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Abstract

Over the past few years, positive changes have occurred in the manufacturing industry and many
other fields as a direct result of current breakthroughs in nanotechnology. The integration of nano-
sized solid lubricants into aerosols, suspensions, and emulsions can lead to an enhancement of the
end product's tribological and thermal properties. This is because of the constituent materials'
unique chemical and physical properties. Therefore, this makes it possible for lubricants or
coolants to perform their functions to attain a high level of productivity in machining processes.

This study aimed to investigate the effect on average surface roughness and tooltip temperature in
turning AISI 1045 steel with novel coconut oil-based hybrid nanofluid under MQL technology.
Al>,O3 and TiO, were chosen as the two nanoparticles to use in the experiments after conducting a
survey of the relevant research in the field. In order to reach this aim, Taguchi's L16 orthogonal
array, which is comprised of four factors, was utilized. Concentrations of Al,Os, TiO2, cutting
speed, and air pressure are the four factors considered in this study. In this experimental design,
the responses considered were average surface roughness and the temperature of the tooltip. Using
the Minitab 17 software, the model fitting and optimization were carried out. The values that
recorded as being optimal were,

e 0.75wt. % of Al,Os,

e 0.00 wt. % of TiO,

e 2.5 bar of air pressure,

e 96 m/ min of cutting speed
As a direct consequence, it is clear that the developed MWFs show significantly higher
performance than the other two techniques, dry cutting and coconut oil-based MQL cooling. The
percentages show a 23.92 % and 37.97 % reduction in tooltip temperature compared to dry cutting
conditions for MQL+ CC and Nano+ MQL+CC conditions, respectively. Also, the average surface
roughness was reduced by 33.87 % and 94.85 % compared to dry cutting conditions for MQL+
CC and Nano+ MQL+CC conditions, respectively. For future work, we can use thermophysical
and tribological factors rather than cost as a determining factor for better results.

Keywords: Minimum quantity lubrication/ nanoparticle/ machining/ surface roughness/ tooltip
temperature
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Figure 4-21: Performance comparison (%)
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1 CHAPTER: INTRODUCTION

In recent decades, the majority of manufacturing industries have increased production
rates in response to increased demand for machined products, which is critical to achieving
this goal [1], [2]. Machining is the most adaptable mechanized strategy, as it entails
removing excess material in the form of tiny chips or flakes to achieve the desired size,
shape, and surface finish [3]. Lubricating and cooling are the two most important aspects
of machining, and the majority of researchers uncovered a wealth of data on various

lubricating and cooling systems that improve the efficiency of machining processes [4].

The friction between the tooltip and the workpiece interface generates significant heat in
the machining zone, and this produced heat has various adverse thermal effects [5]. During
machining processes, cutting fluids are utilized to reduce friction between the tooltip and
the workpiece by delivering appropriate lubrication and cooling; also, the chips are
removed from the machining zone by washing, and to decrease unfavourable thermal
effects, cutting edges are employed [6]. However, when excessive amounts of cut fluids
are used, it pollutes the environment and harms the workers' health [7]. As a result, dry

machining could be an option for minimizing the use of cutting fluids.

Low cutting speeds are appropriate for dry machining and are favoured for easily
machinable materials; however, high cutting speeds and depths of cut are not advised for
dry operation because tool edge built-up affects the workpiece's dimensional accuracy and
workpiece reduces tool life [8]. For such cases, dry machining technology is regularly
converted into flood cooling technology. Nevertheless, metal-cutting fluids are used
extensively, which is a major contributor to environmental pollution and human health
concerns [9]. Therefore, Minimum Quantity Lubrication (MQL) can be utilized to limit

the consumption of cutting fluids and the negative consequences of dry machining.

Green cutting, particularly MQL, likewise called near-dry machining (NDM), was
established in the twenty-first century as a trade-off between the benefits and drawbacks
of dry cutting and machining with plenty of soluble oil, as environmental consciousness

increased laws and regulations; also, it is a process in which a little amount of any



metalworking fluid is sprayed into the cutting zone under high pressure to improve
penetration and chip contact [10]. MQL machining performance was studied by Reddy et
al., who compared it to dry machining [11]. They concluded that surface roughness,
cutting forces, tool wear, and machining temperature were significantly reduced compared
to dry machining. Padmini et al. studied the performance of the machining of MQL and
revealed that it produced lower tool wear and cutting forces than in dry conditions [12].
Khan et al. studied MQL's machining performance and compared it to flood cooling,
finding that MQL reduced machining temperature by 10% while decreasing tool wear and
surface roughness [13]. Based on the facts mentioned above, it is evident that MQL
technology is superior to dry cutting and flood cooling to achieve the present demand.
MQL is a superior option to flood cooling for low- to medium-speed machining and high-
speed machining; evidence for the usage of MQL is unclear, and it has been discovered
that coolant has trouble reaching the cutting region during high-speed machining, making
the cooling useless, according to the majority of researchers [14]-[16].

