Lee et al., 2009). The effectiveness of nano base lubricants

depends on the morphology, crystal structure , size and quantity of the nanoparticles as well
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as the feeding procedure of the lubricant at the tool-workpiece interface (Alberts et al.,
2009; Hirata et al., 2004).

The physical analysis of nanofluids shows that the dispersed nanoparticles can
easily penetrate into the rubbing surfaces and have the effect of elastohydrodynamic
lubrication (Peng et al., 2009). Under a single trust bearing tester, researchers found that the
frictional coefficient of a nanofluid containing fullerene is lower than pure oil and can
sustain two times higher pressure than that of pure oil. Hence, it can be concluded that
fullerene containing nanofluids improve the lubrication performance by increasing the
viscosity and preventing contact between the metal surfaces (Lee et al., 2009).

It is observed that the surface roughness obtained in nano base lubricant assisted
machining is lower than that of wet and dry machining. Nano base lubricant assisted
machining provides better quality due to their layered structure which allows them to form
a thin sliding film on the surface (Reddy et al., 2010). It is worthy to note that nanoparticles
can also provide the quasi-hydrodynamic lubrication. According to the reported result, a
film is required to be formed for assisting the tribological mechanism. This film protects
the direct contact of rubbing surfaces and greatly reduced the frictional force at the contacts
between two surfaces. (Qiu et al., 2001). At a high cutting speed, the chip slides against the
tool rake face at high cutting temperature. Consequences from that, the nano base lubricant
melts and smears and creates a thin lubricant film on the rake face of the tools which
reduces the coefficient of friction and sliding action (Nageswara Rao & Vamsi Krishna,

2008).
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2.5 Conclusion

A wide variety nanoparticle has been used in the base lubricants by researchers to
achieve better machining performance. It is well documented that silicon dioxide (SiO,)
nanoparticles are hard, brittle, and cheap material which is easily available in the markets.
It has very good mechanical properties especially in term of hardness (Vickers hardness -
1,000 kgf. mm™). It is also possible to achieve very small sizes of SiO; in the range from 5
nm to 100 nm. It is reported that nanoparticles dispersed in the mineral oil acts as a
combination of rolling and sliding bearings at the tool-chip interface which significantly
reduces the coefficient of friction. Therefore, the cutting force is obtained to be lower in the
nanolubrication system compared to the pure mineral oil (Sarhan et al., 2011). The
reduction of cutting force leads better performance in machining process (Sarhan &
Matsubara, 2011). However the application of SiO, nanoparticles dispersed in pure mineral
oil is not reported yet for improving the machining performance.

On the other hand, molybdenum disulfide (MoS,) is widely used in lubricants,
composite materials and grease due to their perfect lubricity. The weak Van der Waals
force result easy sliding between two S—Mo—-S layers. Compared with bulk MoS,, nano-
sized MoS, usually has better tribological properties (Hu et al., 2011). Also MoS,
nanoparticles is a well identified hard and brittle material which can be easily found in
market having a wide range of size. Graphite and MoS, are one of the most common
lubricants due to their layered morphology and crystal structure. Their morphology consists
of a hexagonal arrangement of carbon atoms which forms planar lattices structure due to
strong covalent bonds. Parallel planes stay together due to weak inter-layer bonding,
mainly by Van der Waals force. The application of MoS; nanoparticles suspended mineral
oil has not been well investigated as a cutting fluid especially in terms of machined surface

quality and morphology.
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Over the last decades, carbon onion has been successfully developed with high
tribological properties. Carbon onion consists of concentric graphitic shells containing
fullerene (Cgp) and carbon nanotubes (Hirata et al., 2004). It is well proven that carbon
onion can provide the similar lubrication as graphite in ambient air. Carbon onion is
expected to possess favorable properties, which are desirable for solid lubrication due to its
unique structure. It is also proven that carbon onion can be used as a solid additive in
grease as a replacement of MoS; from a number of commercially available lubricants
(Street et al., 2004).

In line with the previous research work, the investigation of optimum SiO,, MoS,
and carbon onion for nano base lubricants is required to focus to improve the performance
in machining process. Other parameters such as the concentration of nano base lubricant,
nozzle angle and carrier air pressure needs to be optimized.

The overall performance of machining by using nano base lubricants is found to be
better than ordinary lubrication. Improvement in machining process would results better
product quality. The details presented in this research work provide a scientific basis for

developing nano based lubrication system to address recent industrial requirement.
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CHAPTER 3 METHODOLOGY

3.1 Introduction

Overall plan of this research is illustrated Figure 3.1. These research plans were
specially designed to achieve the objectives which are stated earlier. In order to develop
Si0,, MoS, and carbon onion nano base lubricant for metal cutting processes, a proper
technique was identified to improve the performance in machining process. Variation of
several parameters of the nano base lubricant including different concentrations was
studied. In this research, both turning and milling process were utilized to determine the
effectiveness of the nano base lubrication in machining process. The workpiece material
was selected from the ductile and hardened categories of metal which are commonly used
in industrial practice. To determine the product quality, investigations were conducted to
obtain the cutting force, cutting temperature, tool wear, surface roughness and morphology
by using appropriate equipment. Then further analysis and discussions were carried out to
achieve a concrete conclusion for better understanding of the role of nanoparticles in the

nano base lubricant.
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Figure 3.1 Overall research plan for nano base lubricant research

3.2 Nano base lubricant preparation

3.2.1 Lubricant oil

To prepare the SiO, and MoS, nano base lubricant, the ECOCUT SSN 322 having

40.2 cSt viscosity at 40°C (FUCHS and Alumicut) was used as a base lubricant. ECOCUT

SSN 322 is free from phenol, chlorine and other additives. The properties of Shell Dromus

BL lubricant oil is shown in Table 3.1.

Table 3.1 The properties of ECOCUT SSN 322 lubricant oil

Properties Value Test method
Appearance B&C Visual
Colour L0.5 ASTM D 1500
Specific gravity at 60/60 °F (°C) 0.828 ASTM D 1298
Flash point COC (°C) 152.0 ASTM D 92
Viscosity at 40 °C (c¢St) 5.0 ASTM D 445
Copper corrosion/24 h at 100 °C 1a ASTM D 130
Pour point (°C) -15.0 ASTM D 97
Foam test seq. 1 (m/) 15/0 ASTM D 892
TAN (mgKOH/qg) 0.2 ASM D 664

39




For carbon onion nano base lubricant, alumicut type of lubricant oil was selected as a
base lubricant. Alumicut type of lubricant has good lubrication characteristic for non-
ferrous workpiece specially aluminium. The coefficient of friction between aluminium
workpiece and cutting tool is relatively low in presence of alumicut type of lubricants. It
appears in clear form with a pH value of 6.9. Alumicut lubricant adheres with the
workpiece to eliminate galling, gouging and tearing from the material in addition with
restricts the metal chip pile-up at the cutting junction which considerably extend the
longevity of the tool.

3.2.2 SiO; nanoparticles

Si0O; nanoparticles are well known as a hard and brittle material and it can be easily
found in the market at an affordable price. These nanoparticles have very good mechanical
properties, especially hardness (Vickers hardness - 1,000 kgf. mm™). A wide variety of size
of SiO; is achievable ranging from 5 nm to 100 nm. Table 3.2 presents the mechanical
properties of SiO,.

Table 3.2 Mechanical properties of SiO,

Properties Sio,
Structure Amorphous
Melting Point (deg C) Approx. 1600
Density (g/cm3) 2.2
Refractive Index 1.46
Dielectric Constant 3.9
Dielectric Strength 10’
Thermal conductivity at 300K (W/cm-deg K) 0.014

3.2.3 MoS; nanoparticles
Molybdenum disulfide (MoS,) is widely used in lubricants, composite materials and

grease due to their perfect lubricity. The weak Van der Waals force result easy sliding
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between two S—Mo-S layers. Compared with bulk MoS,, nano-sized MoS, usually has
better tribological properties (Hu et al., 2011). Also MoS; nanoparticles is a well identified
hard and brittle material which can be easily found in market having a wide range of size.
MoS, is one of the most common used as lubricants due to their layered morphology and
crystal structure.

3.2.4 Carbon onion nanoparticles

Carbon onion consists of concentric graphitic shells containing fullerene (Cgp) and
carbon nanotubes (Hirata et al., 2004). It is well proven that the performance of carbon
onions during machining is as similar as graphite in ambient air. Carbon onion is expected
to possess favorable properties, which are desirable for solid lubrication due to their unique
structure. It is also reported that carbon onion can be used as a solid additive in grease as a
replacement of MoS, form a number of commercially available lubricants (Street et al.,
2004).

Carbon onions are defined as quasi-spherical nanoparticles consisting of a structure
similar to fullerene enclosed in concentric graphitic shells. Carbon onion possesses better
physical and tribological properties compared to other carbon nanostructures due to their
high symmetry in the structure. In this research, carbon onion nanoparticles were produced
from the heat treatment of carbon black (Cabot R250 from Cabot Corporation) in a
resistance heat furnace using a graphite crucible under He atmosphere. The carbon onions
were obtained by inductive heating at 2000°C for 15 minute and used without any further
treatment (e.g. purification). Figure 3.2 shows the transmission electron microscopy (TEM)

image of carbon onion having average size of 5 to 20 nm.
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Figure 3.2 Transmission electron microscopy (TEM) image of carbon onion

(Hirata et al., 2004)
3.2.5 Nano base lubricant preparation method
Figure 3.3 presents the nano base lubricant preparation process. Two types of nano
base lubricants were developed in this research, namely SiO, nano base lubricant and

carbon onion nano base lubricant.

(a) Preparation SiO, nano base lubricant

The nano base lubricant was prepared by adding silicon dioxide nanoparticles (0.2,
0.5, and 1.0 wt%) into the ECOCUT SSN 322 lubricant oil. The average particle size of the
SiO; nanoparticles was 5-15 nm. The mixture was stirred in a starring followed by
sonication (240 W, 40 kHz, 500 W) for 48 hours in order to suspend the particles in the

mixture homogeneously.

(b) Preparation MoS, nano base lubricant

The nano-lubricants were prepared by mixing MoS; nanoparticles (average particle
size of 20-60 nm) with the mineral oil followed by sonication (240W, 40kHz, S00W) for 48

hours in order to suspend the nanoparticles in the mixture homogeneously.
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(c) Preparation of carbon onion nano base lubricant

To reduce the friction at the tool-chip interface, alumicut types of lubricant was chosen.
0.0, 0.5, 1.0 and 1.5 wt% of carbon onion was mixed with alumicut oil followed by
sonication using Sono Bright ultrasonic (240 V, 40 kHz, 500 W) for 48 hours in order to
suspend the particles in the mixture homogeneously. Usage of carbon onions more than 1.5
wt% in base oil results agglomeration. More investigations are required to solve the mixing
problem of carbon onions in alumicut. The preparation of carbon black nano base lubricant

was also developed in a similar method of carbon onion nano base lubricant.
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Figure 3.3 The nano base lubricant preparation process

3.3 Experimental design

In line with the previous research work, investigations on optimum amount of SiO,
MoS; and carbon onion nanoparticles in nano base lubricant for turning and milling process
is the main focus of this research. Improvement of the machined surface by reducing the
cutting force and cutting temperature with the aid of nano base lubricant is another focus.
The conventional method to determine the optimal values of these parameters is to use the
“trial and error” approach. Since “trial and error” approach is very time consuming for
huge number of experiments, a reliable systematic approach is required to optimize these

parameters.
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The optimization method utilized in this study is called the Taguchi optimization
method. Taguchi optimization method was developed by Dr. Genichi Taguchi where a set
of methodologies is taken under consideration having minimum variances (Prabhu &
Vinayagam, 2012; Sayuti et al., 2011 ; Zhang et al., 2007). In Taguchi optimization method
multiple factors can be considered at once. Moreover, this method seeks nominal design
points to improve the yield and reliability of a product which are not sensitive to the
variations related to production and/or environment. By using the Taguchi optimization
method, industries are able to reduce production time for a given product and therefore the
reducing costs with more profit (Ghani et al., 2004; Hamdan et al., 2011).

Taguchi optimization method provides a systematic application in design and
analysis of experiments and it is used for designing and improving the product quality.
Furthermore, it has become a powerful tool for improving the productivity during research
and development with costs reductions (Hsiao et al., 2008; Sayuti et al., 2011). The steps in
the Taguchi optimization method include: selecting the orthogonal array (OA) according to
the numbers of controllable factors, running experiments based on the OA, analyzing data,
identifying the optimum parameters, and conducting confirmation runs with the optimal
levels of all the parameters.

The most important stage in Taguchi optimization method is the selecting of control
factors and identifying the OA. Running experiments based on the identified OA is the
second crucial step. To point out the non-significant variables for a system maximum
possible factors should be included in the experiment.

The standardized Taguchi optimization method designed for L;4(4) orthogonal array
was used to optimize both machining parameters and nano base lubricant parameters for
the lowest cutting force, lowest cutting temperature, least tool wear and best surface finish.

The standard orthogonal array consists of sixteen experiments with three control factors
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and four different experimental conditions for each factor. The standardized L;4¢(4)
orthogonal array, the sixteen experiments with detail of the combination levels are
specified in Table 3.3, while Table 3.4 presents the factors and experimental condition
levels for hard turning process. The 16 experiments were carried out in a random sequence

to eliminate any other invisible factors, which might also contribute to the responses.

Table 3.3 Standardized L¢(4) orthogonal array, the sixteen experiments with detail of the
combination levels

Exp. no. Control factors and levels (i)

A B C D
1 i=1 1 1 1
2 i=1 2 2 2
3 i=1 3 3 3
4 i=1 4 4 4
5 i=2 1 2 3
6 i=2 2 1 4
7 i=2 3 4 1
8 i=2 4 3 2
9 i=3 1 3 4
10 i=3 2 4 3
11 i=3 3 1 2
12 i=3 4 2 1
13 i=4 1 4 2
14 i=4 2 3 1
15 i=4 3 2 4
16 i=4 4 1 3

In optimizing the cutting parameters in hard turning process, the experimental
conditions for cutting speed, feed rate and depth of cut were assigned by the tool
manufacturer. The lubrication mode was decided by reviewing the literature and
considering the availability of cooling equipment. This orthogonal array was chosen to
determine and optimize the cutting parameters, namely surface roughness, cutting force,

cutting temperature and chip formation.
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Table 3.4 Factors and experimental condition levels

Symbol Factor 1 Experlrznental condltgn level -
A Cutting speed, v (m/min) 50 115 180 245
B Feed rate, f (mm/rev) 0.05 0.10 0.15 0.20
C Depth of cut, a, (mm) 0.20 0.30 0.40 0.50
D Lubrication mode Dry Flood MQL Chilled air

The parameters for optimizing the nano base lubricant during milling process are
nanoparticles concentration, nozzle angle and carrier air pressure (hereafter called control
factors) were shown in Table 3.5.

Table 3.5 Control factors and experimental condition levels

Factor A B C
Nanoparticles Concentration Air Nozzle Orientation
Level (i) (Wt%) Pressure (Bar) (Degree °)
Level 1 (i=1) 0% 1 15
Level 2 (i=2) 0.2% 2 30
Level 3 (i=3) 0.5% 3 45
Level 4 (i=1) 1.0% 4 60

In fuzzy logic approach, data from a similar combination of twelve experiments were
utilized.

3.4 Experimental set up

3.4.1 Experimentation for optimization the cutting parameters in hard turning
process

The turning experiments were carried out on hardened AISI4140 alloy steel round bars (55
to 56 HRC) with a diameter of 32 mm and length of 200 mm in an inclined bed type Okuma
LBI5 CNC lathe with Siemens 802D controller. The machining processes were
accomplished using inserts which served as cutting tools made of the ceramic mixtures of
Al,O3 and TiCN. The cutting tool was mounted on a rigid tool holder which was fixed at a
Kristler three-component tool holder dynamometer and the cutting length was 150 mm as
illustrated in Figure 3.4. In this study, all hard turning experiments were performed on the
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inclined-bed type Okuma LB15 CNC lathe with Siemens 802D controller as shown in
Figure 3.5. This machine has high rigidity, high static and dynamic stiffness which make it

suitable for hard turning processes.
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Figure 3.4 Experimental set up

Figure 3.5 Okuma LB15 CNC lathe

The cutting tools used were TaeguTec mixed ceramic inserts with the ISO designation of
DNGA150608. The inserts were made from the mixture of Al,Os; and TiCN and the
physical properties of the inserts are presented in Table 3.6. The inserts have the grade of
AB20 designated by the tool manufacturer. The tools have high wear resistance with
excellent cutting edge stability. The tool was recommended by the manufacturer for high
speed finishing of hardened steels, cast iron and other hard materials. Analysis of the tool
wear was performed on all inserts prior to machining to prevent ambiguous results due to
manufacturing or handling damage.
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Table 3.6 Physical properties of TaecguTec DNGA 150608 mixed ceramic tool

Grade AB20
Composition Al,O3, TICN
Density (g/cm’) 4.30
Hardness HRA 94.5
Vickers 2050
Bonding strength (Mpa) 650

The tools were mounted on a tool holder with the ISO designation of PDJNL25-

25M-15 manufactured by Sandvik Coromant. Figure 3.6 and Figure 3.7 shows the insert

tool and tool holder geometries respectively.
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Figure 3.6 Geometries of TaeguTec mixed ceramic tool (TaeguTec, 2011)
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Figure 3.7 Geometries of Sandvik Coromant PDJNL25-25M-15 tool holder

(Sandvik Coromant, 2011)
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The workpiece was AISI4140 medium carbon alloy steel and the chemical compositions of
the workpiece is shown in Table 3.7.

Table 3.7 Chemical compositions of AISI4140 alloy steel

Material Chemical composition (%)
C Si Mn Cr Mo
AISI4140 0.42 0.25 0.75 1.05 0.20

Flood cuttings were conducted by using soluble cutting fluid named Mobilcut 102
manufactured by Mobil. Following the recommendations from the manufacturer the cutting
fluid was mixed with water to form a milky emulsion at a volumetric concentration of 1
part oil to 20 parts water. This type of cutting fluid has excellent emulsion stability, high
resistance towards rust, outstanding lubricating properties and dependable heat transfer
capacity. The details of the cutting fluid are shown in Table 3.8.

Table 3.8 Properties of Mobilcut 102 water soluble cutting fluid

Grade Mobilcut 102
Colour ASTM 2.0
Density at 15 °C (kg/L) 0.89
Emulsion stability Excellent
Pour point (°C) -6.00
Viscosity, ¢St at 40 °C 34.00

The minimal quantity lubricant (MQL) mode of cutting was performed by using a
developed fluid delivery system. The pulsing rate was 400 pulse/min, air pressure was 0.2
MPa and delivery rate was 2 ml/min which were reported as an optimal condition
(Theponthi et al., 2009; Hamdan et al., 2012). The nozzle orientation was set at 45° for the
horizontal and vertical angles which was found the most effective for the rake face
temperature (Ueda et al., 2006). The MQL system has a pulsed jet nozzle having 1 mm
orifice and controlled by a variable speed control drive. The nozzle was attached with a
flexible holder for better delivery of cutting fluid and the holder was fastened at the tool

turret to ensure continuous supply of cutting fluid throughout the cutting path.
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The literature review shows that straight oil is suitable for MQL system. Therefore,
the cutting fluid used was ECOCUT HSG 905 S produced by FUCHS which is designed
for high speed heavy machining process. The characteristics of the straight oil are listed in
Table 3.9. ECOCUT HSG 905 S has the benefits of outstanding anti-mist properties,
chlorine free EP properties, good detergent and dispersing qualities.

Table 3.9 Characteristics of ECOCUT HSG 905 S

Properties Value Test method
Appearance B&C Visual

Colour LO.5 ASTM D 1500

Specific gravity at 60/60 °F (°C) 0.828 ASTM D 1298
Flash point COC (°C) 152.0 ASTM D 92
Viscosity at 40 °C (cSt) 5.0 ASTM D 445
Copper corrosion/24 h at 100 °C 1a ASTM D 130
Pour point (°C) -15.0 ASTM D 97

Foam test seq. 1 (m/) 15/0 ASTM D 892
TAN (mgKOH/qg) 0.2 ASM D 664

An adjustable spot cooler vortex tube with single point system manufactured by
EXAIR was used to deliver chilled air which is one of the lubrication modes in
experimental condition levels. The vortex tube was mounted firmly at the tool turret using
the swivel magnetic base. The vortex tube supplied compressed air at 0.65 MPa and each
experiment was started when the temperature at the nozzle outlet dropped to 0 = 1 °C
measured by K-type thermocouple. It can supply cold air instantly and provides
maintenance free quiet operations. The specifications of the vortex tube are included in
Table 3.10.

Table 3.10 Specifications of adjustable spot cooler vortex tube 3825

Model Adjustable spot cooler 3825
Temperature range (°C) -34 to +21
Air consumption (SLPM) 425 to 850
Cooling capacity (Kcal/hr) Up to 504
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3.4.2 Experimentation for SiO, nano base lubricant in hard turning process

To investigate the effects of SiO, nano base lubricant on tool wear and surface
roughness, hard turning operation of hardened steel AISI4140 was carried out with coated
carbide inserts. Cylindrical AISI4140 steel workpiece of 20x200mm” was selected as a
case study. A new cutting inserts were adopted for each set of experiments. The workpiece
material was heat treated (through-hardened) to achieve the hardness of 52+02HRC. This
material is normally used to manufacture roller bearings and automotive components. The
mechanical properties of hardened AISI4140 steel are shown in Table 3.11. The machine
employed in this study was OKUMA LB15 Lathe Machine, 15hp. To measure the surface
roughness (R,), a calibrated portable surface meter (Mitutoyo SJ-201P) was applied with a
cut off distance and sampling length of 1.2mm. In addition, polished granite surface was
utilized for more stable and accurate measurement of surface roughness. Tool wear was

measured at the end of each cut under an optical microscope at 450x magnification

(Dinolite).
Table 3.11 Mechanical properties of AISI4140 steel
Properties Conditions
T (°C) Treatment
Density (x1000 kg/m®) 7.7-8.03 25
Poisson's Ratio 0.27-0.30 25
Elastic Modulus (GPa) 190-210 25
Tensile Strength (Mpa) 655.0 25 Annealed at
Yield Strength (Mpa) 4171 815°C more
Elongation (%) 25.7
Reduction in Area (%) 56.9

Experimentation was carried out with a thin pulsed jet nozzle developed in the
laboratory and controlled by a variable speed control drive. The nozzle was equipped with
an additional air nozzle to accelerate the lubricant entering the cutting zone and to reduce

the oil consumption up to 25%. The nozzle system was attached to a flexible portable
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fixture set located on the machining spindle. The flexible design allows the nozzle to set at
any desired position without interfering the tool or workpiece during machining. The
diameter of the nozzle orifice was Imm and MQL pressure was set to 0.2 MPa with a
delivery rate of 2ml/min. Table 3.12 presents the overall experimental conditions.