A number of researchers have been able to perform machining operations when working
with macro and micro-sized solid particles and synthetic or vegetable oils; thermal
conductivity and lubricity were superior in this mixed-cutting fluid [17]. Since micro-
sized particles could clog and make the machine unstable, their use has been limited [18].
Owing to its unique and enhanced properties, nanoparticle-assisted manufacturing has
revolutionized manufacturing over the past decade [19]. Both functionalized and
unfunctionalized nanoparticles are used in manufacturing, and nanoparticles' evolution,
synthesis, properties, applications, and health and environmental implications are all
covered in recent publications [20]. Nanoparticles differ from their microscale
counterparts in that they are smaller and have a larger surface area, and potential heat
transfer fluids are cutting fluids that comprise nanometer-sized metallic and nonmetallic
particles (<100 nm) [21]. An international team of scientists found that the base fluid's
thermal conductivity could be remarkably improved when the inclusion of various

nanoparticles of metallic materials, such as metal oxides, metal carbides, carbon materials,



and metal nitrides [22]-[24]. It concluded that adding nanoparticles into MQL-based
metal cutting fluids (MCFs) has a higher performance than micro-size particles.

It is estimated that mineral oils supply 85 percent of the market demand for MCFs for
machining and that mineral oils meet most of the requirements, but they have significant
environmental consequences due to non-biodegradability, toxicity, and improper disposal
[25]. As a result, the use of biodegradable and environmentally friendly MCFs has
increased. The biodegradability of cutting fluids is the most critical factor in determining
their environmental compatibility, as it refers to microorganism-mediated degradation
[26]. The superior biodegradability of vegetable oils over mineral oils is illustrated

graphically in Figure 1-1.
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Figure 1-1: The superior biodegradability of vegetable
oils over mineral oils [25]

Using bio-based oils as MWFs remains low on the list of priorities. Figure 1-2
demonstrates that green solutions are gaining popularity as a means of achieving more

sustainable operations and cleaner production. It clearly shows the number of publications



has increased significantly over the last decade. Consumption has also risen and is
expected to keep rising. Figure 1-3 indicates that bio-based MCFs could have the potential
to grow in the U.S. market [25], [27]-[30].
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Figure 1-3: Market share of MCFs in the United States in Billions [25]

In 2014, the Faculty of Engineering (FOE), University of Ruhuna (UOR), started

investigating coconut oil as an MWF. In 2017, they developed a novel coconut oil and



tested it against mineral oil-based MWFs, demonstrating that it outperformed the available
conventional MWFs [31]-[34]. They investigated the novel coconut oil with MQL
technology in 2019 [35], [36]. As described in the preceding paragraphs, adding
nanoparticles to pure base fluid improves its performance. Figure 1-4 depicts the future
direction of cutting fluids containing nanoparticles, as determined by H. Babar et al. [37].
FOE, UOR has created a novel coconut oil formulation and tested it under MQL
conditions; the next step is to improve its thermophysical and tribological capabilities by

including nanoparticles. By undertaking this research, the author intends to fill this gap.
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Figure 1-4: Present and future direction of nanofluids [37]

Based on the above introduction, cooling, lubricating, and removing chips from the cutting
zone are the basic requirements of metalworking fluid, and the MWFS has become a more

researchable field over time.

1.1 Aim

Investigate the effect of hybrid nanoparticles based on coconut oil metalworking fluid on
tooltip temperature and surface roughness when turning AISI 1045 steel using MQL

technology.



1.2 Objectives

Determine the effect of nanoparticles on vegetable oil base metal working fluid in the

context of minimum quantity lubrication technology.

Determine the most significant parameters for minimum tooltip temperature and

surface roughness with coconut oil-based MWFs using MQL technology.

Fitting a mathematical model to represent the tool temperature and surface roughness
with MWFs based on coconut oil with nanoparticles using MQL technology.

Make recommendations for optimal variable settings for effective machining.

1.3 Methodology

Based on the problem definition, the literature review is conducted to rectify the
significant variables and nanoparticles. Again, based on the literature survey, the process
factors and screening of those factors were undertaken to determine the significant ones.
To fulfil the first two objectives, choosing an appropriate experimental design and

conducting the necessary tests are necessary.