Table 3.12 Experimental conditions

Machine tool | OKUMA LB15 Lathe Machine, 15 hp
Instrumentation
Surface Profilometer Mitutoyo SJ-201, range (0~12.5mm)
Tool wear Microscope Dino-Lite AM-4013ZT4 range (400X~470X)
Work material and cutting condition
Work specimens AISI4140 steel
Hardness 50 HRC
Size D 30x200mm
Cutting insert Coated carbide, Sandvik DNMG 150608 PM
Cutting velocity 120 m/min
Feed rate 0.15 mm/rev
Depth of cut 0.5 mm
Cutting fluid MQL condition at 0.75 L/hr, FuchseCOCUT oil
HSG 905 S,
Nanoparticles Silicon dioxide, 5-15 nm particle size , 99.5%
trace metals basis

3.4.3 Experimentation for SiO; and MoS; nano base lubricant in milling process

The experiments of SiO, and MoS; nano base lubricant in milling process are
conducted by using the experimental set-up as shown in Figure 3.8. The machine contained
a vertical type-machining center (Mitsui Seiki VT3A). The spindle has constant position
preloaded bearings with oil-air lubrication system while the maximum rotational speed and
power of the machine was 20,000 min™ and 15 kW, respectively. To investigate the cutting
forces, the slot-milling test was carried out of a rectangular workpiece of aluminium
Al6061-T6 having a dimension of 50x50x200 mm’. The mechanical properties of

aluminium (AL6061-T6) are shown in Table 3.13.
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Figure 3.8 Experimental set-up

Table 3.13 Mechanical properties of aluminium (Al6061-T6)

Ultimate Tensile 0.2% Proof Stress Webster Hardness Hardness

Strength (MPa) (MPa) Tester (Model B) Vickers, (HV)
Min Typical Min Typical Min Typical Typical
260 310 240 275 8 15’ 105

The cutting tool used in the experiment was high speed steel (HSS) with 2 flutes
with 10 mm diameter. This is the most common tool used for milling in the industries. The
tool moves in the +X direction to cut a stroke of 200 mm. Figure 3.9 shows the workpiece
and its tool paths. The cutting speed, feed and depth of cut were 5000 min™', 100 mm/min
and 5 mm respectively which was recommended by the manufacturer. The cutting forces
were measured by using a Kistler three-axis dynamometer (type 9255B). The measured
cutting force signals in X, Y, and Z directions were captured and filtered with low pass
filters (10 Hz cut off frequency). The cutting temperature was measured by using K-Type
Testo 925 thermocouple. All test measurements were repeated three times in order to
reduce abrupt readings. The thermocouple was installed under the machining surface that

reflects the amount of heat dissipation in the workpiece. This amount of dissipated heat is
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an indication of the change in the coefficient of friction between tool and chip at cutting
zone. During machining, the temperature was measured at every two minutes. The surface
roughness of the workpiece was measured by using a surface profilometer (MarSurf PS1
Perthometer). The R, values were used since they consider the averages of peaks and
valleys on the surface and these values are more accurate than the R; and R, values. Three

measurements were taken and the average is presented in this research.

Tool

Workpiece
z

P
Y
Figure 3.9 The workpiece and tool paths
Two different types of lubrication modes were used in this research. The ordinary
lubricant oil and nano base lubricants were studied. To deliver the lubricant to the tool chip
interface, MQL system was adopted. The experiment was carried out by using a thin-pulsed
jet nozzle that is developed in laboratory and controlled by a variable speed control drive.
In the case of using nanoparticles suspended lubrication system, the nozzle was equipped
with an additional air nozzle to accelerate the lubricant into the cutting zone. This
procedure also reduced the lubricant consumption up to 25%. The nozzle system was
attached to a flexible portable fixture mounted on the machining spindle. The flexible
design allows the injection nozzle to set at any desired position without interfering with the
tool or workpiece during the machining process. The diameter of the nozzle orifices was 1
mm and the MQL oil pressure was set to 0.2 MPa with a delivery rate of 2 ml/min. Figure

3.10 presents the schematic drawing of the nozzle.
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Figure 3.10 Schematic drawing of the nozzle
3.4.4 Experimental set up for carbon onion nano base lubricant in milling process
The experimental set-up used in this study is illustrated in Figure 3.11. The machine
used in this experiment was a vertical-type machining centre (Sakai CNC MM-250 S3), in
which the spindle has constant position preloaded bearings with oil-air lubrication and the
maximum rotational speed was 5000 min". The tool used in the experiments was SEC-

ALHEM2SS8 having a diameter of 8§ mm as shown in Figure 3.12.

CNC Milling (CNC MM-250 S3)

L

Tool = Lubricant

Workpiece — T —

Dynamometer
[ ] — Kistler 9067

Charge Amplifier |

Figure 3.11 The experimental set up

T = |
P |

‘._ 25mm _..|

@ 8mm

65mm

Figure 3.12 The tool geometry
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The cutting process of a rectangular Duralumin AL-2017-T4 workpiece (118 HV)
having a dimension of 50x20x10 mm® was selected as the case study. Table 3.14 shows the
mechanical properties of Duralumin AL-2017-T4 and Figure 3.13 shows the workpiece and
tool path in the cutting tests. The slot milling test was carried out and the tool moves in the
+ X direction to cut a stroke of 50 mm. The cutting speed, feed rates and depths of cut were
set at 75.408 m/min, 100 mm/min and 1.0 mm respectively as it was recommended by the.

To ensure the consistent lubrication supply, lubricants were properly poured on the
top of the workpiece during machining. The cutting force was measured by using Kistler
three-axis dynamometer (type 9067) and Keyence NR-600 with Wave Logger Pro
Software. The surface roughness (R,) was measured by using Nanofocus roughness tester
equipped with psufr software at a magnification of 10%, in accordance to the ISO 11562
standard with a 0.6 mm cut-off distance. After each cut, the surface roughness was
measured by using stylus profilometer. Three fixed spots were chosen for measuring the
surface roughness, where one of the spot was in the middle and the other two was at the
edge. Following this, the mean of the three readings was recorded.

Table 3.14 The mechanical properties of Duralumin AL-2017

Mechanical properties Value
Hardness, Vickers 118
Ultimate tensile strength 427 MPa
Tensile yields strength 276 MPa

Modulus elasticity 72.4 GPa
Poisson ratio 0.33
Fatigue strength 124 MPa
Shear Modulus 27 GPa
Shear Strength 262 MPa
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Figure 3.13 The workpiece and tool paths

3.5 Measuring Instrument
In order to evaluate the experimental response, the measuring instruments that were
utilized in this research is tabulated in Table 3.15.

Table 3.15 Measuring instrument to evaluate the experimental response

Response Measuring Instruments

Cutting force Dynamometer — Kistler 9255B/9067

Surface roughness Surface meter — Nanofocus + psurf, Mitutoyo Perthometer
Cutting temperature Thermocouple — K-Type(Testo 925), Infrared camera

Tool wear Dinolite microscope

Surface morphology FESEM Field Emission Scanning Electron Microscope
Surface morphology EDX Energy dispersive X-ray

3.5.1 Measuring cutting force

For the SiO, and MoS; nano base lubricant, the cutting force components were
measured and recorded by using a Kristler three component tool holder dynamometer
(Type 9121). The output from the dynamometer was amplified through Kristler
multichannel charge amplifier (Type 5019 A 141). The amplifier was connected to a data

acquisition system (National Instruments) that stored all data into a computer installed with
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LabVIEW 2011 SP1 software. The force components were radial force (FY), feed force (F))
and thrust force (F,). Before conducting any experiments the dynamometer was calibrated
by using the standard weight. The sampling frequency was set in such a way that allows 20
data points to be stored in every cycle.

For the carbon onion nano base lubricant, the cutting force was measured by using the
Kistler three-axis dynamometer (type 9067). The measured cutting force signals (X and Y
directions) were captured by the Keyence NR-600 equipped with Wave Logger Pro
Software. The sampling frequency was set in such that 20 points can be obtained in per
spindle revolution. The captured force signal was filtered by low-pass filters (10 Hz cutoff
frequency). The dynamometer measured the Fy and F), forces which are considered as the
resultant of all the fluctuating tangential (F;) and radial (F,) forces. In this case, cutting
force (F) was calculated based on the measured F, and F, which is equal to:

F. = m ...Equation 3.1

3.5.2 Measuring surface roughness

Surface roughness of the workpieces was measured after each experiment in term of
arithmetic mean value, R,. Five specific points across the surface was used for measuring
the surface roughness and averaged was taken for the sake of statistical significance. The
surface roughness was measured using Mitutoyo Surftest SJ-201 profilometer and the
surface profiles of the workpieces were generated by Mitutoyo Ver 4.00 software.
Specifications used for the measurements are shown in Table 3.16. Surface roughness of
cylindrical samples can be measured by using this device because the V-grooves designed
at the bottom of detector which ensures stability during measuring. The surface roughness
of the specimens was measured on a graphite table to ensure the flatness, stability and

accuracy during measurements.
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Table 3.16 Specifications for surface roughness measurements

Model Mitutoyo SurfTest SJ201
Standard ISO97
Profile R
Filter PC50
Unit mm
Cut-off 0.80
Range Auto

After machining, the surface roughness (R,) was measured by using Nanofocus
roughness tester equipped with psufr software following the ISO 11562 with 0.5 mm cut-
off distance. The surface roughness was measured for three times at 10x magnification
after every single machining run and the average was taken to present the result.

3.5.3 Measurement of cutting temperature
Table 3.17 shows the specification of K-Type Testo 925 thermocouple used to
measure the relative cutting temperature during the experimental run.

Table 3.17 K-Type Testo 925 thermocouple specification

Specification Range
Immersion tip measuring range -200 to +1000 °C
Accuracy 1(0.5 °C +0.3% of mv) (-40 to +900 °C)
1(0.7 °C +0.5% of mv) (remaining range)
Resolution 0.1 °C (-50 to +199.9 °C)
1 °C (remaining range)

The cutting temperature was also measured by using non-contact infrared
thermometer produced by Raytek equipped with DataTemp Multidrop software as
illustrated in Figure 3.14. The cutting temperature at the tool-work interface was measured
by triggering on the laser towards the interface. This process is suitable for high
temperature measurement especially for hard machining. The continuous measurements of
the cutting temperature was recorded as discrete data by the software for easier analysis.

The specifications of the device are shown in Table 3.18.
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Figure 3.14 Raytek Infrared Thermometer

Table 3.18 Specifications of Raytek Infrared thermometer

Model Raytek Infrared Thermometer MM1MH
Temperature range (°C) 540 to 3000
Optical resolution 300:1
Spectral response (um) 1
Response time (ms) 1

3.5.4 Measuring Tool wear

Dino Lite digital USB microscope (AM413ZT) was used to observe the tool wear in
this study as shown in Figure 3.15. This versatile microscope is convenient to obtain quick
picture with computer aided measurement capability. The resolution of this microscope is

1280x%1024 pixels and can be magnified up to 450x%.

Figure 3.15 Dino Lite Digital microscope
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The tool wear was also measured in terms of average tool flank wear. The tool flank
wear before and after machining was observed and measured by using Somotech light
microscope at a magnification of 100x as it is shown in Figure 3.16. The tool wear images

were captured and measured by using measurelT software along with the wear land.

Figure 3.16 Tool flank wear measurement by using Somotech light microscope

3.5.5 Surface morphology

To measure the surface morphology, Zeiss Gemini field emission scanning electron
microscope (FESEM) was used and it is shown in Figure 3.17. A field-emission cathode is
used in the electron gun for providing narrower probe beams with low or high electron
energy. This capacity of this machine provides better spatial resolution and minimizes the

sample charging and damage.
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Figure 3.17 Zeiss Gemini field emission scanning electron microscope (FESEM)
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CHAPTER 4 RESULTS, DATA ANALYSIS AND DISCUSSIONS

4.1 Introduction
The results of SiO,, MoS, and carbon onion nano base lubricant in turning and
milling processes is presented in this research work. To ensure the improvement of
performance in machining process by using nano base lubricants, the analysis and
discussion of the results are focused on optimizing the parameters in hard turning and
milling process. The results, data analysis and discussions will be covered the following
aspects:
e L;4(4)* orthogonal array design of experiment machining parameter optimization
in hard turning process
e Lis(4)° orthogonal array design of experiment in hard turning with SiO, nano
base lubricant
e Fuzzy logic approach in determining the effect of SiO, nano base lubricant on
tool wear and surface roughness in hard turning
e L (4)° orthogonal array design of experiment in milling with SiO, nano base
lubricant
e Fuzzy logic approach in determining the effect of SiO, nano base lubricant on
cutting force and surface roughness in milling
e L4(4)’ orthogonal array design of experiment in milling with MoS, nano base
lubricant

e Carbon onion nano base lubricant in milling
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4.2 L16(4)4 orthogonal array design of experiment for machining parameter
optimization in hard turning process

To optimize the machining parameters in hard turning process, the Lis(4)°
orthogonal array design of experiment were conducted. In this case, several response were
measured such as cutting force and power consumption, surface roughness, chip thickness

ratio and cutting temperatures.

4.2.1 Cutting force and power consumption
Figure 4.1 shows an example cutting forces in X, Y and Z directions for cutting
speed of 50 m/min, feed rate of 0.15 mm/rev, depth of cut 0.4 mm and MQL lubrication

modes. While, Table 4.1 is presenting TPM and S/N ratio for cutting force.

1500

1000

500 [ A, —- =

— Tangential Force F;
N — R | T T |=— Thrust Force, F},
L — Feed Force, Fy

Force, F (N)

-500

-1000

-1500
Q 1 2 3 4 5 6 7 8 -]

Figure 4.1 An example of measured cutting forces at cutting speed of 50 m/min, feed rate:
0.15 mm/rev and depth of cut 0.4 mm and MQL lubrication modes
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Table 4.1TPM and S/N ratio for cutting force

Exp. no. Cutting force TPM (N) S/N ratio (dB)
1 97.96 97.96 -39.82
2 170.58 170.58 -44.64
3 304.73 304.73 -49.68
4 461.36 461.36 -53.28
5 121.28 121.28 -41.68
6 151.81 151.81 -43.63
7 440.41 440.41 -52.88
8 372.44 372.44 -51.42
9 137.36 137.36 -42.76
10 262.92 262.92 -48.40
11 159.44 159.44 -44.05
12 328.49 328.49 -50.33
13 190.29 190.29 -45.59
14 213.37 213.37 -46.58
15 208.38 208.38 -46.38
16 182.93 182.93 -45.25

The TPM and S/N response data for cutting force is shown in Table 4.2 where TPM
is the target performance measurement, which is equal to the average of the measured
cutting force at the same level of input parameters (7). The TPM and S/N response graph
for cutting force is plotted in the Figure 4.2 and Figure 4.3, respectively. From the TPM
response graph, the feed rate (factor B) is found to have the most significant effect on the
cutting force which is similar to the finding found for surface roughness. The second most
significant factor is the depth of cut (factor C), followed by the cutting speed (factor A) and
the lubrication mode (factor D). The analysis proposed that the optimal cutting parameters
for lowest cutting force should adhere to the lowest feed rate (B1, 0.05 mm/rev), the lowest
depth of cut (C1, 0.20 mm), the highest cutting speed (A4, 245 m/min) and MQL cutting
condition should be applied (D3). Therefore, the optimal machining parameters for the

lowest cutting force are the combination of A4 B1 C1 D3.
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Table 4.2 TPM and S/N Response data for cutting force

Factor and |Level TPM response data (N) S/N ratio response data (dB)
interaction | (/) Ai Bi Ci Di Ai Bi Ci Di
Summation 1 258.65 | 136.72 | 148.03 | 270.05 | -46.85 -42.46 | -43.18 | -47.40
at the level 2 271.48 199.67 207.18 223.18 -47.39 -45.81 -45.75 -46.42
of input 3 222.05 278.23 256.97 217.96 -46.38 -48.24 -47.60 -46.24
parameter 4 198.74 | 336.30 | 338.74 | 239.72 | -45.94 -50.06 | -50.03 | -46.51
Difference 72.74 199.58 | 190.70 52.09 1.45 7.60 6.84 1.15
Rank 3 1 2 4 3 1 2 4
350.0
f =¢— Cutting
300.0 speed
= 250.0 / \ == Feed rate
= \
~ 200.0 Depth of
cut
150.0
‘ == ubrication
100.0 T T T T T T T T T T T T T T T T T T 1 mOde
Al A2 A3 A4 B1 B2 B3 B4 Cl1 C2C3cCca D1 D2 D3 D4
Input parameter level

Figure 4.2 TPM response graph for cutting force

As depicted in Figure 4.3, the S/N ratio response reveals that the cutting force is

heavily influenced by the feed rate (factor B), followed by the depth of cut (factor C), the

cutting speed (factor A) and the lubrication mode (factor D). It is seen from the graph that

the optimal cutting parameters for lowest cutting force is the lowest feed rate (B1, 0.05

mm/rev), the lowest depth of cut (C1, 0.20 mm), the highest cutting speed (A4, 245 m/min)

and machined by adopting the MQL technique (D3). Thus, the combination for the optimal

cutting parameters with lowest cutting force is A4 B1 C1 D3.
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Figure 4.3 S/N response graph for cutting force
The analysis of variance by using Pareto ANOVA is an alternative method to
analyze the data for the optimization process. The summation of the squares of differences
(S) for each control factor is calculated. One such example for S, can be obtained by the
following equation 4.2:

Su= (A = 4,)7 + (4 = 4;)" + (4, = 4;)" + (4, - 4,)° ...Equation 4.1
Similarly, S, and S¢ are calculated. The contribution ratio for each factor is calculated as
the percentage of summation of squares of differences for each factor (S) to the total
summation of the squares of differences. The Pareto ANOVA analysis for cutting force is
tabulated in Table 4.3. It is seen that the feed rate (factor B) and depth of cut (factor C)
contributes 54.48% and 42.22% of the cutting parameters of cutting force. These two
factors contribute most of the effect which is 96.71%. The cutting speed (factor A)
contributes 1.96% which is almost identical to the contribution of the lubrication mode
1.34% (factor D). In other words, in Pareto ANOVA analysis similar combination (A4 B1

C1 D3) is obtained for the cutting force as it was seen for TPM and S/N ratio analysis.
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Table 4.3 Pareto ANOVA analysis for cutting force

Factor and interaction Ai Bi Ci Di
Summation at the 1 -46.85 -42.46 -43.18 -47.40
level of input 2 -47.39 -45.81 -45.75 -46.42
parameter 3 -46.38 -48.24 -47.60 -46.24
4 -45.94 -50.06 -50.03 -46.51
Total summation at factor level -186.11 -186.58 -186.58 -186.58
Summation of squares of
differences (S) 4.66 129.98 100.72 3.19
Total of summation squares of
differences 238.57
St= SA+ SB+ Sc+ SD
Contribution ratio (%) 1.96 | 5448 | 4222 | 134
Pareto diagram
Pareto ANOVA Analysis
100.00 g 0 100.00
—_ 98.66 100.00 S
¥ 80.00 6.71 80.00 2
2 / 2 .
€ 60.00 g0.00 £ o contribution
c o ratio
(=) (8]
= []
,-§ 40.00 40.00 '% == Cumulative
£ S contribution
o 20.00 20.00 E
o =]
1.96 1.34 ©
0.00 T T T 0.00
B C A D
Factor
Cumulative contribution 54.48 96.71 98.66 100.00
Optimum combination B1 C1 A4 D3
Overall optimum conditions for all A4 B1C1D3
factors

The analyses show that the feed rate and depth of cut are the most significant
factors that influence the cutting force. The cutting force is directly proportional to the feed
rate and depth of cut. The increase of these factors leads to an increase of cutting force
because the combination of feed rate and depth of cut define the uncut chip section and
determine the amount of energy required to remove a specific volume of material. The
higher feed rate and depth of cut generate larger undeformed chip area and hence increase

the cutting force to overcome the resistance of the workpiece (Ghani et al., 2004).
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The highest cutting speed is found to promote the lower cutting force. This is
because the cutting temperature increases with increasing cutting speed. Rise in
temperature at the tool-chip interface reduces both of the shearing strength and friction
forces (Bouacha et al., 2010). Moreover, machining at higher cutting speed avoids the
formation of built up edge which has detrimental effect on cutting forces (Ebrahimi &
Moshksar, 2009). Lower cutting force ensures lower distortion in the workpiece, which in
turn improves the surface finish of the product (Senthil Kumar et al., 2003).

MQL is found the most suitable technique for lowering the cutting force. It is
believed that the pulsed-jet application allows the cutting oil to penetrate into the tool-chip
and tool-workpiece interfaces more efficiently. Lubricants take places even inside the
minute capillaries and interfaces to reduce the friction force. Beside this, the penetration
and adhesion of the lubricants to the workpiece can promote the plastic flow at the backside
of the chip which relieves the compressive stress and promotes the formation of curl chip
that reduces tool-chip contact length (Pusavec et al., 2011; Sharma et al., 2009).

As a consequence of changing the cutting force, the power consumption was
investigated as well. The power consumption of the cutting tool is obtained as follows
(Reddy & Rao, 20006).

P =F.\, (Watt) ...Equation 4.2

Where, P represents the power consumption (kW), F. is the cutting force (N) and V. is the
cutting speed (m/min). However, it should be noted that during turning process, the
tangential force (F;) is mainly responsible for shearing of the material while the radial force
(F,) is responsible for the feed force to perform cutting. F; and F, are frequently changed
based on the engaged angle of cutting. However, the dynamometer is measuring F, and F),

forces which are considered as the fluctuating tangential (¥,) and radial (F,) forces.
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The forces generated during metal cutting have a direct influence on cutting force
and chip thickness ratio. The three components of force that occur during turning are
shown in Figure 4.4. According to this figure, the feed force, thrust force and main cutting
force is represented by Fy, F; and F. respectively. Cutting force is one of the most important
characteristic variables in the cutting processes (Ghani et al., 2004). In this case, the cutting
force (F7) is represented based on the measured F,, thrust force (F}) is represented based on

the measured F and radial force (F)) is represented based on the measured F;.

Figure 4.4 Cutting force components which occurs during metal cutting in turning
(Ghani et al., 2004)

Figure 4.5 shows the changes in power consumption during the cutting process. As
it can be seen, the power consumption is reduced significantly at lowest feed rate (B1, 0.05
mm/rev), lowest depth of cut (C1, 0.20 mm), highest cutting speed (A4, 245 m/min) and

applying MQL cutting (D3).
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Figure 4.5 The power consumption of the cutting tool for both lubrication modes

The results from the seizure experiment can be explained by the fact that the
deformation of the chip flowed over a tool leads to a localized intense shear region due to
the friction at the rake face. This type of shear action is known as secondary shear. The
results from seizure experiment shows that the feed rate is the most prominent factors
affecting the cutting force followed by depth of cut, cutting speed, while the lubrication
mode has a less significant effect. Thus for lower cutting force, the recommended setting
are the lowest values of the depth of cut, feed rate and cutting speed in conjunction with the
application of MQL. The experimental results show that the cutting force is lower at higher
cutting speed and comparatively high at low cutting speed. The cutting force exhibits an
almost linear increasing trend with cutting speed. The reason for the reduction of cutting
force with increasing cutting speed is due to the decreasing in chip thickness. This means
that at smaller speed, thinner chips are produced. It is also suggested that the drop in these
forces is partly caused by the decrease in contact area of flow and partly caused by the drop
in shear strength at the flow zone. As the cutting speed decreases, the chips become thinner
and shear angle increases. Such an increment of shear angle decreases the chip reduction
coefficient and chip strains. This indicates that the plastic deformation takes place with less

strain, so the force and power consumptions are lowered. The coefficient of friction is

72



decreased and consequently main cutting force is also decreased, which in turn preserves
the machining performance leading to smaller power consumption. Another possible reason
is that when the spindle speed is increased, cutting energy generates compressive stresses
leading to an increase in temperature at the tool-chip interface. The generated heat in the
machining zone helps to soften the workpiece material which in turn reduces the cutting
forces required to cut the material with better surface finish. However, it is believed that the
spindle speed should be controlled to an optimum value, as the temperature significantly
affect the cutting forces and power consumption especially for hard materials. Thus the
implementation of cutting fluid as a coolant is very crucial.

In term of lubrication modes, MQL technique is found to be the most suitable for
lowering the cutting force and power consumption. It is believed that the low viscosity of
straight oil employed with pulsed-jet application allows the cutting oil to penetrate
efficiently into the tool-chip and tool-work interfaces. Hence, the minute capillaries and
interfaces are wetted by the lubricants and the friction force is reduced (Kumar &
Ramamoorthy, 2007). Besides, the penetration and adhesion of lubricant to the work
surface promotes the plastic flow at the backside of the chip which relieves the compressive
stress and promotes the formation of curly chip that reduces tool-chip contact length
(Sharma et al., 2009). The experimental results show that chilled air does not reduce the
cutting force due to the fact that the blow of chilled air towards cutting zone increases the
hardness and brittleness of the workpiece material which makes the chip formation more
difficult to be accomplished. Additionally, the effect of cutting parameters is similar for
both on cutting forces and chip thickness ratio. This observation further supports that the
proposed combination of cutting parameters is capable to show good machining

performances.
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A verification test was performed by using the optimal parameters in order to
ensure the results. To address this issue, the combination of A4 B1 C1 D3 was used to
validate the recommendation. This test was repeated for sixteen times and the average TPM
values are reported for the cutting forces and chip thickness. The result shows an
improvement of 10.48% and 8.22% in cutting force and chip thickness respectively,
compared to the values obtained from experiments shown in Table 4.1. Based on the
results, the following conclusions are derived:

1. Lower power consumption during machining can be achieved with the set of the
lowest feed rate (B1, 0.05 mm/rev), lowest depth of cut (C1, 0.20 mm), highest
cutting speed (A4, 245 m/min) and applying MQL cutting condition (D3).

2. Thus for the recommended setting for lower cutting force are the lowest values of
the depth of cut and feed rate with the highest values of the lubrication pressure and

spindle speed.
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4.2.2 Surface roughness

Table 4.4 shows the TPM and S/N ratio for surface roughness. The TPM and S/N
response data for surface roughness are shown in Table 4.5. The TPM response graph is
plotted based on the data taken from Table 4.5 as it is shown in Figure 4.6.

Table 4.4 TPM and S/N ratio for surface roughness

Exp. no. Surface roughness TPM (um) S/N ratio (dB)
1 0.17 0.17 15.08
2 0.40 0.40 7.96
3 0.93 0.93 0.66
4 1.34 1.34 -2.56
5 0.28 0.28 10.87
6 0.45 0.45 6.55
7 0.72 0.72 2.85
8 1.32 1.32 -2.44
9 0.18 0.18 14.58
10 0.24 0.24 12.34
11 0.78 0.78 2.1
12 1.35 1.35 -2.58
13 0.26 0.26 11.64
14 0.33 0.33 9.62
15 0.79 0.79 2.02
16 1.27 1.27 -2.10

It is clear from the figure that the feed rate (factor B) is the most significant factor
affecting the surface roughness followed by the cutting speed (factor A), the depth of cut
(factor C) and the lubrication mode (factor D). It is seen that the lowest feed rate (B1, 0.05
mm/rev), intermediate cutting speed (A3, 180 m/min), highest depth of cut (C4, 0.50 mm)
and hard turning operation in the dry cutting condition (D1) is the best combination for the
best surface finish. The optimal cutting parameters combination for best surface finish is

A3 B1 C4 Dl1.
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Table 4.5 TPM and S/N response data for surface roughness

Factor and |Level TPM response data (um) S/N ratio response data (dB)
interaction | (/) Ai Bi Ci Di Ai Bi Ci Di
Summation 1 0.70 0.22 0.67 0.64 5.28 13.04 5.41 6.24
at the level 2 0.69 0.35 0.70 0.69 4.45 9.1 4.56 4.81
of input 3 0.63 0.80 0.68 0.68 6.61 1.91 5.60 5.44
parameter 4 0.66 1.32 0.64 0.69 5.29 -2.41 6.06 5.14
Difference 0.07 1.09 0.06 0.05 2.15 15.45 1.50 1.42
Rank 2 1 3 4 2 1 3 4
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Figure 4.6 Graph of TPM response for surface roughness

The S/N ratio response graph for surface roughness is presented in Figure 4.7 which
is constructed from the S/N ratio response data tabulated in Table 4.5. The highest S/N
ratio indicates the best surface finish. The graph reveals that the feed rate (factor B) is the
most influential factor for surface roughness, followed by the cutting speed (factor A), the
depth of cut (factor C) and finally the lubrication mode (factor D). The lowest surface
roughness can be achieved by using the lowest feed rate (B1, 0.05 mm/rev), intermediate
cutting speed (A3, 180 m/min) and highest depth of cut (C4, 0.50 mm) with dry cutting
condition (D1). Hence, the optimal parameters combination for best surface finish is A3 B1

C4 DI.
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Figure 4.7 Graph of S/N ratio response for surface roughness

Table 4.6 proposes the best combination for surface roughness using the Pareto
ANOVA analysis. It shows that the feed rate (factor B) has the most prominent effect
which is 96.89%. The cutting speeds, the depth of cut and the lubrication mode have
insignificant effect on surface roughness. The contribution of parameters for surface
roughness is cutting speed (factor A) is 1.59%, depth of cut (factor C) 0.79 % and the
lubrication mode (factor D) 0.74%. The best combination to achieve the lowest surface
roughness is A3 B1 C4 D1 which is similar to the TPM and the S/N ratio response analysis.
In addition, the cutting speed has weaker effect on the surface roughness which is identical
from all analysis. Hence, highest cutting speed can be set to take the advantage of higher

material removal without deteriorating the surface finish.
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Table 4.6 Pareto ANOVA analysis for surface roughness

Factor and interaction Ai Bi Ci Di
Summation at the level of 1 5.28 13.04 5.41 6.24
input parameter 2 4.45 9.11 4.56 4.81
3 6.61 1.91 5.60 5.44
4 5.29 -2.41 6.06 5.14
Total summation at factor level 21.65 21.65 21.65 21.65
Summation of squares of
differences (S) 9.53 582.03 4.73 4.44
Total of summation squares of
differences 600.7445
St= SA+ SB+ Sc+ SD
Contribution ratio (%) 1.59 | 9689 | 0.79 | 0.74
Pareto diagram
Pareto ANOVA Analysis
100.00 —— { e | 100.00
) 98.47 99.26 100.00 s
£ 80.00 80.00 =
2 :2 mmm Contribution
2 60.00 60.00 E ratio
S ]
5 40,00 4000 2 —m—Cumulative
E = contribution
§ 20.00 2000 €
1.59 0.79 0.74 o
0.00 T T T 0.00
B D
Factor
Cumulative contribution 96.89 98.47 99.26 100.00
Optimum combination B1 A3 C4 D1
Overall optlm?m conditions for all A3 B1 C4 D1
actors

The continuous increment of the cutting speed might deteriorate the surface
roughness as well. It is known that high cutting speed results in higher cutting temperature.
Moreover, the highest cutting speed can cause chattering to the machine tool that might
affect the surface roughness negatively (Benga & Abrao, 2003). Therefore, it is believed
that the cutting speed should be controlled at an optimum value to take the advantage of
higher material removal with a good surface finish. Even though the analysis suggests that
the depth of cut plays a minor role in affecting the surface roughness, it is worth to state

that the highest depth of cut should be considered all the time. The reasons are the ability to
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produce good surface finish and to compensate the low material removal attribute by low
feed rate.

Comparison between lubrication modes it is found that the dry cutting mode is the
best choice to improve the surface finish in hard turning process. Dry cutting increases the
workpiece and tool tip temperature close to the cutting zone. Thus, the workpiece is
annealed and softened. The thermal softening reduces shear strength and hardness of the
material which makes the chip formation easier, reduces the cutting force and improves the

surface finish (Bartarya & Choudhury, 2012; Diniz & Micaroni, 2002).
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4.2.3 Chip thickness ratio
The TPM and S/N ratio for chip thickness ratio is shown in Table 4.7. While, the
TPM responses for chip thickness are shown in Table 4.8.

Table 4.7 TPM and S/N ratio for chip thickness ratio

Exp. no. Chip thickness ratio TPM (um) S/N ratio (dB)
1 0.50 0.50 -6.04
2 0.63 0.64 -4.00
3 0.72 0.72 -2.85
4 0.82 0.83 -1.67
5 0.78 0.79 -2.17
6 0.88 0.88 -1.39
7 0.77 0.78 -2.25
8 0.97 0.98 -0.28
9 0.55 0.56 -5.13
10 0.79 0.80 -2.03
11 1.20 1.20 1.46
12 1.10 1.10 0.81
13 0.58 0.59 -4.75
14 0.88 0.88 -1.15
15 1.05 1.06 0.27
16 1.66 1.67 4.44

Table 4.8 TPM response for chip thickness ratio

Factor and TPM response data
interaction Level (/) Ai Bi Ci Di
Summation at the =1 0.67 0.60 1.06 0.81
level of input =2 0.85 0.79 0.89 0.85
parameter i=3 0.91 0.94 0.78 0.99
i=4 1.04 1.14 0.74 0.83

Figure 4.8 presents the TPM response graph for chip thickness ratio and it indicates
that the feed rate (factor B) is the major factor that affects the chip thickness ratio. The
cutting speed (factor A) and the depth of cut (factor C) are the significant cutting
parameters in determining the chip thickness ratio. Meanwhile, the lubrication mode (factor
D) has the least significant influence to the chip thickness ratio. The Figure 4.8 illustrates
that the chip thickness ratio is increased with the high values of feed rate and cutting speed.
On the contrary, the chip thickness ratio is increased with the low values of the depth of cut

and machining using MQL lubrication mode. The larger TPM value is ideal because higher
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chip thickness ratio signifies better the machining operation. The optimal cutting

parameters are not proposed in this section because the chip thickness ratio acts as the

indication to the machining operation.
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Figure 4.8 TPM response graph for chip thickness ratio
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4.2.4 Cutting temperature

Table 4.9 shows the TPM and S/N ratio for cutting temperature. Figure 4.9
illustrates the TPM response for cutting temperature obtained from TPM and S/N response
data shown in Table 4.10.

Table 4.9 TPM and S/N ratio for cutting temperature

Exp.no. | Cutting te(’f‘é’)erat”re’ T TPM (°C) SIN ratio (dB)
1 662.23 662.23 56.42
2 540.00 540.00 54.65
3 577.23 577.23 55.23
4 593.60 593.60 55.47
5 583.63 583.63 55.32
6 602.27 602.27 55.60
7 730.03 730.03 57.27
8 574.90 574.90 5519
9 589.90 589.90 55.42
10 572.90 572.90 5516
11 608.33 608.33 55.68
12 725.30 725.30 57.21
13 540.00 540.00 -54.65
14 665.20 665.20 56.46
15 549.30 549.30 -54.80
16 556.27 556.27 54.91

From the figure, it is seen that the sequence of factors according to their
significance towards cutting temperature are lubrication mode (factor D) followed by
cutting speed (factor A), feed rate (factor B) and finally depth of cut (factor C). The
combination of the level 2 (flood cutting mode) of the lubrication mode, the level 1 (50
m/min) of the cutting speed, the level 2 of the feed rate (0.10 mm/rev) and the level 2 (0.30
mm) of the depth of cut is found to be ideal for minimum cutting temperature. Hence, the

optimum combination for cutting temperature is A1 B2 C2 D2.
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Table 4.10 TPM and S/N response data for cutting temperature

Factor and |Level TPM response data (°C) S/N ratio response data (dB)
interaction | (/) Ai Bi Ci Di Ai Bi Ci Di
Summation |1 | 570.23 | 589.06 | 607.27 | 695.69 | -55.03 | -55.37 | -55.65 | -56.83
at the level 2 622.70 | 572.05 | 576.52 | 537.90 | -55.84 | -55.06 | -55.08 | -54.55
of input 3 | 624.10 | 616.22 | 601.80 | 572.50 | -55.86 | -55.74 | -55.57 | -55.15
parameter 4 | 572.81 | 612.51 | 604.25 | 583.76 | -55.12 | -55.69 | -55.55 | -55.31
Difference 53.87 44 .16 30.75 | 157.79 0.83 0.68 0.56 2.28
Rank 2 3 4 1 2 3 4 1
700.0 X
680.0 o— Cutting
660.0 \ speed
640.0 ‘ ——Feed rate
S 620.0 ﬁ
s 600.0 / \ N ﬁ = ‘\ Depth of
& 580.0 7 S # \ )(g wut
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540.0 mode
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Figure 4.9 TPM response graph for cutting temperature

The lubrication mode (factor D) has the highest significance level towards cutting
temperature whilst the cutting speed (factor A) has the second highest level. The variation
of the feed rate (factor B) and the depth of cut (factor C) show less influence on the cutting
temperature. These findings are graphically presented in Figure 4.10. Besides, the best
combination for lowest cutting temperature is the level 2 (flood cutting mode) of the
lubrication mode, the level 1 (50 m/min) of the cutting speed, the level 2 of the feed rate
(0.10 mm/rev) and the level 2 (0.30 mm) of the depth of cut, which can be summarized as

Al B2 C2 D2.
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Figure 4.10 S/N ratio response graph for cutting temperature

The cutting temperature obtained from the Pareto ANOVA analysis is shown in
Table 4.11. The best combination for lowest cutting temperature is the lubrication mode
(factor D) 71.88%, the cutting speed (factor A) 15.44%, the feed rate (factor B) 7.69% and
the depth of cut (factor C) 5.00%. The lubrication mode and the cutting speed have the
essential roles in affecting the cutting temperature up to cumulative percentage of 87.31. In
short, the best combination for lowest cutting temperature is A1 B2 C2 D2. Moreover, the
analysis proved that the depth of cut has insignificant effects on the cutting temperature.
Therefore, depth of cut can be increased without increasing temperature to facilitate the

productivity needed in the industries.
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Table 4.11: Pareto ANOVA analysis for cutting temperature

Factor and interaction Ai Bi Ci Di
Summation at the level 1 -55.03 -55.37 -55.65 -56.83
of input parameter 2 -55.84 -55.06 -55.08 -54.55
3 -55.86 -55.74 -55.57 -55.15
4 -55.12 -55.69 -55.55 -55.31
Total summation at factor level -221.87 -221.87 -221.87 -221.87
Summation of squares of
differences (S) 2.43 1.21 0.78 11.32
Total of summation squares of
differences 15.7501
St= SA+ SB+ Sc+ SD
Contribution ratio (%) 15.44 | 7.69 | 5.00 71.88
Pareto diagram
Pareto ANOVA Analysis
__100.00 — 100.00 5
S e C
S 80.00 95.00 100.00 | gpoo 3 o
= 87.31 S mmm Contribution
E 60.00 60.00 § ratio
'§ 40.00 40.00 ¢ ——Cumulative
2 b= contribution
£ 2000 15.44 269 o0 2000 5
o : . €
o 0.00 - . || I 0.00 '3
A B C
Factor
Cumulative contribution 71.88 87.31 95.00 100.00
Optimum combination D2 A1 B2 C2
Overall optimum conditions for all A1 B2 C2 D2
factors

Analysis reveals that the combination of lubrication mode and cutting speed

contributes 87.31% of the cutting temperature. The higher cutting speed increases the

cutting temperature tremendously. It was seen that the cutting temperature increases

linearly from the speed of 50 to 180 m/min. However, it is noticeable that the cutting

temperature decreases if cutting speed continue to increase above 180 m/min. It is clear that

the cutting speed is a function of heat generation during machining. On the other hand, the

reduction of cutting temperature at the highest cutting speed ensures higher material

removal. Higher material removal results in more heat dissipation to the surroundings by

forced convection and heat carried away by the chip. Furthermore, flood cutting mode is
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the best solution for reducing the cutting temperature. The higher specific heat capacity of
water present in the emulsions makes it a very effective coolant during cutting operation.

In this study, all types of analyses on surface roughness show similar results.
Analyses show that the feed rate is the most prominent factor influencing the surface
roughness in hard turning. The surface roughness decreases with the decreasing of feed
rate. Similar results were obtained by other researchers as well (Hamdan et al., 2011). On
the other hand, the cutting speed has the second highest importance in affecting the surface
roughness although its sole contribution is insignificant. The analysis shows that the
preferable cutting speed for better surface roughness is level 3 which is regarded as high
cutting speed in this study. At high cutting speed, the velocity of chips flow is faster. Thus,
the contact time between the chips and machined surface is short which reduces the
possibility of the chip wrapping back to the newly generated surface (Ghani et al., 2004).
Since the chip is harder than the workpiece, high cutting speed reduces the tendency of the
chips entering into cutting zone to avoid scratches on the finished surface (Thepsonthi et
al., 2009). Furthermore, at increased cutting speed the lateral plastic flow of the material
can be avoided to reduce uneven surface profile (Bouacha et al., 2010; Rech & Moisan,

2003).
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4.3 L16(4)3 orthogonal array design of experiment in hard turning with SiO, nano base
lubricant
4.3.1 Cutting force and power consumption

The hard turning test was carried out as a case study of the cutting process of
AISI4140 steel workpiece. The cutting force was measured periodically at every 5 minute
intervals and six readings were taken in the continuous cutting process. Two different
lubrication modes were used in this research, namely, ordinary lubrication and SiO, nano
base lubricant. To deliver the lubricant to the tool-chip interface, the MQL system with a
thin-pulsed jet nozzle was adopted for the both lubrication modes. In the SiO, nano base
lubricant, the nozzle is equipped with an additional air nozzle to accelerate the lubricant
into the cutting zone and to reduce the oil consumption up to 25%.

During the hard turning of AISI4140 steel with coated carbide tools, the effect of
different lubrication modes was studied. Figures 4.11 (a) and (b) show an example of
measured cutting forces in X, Y and Z-axis direction by using ordinary lubrication and
SiO, nano base lubricant after 20 seconds of cutting (speed: 120 m/min, feed rate: 0.15
mm/rev, 0.5 mm). Results depict that the lower cutting force can be obtained by using
lubricants containing 0.2 wt% SiO, compared to normal lubrication system at similar

cutting parameters.
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Figure 4.11 An example of measured cutting forces in X, Y and Z-axis direction after 20
seconds of cutting at a speed of 120 m/min, feed rate of 0.15 mm/rev and depth of cut of
0.5 mm by using (a) ordinary lubrication system and (b) SiO, nano base lubricant

The variation of cutting force with different concentration of SiO, is shown in

Figure 4.12. Results depict that the lower cutting force is obtained by using SiO, nano base

lubricant containing 0.2 wt% nanoparticles compared to normal lubrication system at

similar cutting parameters. Figure 4.13 is presenting the Variation in cutting forces for both

modes of lubrication
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Figure 4.12 Variation of cutting performance at different concentration of SiO,
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Figure 4.13 Variation in cutting forces for both modes of lubrication

As a consequence in the change of cutting force, the specific energy (E.) and the
power consumption is investigated as well. The specific energy of the cutting tool is
obtained as follows (Reddy & Rao, 2006):

E. = £V (J/mm”) Equation 4.3
fd,d,

where E. is the specific energy, F. is the cutting force (Newton), V. is the cutting speed
(m/min) of the tool, f'is the work feed (mm/min), d, is the axial depth of cut (mm), and d, is
the radial depth of cut (mm) .

Figure 4.14 and 4.15 shows the changes in specific energy and power requirement
of the cutting tool for both lubrication modes respectively. As it can be seen in Figure 4.14
and 4.15, the specific energy and power consumption is reduced significantly for the nano
base lubricant compared to the ordinary lubrication system. As an example, the reduction in

power consumption reduction is 37.19%.
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Figure 4.14 The specific energy required at the cutting tool for both lubrication modes
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Figure 4.15 The power required at the cutting tool for both lubrication modes

In this research, the development of SiO, nano base lubricant is investigated in

machining process for less power consumption and pollution. From the Figures 4.13, 4.14

and 4.15 it is seen that the cutting forces, specific energy and power requirement is reduced

considerably by using the SiO; nano base lubricant. Overall, SiO, nano base lubricant is an

eco-friendly alternative since it requires less force, energy and power compared to normal

lubrication system. Based on the results obtained, the following conclusions can be derived:

1. SiO; nanoparticles dispersed in mineral oil improve the machining performance by

reducing the coefficient of friction and cutting forces compared to ordinary

lubrication system.
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2. The specific energy and power requirement is reduced during the machining
process with the application of SiO; nano base lubricant compared to the ordinary
lubrication system.