Based on the chosen DOE, results must be analyzed. Then predict, the model and the
model's fitness is evaluated. Finally, the actual and anticipated variations are compared.
Once the objective has been attained, optimization must be performed. A confirmation
test was done to compare the proposed model to actual behaviour. Figure 1-5 is a flowchart

summarising the methodology described in this section.
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1.4 Thesis Overview

This dissertation is divided into five Chapters. The author has discussed the research's
background in the first section of this study. The second section goes over the literature
review. The third section discusses the methods that were used. In chapter four, the
outcomes of the experiments and their analysis are explained. It further includes findings
and analysis. The fifth chapter summarizes the findings and future research

recommendations.

Introduction

Literature review

Methodology

Experiment
Results and Data
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Interpretation of
Results

Model Fitting and
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Conclusion

Figure 1-6: Thesis flow



2 CHAPTER: LITERATURE REVIEW

This chapter provides a comprehensive account of the development of cutting fluids and
cooling and lubricating techniques. In addition, the author has carried out another review
in which turning, milling, and drilling operations were taken into consideration in order
to investigate the effect of nanoparticle behaviour with vegetable oil to select
nanoparticles for the experiments in order to investigate suitable nanoparticles for the
investigation. After that, the author researches the factors that influence surface roughness

and the tool's temperature.

2.1 Evolution of Cooling/ Lubricating and MWF
2.1.1 Cooling and Lubricating

Regarding the cutting criteria, cutting speed is one of the most important aspects
influencing performance. The generated heat between the workpiece-tool and tool-chip
increases as the cutting speed is increased due to friction, and this needs to be reduced.
Simultaneously, producers strive for high production rate, dimensional precision, surface
finish, high quality, cost reduction, and low environmental effects. To overcome those
issues, a considerable quantity of cutting fluid is pushed to spray onto the cutting zone to
cool and lubricate the tool-chip and tool-work interface. As a result, produced friction
and temperature are decreased. This process produced little tool wear, a good surface, and
low cutting forces during machining. Even with all these advantages, cutting fluids have
disadvantages, including transportation challenges, disposal issues, the fluid's toxicity,
and environmental pollution, including water pollution, soil pollution, and air pollution.
As a result of these factors, machining operations face a new challenge. As depicted in
Figure 2-1, Sharma et al. summarized various cooling strategies for lowering the generated
cutting zone temperature in 2009 [38]. These included flood cooling, MQL/NDM, high-
pressure coolants, solid lubricants, and compressed air/gas coolants, among others. The

evolution of cooling techniques in machining is briefly explained in the below paragraphs.
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Figure 2-1: Techniques for the reduction in heat generation during turning [38]
i.  Dry Machining

Dry machining, in which no cutting fluids are employed, is characterized by modest
cutting speeds and easily machined materials. This method eliminates problems associated
with cutting fluid, such as contamination, disposal, and harmful components, but
ultimately the finished product may not have a good surface finish or accurate dimensions.
This occurred due to increased heat generation during the machining process; increased
heat increases the likelihood of the built-up layer forming. Because of its unstable nature,
this built-up layer breaks and removes a portion of the tool material, resulting in tool wear.
The broken segments deteriorate the surface finish when stuck to the machined surface.
Thus, dry machining without lubrication or cooling enhancement is not recommended

[39]. To address these issues, technology advances into the wet machining process.
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ii.  Wet Machining

Wet machining is classified into several types, some of which are described below with

basic characteristics.
a) Conventional Flood Cooling

Flooding is the most common method in the machining industry to achieve cooling and
lubrication functions, and it is typically used with coolant-type cutting fluids. This
approach produces a continuous liquid supply onto the tool-workpieces, a too-chip
interface for machining operations. For single-tooth to multiple-tooth cutters, the usual
flow rates range from 10 I/min to 225 I/min. Tool flooding from the chip side is the most
typical way of flooding. Flooding cutting fluid is more effective in cooling the clearance
face, especially when the pressure is above 300 kPa [40]. There are, however, drawbacks

to using cutting fluids, including the following.

e Elimination of waste-cutting fluid

e The price of the cutting fluid

e The distribution of cutting fluid throughout the machine.
e Harmful residuals

e The discarding of soggy chips

e Less visibility

b) Minimum Quantity Lubrication (MQL)

When looking at a general viewpoint of the machine industry, Flood coolant use in
machine shops demands considerable maintenance to monitor coolant conditions and fix
up leaks that constitute a health and safety risk in the workshop. However, as mentioned
above, the negative impacts on higher temperatures, tool life, and poor achievement make
it not applicable to most situations. Therefore, MQL has the potential to aid in extending
tool life and improving machining performance in surface finish, cutting forces, and

process capabilities, even when users have a defined dry-cutting process [41]. With MQL
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technology, the cutting zone only receives a trickle of a highly efficient coolant crushed
in a compressed gas stream, as opposed to the standard coolant flow of 120,000-720,000
ml/h (2-12 1/min) [42].