3. The effectiveness of SiO, nano base lubricant is high compared to the ordinary
lubrication system because SiO, nanoparticles in the mineral oil roll and slide at the

tool chip interface to reduce the coefficient of friction.
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4.3.2 Surface roughness

Figures 4.16 provide examples of surface roughness respectively at 120 m/min

cutting speed, 15mm/rev feed and 0.5mm depth of cut. 0.0 wt% SiO, nanoparticles were

added to the lubricant and 1 bar air pressure was applied with a nozzle angle of 15°. Table

4.12 shows the measured value for surface roughness.
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Figure 4.16 An example of surface roughness at 120 m/min cutting speed, 15 mm/rev feed

and 0.5 mm depth of cut (nanoparticle concentration: 0.0 wt%, air pressure: 1 bar and
nozzle angle 15°)

Table 4.12 Measured value of surface roughness

Control factors and

S < Le\éels (@) . Measured Parameters
i o O . § | -% - Surface roughness
5| 2EL| 2@ [REC .
s | L |z2 Reading TPM(um) | SN (dB)
g | < © 1 2 3
1 i=1 1 1 0.75 0.70 0.83 0.76 1.17
2 =1 2 2 0.65 0.67 0.65 0.66 1.80
3 i=1 3 3 0.75 0.76 0.81 0.77 1.10
4 =1 4 4 0.85 0.88 0.88 0.87 0.59
5 =2 1 2 0.70 0.74 0.74 0.73 1.37
6 =2 2 1 0.89 0.92 0.92 0.91 0.39
7 =2 3 4 0.71 0.69 0.71 0.70 1.51
8 =2 4 3 0.77 0.79 0.78 0.78 1.06
9 i=3 1 3 0.56 0.61 0.59 0.59 2.29
10 i=3 2 4 0.69 0.66 0.69 0.68 1.65
11 i=3 3 1 0.76 0.75 0.70 0.74 131
12 i=3 4 2 0.62 0.64 0.69 0.65 1.85
13 = 1 4 0.83 0.85 0.92 0.87 0.60
14 i= 2 3 0.83 0.80 0.84 0.82 0.83
15 i= 3 2 0.81 0.79 0.81 0.80 0.93
16 i= 4 1 0.74 0.75 0.75 0.75 1.23
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Figures 4.17 (a) and (b) provide the examples of measured surface roughness for

both lubrication systems at 120m/min cutting speed, 15mm/rev feed and 0.5mm depth of

cut. Results depict that the lower surface roughness is obtained by using 0.2 wt% SiO, in

the lubricants (0.62 pm) compared to normal lubrication system (0.81 pum) at similar

machining parameters.
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Figure 4.17 An example of measured surface roughness at 120m/min cutting speed,
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15mm/rev feed rate and 0.5 mm depth of cut by using (a) ordinary lubricant and (b) nano

base lubricant containing 0.2 wt% SiO;

These results are supported by the stereoscopic photographs for three-dimensional

views of machined surface at different lubrication modes as it is shown in Figure 4.18 (a)

and (b). It is clearly shown that the smaller surface roughness is obtained by using 0.2 wt%

Si0, nano base lubricant.
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Figure 4.18 An example of measured surface roughness for both lubrication modes at
120m/min cutting speed, 15mm/rev feed and 0.5 mm depth of cut by using (a) ordinary
lubricant and (b) nano base lubricant containing 0.2 wt% SiO,

The calculated TPM and S/N response data for surface roughness are listed in Table
4.13 and it has been plotted in Figure 4.19. From Figure 4.19 (a) and (b), nanoparticles
concentration of 0.5 wt% (A3), air pressure of 1 bar (B1) and nozzle angle of 30° (C2) are
deemed to be the best choices for attaining the lowest surface roughness. In conclusion, the
optimal parameter for attaining the lowest tool wear and surface roughness are A3 B2 C4

and A3 B1 C2 respectively.
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Table 4.13 The calculated S/N and TPM response for surface roughness

Response Table for Signal to Noise (S/N) Ratios | Response Table for Means (TPM)
SiO, Air Pressure Nozzlg SiO, Air N_ozzle.
Level | Concentrati (bar) Orientation Level Concentra Pressure Orientatio
on (wt%) ©) tion (wt%) (bar) n (°)
1 2.33 2.71 2.05 1 0.76 0.73 0.79
2 2.16 2.33 2.97 2 0.78 0.77 0.71
3 3.55 2.42 2.63 3 0.66 0.75 0.74
4 1.79 2.36 2.17 4 0.81 0.76 0.78
Delta 1.75 0.37 0.92 Delta 0.14 0.03 0.08
Rank 1 3 2 Rank 1 3 2
4.2 : : : : : : : : : : :
a) L —esio2
' ' | ' ' ' | : : : Concentration
3.4 i (Wt%)
i : : : ; : i == Air Pressure
m_ /N (bar)

Nozzle Angle
()

=
1)

S/N Response (dB)
b

Al A2 A3 Ad Bl B2 B3 B4 (oul c2 C3 c4
0.0wt% 0.2wt% 0.5wt% 1.0wt% 1 bar 2bar 3 bar 4bar 15° 30° 45  BO°

Control Factor A Control FactorB Control Factor C
b * .
502
g Concentration
2 0.8 (wt%)
E | g & i =— Air Pressure
@ (bar)
o 0.6
E . Nozzle Angle
= o
(]
0.4

Al A2 A3 A4 Bl B2 B3 B4 Cl Cc2 c3 c4
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Figure 4.19 Surface roughness at different control factors (a) S/N response graph and (b)
TPM response graph

These observation further supports that the application of SiO, nano base lubricant is

capable to show good machining performances.
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4.3.3 Tool wear

Figures 4.20 provides examples of tool wear measured at 120 m/min cutting speed,
I5mm/rev feed and 0.5mm depth of cut. 0.0 wt% SiO; nanoparticles were added to the
lubricant and 1 bar air pressure was applied with a nozzle angle of 15°. Table 4.14 presents

the responses of tool wear for the selected array of experiments.

* Unit: mm | Mag.: 440

Figure 4.20 An example of tool wear at 120 m/min cutting speed, 15 mm/rev feed and 0.5
mm depth of cut (Concentration: 0.0 wt%, air pressure: 1 bar and nozzle angle 15°)

Table 4.14 The response of tool wear

. Tool wear
u% S Reading TPM SIN
1 2 3

1 43.50 45.60 43.80 44.30 -32.93
2 27.20 26.50 24.30 26.00 -28.30
3 40.80 38.50 38.60 39.30 -31.89
4 27.60 26.80 24.50 26.30 -28.40
5 36.30 35.90 33.70 35.30 -30.96
6 24.10 23.80 22.00 23.30 -27.35
7 22.20 22.50 20.40 21.70 -26.73
8 25.80 26.50 25.70 26.00 -28.30
9 26.30 26.80 24.90 26.00 -28.30
10 23.90 23.40 24.70 24.00 -27.60
11 19.40 20.70 19.90 20.00 -26.02
12 23.70 24.80 24.40 24.30 -27.71
13 19.90 20.90 20.10 20.30 -26.15
14 30.40 30.80 31.80 31.00 -29.83
15 31.90 31.50 30.50 31.30 -29.91
16 27.70 29.20 29.20 28.70 -29.16
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For calculating the S/N ratio for tool wear and surface roughness, smaller values are

always preferred. The calculated S/N and TPM responses data for tool wear and surface

roughness are presented in Table 4.15.

Table 4.15 The calculated of S/N and TPM response data for tool wear

Response Table fg;ﬁci)gsnal to Noise (S/N) Response Table for Means (TPM)
SiO; Air Nozzle SiO; Air Nozzle
Level Concentrati Pressure Orientation Level Concentrati Pressure Orientation
on (wt%) (bar) ©) on (wt%) (bar) °)

1 -30.38 -29.58 -28.86 1 33.98 31.47 29.07

2 -28.33 -28.27 -29.22 2 26.57 26.07 29.22

3 -27.41 -28.64 -29.58 3 23.57 28.07 30.57

4 -28.76 -28.39 -27.22 4 27.82 26.32 23.07
Delta 2.97 1.31 2.36 Delta 104 54 7.5
Rank 1 3 2 Rank 1 3 2

Figure 4.21 (a) and (b) shows the TPM and S/N responses of the tool wear. From

Figure 4.21 (a) and (b) and based on the criteria of smaller TPM and larger S/N response,

the nanoparticles concentration of 0.5 wt% (A3), air pressure of 2 bar (B2), and nozzle

angle of 60° (C4) are determined to be the best choices for obtaining the lowest tool wear.
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Figure 4.21 Tool wear at different control factors (a) S/N response graph and (b) TPM

response graph
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4.4 Fuzzy logic approach in determining the effect of SiOQ, nano base lubricant on tool
wear and surface roughness in hard turning
4.4.1 Fuzzy Logic Analysis

The relationship between the input parameters, namely concentration of
nanoparticles in the lubricant, air pressure and nozzle orientation is investigated with the
output parameters namely tool wear and surface roughness of AISI4140 steel during hard
turning operation. Each input parameter was varied for four membership functions: low,
medium, high, and very high. The output variables (tool wear and surface roughness) also
divided into four membership functions: best, good, average and bad. The characteristics of
the input and output variables are given in Table 4.16.

Table 4.16 Fuzzy linguistic and abbreviation of variables for each parameter

Inputs
Parameters Linguistic variables Range
A - Nanoparticle concentration (wt %) Low (L), medium (M), high (H), 0.0-1.0 wt%
B- Air pressure (bar) very high (VH) 1-4 bar
C - Nozzle orientation (degree °) 15°-60°
Output

Tool wear (um) Best, Good, Average, Bad 20.0 um —44.3 ym
Surface Roughness (um) Best, Good, Average, Bad 0.34um — 3.14um

4.4.1 (i) Membership functions for input and output fuzzy variables

The event and type of membership functions for fuzzification are mainly dependent
upon the relevant event (Jaya et al., 2010). In this model, each input and output parameter
has four membership functions. The Gauss shape of membership function is employed to
describe the fuzzy sets for input variables. In the output set of fuzzy variables, the
triangular shape of membership functions is considered. Triangular membership function
generally possesses increasing and decreasing characteristics with only one definite value
(Jaya et al., 2010). The input variables were partitioned according to the parameter ranges
from the experiment. Membership functions for fuzzy input variables are shown in Figure
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4.22 (a-c). Moreover, Figure 4.23 (a) and (b) illustrates the membership functions of fuzzy

set for the output tool wear and surface roughness.
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Figure 4.22 Membership function for the input variables (a) nanoparticle concentration, (b)

air pressure and (c) nozzle angle
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Figure 4.23 Membership function for the output Varlable of (a) tool wear and (b) surface

roughness

4.4.1(ii) Structure of fuzzy rules

A set of 12 rules was constructed based on the actual experiment for tool wear and
surface roughness during hard turning operation of AISI4140 steel by using SiO; nano base
lubricants. Experimental results were simulated in Matlab software on the basis of

Mamdani fuzzy logic (Table 4.17).
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Table 4.17 The basis of Mamdani Fuzzy logic

Tool wear Surface roughness
1.If (Ais LOW)and (Bis L)and (Cis L)then | 1.If (Ais LOW)and (BisL)and (Cis L) then
(Tool wear is BAD) (Surface roughness is AVERAGE)
2. If (A is LOW) and (B is M) and (C is M) 2. If (Ais LOW) and (B is M) and (C is M) then
then (Tool wear is BEST) (Surface roughness is BEST)
3. If (Ais LOW) and (Bis H) and (C is H) then | 3. If (A is LOW) and (B is H) and (C is H) then
(Tool wear is BAD) (Surface roughness is AVERAGE)
4.1f (Ais MEDIUM) and (Bis L) and (Cis M) | 4. If (A is MEDIUM) and (B is L) and (C is M)
then (Tool wear is AVERAGE) then (Surface roughness is GOOD)
5. If (A is MEDIUM) and (Bis M)and (CisL) | 5.If (Ais MEDIUM) and (Bis M)and (CisL)
then (Tool wear is BEST) then (Surface roughness is BAD)
6. If (A is MEDIUM) and (B is H) and (C is 6. If (A is MEDIUM) and (B is H) and (C is VH)
VH) then (Tool wear is BEST) then (Surface roughness is GOOD)
7.1f (Ais HIGH) and (B is L) and (C is H) then | 7. If (A'is HIGH) and (B is L) and (C is H) then
(Tool wear is BEST) (Surface roughness is BEST)
8. If (A is HIGH) and (B is M) and (C is VH) 8. If (Ais HIGH) and (B is M) and (C is VH) then
then (Tool wear is BEST) (Surface roughness is GOOD)
9.If (Ais HIGH) and (B is H) and (C is L) then | 9. If (A is HIGH) and (B is H) and (C is L) then
(Tool wear is BEST) (Surface roughness is GOOD)
10. If (A'is VERY_HIGH) and (B is L) and (C 10. If (A'is VERY_HIGH) and (Bis L) and (C is
is VH) then (Tool wear is BEST) VH) then (Surface roughness is BAD)
11. If (A'is VERY_HIGH) and (Bis M) and (C | 11.If (A is VERY_HIGH) and (B is M) and (C is
is H) then (Tool wear is GOOD) H) then (Surface roughness is AVERAGE)
12. If (A'is VERY_HIGH) and (Bis H)and (C | 12. If (A is VERY_HIGH) and (B is H) and (C is
is M) then (Tool wear is GOOD) M) then (Surface roughness is AVERAGE)

4.4.1 (iii) Defuzzification

In this model, the centroid of area (COA) defuzzification method was called due to
its wide acceptance and capability for giving more accurate results compared to other
methods (Leung et al., 2003; Oktem et al., 2006). In this method, the resultant membership
functions are developed by uniting the output of each rule. In other words the overlapping
area of the fuzzy output set is counted as one, providing more results (Chandrasekaran et
al., 2010; Hashmi et al., 2003).

The output of the tool wear and surface roughness were constructed from the fuzzy
logic as shown in Figure 4.24 and 4.25, respectively. Figure 4.24 (a) and (b) presents the
relation between the input parameters and tool wear of AISI4140 steel during hard turning
operation as predicted by a fuzzy based model. As presented in Figure 4.24 (a), the lowest

tool wear is obtained at 0.5 wt% of SiO, and significantly rises with increasing SiO,
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concentration. Meanwhile, the tool wear is minimal at 2 bar lubricant pressure whereas, it
increases at 3bar lubrication pressure. From Figure 4.25 (b) it is clearly seen that the tool
wear is reduced at the nozzle angle of 60°. In Figure 4.25 (a), surface roughness is minimal
at 0.5 wt% of SiO; and significantly goes up with increasing SiO, concentration. The
surface roughness is minimal at 30° nozzle angle. Obviously, in Figure 4.25 (b), the

increment of lubrication pressure increases the surface roughness during machining.
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Figure 4.24 The predicted tool wears obtained by fuzzy logic in relation to (a) change of
lubrication pressure and SiO, concentration and (b) nozzle angle and lubrication pressure
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Figure 4.25 The predicted surface roughness obtained by fuzzy logic in relation to (a)
change of SiO, concentration and nozzle angle and (b) lubrication pressure and nozzle
angle

4.4.1 (iv) Investigating fuzzy model accuracy and error
Four new separate experiments were carried out to investigate the accuracy of fuzzy
model. The individual error percentage was obtained by dividing the absolute difference of

the predicted and measured values by the measured value as shown in equation 4.4 where e;

is individual error; R, is measured value and R, is predicted value.
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e =

l

7. -

R
—p‘ x100%
R

Equation 4.4

Meanwhile, accuracy is calculated to measure the closeness of the predicted value to the

measured value. The accuracy of the model is the average of individual accuracy as shown

in equation 4.5 where 4 is the model accuracy and N is the total number of data set.

1
A=—)> |1-
3

i=1

N

m

R
—p‘ x100%
R

...Equation 4.5

To investigate the accuracy of the fuzzy model, four new experimental tests were

carried out on tool wear and surface roughness. Tool wear and surface roughness results are

tabulated in Table 4.18, then compared with the prediction from fuzzy model. For tool wear

and surface roughness, the highest error percentages are 8.06% and 4.35% respectively.

The low level of error indicates that the fuzzy prediction for tool wear and surface

roughness are very close to the actual experimental values. Accuracy of the values indicates

that the proposed model can be used to predict the tool wear and surface roughness of a

machined surface of AISI4140 steel during hard turning operation by using SiO, nano base

lubricants. Thus, the proposed fuzzy logic model provides a promising solution for

predicting the roughness and tool wear during hard turning operation with a specific range

of parameters.

Table 4.18 The accuracy and error of the fuzzy logic model prediction

Tool wear (output) Surface roughness (output)
Measured P(rﬁigﬁd Error, % ACC;: a% | Measured P{ﬁf:g;?d Error ,% Acc;r)acy,
1 16.9 17.5 3.42 96.57 0.44 0.46 4.35 95.65
2 31.0 28.5 8.06 91.93 0.82 0.80 2.50 97.50
3 31.3 291 7.02 92.8 0.80 0.78 2.56 97.44
4 28.7 291 1.37 98.63 0.75 0.72 4.00 96.00
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In this study, SiO;, nanoparticles were mixed with ordinary mineral oil at different
concentrations to investigate the tool wear and surface roughness in CNC hard turning
operation of AISI4140 steel. The experimental results, fuzzy logic approach and response
analyses lead to similar conclusions. Clearly, mode 3 with 0.5 wt% of SiO, nanoparticles in
ordinary mineral oil produces the lowest tool wear and best surface quality.

A verification test was carried out to check the reliability of the results. The
verification test was conducted by using the following combinations of optimal parameter:
A3 B2 C4 for tool wear and A3 B1 C2 for surface roughness. These combinations were
repeated up to sixteen times and the average TPM values were measured for tool wear and
surface roughness. The results from the confirmation test for tool wear and surface
roughness are 0.44 um and 16.9 um respectively. The results indicates an improvement of
15% and 23% in surface roughness and tool wear respectively compared to the smallest
values obtained from the initial experiments. Based on fuzzy logic approach and response
analysis obtained from the Taguchi optimization, the following conclusions can be drawn:

1. The lowest tool wear is obtained at 0.5 wt% of SiO, nanoparticles in the mineral oil
with 2 bar air pressure and 60° nozzle angle.

2. Surface roughness is reduced at 0.5 wt% of SiO, nanoparticles suspended in
mineral oil, with less air pressure and 3071 nozzle angle.

3. The excellent performance and reduction in consumption of the nano base lubricant
leads to the conclusion that suspending SiO, nanoparticles in the mineral oil is a
feasible way to improve the machining process. With the low cost, outstanding
properties and eco-friendly characteristics of SiO, nanoparticles, it is an innovative

and effective alternative for flood lubrication as well.

106



4.5 Ly (4)3 orthogonal array design of experiment in milling with SiO, nano base
lubricant
4.5.1 Cutting force and power consumption

After all the experiments were done, the Taguchi optimization method was
employed to analyze the data, optimize the parameters and identify the most statistically
significant parameter. The data were analyzing by using signal to noise (S/N) response
analysis, interaction analysis and analysis of variance (Pareto ANOVA).

The calculated S/N ratio and TPM values are summarized in Table 4.19, where
TPM is the target performance measurement factor which is equal to the average of the
measured cutting forces, cutting temperature and surface roughness at the same level of
input parameters (i). Furthermore, the TPM and S/N response data are calculated and
summarized in Table 4.20 for cutting force.

Table 4.19 The TPM and S/N ratio values for cutting force

Test Cutting Force

Levels TPM (N) S/N Ratio (dB)
1 134.16 -42.55
2 197.91 -45.93
3 130.78 -42.33
4 184.43 -45.32
5 53.81 -34.62
6 150.31 -43.54
7 161.99 -44.19
8 157.63 -43.95
9 171.81 -44.70
10 107.70 -40.64
11 121.92 -41.72
12 188.04 -45.49
13 111.43 -40.94
14 145.66 -43.27
15 186.76 -45.43
16 177.31 -44 .97
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Table 4.20 The TPM and S/N response data for cutting force

Level of input TPM Response (N) S/N Response (dB)
parameters (i) Ai Bi Ci A B; Ci
Level 1 161.82 117.80 145.93 -44.03 -40.70 -43.20
Level 2 130.94 150.40 156.63 -41.57 -43.35 -42.86
Level 3 147.37 150.36 151.47 -43.14 -43.42 -43.56
Level 4 155.29 176.85 141.39 -43.65 -44.93 -42.77
Difference 30.88 59.05 15.24 2.46 4.23 0.79
Rank 2 1 3 2 1 3

Figure 4.26 show TPM and S/N response graphs of cutting force at different control

factors. From Figure 4.26 (a-c) and based on the criteria of smaller TPM and larger S/N

ratio, the air pressure of 1 bar (B1), nano base lubricant containing 0.2 wt% nanoparticles

(A2) and highest nozzle angle of 60° (C4) are determined to be the best choices for

obtaining the lowest cutting force.
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Figure 4.26 TPM and S/N response graphs of cutting force at different control factors (a)
concentration of the nanoparticles, control factor A, (b) air pressure, control factor B and
(c) nozzle orientation, control factor C
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The interaction analysis is an alternative method to analyze the data for the
optimization process. Interaction data analysis for cutting force, are presented in Table
4.21. The data is constructed from the S/N response data tabulated in the Table 4.20. From
the calculated two-way table it can be seen that the optimum parameters for the lowest
cutting force is A2 B1 C4. It can be noted that these results are found to be similar with the
others obtained using the S/N and TPM analysis.

Table 4.21 Interaction data analysis for cutting force

AXB B1 B2 B3 B4 Total Highest total response
A1 -42.55 -45.93 -42.33 -45.32 -176.13
A2 -34.62 -43.54 -44.19 -43.95 -166.30
A3 -44.70 -40.64 -41.72 -45.49 -172.55 A2
A4 -40.94 -43.27 -45.43 -44 .97 -174.61
Total -162.81 -173.38 -173.67 -179.73
Highest
total B1
response
AXC C1 Cc2 C3 C4 Total Highest total response
A1 -42.55 -45.93 -42.33 -45.32 -176.13
A2 -43.54 -34.62 -43.95 -44.19 -166.30
A3 -41.72 -45.49 -44.70 -40.64 -172.55 A2
A4 -44 .97 -45.43 -43.27 -40.94 -174.61
Total -172.79 -171.46 -174.25 -171.09
Highest
total C4
response
BXC C1 C2 C3 C4 Highest total response
B1 -42.55 -34.62 -44.70 -40.94 -162.81
B2 -43.54 -45.93 -43.27 -40.64 -173.38
B3 -41.72 -45.43 -42.33 -44 .19 -173.67 B1
B4 -44 .97 -45.49 -43.95 -45.32 -179.73
Total -172.79 -171.46 -174.25 -171.09
Highest
total C4
response
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The significant factors are chosen from the left-hand side of the Pareto diagram.

From Table 4.22, it can be seen that the air pressure (B), nano base lubricant (A) and nozzle

angle (C) contributes 70.44%, 26.62% and 2.94% respectively for the lowest cutting force.

The air pressure and nano base lubrication are considered the prominent factors, having a

cumulative contribution of 95.07%. The Pareto ANOVA analysis recommends that the

combination of A2 B1 C4 is the best parameters to obtain the lowest cutting force.

Table 4.22 Pareto ANOVA analysis for cutting force

S/IN S/N Response data (dB)
Al Bi Ci
Control Factor levels (i) Nanoparticle Al Nozzle anale
concentration Ir pressure ° 9
Level 1 -44.03 -40.70 -43.20
Level 2 -41.57 -43.35 -42.86
Level 3 -43.14 -43.42 -43.56
Level 4 -43.65 -44.93 -42.77
Total summation -172.40 -172.40 -172.40
Square of Differences (S) Sa =14.00 Sg = 37.06 Sc =1.55
Total summation of squares of 52 61
differences St=Sp+Sg+Sc '
Contribution Ratio (%) 26.62 70.44 2.94

Pareto Diagram

Pareto ANOVA
100 > 100 g mm Contribution

g 80 20-AA / 80 .E Ratio (%)
o V.99 'ls
B 2 —e—Cumulative
c 60 60 £ Contribution
1] S
=)
3% 26.62 40 E
br] ©
£ 20 20 5
o 2.94 g

0 — 0 (&)

B1 A2 c4
Factor

Cumulative Contribution 70.44 97.06 100.00

Optimum Combination A2 B1 C4
Overall optimum conditions for all A2 B1 C4

factors
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Figure 4.27 shows the cutting force for both ordinary and nano base lubrication
modes. Figure 4.28 shows the reduction in cutting force by the use of nano base lubricant.
From Figures 4.27 and 4.28, it is clearly seen that the cutting forces are reduced
significantly up to 40.22%-42.13% by the use of nano base lubricant compared with the

ordinary lubrication system.
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Figure 4.27 The cutting forces for both modes of lubrication

100.0 100.0
90.0 90.0
80.0 80.0
70.0 70.0
60.0 60.0
50.0 50.0
40.0 40.0
30.0 30.0
20.0 20.0
10.0 10.0

0.0

Cutting force reduction (%)

The cutting force reduction (N)

o
o

5 10 15 20 25 30

Cutting time (min)
I Cutting force reduction  =l=% of cutting force reduction

Figure 4.28 Reduction in cutting force

112



The required specific energy and power consumption of the cutting tool is reduced

with the reduction of cutting force. Figure 4.29 represents the change in specific energy

during cutting process for both modes of lubrication.
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Figure 4.29 Changes in specific energy during the cutting process for both modes of

lubrication

Figure 4.30 compares the reduction in power and Figure 4.31 shows the reduction

in power by using nano base lubricant. As it can be seen from Figure 4.31, the power

consumption is reduced significantly up to 40.22%-42.13% by the use of nano base

lubricant.
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Figure 4.30 Requirement of power at the cutting tool for both lubrication modes
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Figure 4.31 Reduction in power consumption for both lubrication modes

Figure 4.30 and 4.31 shows that the cutting forces and the power requirement for
the cutting tool are reduced considerably by using nano base lubricant. Applying the nano
base lubricant at the tool chip interface reduces the friction coefficient which leads to lower
cutting force with less power consumption. However, introducing nano base lubricant
reduces the cutting force and power consumption. Based on the results obtained, the
following conclusions can be derived:

1. SiO, nanoparticles suspended mineral oil improves the machining performance by
reducing the coefficient of friction and cutting forces compared to the ordinary
lubrication system.

2. Lower specific energy and power consumption is achieved during machining with
the application of nano base lubricant compared to the ordinary lubrication system.

3. The cutting force is reduced with the application of nano base lubricant compared to

ordinary lubrication system.
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4.5.2 Surface roughness

The calculated TPM and S/N ratio values for surface roughness are summarized in

Table 4.23, where TPM is the target performance measurement factor which is equal to the

average of the surface roughness at the same level of input parameters. Furthermore, the

TPM and S/N response data are calculated and summarized in Table 4.24 for surface

roughness.

Table 4.23 The calculated (S/N) ratio and TPM values for surface roughness.

Test Levels Surface Roughness (Ra) _
Calculated TPM Values Calculated S/N Ratio (dB)
1 3.14 -9.94
2 0.75 2.48
3 1.42 -3.02
4 1.53 -3.67
5 0.74 2.64
6 1.62 -4.17
7 0.88 1.10
8 1.34 -2.54
9 1.07 -0.60
10 0.93 0.64
11 0.80 1.97
12 1.58 -3.97
13 0.75 2.50
14 0.68 3.38
15 0.34 9.47
16 0.74 2.57

Table 4.24 The TPM and S/N response data for surface roughness

Level of input TPM Response (um) S/N Response (dB)

parameters (/) Ai Bi Ci A, B Ci
Level 1 1.71 1.42 1.57 -3.54 -1.35 -2.39
Level 2 1.14 0.99 0.85 -0.74 0.58 2.65
Level 3 1.09 0.86 1.13 -0.49 2.38 -0.69
Level 4 0.63 1.30 1.02 4.48 -1.90 0.14
Difference 1.08 0.57 0.72 8.01 4.28 5.05

Rank 1 3 2 1 3 2
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Based on the same TPM and S/N criteria, Figure 4.32 (a-c) suggests that the

highest concentration of nanoparticles (1.0 wt%) in the lubricant (A4), nozzle angle of 30°

(C2) and air pressure of 3 bar (B3) are determined to be the best choices for obtaining the

lowest surface roughness.
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Figure 4.32TPM and S/N response graphs of surface roughness at different control factors
(a) concentration of the nanoparticles, control factor A, (b) air pressure, control factor B
and (c¢) nozzle orientation, control factor C
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Interaction data analysis for surface roughness are presented in Table 4.25

respectively. The data is constructed from the S/N response data tabulated in the Table

4.24. From the calculated two-way table it can be seen that the optimum parameters for the

lowest surface roughness is A4 B3 C2. It can be noted that these results are found to be

similar with the others obtained using the S/N and TPM analysis.

Table 4.25 Interaction data analysis for surface roughness

AXB B1 B2 B3 B4 Total Hir%r;iztnts";a'
A1 -0.94 2.48 -3.02 367 | -14.14
A2 2.64 417 110 -2.54 -2.97
A3 20,60 0.64 197 -3.97 -1.96 Ad
Ad 2.50 3.38 9.47 257 17.92
Total -5.40 2.32 9.53 -7.61
e =
AXC c1 c2 c3 c4 Total Hir%*;gztntsoéa'
A1 -0.94 2.48 -3.02 367 | -14.14
A2 417 2.64 -2.54 110 -2.97
A3 197 -3.97 -0.60 0.64 -1.96 A
Ad 257 9.47 3.38 2.50 17.92
Total -9.57 10.61 277 0.57
g c
BXC o c2 c3 ca Total Highest total
response
B1 -0.94 2.64 -0.60 2.50 -5.40
B2 417 2.48 3.38 0.64 2.32
B3 197 9.47 -3.02 110 9.53 B3
B4 257 -3.97 -2.54 -3.67 -7.61
Total -9.57 10.61 277 0.57
e c
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In the case of all parameters (air pressure, nanoparticle concentration and nozzle
angle) are considered as prominent factors, having a cumulative contribution of 100% as
shown by the Pareto ANOVA analysis for surface roughness in Table 4.26. The Pareto
ANOVA analysis recommends that A4 B3 C2 is the best combination to obtain the lowest

surface roughness.

Table 4.26 Pareto ANOVA analysis for surface roughness

S/IN S/N Response data (dB)
Al Bi Ci
Control Factor levels (i) Nanopartlt_:le Air pressure Nozzle angle
concentration
Level 1 -3.54 -1.35 -2.39
Level 2 -0.74 0.58 2.65
Level 3 -0.49 2.38 -0.69
Level 4 4.48 -1.90 0.14
Total summation -0.29 -0.29 -0.29
Square of Differences (S) SA=133.33 Sg =45.71 Sc =52.97
Total summation of squares of 52 61
differences St=S,+Sg+S¢
Contribution Ratio (%) 57.47 19.70 22.83
Pareto Diagram
Pareto ANOVA
100 100 __
) X
S =
S 80 80 §
- L
© 60 >7.47 60 2 m= Contribution
c S Ratio (%)
K=l c
E 40 40 8 —e—Cumulative
= 22.83 19.70 .g Contribution
S 20 20 ®
o >
0 B B . :
A4 c2 B3 ©
Factor
Cumulative Contribution 57.47 80.3 100.00
Optimum Combination A4 B3 C2

Overall optimum conditions for

A4 B3 C2
all factors
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4.5.3 Cutting temperature

Table 4.27 is presenting the calculated TPM and S/N ratio for cutting temperature.
The TPM and S/N response data for cutting temperature are then calculated and
summarized in Table 4.28.

Table 4.27 The calculated TPM and S/N ratio for cutting temperature

Test Levels Cutting Temperature .

Caloulated TPM Values (°C) Calculated S/N Ratio (dB)
1 57.20 3515
2 71.20 3705
3 56.10 3498
4 48.80 3377
S 43.50 3077
6 53.50 3457
7 73.10 3728
8 69.70 736,86
9 67.80 36.62
10 61.50 35.78
11 51.30 3420
12 65.00 36.26
13 58.10 3508
14 56.90 35.10
15 65.50 36.32
16 68.20 736,68

Table 4.28 The TPM and S/N response data for cutting temperature

Level of input TPM Response (°C) S/N Response (dB)
parameters (/) Ai Bi Ci A B; Ci
Level 1 58.33 56.65 57.55 -35.24 -34.96 -35.15
Level 2 59.95 60.78 61.30 -35.37 -35.62 -35.60
Level 3 61.40 61.50 62.63 -35.72 -35.70 -35.89
Level 4 62.18 62.93 60.38 -35.85 -35.89 -35.53
Difference 3.85 6.28 5.08 0.61 0.94 0.74
Rank 3 1 2 3 1 2
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From Figure 4.33 (a-c), the air pressure of 1 bar (B1), lubricant containing no

nanoparticles (A1) and lowest nozzle angle of 15° (Cl) are determined to be the best

choices for obtaining the lowest cutting temperature.
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Figure 4.33 TPM and S/N response graphs of cutting temperature at different control
factors (a) concentration of the nanoparticles, control factor A, (b) air pressure, control

factor B and (c) nozzle orientation, control factor C
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Interaction data analysis for cutting temperature is presented in Table 4.29 The data
is constructed from the S/N response data tabulated in the 4.31. From the calculated two-
way table it can be seen that the optimum parameters for the lowest cutting temperature is
Al Bl C1. It can be noted that these results are found to be similar with the others obtained
using the S/N and TPM analysis.

Table 4.29 Interaction data analysis for cutting temperature

AXB B1 B2 B3 B4 Total Highest total
response
A1 3515 | -37.05 | -34.98 | -33.77 | -140.95
A2 3277 | 3457 | -3728 | -36.86 | -141.48
A3 3662 | -3578 | -3420 | -36.26 | -142.86 A1
A4 3528 | -35.10 | -36.32 | -36.68 | -143.39
Total 139.83 | -142.50 | -142.78 | -143.57
Highest total B1
response
AXC c1 c2 c3 c4 Total Highest total
response
A1 3515 | -37.05 | -34.98 | -33.77 | -140.95
A2 3457 | -32.77 | -36.86 | -37.28 | -141.48
A3 3420 | -36.26 | -36.62 | -35.78 | -142.86 A1
A4 .36.68 | -36.32 | -3510 | -35.28 | -143.39
Total 14059 | -142.40 | -14357 | -142.11
Highest total c1
response
BXC 1 c2 c3 ca Total Highest total
response
B1 3515 | -32.77 | -36.62 | -35.28 | -139.83 o
B2 3457 | -37.05 | -3510 | -35.78 | -142.50
B3 3420 | -36.32 | -3498 | -37.28 | -142.78
B4 .36.68 | -36.26 | -36.86 | -33.77 | -143.57
Total 14059 | -142.40 | -14357 | -142.11
Highest total
response C1
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From Table 4.30, the air pressure (B), nano base lubricants (A) and nozzle angle (C)
contributes 48.44%, 27.52% and 24.04% respectively for obtaining lowest cutting
temperature. In this case all parameters (air pressure, nanoparticle concentration and nozzle
angle) are considered as prominent factors, having a cumulative contribution of 100%. The
Pareto ANOVA analysis recommends that A1 B1 Cl1 is the best combination to obtain the
lowest cutting temperature. Finally from Table 4.30, the nano base lubricant (A), nozzle
angle (C) and air pressure (B) contributes 57.47%, 22.83% and 19.70% respectively.

Table 4.30 Pareto ANOV A analysis for cutting temperature

S/IN S/N Response data (dB)
Aj . ,
. . Bi Ci
Control Factor levels (i) Nanoparticle .
; Air pressure Nozzle angle
concentration
Level 1 -35.24 -34.96 -35.15
Level 2 -35.37 -35.62 -35.60
Level 3 -35.72 -35.70 -35.89
Level 4 -35.85 -35.89 -35.53
Total summation -142.17 -142.17 -142.17
Square of Differences (S) SA=0.98 Sg =1.98 Sc=1.13
Total summation of squares of 52 61
differences St=Sp+Sg+S¢ )
Contribution Ratio (%) 24.04 | 48.44 | 27.52

Pareto Diagram

Pareto ANOVA Contributi
100 100: [ | On. ripution
= o Ratio (%)
g g
o 80 / 80 _g == Cumulative
© = Contribution
= 60 4844 605 =
S o =
=)
R 27.52 24.04 -
£ 3
© 3
0 0
B1 Cc1 Al
Factor
Cumulative Contribution 48.44 75.96 100.00
Optimum Combination A1 B1 C1
Overall optimum conditions for A1 B1CA
all factors

In this study, three techniques were used for the purpose of the analyses. All

techniques deliver similar results. Extensive dispersion of SiO, nanoparticles in cutting oil
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facilitated by high pressure stream air at cutting zone shows better performance by
reducing the cutting force, temperature and surface roughness. The atomized mist of the
nano base lubricant exhibits more efficient feeding into the cutting zone compared to the
flood lubrication method. The splash off by the rotating cutting tool during flood
lubrication reduces the efficiency, while the atomized mist sticks to the tool-workpiece
interface to assist the cutting operation. The presence of nanoparticles in the lubricant also
acts as a polisher at the tool-workpiece interface. An interacting force is induced at the
interface between the nanoparticles and tool surface (Yan et al., 2011). This interacting
force travels upon the tool surface with a certain speed and then emits power to the surface.
Tu-Chieh and Yaw-Terng found a large interacting force acting between the particles and
workpiece reduces the surface energy of workpiece which is basically the binding strength
between the surface and sub-surface atoms of the workpiece. The breaking process requires
certain amount of energy to break the week asperities of workpiece and generates new
surface with lower roughness. The nanoparticles transfer the potential energy from tool,
then it is converted into kinetic energy of surface atoms and dissipates heat (Tu-Chieh &
Yaw-Terng, 2006). Consequently, with increasing the nanoparticles concentration to the
lubricant, more and more nanoparticles will be able to transfer kinetic energy to the
workpiece surface and thus heat dissipation will be increased. The low friction behavior of
the nanoparticles effectively minimizes the frictional effects at tool-workpiece interface and
thus reduces the cutting force. For large amount of nanoparticles present in cutting oil
collides and impedes by the asperities on work surface and generate higher cutting force.
The viscosity of cutting oil can be increased by introducing nanoparticles in the
base lubricant. More nanoparticles also work as spacer between tool-workpiece interfaces
which eliminates the tool-workpiece contact. In high speed machining process, the large

amount of heat generation changes the elastohydrodynamic lubrication into boundary
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lubrication where spherical nanoparticles act as a roller between the rubbing surfaces and
thus reduces the coefficient of friction (Kao & Lin, 2009; Wu et al., 2007). Beside this, the
porous nature of spherical SiO, nanoparticles impart high elasticity which augments their
resilience in a specific loading range and further enhance the gap in tool-workpiece
interface (Rapoport et al., 2002). Therefore, with the extreme pressure of additives in
cutting oil and the existence of gap between tool-workpiece interface, there is a high
contact resistance which induces the formation of chemical reaction film on the workpiece
surface (Lin & So, 2004). This gap will result the formation of thin protective film on the
surfaces. The increase in nanoparticles in the lubricant will increase the growth of thin
protective film on the machined surface. Due to the breakage of more asperities, the more
workpiece surface comes in contact with the cutting oil and thus strong chemical
interaction is formed between nano base lubricant and new surface. This process definitely
increase the quality of the machined surface by reducing coefficient of friction (Kwangho
Lee et al., 2009).

During the cutting process, the consumed energy is transformed into heat at
deformation zones. With increasing the amount of nanoparticles the heat generation is
increased and it may reach to the melting temperature of the workpiece. Another reason for
increasing the temperature may due to the formation of thin film which prevents the heat
dissipation from the machined surface. It is suspected that raising of temperature softens
the material aiding grain boundary dislocation which makes it easier the cutting operation
at lower the cutting force (Reddy & Rao, 2006).

During cutting, variation in air pressure affects the formation of protective film
(Hirata et al., 2004). It is believed that the protective film is the mixture of chemically
reacted lubricant and Al,O; which is produced on the surface of Al6061-T6 alloy. The

formation of Al,Os is the natural properties of aluminium alloy in air. Therefore, high air
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pressure increases the oxygen content which adsorbs onto aluminium to form Al,Os
(Wakabayashi et al., 2007). The Al,Os layer possesses higher hardness and cause higher
cutting force during machining. The higher cutting force might be due to smaller rake angle
induced by hard protective film which increases the friction at the rake face of tool. This
causes the temperature of some thin layers on the back face of the chip adjacent to rake
face of the tool to reach close to melting temperature. High temperature effect the strain
energy of the workpiece in the presence of extreme pressure of additive in cutting oil. The
film formations are enhanced on the machined surface at high temperature (Lin & So,
2004). Due to high temperature the film is welded with the workpiece. This welded zone of
Al,Os has slightly higher hardness compared to pure Al,O; layer (Prado et al., 2001).
Therefore, higher cutting force is required to overcome the hardness of the welded
protective film. However, the results on surface roughness show that the surface roughness
decreases initially but drastically increases when air pressure is beyond 2 bar. This may due
to the formation of welded region at higher air pressure. This welded layer can act as peeler
which might pull away some workpiece material mechanically (Thepsonthi et al., 2009).
The appropriate air pressure helps the nano base lubricant to penetrate into the deep of
cutting zone and assist in polishing the machined surface. Moreover, appropriate air
pressure do not raise the cutting temperature to high level and therefore leads to intensive
formation of protective film to reduce surface roughness.

In high speed machining process, nozzle orientation is an important factor, but very
few literatures reported on the detail study of the most appropriate nozzle orientation. For
lowest cutting temperature, nozzle angle of 15° shows the optimum result. Since tertiary
deformation zone contributes most of the heat evolution, therefore nozzle orientation at15°
successfully withdraw heat from the tertiary zone. However, 30° nozzle angle shows

optimum result for best surface roughness and chip thickness ratio. It may be due to the fact
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that this angle accelerates the cutting oil to the machining zone in order to obtain better
surface quality. Again, as mentioned before, the cutting oil at tool-chip interface has
negligible effect on the cutting force, therefore 60° nozzle angle may not be the optimum
for chip thickness ratio as cutting force shows optimum in 60° nozzle angle.

During the process of polishing, the particles can be partially embedded into the
machined surface. When the particles collided with the asperities, the particle may shear
and change their shape due to the extreme pressure at the cutting zone. The sheared off
particles is expected to assist the cutting process but the rolling action of the spherical
nanoparticles is reduced. Usage of higher amount of nanoparticles helps to plough off the
partially embedded particles by new nanoparticles and both of these particles contributes to
polish the surface. The plough off particles leave a thin exfoliated film on the machined
surface due to the damage for high loading (Rapoport et al., 2005). Meanwhile, with
increasing the nanoparticles, they may impregnate into the pore of the surface and can be
sheared by other coming nanoparticles. The rolling action of nanoparticles leads to the
formation of an easy sheared lubrication film as well as asperities and thus the quality of
surface polishing is enhanced (Rapoport et al., 2002). Thus, the impact of SiO, particles
encountered on intermetallic particles increases the cutting force. Therefore, this is the
reason why improper feeding of nano base lubricant causes negative effect on the cutting
operation.

After the optimal levels of all control factors are identified, the last step was to
conduct a verification test using these optimal parameters of A2 B1 C4 for cutting force,
Al B1 CI1 for cutting temperature and A4 B3 C2 for surface roughness to validate the
recommendation. This test was repeated for sixteen times and the average TPM values of
cutting forces, cutting temperature and surface roughness were measured. The result shows

an improvement of 25.02%, 29.34% and 26.28% in cutting force, cutting temperature and
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surface roughness respectively compared to the values obtained from initial experiments.
Based on the results obtained from the Taguchi optimization method, the following
conclusions can be made:

1. Lubricant containing 0.2 wt% SiO, nanoparticles with high stream air pressure

and nozzle angle of 60° reduces the cutting force.

2. The lowest cutting temperature is obtained by using lowest amount of

nanoparticles in the mineral oil with high air pressure and nozzle angle of 15°.

3. The best surface roughness is obtained with higher nanoparticles concentration,

air pressure of 2 bar and nozzle angle of 30°.

The excellent performance over pure oil and the drastic reduction of consumption
leads to the conclusion that MQL nano base lubricant is a feasible way to improve the
machining process. The low cost and excellent properties of SiO, nanoparticles create an
opportunity for the nano base lubricants to be a new effective alternative for flood

lubrication due to the environmental issue.
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4.5.4 Morphological analysis

The slot milling test was carried out with the proposed experimental setup to

examine the morphology of machined surface. Figure 4.34 (a) and (b) illustrates an

example of the cutting forces in the X, Y and Z-axis directions and surface roughness at

5000 min"' cutting speed, 100 mm/min feed rate and 5 mm depth of cut respectively

containing 0.2 wt% nanoparticles in the lubricant. Figure 4.35 (a-c) shows the variation in

cutting force, cutting temperature and surface roughness at different concentration of SiO,

nanoparticles respectively. As it is seen in Figure 4.35, the lowest cutting force, cutting

temperature and surface roughness were obtained at 0.2, 0 and 1.0 wt% of SiO,

concentrations in mineral oil, respectively.
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Figure 4.34 Illustration of (a) cutting forces in the X, Y and Z-axis directions and (b)
surface roughness at 5000 min™ cutting speed, 100 mm/min feed rate and 5 mm depth of
cut using 0.2 wt% nanoparticles in the lubricant
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Figure 4.35 Effects of SiO, nanoparticles on (a) cutting force, (b) cutting temperature and
(c) surface roughness

The mechanism behind such phenomena is due to the increment of SiO,
concentration, which increases the number of nanoparticles at the tool-workpiece interface.
These nanoparticles serve as spacers, eliminating the contact between the tool and
workpiece. In high speed machining processes, the generated heat converts the
elastohydrodynamic lubrication into boundary lubrication. The nanoparticles in the
lubricant act as a fluid film bearing and thus reduces the coefficient of friction at the tool-
workpiece interface by the rolling action of nanoparticles (Shenoy et al., 2012).
Nanoparticles in the base oil collide with each other and are impede by the asperities which
increases the cutting forces.

In contrast, a high pressure air stream in the cutting zone facilitates the dispersion of
Si0, nanoparticles in the cutting oil which enhances the performance during machining.
The atomized mist mixed with SiO, nanoparticles suspended lubricant exhibits more
efficient feeding properties at the cutting zone compared to flood lubrication process.
Nanoparticles at the tool-workpiece interface act as a polisher as an interacting force is
induced by the nanoparticles.

Furthermore, the nanoparticles transfer an increased amount of kinetic energy to the

workpiece. Hence, during the cutting process, the energy that is consumed is transformed to
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heat energy at the deformation zones (Hamdan et al., 2011). The heat generation raises with
increasing the nanoparticles concentration in the lubricant and it may reach as high as the
melting temperature of the workpiece material. Another reason for the drastic increase in
temperature may be due to the formation of a protective SiO; thin film that prevents heat
dissipation from the machined surface. According to the work by Suresh and Venkateswara
et al the machinability of AISI1045 steel is increased by using molybdenum disulphide as a
solid lubricant (Suresh Kumar Reddy & Venkateswara Rao, 2006). Solid lubricants raise
the temperature and soften the material by promoting the movement of grain boundary
dislocations. Thus, temperature seems to play a very important role that affects the cutting
force.
4.5.4 (i) The morphology of the machined surface

Field emission scanning electron microscopy (FESEM) equipped with energy
dispersive X-ray (EDX) were utilized to examine the morphology of the machined surface.
The surface of the workpiece was initially cleaned to remove all unwanted contamination.
The workpiece was etched by hot sodium hydroxide solution to remove minor surface
imperfections. The surface oxides (combination of intermetallic, metal and metal oxides)
are removed by using an aqueous solution of phosphoric acid, sulfuric acid, simple and
complex fluoride ions, organic carboxylic acid and manganese in its oxidation state. The
formation and growth of the protective SiO; thin film on the machined surface as well as
the migration of metal during machining were examined through surface elemental

mapping analysis.
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4.5.4 (ii) The formation and growth of the protective SiO; thin film on the machined
surface

Figure 4.36 shows the FESEM image of the surfaces after machining with four
different SiO, concentrations in the lubricant. Clearly, several thin protective films are
developed on the machined surface containing billions of SiO, nanoparticles (Figures 4.36
(b-d)). These regular thin films are expanded when SiO, concentration is increased from
0.2 wt% to 1.0wt%. Small exfoliations or shedding of thin film is also occurred at high
concentration of nanoparticles (Figure 4.36(d)). The increment of nanoparticles
concentration in the nano base lubricant might increase the viscosity of the cutting oil. In
this case, more nanoparticles at the tool-workpiece interface serve as spacers, eliminating
tool-workpiece contact friction. Moreover, the porous nature and high elasticity of SiO,
nanoparticles could increase the resilience in a specific loading range along with the gap at
the tool-workpiece interface. This phenomenon was also observed in the tribological
properties of hydrosilicate powders when they are used as lubricant additives for steel-steel
contacts (Zhang et al., 2011). Therefore, the extreme pressure of additives and the presence
of a gap between the tool and workpiece results high contact resistance at the interface.
This high contact resistance is responsible for film formation through chemical reaction. In
addition, generation of higher heat in the cutting zone transforms the elastohydrodynamic
lubrication into boundary lubrication. The result is the formation of thin protective films
over the surfaces, as seen in Figure 4.36. The increment of nanoparticles content in the
lubricant boosts the growth of thin protective film on machined surfaces. In other words,
throughout the machining process the nanoparticles rub against the asperities at the
workpiece surface and the newly created surface is exposed to cutting oil. Consequently,
strong chemical interactions take place between the nano base lubricant and newly created

surface, and a more intensive protective film is formed. This process certainly increases the
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quality of the machined surface by reducing the coefficient of friction. These results were
obtained by Lee et al (Lee et al., 2009) gives the basic understanding about the role of

nanoparticles in nano base lubricant.
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Figure 4.36 FESEM image on the surface machined by nano base lubricants containing
Si02 nanoparticles of (a) 0 wt%, (b) 0.2 wt%, (c) 0.5 wt% and (d) 1.0 wt%

In additional exploration, the machine surface was analyzed by using energy
dispersive X-ray (EDX) as it is shown in Figure 4.37. The results on elemental
compositions are summarized in Table 4.31. It is seen from Table 4.31 in conjunction with
Figure 4.37 that with increasing the SiO2 content in the lubricant increases the oxygen (O)
and silicon (Si) content on the machined surface. However, when the SiO, content in the
lubricant ranges in between 0.5 to 1.0 wt%, the O and Si content stabilizes on the machined

surface. Iron (Fe) and carbon (C) is also seen in the EDX spectrum when SiO2 content is
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above 0.5 wt% in the lubricant. Iron and carbon is originated on the machine surface from

the cutting tool wear.

Table 4.31 Elemental composition of the surfaces machined by nano base lubricants
containing different amount of SiO, nanoparticles

SiO, nanoparticle concentration Oxygen (O) Silicone (Si)
a 0 wt% 0.045 0.025
b 0.2 wt% 0.175 0.098
c 0.5 wt% 0.368 0.175
d 1.0 wt% 0.34 0.17
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Figure 4.37 Energy dispersive X-Ray (EDX) analysis on the surface machined by nano
base lubricants containing SiO2 nanoparticles of (a) 0 wt%, (b) 0.2 wt%, (c) 0.5 wt% and

(d) 1.0 wt%
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4.5.4 (iii) Surface elemental mapping

Surface elemental mapping was employed to determine the surface quality,
orientation and distribution of SiO; nanoparticles over the machined surface. The elemental
mapping of the surfaces machined by nano base lubricants containing 0.2, 0.5 and 1 wt%

Si02 is shown in Figure 4.38 (a-c) respectively.
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Figure 4.38 Surface elemental mapping of the samples machined by nano base lubricants
containing SiO; nanoparticle of (a) 0.2 wt%, (b) 0.5 wt% and (c) 1.0 wt%
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Figure 4.38 (a) demonstrates that at lower concentration of SiO2 nanoparticles (0.2
wt%), the polishing track orientation matches with the distribution of SiO, nanoparticles,
particularly on the exfoliated thin film. At the SiO2 concentration of 0.5 wt%, more SiO,
nanoparticles are present compared to the on the exfoliated thin film (Figure 4.38 (b)). At
0.5 wt% of SiO, nanoparticles, the track of embedded nanoparticles onto the machined
surface is evident. Eventually, nanoparticles can be ploughed off but some debris of
nanoparticles is remained on the surface. When the SiO, nanoparticle concentration is
raised to 1.0 wt%, higher amounts of SiO, nanoparticles are embedded onto the machined
surface compared to the instances of 0.2 and 0.5 wt% nanoparticles (Figure 4.38 (¢)). It is
obvious that the nanoparticles are burnished on the surface of porous alumina. Several SiO,
nanoparticles are partially embedded into the surface and some tracks of ploughed off is
seen, while additional nanoparticle debris are left behind as it can be seen in Figure 4.38(c).

Considering the results from elemental mapping, the nanoparticles seem to assist
the cutting operation. The assisting mechanism of the nanoparticles can be categorized into
three levels. At the first level, the particles are partially embedded onto the machined
surface due to the collision with the asperities at extremely high pressure in the cutting
zone. Here, the particles are sheared and the shape of the particles is changed due to
compression. The sheared off the debris continues to assist the cutting process, but the
rolling capacity of nanoparticles is reduced. At the second level, the partially embedded
nanoparticles are ploughed off by new nanoparticles and the particles continue to polish the
surface. The thin exfoliated film is left on the surface due to the ploughed off the particles
(Williams, 2005). At the third stage, the concentration of the nanoparticles is increased by
the upcoming new particles. The nanoparticles impregnate into the surface pores, after
which they get shaved off by other incoming nanoparticles. The rolling of nanoparticles

produces surface asperities and a lubrication film is formed which can be sheared easily.
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The phenomenon enhances the surface polishing and improves the machining quality.
According to the results, the 1.0 wt% of SiO; nanoparticles in the lubricant offers the best
surface finishing compared to other concentrations.
4.5.4 (iv) Material migration during machining

To explore migration of elements during machining at extreme conditions, the depth
of cut was increased to 8 mm by using nano base lubricant containing 0.2 wt%
nanoparticles. Element mapping on the machined surfaces shows the formation of
intermetallic containing iron (Fe), carbon (C) and copper (Cu) atoms. These elements are
originated from the HSS M35 cutting tool. Similar observations were seen in the EDX
analysis given in Figure 4.39. Since aluminium alloys exhibit high adhesive characteristics,
material transfer between the tool-workpiece interfaces might be promoted. Inappropriate
feeding of nano base lubricant into the cutting zone results unsuccessful cutting operation.
This leads to higher cutting temperatures and a larger layer is normally found to adhere
with the tool flank and work surface. This also indicates strong abrasion force between the
tool tip and work surface. For this reason, Fe and C were smeared on the surface of
aluminium. The present aluminium alloy consists of Mg-Si-O elements and Fe and Cu
adheres only to the areas where Mg-Si-O binder is exposed. Similar findings were revealed
in the research conducted by (Jha et al., 1989). Elemental mapping also clearly illustrates
that Fe and Cu adheres only to the regions where Mg-Si-O exists. Material transfer is
associated to conditions of high stress in addition with elevated temperature during
machining. Due to inter-diffusion of elements between the tool and workpiece,
intermetallic particles are formed on the workpiece surface. The melting point of these
intermetallic particles is much higher compared to the substrate aluminium alloy and a
built-up layer is formed on the substrate by thermal-mechanical mechanisms.

Consequently, there is the possibility of forming a built-up aluminium layer on the cutting
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tool tip because the cutting tool (HSS M35) consists of 5 wt% Co binder. However, this
layer might be detrimental to the quality of the machined surface. Meanwhile, the hardness
of Si0, nanoparticles is greater than other intermetallics formed on the aluminium surface.
The impact of SiO; nanoparticles on the intermetallics can increase the cutting force. For
this reason the feeding of nano base lubricant is crucial and improper feeding might result

negative affect during the cutting operation.
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Figure 4.39 Elemental mapping and EDX spectroscopy on a machined surface at § mm
depth of cut, 5000 min™' cutting speed and 100 mm/min feed rate

The excellent performance of nano base lubricant over mineral oil lead to the
conclusion that using nano base lubricant containing SiO, nanoparticles is feasible for
improving the machining process and surface morphology. The presence of SiO,
nanoparticles in the tool-workpiece interface enhances the surface finishing due to the
rolling action and impregnation of nanoparticles. Therefore, addition of SiO, nanoparticles
in the lubricant is a novel and effective means to improve the machining process as well as
an alternative to flood lubrication due to the excellent surface finish and environmental

concerns.
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4.6 Fuzzy logic approach in determining the effect of SiO, nano base lubricant on
cutting force and surface roughness in milling process
4.6.1 Introduction

Due to the complexity and uncertainty of the machining processes, soft computing
techniques are preferred to physics-based models for predicting and optimizing the
performance of the machining processes. In this research work, a new approach based on
fuzzy logic is used to predict the performance of the machining of Al-6061-T6 by using
SiO, nano base lubricant. The parameters for SiO, nano base lubrication includes the
determination of SiO, concentration, nozzle angle and air pressure are investigated to
improve the milling of A16061-T6 alloy to achieve the correct lubrication conditions for the
lowest cutting force, cutting temperature and surface roughness. Four membership
functions are allocated to connect with each input of the model. The predicted results
achieved via fuzzy logic approach are compared with the experimental result. The result
demonstrated by fuzzy logic approach for cutting force, cutting temperature and surface
roughness showed 96.195%, 98.27% and 91.37% accuracy with the experimental results
respectively.
4.6.2 Data analysis and discussions

The relationships between the input parameters (nanoparticles concentration in the
lubricant, air pressure and nozzle angle) with the output parameters (cutting force, cutting
temperature and surface roughness) during the milling operation of Al-6061-T6 alloy were
referred to construct the rules. Fuzzy linguistic variables and fuzzy expressions for input
and output parameters are shown in Table 4.32. For each input variable, four membership
functions were used which are low, medium, high and very high. The output parameters
(cutting force, surface roughness and cutting temperature) also used four membership

functions of best, good, average and bad.
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Table 4.32 Fuzzy linguistic and abbreviation of variables for each parameter

Inputs Range
Parameters Linguistic variables
A - Nanoparticle concentration (wt %) . . 0.0-1.0 wt%
B- Air pressure (bar) Low (L), med;]u_rr;](l\\/l/g_,l high (H), 1-4 bar
C - Nozzle orientation (degree °) very high (VH) 15°-30°
Output
Cutting Force (N) 58.3 -179.9
Cutting Temperature (°C) Best, Good, Average, Bad 43.5-731
Roughness (um) 0.34 - 3.14

4.6.2 (i) Membership functions for input and output fuzzy variables

In choosing the membership functions for fuzzification, the event and type of
membership functions are mainly depend on the relevant event (Jaya et al., 2010). In this
model, each input and output parameter has four membership functions. Gauss shape of
membership function was employed to describe the fuzzy sets for input variables. In the
output variables of fuzzy set, triangular shape of membership functions were used.
Triangular membership function possesses gradually increasing and decreasing
characteristics with only one definite value (Jaya et al., 2010). The input variables were
partitioned according to the parameter ranges from the experiment. Membership functions
of the fuzzy set of input variables are shown in Figure 4.40 (a-c). Moreover, Figure 4.41
shows the membership functions for the output cutting force, cutting temperature and

surface roughness fuzzy set.
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Figure 4.40 Membership function for inputs variables (a) nanopaticle concentration, (b) air

pressure and (c) Nozzle angle
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Figure 4.41 Membership function for the output variables of (a) cutting force, (b) cutting

temperature and (c) surface roughness

4.6.2 (ii) Structure of Fuzzy Rules

A set of 12 rules were constructed based on the actual experiments for cutting force,

cutting temperature and surface roughness of AI-6061-T6 alloy during milling operation by
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using SiO, nano base lubricant. Experimental results were simulated in the Matlab software

on the basis of Mamdani fuzzy logic which is shown in Table 4.33.

Table 4.33 Basis of Mamdani fuzzy logic for cutting force, cutting temperature and surface

roughness

Cutting force

Cutting temperature

Surface roughness

1.IF (AisL)and (Bis L) and
(C is L) then (Cutting force is
Average)
2.IF (Ais L) and (B is M) and
(C is M) then (Cutting force is
bad)
3.IF (AisL)and (B is H) and
(C is H) then (Cultting force is
Average)
4.IF (AisL)and (B is VH)
and (C is VH) then (Cutting
force is Bad)
5.1F (Ais M) and (B is L) and
(C is M) then (Cultting force is
Best)

6. IF (Ais M) and (B is M) and
(C is L) then (Cutting force is
Average)
7.1F (Ais M) and (B is H) and
(C is VH) then (Cutting force
is Bad)

8. IF (Ais M) and (B is VH)
and (C is H) then (Cutting
force is Average)
9.IF (AisH)and (Bis L) and
(C is H) then (Cutting force is
Bad)

10. IF (A is H) and (B is M)
and (C is VH) then (Cutting
force is Good)
11.IF (A is H) and (B is H)
and (C is L) then (Cutting
force is Good)

12. IF (Ais H) and (B is VH)
and (C is M) then (Cutting
force is Bad)

1.IF(AisL)and (Bis L)and (C
is L) then (Cutting temperature
is Good)
2.IF (Ais L) and (B is M) and
(C is M) then (Cutting
temperature is bad)
3.IF (AisL)and (B is H) and
(C is H) then (Cutting
temperature is Good)
4.IF (AisL)and (Bis VH) and
(C is VH) then (Cutting
temperature is Best)
5.1F (Ais M) and (B is L) and
(C is M) then (Cutting
temperature is Best)

6. IF (Ais M) and (B is M) and
(Cis L) then (Cutting
temperature is Good)
7.1F (Ais M) and (B is H) and
(C is VH) then (Cutting
temperature is Bad)
8.IF (Ais M) and (B is VH) and
(C is H) then (Cutting
temperature is Bad)
9.IF (AisH)and (Bis L) and
(C is H) then (Cutting
temperature is Bad)

10. IF (Ais H) and (B is M) and
(C is VH) then (Cutting
temperature is Average)
11.IF (Ais H) and (B is H) and
(Cis L) then (Cutting
temperature is Good)
12.IF (A is H) and (B is VH)
and (C is M) then (Cutting
temperature is Average)

1.IF (AisL)and (BisL)and
(Cis L) then (Surface
roughness is Bad)
2.IF (Aiis L) and (B is M) and
(C is M) then (Surface
roughness is Best)
3.IF (AisL)and (B is H) and
(C is H) then (Surface
roughness is Good)
4.IF (AisL)and (B is VH)
and (C is VH) then (Surface
roughness is Good)
5.IF (Ais M)and (B is L) and
(C is M) then (Surface
roughness is Best)

6. IF (A is M) and (B is M) and
(C is L) then (Surface
roughness is Good)
7.1F (Ais M) and (B is H) and
(C is VH) then (Surface
roughness is Best)

8. IF (Ais M) and (B is VH)
and (C is H) then (Surface
roughness is Good)
9.IF (AisH)and (Bis L) and
(C is H) then (Surface
roughness is Good)

10. IF (Ais H) and (B is M)
and (C is VH) then (Surface
roughness is Best)

11. IF (Ais H) and (B is H)
and (C is L) then (Surface
roughness is Best)
12.IF (A'is H) and (B is VH)
and (C is M) then (Surface
roughness is Good)

4.6.2 (iii) Defuzzification

Figure 4.42 (a) and (b) are the examples to show the relation between input
parameters and cutting force during milling of AI-6061-T6 alloy by fuzzy based model. As
it can be seen from Figure 4.42(a), the cutting force is lowest for the addition of 0.2 wt%

Si0, nanoparticles in the lubrication system. The cutting force significantly increases with
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increasing SiO, content in the lubricant. While, from the Figure 4.42(b), it is clearly seen
that nozzle angle has less significance to change the cutting force. The higher air pressure

and nozzle angle leads to constant cutting force at certain value.
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Figure 4.42 The predicted cutting force by fuzzy logic in relation to lubrication parameters
(a) air pressure and SiO, concentration and (b) SiO; concentration and nozzle angle

Figure 4.43 (a) and (b) shows the relationship between input parameters and cutting
temperature of Al-6061-T6 alloy during milling operation as predicted by fuzzy logic
approach. It is seen from Figure 4.43(a) that the temperature increases significantly with
increasing the air pressure with the SiO; concentration of 0.5 wt%. From Figure 4.40(b), it

is clearly seen that the nozzle angle and SiO, concentration are very significant to change
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the cutting temperature. It appears that the higher nozzle angle and SiO, concentration

produces the higher cutting temperature.

a)

N

Q

o

2

©

(0]

o

e

(0]

'_

()]

=

5

O =

Air pressure® . SiO,
(Bar) concentration

b)

Cutting Temperature (C°)

SiO, A < Nozzle
concentration angle

Figure 4.43 The predicted cutting temperature by fuzzy logic in relation to lubrication
parameters (a) air pressure and SiO, concentration and (b) SiO, concentration and nozzle
angle

Figure 4.44 (a) and (b) are shows the example of the relationship between input
parameters and surface roughness of Al-6061-T6 alloy during milling operation as
predicted by fuzzy based model. The surface roughness is found to increase significantly
with increasing the air pressure and SiO, concentration. From Figure 4.44(b), it is clearly

seen that surface roughness is minimum at 0.2wt% SiO, concentration. In general the

higher nozzle angle and SiO; concentration will produce the higher surface roughness.
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4.6.2 (iv) Investigate the accuracy of the fuzzy model
Table 4.34 presents the input parameters for the prediction of the accuracy while
Table 4.35 presents the accuracy and error of the fuzzy logic. The error was calculated
from the data set and the accuracy of the model was determined. The measured and
predicted results for cutting force, cutting temperature and surface roughness are shown in
Figure 4.45 (a-c) respectively. For cutting force, the highest error in fuzzy prediction is

8.97%. While for cutting temperature, the highest error is 3.5%. Meanwhile for surface

roughness, the highest error for fuzzy model prediction is 16.42%. The low level of errors
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shows that the fuzzy logic predicts the surface roughness very well close to the actual

experimental surface roughness values.

Table 4.34 The input parameters for the accuracy and error prediction of the fuzzy logic
model

No of Parameters (Inputs)
Exp.
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Table 4.35 The prediction of the accuracy and error of the fuzzy logic model

Cutting Force (N) Cutting temperature (°C) Surface roughness (um)
S o ° = g b ° > g 9 ° >
9] < = o -~ 5 ] ] < X
5 |3%| v | 8¢ 5 I8R| 2| 8¢ 5137 5| Ee
s |832| 2 (3| 8§ |82| 2 85| g |%82| 213°
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145.66 | 144 1.1 98.9 | 56.9 | 56.7 | 0.35 | 99.65 | 0.68 | 0.693 | 1.91 | 98.09

186.76 | 170 | 8.97 | 91.03 | 65.5 62 3.5 96.5 | 0.64 | 0.694 | 7.78 | 92.21
17731 | 179 | 0.95 | 99.05 | 68.2 | 67.3 | 1.32 | 98.68 | 0.74 | 0.781 | 5.54 | 94.46
100.01 | 108 | 7.41 | 9259 | 57.2 | 56.2 | 1.75 | 98.25 | 0.63 | 0.697 | 9.62 | 90.38

AlIWIN|~

The low level of errors is seen in the fuzzy logic approach for cutting force, cutting
temperature and surface roughness compared with the actual experimental values. The
accuracy of this approach shows that the proposed model can be used to predict the cutting
force, cutting temperature in the milling operation of Al-6061-T6 alloy by using SiO, nano
base lubricant. Thus the proposed fuzzy logic model gives promising solution to predict the

value in the specific range of parameters.

147



a) 200
g
" 150 ./ N\
° == Measured
S 100
&
'g 50 == Predicted
o
O T T T 1
1 2 3 4
Test number
b) 80
% 60 ‘FA”.\
] =&—Measured
2 40
g =f—Predicted
Q
g 20
g
_%D o T T T 1
§ 1 2 3 4
Test number
c) 1
'g 0.8
E 0.6 =¢=—Measured
e
< 0.4 == Predicted
=]
© 02
[J]
E 0 T T T 1
a 1 2 3 4
Test number

Figure 4.45 Comparison of the predicted and measured values of Al-6061-T6 alloy during
milling operation (a) cutting force, (b) cutting temperature and (c) surface roughness

In this study, fuzzy logic based model is used to predict the cutting force, cutting
temperature and surface roughness of Al-6061-T6 alloy during milling operation by using
SiO; nano base lubricant. The result demonstrates very close accuracy between the fuzzy

model and experimental results. The model accuracy is found to be 96.195%, 98.27% and
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91.37% for cutting force, cutting temperature and surface roughness, respectively. The
close agreement of the experimental results and predicted values clearly indicates that the
fuzzy model can be used to predict the cutting force, cutting temperature and surface
roughness within the range of input parameters.

It is seen from the fuzzy logic approach that extensive dispersion of SiO,
nanoparticles in cutting oil facilitated by high air pressure reduces the cutting force. Tu-
Chieh and Yaw-Terng (Tu-Chieh & Yaw-Terng, 2006) found that interacting force
between particles and workpiece reduces the surface energy of the workpiece which means
that the binding strength between the surface and sub-surface atoms of workpiece is
weakened. Certain amount of energy is required to break the weekend asperities of the
workpiece to generate new surface having lower roughness. The nanoparticles transfer
potential energy from the tool and then converted into kinetic energy of the surface atoms
to dissipate heat (Tu-Chieh & Yaw-Terng, 2006). So, with the increasing the nanoparticles
concentration in the nano base lubricant, higher amount of kinetic energy is transferred to
the workpiece surface and increase the heat dissipation. The low friction behavior of
nanoparticles effectively reduces the frictional effects between the tool-workpiece
interfaces and thus reduces cutting force. Presence of the nanoparticles in cutting oil
collides with each other and impedes by the asperities and increase the cutting force.
Another possible reason is that when the spindle speed is increased, cutting energy from the
machining tool imposes compressive stress to the workpiece which increases the tool-chip
interface temperatures. The generated heat at the machining zone helps to soften the
workpiece material, reducing cutting forces leading to better surface quality. However, it is
believed that the spindle speed should be controlled at an optimum value especially for

those materials having lower thermal conductivity such as Al-6061-T6. The influence of
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temperature significantly affects the chip formation mode, cutting forces, tool life and
surface quality of the low conductive material.

Investigating the cutting temperature, the fuzzy logic modeling results is almost
similar to the experimental results. In conjunction, nozzle orientation might be an important
factor during high speed machining which is not addressed properly in the literatures. Form
the experiment it is seen that nozzle angle of 15° is optimum. The major contribution of
heat in the workpiece material comes from tertiary deformation zone, therefore nozzle
orientation at 15° successfully withdraw the heat from the tertiary zone. However, nozzle
angle of 30° shows optimum result for surface roughness and chip thickness ratio. This
may be attributed from the fact that the lubricant may accelerates better to the cutting zone
at this nozzle orientation to obtain better surface quality. Again, as mentioned before, the
lubricant has negligible effect on the cutting force and stress in cutting edge, therefore
nozzle angle of 60° may not be the optimum for chip thickness ratio. During cutting
process, the consumed energy is converted into heat at the deformation zones. The heat
generation is increased with increasing the nanoparticles concentration in the lubricant and
it may reach to the melting temperature of the workpiece material. Another reason for
drastic increasing of temperature might be due to the formation of thin film which refrain
the dissipation of heat from the machined surface. The higher temperature softens the
workpiece material aiding grain boundary dislocation and hence the cutting force is
reduced (Reddy & Rao, 2006; Yousefi & Ichida, 2000). The temperature of some thin
layers on the back face of the chip adjacent to rake face of the tool reaches close to melting
temperature. Associate with the higher temperature, the strain energy is effected and due to
the extreme pressure of additives in cutting oil chemical reaction films are formed on the

machined surface (Lin & So, 2004).
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As illustrated by the fuzzy logic modeling, the surface roughness is possible to
predict by using soft computing techniques. It is seen that the surface roughness decreases
initially and then increases drastically when air pressure exceeds 2 bar. The higher air
pressure leads to formation of welded surface. This welded surface can act as a peeler
which may pull away some of the workpiece material mechanically (Thepsonthi et al.,
2009). Again increasing air pressure helps to accelerate the nano base lubricant to penetrate
deep inside of the cutting zone to assist the polishing with lower cutting temperature. Due
to this reason a protective film is formed which reduces the surface roughness.

For better control and understanding of machining process, the knowledge of
cutting force, cutting temperature and surface roughness as a function of machined surface
quality has crucial importance. It is not economical to conduct surface quality test for the
combination of different factors and parameters. The laboratory experiments consume a lot
of time and most of the time is not sufficient for online controls. It is possible to develop a
scheme to carry out the control with online learning. This approach would be helpful for
predicting the process parameters in real time machining.

4.6.3 Summary

In this study, a fuzzy logic based model was established to predict the cutting force,
cutting temperature and surface roughness of Al-6061-T6 alloy during milling operation by
using SiO, nano base lubricant. The result demonstrates a good agreement between the
fuzzy logic approach and experimental results. The fuzzy logic approach shows the
accuracy of 96.195%, 98.27% and 91.37% for cutting force, cutting temperature and
surface roughness respectively. The close agreement between the model and experimental
results clearly indicates that the fuzzy logic approach can be implemented to predict the
cutting force, cutting temperature and surface roughness within the range of input

parameters during machining.
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4.7 L16(4)3 orthogonal array design of experiment in milling with MoS, nano base
lubricant
4.7.1 Cutting force

The milling of Al6061-T6 alloy was carried out to investigate the machining
performance by using the suggested experimental setup. Table 4.36 presents the measured
values of cutting force.

Table 4.36 The measured values of cutting force

Measured Values

Exp. Cutting Force (N)

No. 1 Reazd'“g - Average S/N Ratio (dB)
1 126.31 130.08 130.31 128.9 -42.21
2 103.21 116.96 103.73 107.96 -40.68
3 107.56 95.08 111.92 104.85 -40.43
4 130.61 118.94 125.90 125.15 -41.95
5 133.07 124.55 133.80 130.47 -42.31
6 111.66 112.81 106.22 110.23 -40.85
7 139.03 133.67 145.80 139.50 -42.90
8 104.32 106.07 99.50 103.30 -40.28
9 133.92 142.94 118.92 130.93 -42.43
10 113.89 126.95 103.71 114.85 -41.23
11 117.68 130.97 121.19 123.28 -41.83
12 111.15 110.48 101.62 107.75 -40.66
13 101.71 104.75 103.35 103.27 -40.28
14 109.68 101.13 110.38 107.26 -40.60
15 88.37 94.87 97.65 93.63 -39.44
16 99.73 103.68 98.88 100.77 -40.07

To optimize the parameters and to identify the most significant process parameters
three types of analysis namely the noise (S/N) response analysis, interaction analysis and
analysis of variance (Pareto ANOVA) were used. Additionally, Table 4.37 show the S/N

response for cutting force.
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Table 4.37 The S/N response data for cutting force

S/N response data (dB)

Level of parameter A Bi Ci
Level 1 -41.32 -41.81 -41.24
Level 2 -41.59 -40.84 -40.77
Level 3 -41.54 -41.15 -40.94
Level 4 -40.10 -40.74 -41.59

Difference 1.49 1.07 0.82

Figures 4.46 shows the S/N response graphs for selecting the best combination to obtain the
lowest cutting forces, cutting temperature and surface roughness respectively. The largest
S/N response would reflect the best response which results in the lowest noise. This is the
criteria employed to determine the optimal parameters. Based upon the criteria of larger
S/N response, it is seen from Figure 4.46 that the nanoparticle concentration of 1 wt% (A4)
with the air pressure of 1 bar (B4) and nozzle orientation at 30° angle (C2) are determined
to be the best choices for obtaining the lowest cutting force.
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Figure 4.46 S/N response graphs of cutting force for (a) nanoparticles concentration 4, (b)
air pressure B and (c) nozzle orientation C

As an expression of the relation or association between two or more independent variables,
a statistical interaction was defined in quantitative data analysis. This relation or
association would be able to predict the effects of each independent variable upon a
dependent variable. If an interaction exists, the effect of each independent variable will
vary depending upon the other independent variable(s). In this study to optimize the
process, the interaction analysis was used as an alternative method of analysis. The cutting
force obtained from the S/N ratio data were presented in Table 4.38 It can be seen that 44

B4 C2 are the optimal combination of parameters to obtain the lowest cutting force.
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Table 4.38 Interaction data analysis for cutting force

Highest
AxB B1 B2 B3 B4 Total total
response
A1 -42.21 -40.68 -40.43 -41.95 -165.27
A2 -42.31 -40.85 -42.90 -40.28 -166.35
A3 -42.43 -41.23 -41.83 -40.66 -166.15
A4 -40.28 -40.60 -39.44 -40.07 -160.38 A4
Total -167.23 -163.36 -164.59 -162.96
Highest total response B4
Highest
AxC C1 C2 C3 C4 Total total
response
A1 -42.21 -40.68 -40.43 -41.95 -165.27
A2 -40.85 -42.31 -40.28 -42.90 -166.35
A3 -41.83 -40.66 -42.43 -41.23 -166.15
A4 -40.07 -39.44 -40.60 -40.28 -160.38 A4
Total -164.95 -163.09 -163.75 -166.36
Highest total response Cc2
Highest
BxC C1 C2 C3 C4 Total total
response
B1 -42.21 -42.31 -42.43 -40.28 -167.23
B2 -40.85 -40.68 -40.60 -41.23 -163.36
B3 -41.83 -39.44 -40.43 -42.90 -164.59
B4 -40.07 -40.66 -40.28 -41.95 -162.96 B4
Total -164.95 -163.09 -163.75 -166.36 -162.96
Highest
total ez
response

The analysis of variance using Pareto ANOVA was used as an alternative method to
analyze the data for the optimization process. The Table 4.39 present the data obtained
from Pareto ANOVA analysis for cutting force. These data were obtained by using the S/N
response data from Table 4.37. The cumulative contribution and contribution ratio of all
parameters for cutting force was plotted in Figures 4.46.

From Table 4.39 in conjunction with Figure 4.47, it can be seen that the
nanoparticle concentration (A4), air pressure (B) and nozzle orientation (C) contributes
47.85%, 35.55% and 16.60% respectively for the lowest cutting force. The nanoparticles
concentration and air pressure are considered the prominent factors for affecting the cutting

force, having a cumulative contribution of 83.40%. The Pareto ANOVA analysis
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recommends that the combination of (44 B4 C2) is the best parameters to achieve the
lowest cutting force.

Table 4.39 Pareto ANOVA analysis for cutting force

S/N response data (dB)
Control factor level Nanoparticles .
(Q) concentration (A) Air pressure (B) Nozzle angle ( C)
Level 1 -41.32 -41.81 -41.24
Level 2 -41.59 -40.84 -40.77
Level 3 -41.54 -41.15 -40.94
Level 4 -40.10 -40.74 -41.59
Total Summation -164.54 -164.54 -164.54
Square of _ _ -
differences (S) Sp=2.20 Sp=1.63 Sc=0.76
Total summation of
squares of
differences 4.59
St=SA+SB+SC
Contribution ratio (%) 47.85 35.55 16.60
Optimum A4 B4 c2
combination
Overall optimum conditions for all actors A4, B4, C2

100.00
90.00 — /
80.00 A
70.00 /
60.00
50.00 878 I Contribution Ratio (%)
AD 0D 35.55
30.00 === Cumulative
20.00 16.60 Contribution(%)
10.00 . . l
0.00
A4 B4 c2

Factor
Figure 4.47 The contribution diagram and cumulative contribution for cutting force

In conclusion, the optimal parameters obtained from Pareto ANOVA analysis for lowest

cutting force is the combination of 44 B4 C2.
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4.7.2 Surface roughness

Table 4.40 presents the measured values of surface roughness. To optimize the

parameters and to identify the most significant process parameters three types of analysis

namely the noise (S§/N) response analysis, interaction analysis and analysis of variance

(Pareto ANOVA) were used. Table 4.41 shows the S/N response data for surface

roughness.

Table 4.40 The measured values of surface roughness
Measured Values

Exp. Surface Roughness(um)

No. 1 Reading - Average S/N Ratio (dB)
1 212 1.92 1.66 1.9 -5.61
2 3.03 4.68 3.25 3.65 -11.42
3 0.36 0.76 0.54 0.55 4.81
4 1.29 0.84 0.89 1.01 -0.24
5 1.17 0.86 0.84 0.96 0.28
6 1.19 1.27 1.19 1.22 -1.71
7 1.13 1.17 1.34 1.21 -1.70
8 0.96 0.97 0.98 0.97 0.26
9 0.90 1.01 0.95 0.95 0.39
10 0.41 0.35 0.41 0.39 8.15
11 1.52 1.48 1.43 1.48 -3.38
12 1.23 1.20 1.03 1.15 -1.26
13 0.77 0.78 1.13 0.89 0.82
14 0.95 0.99 0.91 0.95 0.45
15 1.19 1.10 1.09 1.13 -1.04
16 0.86 0.82 0.76 0.81 1.80

Table 4.41 The S/N response data for surface roughness
Level of S/N response data (dB)
parameter Ai Bi Ci
Level 1 -3.11 -1.03 2.23
Level 2 -0.72 -1.13 -3.36
Level 3 0.98 -0.33 1.48
Level 4 0.51 0.14 1.76
Difference 4.09 1.28 512
Rank 2 3 1

On the other hand, it can be seen from Figure 4.48 that the nanoparticle

concentration of 0.5 wt% (A3) and air pressure of 4 bars (B4) with the nozzle angle of 60°

(C4) are the best choices for obtaining the lowest surface roughness.
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Figure 4.48 S/N response graphs of surface roughness for (a) nanoparticles concentration 4,
(b) air pressure B and (c¢) nozzle orientation C

The surface roughness obtained from the S/N ratio data was presented in Table 4.42.
It can be seen that A3 B4 C4 are the optimal combination of parameters to obtain the lowest

surface roughness.
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Table 4.42 Interaction data analysis for surface roughness

Highest
AxB B1 B2 B3 B4 Total total
response
A1 -5.61 -11.42 4.81 -0.24 -12.45
A2 0.28 -1.71 -1.70 0.26 -2.87
A3 0.39 8.15 -3.38 -1.26 3.91 A3
A4 0.82 0.45 -1.04 1.80 2.03
Total -4.12 -4.53 -1.31 0.57
Highest
total B4
response
Highest
AxC C1 C2 C3 C4 Total total
response
A1 -5.61 -11.42 4.81 -0.24 -12.45
A2 -1.71 0.28 0.26 -1.70 -2.87
A3 -3.38 -1.26 0.39 8.15 3.91 A3
A4 1.80 -1.04 0.45 0.82 2.03
Total -8.91 -13.43 5.92 7.03
Highest
total C4
response
Highest
BxC C1 C2 C3 C4 Total total
response
B1 -5.61 0.28 0.39 0.82 -4.12
B2 -1.71 -11.42 0.45 8.15 -4.53
B3 -3.38 -1.04 4.81 -1.70 -1.31
B4 1.80 -1.26 0.26 -0.24 0.57 B4
Total -8.91 -13.43 5.92 7.03
Highest
total C4
response

Lastly from Table 4.43 with Figure 4.49, the best combination for minimum surface

roughness are found to be (43 B4 (C4). The nanoparticles concentration and nozzle

orientation are considered as prominent factors, having a cumulative contribution of 97.9%.
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Table 4.43 Pareto ANOVA analysis for surface roughness

S/N response data (dB)

Control factor level (i) cowc?gr%?:tritcl)(:? A) Air pressure (B) Nozzle angle ( C)
Level 1 -3.11 -1.03 -2.23
Level 2 -0.72 -1.13 -3.36
Level 3 0.98 -0.33 1.48
Level 4 0.51 0.14 1.76
Total summation -2.35 -2.35 -2.35
Square Ozg;ﬁerences Sx=25.56 Sp=1.37 Sc=38.52
Total summation of squares of differences 65.46
St=SA+SB+SC )
Contribution ratio (%) 39.05 2.10 58.85
Optimum combination A3 B4 C4
Overall optimum conditions for all factors A3, B4, C4
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Figure 4.49 The contribution diagram and cumulative contribution for surface roughness

In conclusion, the optimal parameters obtained from Pareto ANOVA analysis for

lowest surface roughness is the combination of 43 B4 C4.
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4.7.3 Cutting temperature

The milling of Al6061-T6 alloy was carried out to investigate the machining

performance by using the suggested experimental setup. Table 4.44 presents the measured

values of cutting temperature.

Table 4.44 The measured values of cutting temperature

Measured Values

Exp. Cutting Temperature (°C)

No. 1 Reading - Average S/N Ratio (dB)
1 34.20 39.00 35.00 36.07 -31.16
2 30.20 31.50 31.50 31.07 -29.85
3 53.50 37.50 37.90 42.97 -32.79
4 36.10 35.50 36.60 36.07 -31.14
5 35.70 38.00 38.20 37.30 -31.44
6 33.00 35.90 35.90 34.93 -30.87
7 36.80 38.10 38.70 37.87 -31.57
8 33.50 34.00 34.20 33.90 -30.60
9 34.20 35.30 34.70 34.73 -30.82
10 39.70 37.40 43.30 40.13 -32.09
11 33.70 35.20 35.20 34.70 -30.81
12 30.00 29.90 31.10 30.33 -29.64
13 33.00 35.40 34.60 34.33 -30.72
14 48.00 52.30 52.50 50.93 -34.15
15 33.80 34.60 35.00 34.47 -30.75
16 33.50 34.50 34.60 34.20 -30.68

To optimize the parameters and to identify the most significant process parameters

for cutting temperature three types of analysis namely the noise (S/N) response analysis,

interaction analysis and analysis of variance (Pareto ANOVA) were used. Table 4.45 shows

the S/N response data for cutting temperature.

Table 4.45 The S/N response data for cutting temperature

Level S/N response data (dB)
of parameter Ai Bi Ci
Level 1 -31.23 -31.03 -30.88
Level 2 -31.12 -31.74 -30.42
Level 3 -30.84 -31.48 -32.09
Level 4 -31.57 -30.52 -31.38
Difference 0.74 0.96 1.67
Rank 3 2 1
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While, from Figure 4.50, the nanoparticle concentration of 0.5 wt% (A3) with the air

pressure of 4 bars (B4) and nozzle orientation at 30° angle (C2) are determined to be the

best choices for obtaining the lowest cutting temperature.
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Figure 4.50 S/N response graphs of cutting temperature for (a) nanoparticles concentration
A, (b) air pressure B and (c) nozzle orientation C
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The cutting temperature obtained from the S/N ratio data (Table 4.45) was presented in
interaction data analysis in Table 4.46. It can be seen that 43 B4 (C2 are the optimal

combination of parameters to obtain the lowest cutting temperature.

Table 4.46 Interaction data analysis for cutting temperature

Highest
AxB B1 B2 B3 B4 Total total
response
A1 -31.16 -29.85 -32.79 -31.14 -124.94
A2 -31.44 -30.87 -31.57 -30.60 -124.48
A3 -30.82 -32.09 -30.81 -29.64 -123.35 A3
A4 -30.72 -34.15 -30.75 -30.68 -126.30
Total -124.13 -126.95 -125.92 -122.07
Highest total B4
response
Highest
AxC C1 C2 C3 C4 Total total
response
A1 -31.16 -29.85 -32.79 -31.14 -124.94
A2 -30.87 -31.44 -30.60 -31.57 -124.48
A3 -30.81 -29.64 -30.82 -32.09 -123.35 A3
A4 -30.68 -30.75 -34.15 -30.72 -126.30
Total -123.52 -121.67 -128.36 -125.51
Highest total c2
response
Highest
BxC C1 C2 C3 C4 Total total
response
B1 -31.16 -31.44 -30.82 -30.72 -124.13
B2 -30.87 -29.85 -34.15 -32.09 -126.95
B3 -30.81 -30.75 -32.79 -31.57 -125.92
B4 -30.68 -29.64 -30.60 -31.14 -122.07 B4
Total -123.52 -121.67 -128.36 -125.51
Highest total c2
response

From Table 4.47 in addition with Figure 4.51, it is found that the nozzle orientation
(C), air pressure (B) and nanoparticles concentration (4) contributes 66.7% 22.66% and
10.63% respectively for obtaining lowest cutting temperature. The Pareto ANOVA analysis
recommends that combination of (43 B4 C2) is the finest parameters to obtain the lowest

cutting temperature.
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Table 4.47 Pareto ANOVA analysis for cutting temperature

S/N response data (dB)
. Nanoparticles .
Control factor level (i) concentration (A) Air pressure (B) Nozzle angle (C)
Level 1 -31.23 -31.03 -30.88
Level 2 -31.12 -31.74 -30.42
Level 3 -30.84 -31.48 -32.09
Level 4 -31.57 -30.52 -31.38
Total summation -124.77 -124.77 -124.77
Square O‘Eg)'ﬁere”"es Sx=0.79 Sp=1.69 Sc=4.97
Total summation of squares of differences 7 46
St=SA+SB+SC )
Contribution ratio (%) 10.63 22.66 66.70
Optimum combination A3 B4 C2
Overall optimum conditions for all actors A3, B4, C2
100
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Figure 4.51 The contribution diagram and cumulative of contribution for cutting
temperature

In conclusion, the optimal parameters obtained from Pareto ANOVA analysis for
lowest cutting temperature is the combination of 43 B4 C2. The last stage in the Taguchi
optimization method was to conduct a confirmation test by using the optimal parameters of
A4 B4 C2 for cutting force, 43 B4 C2 for cutting temperature and 43 B4 C4 for surface
roughness. The confirmation test was repeated sixteen times and the average S/N ratio of
the measured cutting forces, cutting temperature and surface roughness were calculated.

The consequence represents the improvement of 2.62%, 0.04% and 2.56% in cutting force,
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cutting temperature and surface roughness respectively compared to the values obtained
from initial experiments.

In this present study, three techniques were used to investigate the optimal milling
parameters of Al6061-T6 alloy by using nano-lubricants. All three processes gave similar
results for obtaining optimal parameters. Suspending of MoS, nanoparticles in cutting oil
facilitated by pressurized air decreases the cutting force, cutting temperature and surface
roughness. The gaps between the tool and chip and other surfaces are often filled by only
nanoparticles. Present and future applications of cutting require high-speed relative motion,
high load, and high duty of cycles. It is known that the surface to volume ratio of
nanoparticles are very high and for this reason the surface forces become the dominant
forces governing the contact behavior. The atomized spray of nano-lubricant exhibits more
efficient feeding into the cutting zone than the flood lubrication method (Liew, 2010). This
may be due to splash off of the oil by the rotating cutting tool during flood lubrication,
while spray of lubricant adheres at the tool-workpiece interface and thus assist during
cutting operation.

The presence of nanoparticles in oil imposes a burnish effect at the tool-workpiece
interface. An interacting force is induced at the interface between the particles and tool
surface (Zhang et al., 2011). This interacting force travels upon the tool surface with a
certain speed and then emits power to the surface. The breaking process of the asperities
requires certain amount of energy to break the weekend parts for generating new surface
with lower roughness. The nanoparticles transfer the potential energy from tool, and then it
is converted into kinetic energy of surface atoms and dissipates heat (Tu-Chieh & Yaw-
Terng, 2006). With increasing the nanoparticles concentration in the nano-lubricant, more

kinetic energy is transferred to the workpiece surface and increases the heat dissipation.
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Due to the low friction properties of nanoparticles, a significant reduction of friction is seen
between tool and workpiece and consequently the cutting force is reduced.

Increasing the nanoparticles concentration in the lubricant increases the viscosity of
cutting oil and therefore more nanoparticles stays in between the tool and workpiece. This
eliminates the contact between tool and workpiece. In high speed machining process, the
high generation of heat changes the elastohydrodynamic lubrication into boundary
lubrication. The spherical nanoparticles reduce the coefficient of friction of the rubbing
surfaces by the rolling effect of nanoparticles (Wu et al., 2007). Increasing the
nanoparticles in the lubricant increases the growth of thin protecting film on machined
surface, where more nanoparticles rub the asperities during machining and exposes more
surfaces to cutting oil. Thus a strong chemical interaction is formed between the nano-
lubricant and newly formed surface, and hence more intensive protective film is formed.
This process definitely increases the quality of the machined surface by reducing
coefficient of friction (Lee et al., 2009).

The consumed energy changes into heat in the deformation zones during the cutting
process. The heat generation increases the cutting temperature. With increasing the
nanoparticles concentration in the lubricant the cutting temperature can be as high as the
melting temperature of the workpiece material. The other reason of drastic increase of
temperature might be due to the formation of thin film which refrain the temperature
dissipation from the machined surface. It is supposed that increment of temperature softens
the material aiding grain boundary dislocation, and hence ease the cutting operation with
lower cutting force (Suresh Kumar Reddy & Venkateswara Rao, 2006). During cutting
process, pressurizes stream of air facilitates the feeding of nano-lubricant to the cutting

zone which affect the formation of protective film (Hirata et al., 2004).
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In combination, the nozzle orientation is an important factor during high speed
machining operation. For obtaining the lowest cutting temperature, nozzle angle at 30°
orientation shows the best result. It is found that nozzle angle at 30° orientation
successfully withdraw heat from the workpiece surface. However, nozzle angle at 30°
orientation shows the highest surface roughness and chip thickness ratio. This orientation
might not be suitable for accelerating the cutting oil to the cutting zone and does not assist
in machining to achieve better surface quality. As mentioned before, the cutting oil at tool-
chip interface has negligible effect on the cutting force and stress at the cutting edge.
Therefore 30° nozzle angle might be the optimum for cutting force. From the Taguchi
optimization method and based on the results achieved, the following deductions are
prepared:

1. The cutting force is minimized by using nano-lubricants containing 1 wt% of MoS,
nanoparticles with 4 bars of air stream pressure at 30° nozzle angle.

2. The lowest cutting temperature is achieved by using nano-lubricants containing 0.5
wt% of MoS; nanoparticles with 4 bars of air stream pressure at 30° nozzle angle.

3. The best surface roughness is achieved with 0.5 wt% of MoS, nanoparticles in oil,

4 bar air pressure and nozzle orientation at 60° angle.
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4.7.4 Morphological analysis
The FESEM and X-ray diffraction (XRD) were employed to examine the

morphology and phase of the machined surface. Surface cleaning was necessary to remove
all undesirable surface particles. To remove minor surface contamination the surface was
etched by hot solutions of sodium hydroxide. The remaining surface oxides, which was a
combination of inter metallic, metal and metal oxides were removed by using an aqueous
solution containing an oxidizing inorganic acid, phosphoric and sulfuric acids, simple and
complex fluoride ions, organic carboxylic acid, and manganese in its oxidation state.
4.7.4 (i) FESEM analysis

The FESEM images of the machined surfaces are shown in Figure 4.52 for four
different MoS; concentrations. The results show that MoS, nanoparticles were dispersed at
cutting zone by the high pressure of stream air. This technique improved the morphology of
the machined surface. The atomized mist of MoS, nanoparticles ensured efficient feeding
of the nano-lubricant into the cutting zone compared with conventional lubrication method.
As it can be seen in Figure 4.52(b-d) that protective thin films were produced on the feed
marks of the machined surface which contained billions of MoS, nanoparticles. These
protective films provided much less friction and thermal deformation compared to the
bared surface. The formation of thin film was increased when the concentration of MoS,
nanoparticles was increased from 0.2 wt% to 0.5 wt%. However, further increase of the
concentration up to 1.0 wt% lead less protective films compared to 0.5 wt% concentrations.
This result is totally in agreement with the results for lowest surface roughness obtained at
0.5 wt% of MoS, nanoparticles. However, when the nanoparticles concentration was
increased to 1 wt% the surface quality was declined.

The increment of nanoparticles concentration in the lubricant increased the viscosity

of cutting oil. In this case, more nanoparticles were existed in between the tool-workpiece
168



interface and these nanoparticles served as spacers, which eliminate the friction between
the tool and workpiece. The nanoparticles suspended lubricants have filler and polisher
effect. Because of these effects nano-lubricant results the best surface finishes. Moreover, it
was also proposed that the nanoparticles may roll like micro-spheres at the tool-workpiece
interface which leads to the reduction of the frictional coefficient (Liu et al., 2004). The
appearance and specifications of the nanoparticles such as the size, shape and concentration
are the factors that control the frictional behaviors. It is worthy to note that the size of
nanoparticles was in the range of 2—-60 nm. Smaller nanoparticles are more effective to
reduce the friction by forming protective film at the surface.

Other researchers showed that in thin film contacts, colloidal nanoparticles
penetrate into the elastohydrodynamic contacts by a mechanism of mechanical entrapment
(Wu et al., 2007). The high contact resistance in addition with extreme pressure at the
cutting zone induces the formation of chemical reaction layer on the workpiece surface.
The generation of large amount of heats at the cutting zone changes the
elastohydrodynamic lubrication to boundary lubrication. This phenomenon results the
formation of thin protective films on the surfaces as it can be seen in Figure 4.52.

It is believed that nanoparticles deposited on the friction surface and compensate for
the loss of mass, which is called ‘‘mending effect’” (Liu et al., 2004). Due to the porous
nature of spherical MoS;, nanoparticles, it could impart high elasticity, which augments
their resilience in a specific loading range and enhances the gap at the tool-workpiece
interface (Zhang et al., 2011). When nano base lubricant is dispersed at cutting zone, some
particles embedded into the machined surfaces during machining process. Some particles
have rolling effect and some particles are sheared due to very high pressure at cutting zone.
The shape of the nanoparticles was changed due to high compression as it is shown in

Figure 4.53. With increasing the concentration of MoS, nanoparticles the degree of shape
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changing and shearing was increased. Also some of the nanoparticles were partially ejected
by other nanoparticles that left the nozzle into the cutting zone. Consequently,
nanoparticles can be supplied to the contact spots without being broken. The plough off
nanoparticles left thin exfoliated film on its contact spot due to damage from high loading
(Rapoport et al., 2005).

However, when nanoparticle concentrations continued to increase up to 1.0 wt%,
the surface finish was reduced compared to 0.5wt% concentrations. Nanoparticles were
impregnated into the pore of the surface with increasing the nanoparticles. These
nanoparticles were then sheared by other incoming nanoparticles and more plough off
particles left on the thin exfoliated film. Therefore, the 1.0 wt% concentration provided less
surface quality compared to 0.5 wt% concentrations. Consequently, the concentration of
0.5 wt% provided the best machined surface morphology when the nano-lubricant was used
during machining process. The machining of AL6061-T6 alloy with nano-lubricants
containing 0.5 wt% of MoS, improved the surface roughness of 3.87% compared with the
pure oil in ordinary machining process. For additional investigation, the substrate surface

was analyzed by X-ray diffraction (XRD) as it is shown in Figure 4.54.
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Figure 4.52 FESEM on samples (a), (b), (c) and (d) which machined with 0, 0.2, 0.5 and 1.0
wt% concentration of MoS: respectively

171




Nanoparticles

Reletive velocity
—

Cutting Toll

Fq Workpiece

Tool nanoparticles Tool

Workpiece Workpiece
(a) Rolling effect (b) Protective film

Tool nanoparticles

_—— -_-_-_-_'_‘—'——-hu_-LL-_‘_‘—
- ~a e )

Workpiece Workpiece

{c) mending effect (d} polishing effect

Figure 4.53 The presence of nanoparticle reduce the tool-workpiece in contact

4.7.4 (ii) XRD analysis

The XRD analysis (Figure 4.54) showed the existence of 1.1, 3.3 and 0.5 wt% of
MoS, nanoparticles on the machined surface when the workpiece was milled by nano-
lubricants containing 0.2, 0.5 and 1 wt% MoS; respectively. These results fully support the
results obtained from the FESEM as the highest percentage of the residual MoS, was
obtained from the workpiece that was milled by nano-lubricants containing 0.5 wt% MoS;
nanoparticles. It is also seen that when nanoparticles concentrations was continued to

increase up to 1.0 wt%, the residual content of MoS, is lowest.
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Figure 4.54 X-ray Diffraction (XRD) on samples (a), (b) and (c) under machining with 0.2, 0.5
and 1 wt % concentration of MoS2 nanoparticles ,respectively
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From the results, the existence of MoS, nanoparticles between the tool-workpiece
interfaces improved the quality of machined surface. The MoS; nanoparticles impart their
effects by rolling, filling and polishing action at the tool-workpiece interfaces. Finally, it
can be conclude that MoS, suspended nano-lubricant is an excellent alternative for

achieving the perfect surface quality.
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4.8 Reduction in cutting force and surface roughness of Al-2017-T4 alloy by using
carbon onion nano base lubricant
4.8.1 Introduction

The carbon onion nanoparticles were mixed with ordinary mineral oil at different
concentration to investigate the cutting force and the surface roughness of Al-2017-T4 alloy
during machining in CNC end milling. From the results it is seen that the cutting force and
surface roughness are reduced by 21.99% and 46.32% respectively by using carbon onion
nano base lubricant. This could be attributed from the tribological properties of the carbon
onion which can reduce the coefficient of friction at the tool-chip interface during
machining.
4.8.2 Data analysis and discussions

The slot-milling test was carried out to investigate the cutting force and the surface
quality of Duralumin (Al-2017-T4) after machining with nano base lubricant containing
carbon onion. Figure 4.55 (a-d) and Figure 4.56 (a-d) show the cutting forces and surface
roughness for machining Al-2017-T4 alloy by using nano base lubricants containing
different concentration of carbon onion. The average cutting force and surface roughness of
the Al-2017-T4 alloy machined by nano base lubricants containing different concentration
of carbon onion is summarized in Table 4.48.

Table 4.48 The average cutting force and surface roughness of Al-2017-T4 alloy machined
by carbon onion nano base lubricant

Modes of Carbon onions Cutting force (N) Surface roughness
lubrications concentration R, (um)
Mode 1 0 wt% 53.51 0.380
Mode 2 0.5 wt% 46.58 0.324
Mode 3 1.0 wt% 43.64 0.248
Mode 4 1.5 wt% 41.74 0.204
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Figure 4.55 Cutting force of the Al-2017-T4 alloy machined nano base lubricants
containing carbon onion (a) 0 wt%, (b) 0.5 wt%, (c) 1.0 wt% and (d) 1.5 wt%
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The cutting force and surface roughness were examined for milling operations by

using nano base lubricants containing carbon onion nanoparticles. The results from the

experimentations require several analyses to ensure:

1.

The surface quality is improved by using carbon onion nano base lubricant during

machining process.

The cutting force, surface roughness, power consumption and oil consumption is

reduced by implementing nano base lubricants
nanoparticles.
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Figure 4.56 Surface roughness of the Al-2017-T4 alloy machined nano base lubricants
containing carbon onion (a) 0 wt%, (b) 0.5 wt%, (c) 1.0 wt% and (d) 1.5 wt%

Carbon onion nanoparticles were mixed with ordinary mineral oil at different
concentrations in order to investigate the cutting force and surface roughness during CNC
end milling of Al-2017-T4 alloy. Figure 4.57 presents the cutting forces and surface
roughness at different concentration of carbon onion nanoparticles in the base lubricant. As
it can be seen from Figure 4.57, the lowest cutting force and surface roughness are obtained
at the highest concentration of carbon onion nanoparticles (1.5 wt%) in the lubricant. In
addition, reduction in the cutting force and surface roughness are found to be 21.99% and
46.32% respectively compared with ordinary lubrication system. These results are
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supported by the Figure 4.58 (a-d) where stereoscopic three dimensional photographs of
machined surface are shown for different modes of carbon onion concentration. It is clearly
seen that the lowest surface roughness is obtained at the highest concentration of carbon

onion nanoparticles (1.5 wt%) in the lubricant.
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Figure 4.57 Effects of carbon onion nanoparticles in the lubricant during CNC end milling
of Al-2017-T4 alloy (a) cutting force and (b) surface roughness
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Figure 4.58 Stereoscopic three dimensional photographs of the Al-2017-T4 alloy surface
during CNC end milling by using nano base lubricant containing carbon onion of (a) 0
wt%, (b) 0.5 wt%, (c) 1.0 wt% and (d) 1.5 wt%

4.8.3 Summary
In this study, the cutting force and surface roughness of Al-2017-T4 alloy is
investigated during CNC end milling. Based on the results obtained, the highest

concentration of carbon onion (1.5 wt%) results the lowest cutting force and best surface

quality. In addition, the cutting force and surface roughness are found to be reduced by
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21.99% and 46.32% respectively with the presence of optimum carbon onion in the
lubrication system. The results are attributed from the tribological properties of the carbon
onion which act as billions of quasi-spherical nanostructure rolling elements at the tool-
chip interface. Consequently, the coefficient of friction at tool-chip interface is reduced

significantly by the use of nano base lubricants containing carbon onion.
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4.6 Discussions

Introducing carbon onion nano base lubricant to the machining system results less
friction at the tool-chip interface with better surface quality. This phenomenon is mainly
attributed from the tribological properties of carbon onion nano base lubricant. The
outermost shell of the carbon onion nanoparticles scarcely contains defects as no dangling
bonds exist on the surface when carbon atoms are perfectly arranged. Beside this, carbon
onion nano base lubricant reduces the coefficient of friction which reduces the tool wear

and cutting temperature as well.

Friction and wear of cutting tools plays significant roles during machining process.
The complexity of a machining process makes it difficult to systematically analyze the
friction and wear at the tool-chip interface (Weinert et al., 2004). Certainly, when the
coefficient of friction is greater than 0.5, the sticky friction and flow occurs only within the
workpiece, not at the tool-workpiece interface. Consequently, the thickness of the deformed
chip is increased, leading to a decrease in cutting ratio and shear angle with an increase in
shear length. Hence, the force and power required to remove the chip increases

significantly, as it is shown in Figure 4.59 (Trent & Wright, 2000).

Secondary . - ! ".
Shear - e s

Workpiece

R IPRITE e, T FR s P
Figure 4.59 Primary and secondary shear zone
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In other words, coefficient of friction greater than 0.5 results higher frictional force
component F leading to sticky friction. At this stage the chip flow occurs within the
workpiece but not at the tool-workpiece interface as shown in the merchant circle presented
in Figure 4.60. Consequently, the deformed chip thickness is increased, thus decreasing the
cutting ratio and shear angle @ with increasing the shear length. Hence, the cutting force
component F. is required to remove the chip (Sarhan & Matsubara, 2011). Furthermore, at
higher plastic deformation, the chips are welded with the tool face which effectively
changes the tool geometry and rake steepness. This results poor surface finish since the bits
of the welded chip is broken off and sticks to the workpiece. These bits are problematic due
to their inherent work-hardening properties.

Machining results reveal that coefficient of friction is reduced at the tool-chip
interface by using nano base lubricants containing SiO,, MoS, and carbon onion
nanoparticles. Reduction of coefficient of friction results lower cutting force. Due to tool
wear an increment in cutting force (F.) and friction force (F}) is normally observed as

presented from Merchant circle as in the Figure 4.60 (Alabi et al., 2010).

Chip

f Feh Tool

Workpiece

———

Figure 4.60 Merchant circle of cutting mechanism
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Similarly, the deformation of the chip creates a localized region of intense shear due
to the friction at the rake face which is known as secondary shear as it is presented in

Figure 4.61-4.63.

Primary shear
I Contact length

Secondary shear

Figure 4.61 Shear zones distribution metal cutting process

secondary shear zone

primary shear zone

cutting tool

workpiece

Figure 4.62 Shear zones area in metal cutting process
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Figure 4.63 Friction in cutting mechanism

The friction force at the tool-chip interface normally increases due to tool wear
which leads to an increment in cutting force and friction force (F,) component. It is worthy
to note that, by adopting the nano base lubricant at the tool-chip interface, the coefficient of
friction can be reduced. For this reason, nano base lubrication is capable to reduce the
cutting force with less power consumption. Nanoparticles in the mineral oil impart their
effect by the combined action of rolling and sliding bearings at the tool chip interface. The
rolling and sliding action of the nanoparticles reduces the coefficient of friction
significantly. Therefore, the cutting force of the workpiece is reduced by the use of nano
base lubricant. The reduction of cutting force leads to a reduction of specific energy and
power consumption during the machining process. However, introducing the SiO,, MoS,
and carbon onion nano base lubricant provides much less friction and superior surface
quality due to the tribological properties of these nanoparticles as it is illustrated in Figure

4.64.
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Chip/Workpiece

Figure 4.64 Rolling and sliding action of the nanoparticles at the tool-chip interface

Additionally, the findings for the lowest cutting forces are similar to the findings of
better surface roughness. Hence, the observation further supports that the proposed nano
base lubricant for lowest cutting force is capable to show good machining performances.
Additionally, it is believed that the temperature at the cutting zone diminishes as well,
resulting lower tool wear and consequently improves the surface quality. A higher
concentration of nanoparticles has detrimental effects because more and more nanoparticles
transfer kinetic energy to the workpiece surface and dissipate more heat. The low friction
behavior of the nanoparticles is effective to minimize the frictional effects at the tool-

workpiece interface and reducing cutting force.
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5.1

CHAPTER 5 CONCLUSIONS AND FUTURE WORKS

Conclusions

In this research, SiO,, MoS, and carbon onion nano-based lubricants for the metal cutting

operation were successfully produced and developed. Several machining tests were carried

out as a case study on the cutting process. Based on the results obtained, the following

conclusions can be derived:

1.

With the Li(4)* orthogonal array experimental design for machining parameter
optimization in the hard turning process, the improvement values of power
consumption, surface roughness, chip thickness and cutting temperature obtained
were 10.48%, 8.52%, 8.22% and 10.55%, respectively, compared to the minimum
values attained from the initial experiments.

It appears that by implementing the Li(4) orthogonal array experimental design in
the hard turning process with SiO, nano-based lubricant, the power consumption
was reduced by 37.19% as opposed to an ordinary lubrication system. By using the
Fuzzy logic approach, the surface roughness and tool wear seemed to be diminished
by 23% and 15% when applying SiO, nano-based lubricant to the hard turning
process compared with regular lubrication.

The implementation of the L;¢(4)’ orthogonal array experimental design with SiO,
nano-based lubricant for the milling process diminished cutting force, surface
roughness and cutting temperature by 25.02%, 26.28% and 29.34% respectively,
compared with an ordinary lubrication system. A morphological analysis indicates
that the presence of SiO; nanoparticles in the tool-workpiece interface enhances the

surface finish due to the rolling action and impregnation with nanoparticles.
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4. The L;4(4)’ orthogonal array experimental design was carried out with MoS, nano-

based lubricant to investigate the effect of various types of nano-based lubricant on
the milling process. The results signify 2.62%, 2.56% and 0.04% improvement in
cutting force, surface roughness and cutting temperature respectively, over the
smallest values obtained from the initial experiments. Morphologically, the
presence of MoS, nanoparticles in the tool-workpiece interfaces enhanced the
machined surface quality. MoS, nanoparticles impart their effects by the actions of
rolling, filling and polishing at the tool-workpiece interfaces.

The application of carbon onion nano-based lubricant in the milling process to
attain performance improvement was investigated owing to its tribological
properties. According to the results, cutting force and surface roughness seemed to
be reduced by 21.99% and 46.32% respectively, in the presence of optimum carbon

onion in the lubrication system compared with ordinary lubrication.

5.2 Future works

The future works should be focused on:

l.

To improve the suspension of nanoparticles in the nano base lubricant system so it
can be used for longer time.

To investigation the effect of the size of nanoparticles during machining process-To
investigate the effects of; the amount of nano particles, their size, continuous
homogeneity in oil and the method of applying lubricants in machining process.

To investigate the effects of cost, environmental and other technical aspects when
analyzing the optimal nano lubricant for various machining processes.

To investigate the effects of nano lubricants on reduction of frictional heat

(reduction of heat generated due to friction), work piece and tool temperature.
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