¢) Nano-Lubrication

According to the findings of certain researchers, MQL performs significantly better during
low-speed and medium-speed machining processes, but it is completely ineffective during
high-speed machining. That is because, at high-speed operation, the coolant cannot reach
the cutting region [43]. Then, researchers became interested in combining synthetic and
vegetable oils with macro and micro-sized solid particles. This mixture provided superior
thermal conductivity and lubricity at high-speed machining compared to the pure MQL
system. Even though micro-sized particles (<100nm) had improved cooling
characteristics, their usage in MQL machining was limited due to clogging and stability
issues [18]. Nanofluids typically have additives such as carbon nanoparticles, non-metallic
nanoparticles, metal nanoparticles, and nano-droplets. Hussain H et al. classified

nanoparticles, as shown in Figure 2-2 [44].

[ j 1

Organics 17 Inorganics Ir -— ;ﬂ:ld— _:_
l o ]
' h 4 v v
Fullerene Nanoctube Electrospun ’m‘ Metals Quantum Organics <
Nanofibres A Oxides DOTS Organics
Ceo CNT g
Cro SWCNT Cellulose Al CuO (ap) .
MWCNT Bio-cellulose Au Fe,0, CdSe Organics <
GNF Cu Al,0, Zns Inorganics
7n TiO2
£n0 Inorganics
Inorganics il

Figure 2-2: Classification of nanomaterials [44]
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2.1.2 Metal Working Fluid

In the manufacturing business, cutting fluids are the standard solution for dealing with
heat created during machining. As shown in Figure 2-3, Baradie categorized cutting fluids
in 1996, along with the development of nanodroplet cutting fluids (NDCFs)[10].

|
Water soluble fluids Gases
(Water miscible)

I [ | | |
Mineral Fatty Composed Extreme Multiple
oils oils oils pressure use oils
oils
Emulsifiable oils Synthetic Semi-Synthetic
(Chemical) (Semi-chemical)
General purpose Clear type Fatty Extreme True Surface active
soluble oils soluble oits soluble pressure solutions chemical fluids
oils cils
Nanoparticle Treated cutting
enriched cutting flusds with nano-
fluids droplets

Figure 2-3: Cutting fluid classification [10]
2.2 Machining with Vegetable Oil-Based Nanofluids

Vegetable oil containing nanoparticles improves the cooling capabilities of MWEFs,
according to a significant number of researchers. This new cutting fluid can be used in
various machining techniques, and this section illustrates how they affect key machining

performance metrics.

2.2.1 Turning

Lubricants were made by dissolving nano boric acid particles in SAE-40 and coconut oils.
[45]. In this experiment, cutting temperatures increased with increasing speed regardless
of nano-lubricant but were lower with coconut oil than with SAE-40 oil, according to P.V.

Krishna et al. Further, in all lubricating conditions, cutting temperatures increased as the

13



feed rate increased. Also, it is observed that lubricants based on coconut oil have a higher
heat transfer coefficient than lubricants based on SAE-40 oil, and suspensions of coconut
oil are consistently superior to those of SAE-40 oil. The superior lubricating properties of
coconut oil are due to the fundamental composition of vegetable oil molecules and the

oil's chemical structure.

Surface roughness, tool wear, cutting force, and temperature were all reduced in Inconel
600 alloy MQL machining with 6 vol. % Al,Os particle nanofluids, as reported by V. Vasu
et al. [11]. Also, the experimental results indicate that the feed rate is the most influential
factor on surface roughness, whereas the depth of cut is the most significant factor on

temperature.

M.M.S. Prasad et al. found that the percentage of nano graphite in the fluids increases,
and it appears that fluid properties and machining responses, such as tool-workpiece
temperatures, surface roughness, and tool wear, improve [46]. At this time, the best
combination appears to be 0.3% nano graphite particle inclusions at a flow rate of 15

ml/min.

A reduction in cutting forces of 8.8% and a reduction in workpiece surface roughness of
7.5% were observed in 2014 for cutting fluids containing nanoparticles recorded by L.
Prabu et al. it was noticed that the addition of silver nanoparticles to the cutting fluid
significantly decreased tool tip temperature, cutting force, and workpiece surface

roughness [47].

For the responses of tool life, cutting forces, and temperature, nMoS> nanoparticles in the
base fluid are more effective than mMoS> nanoparticles, according to R. Padmini et al.,
who studied H3sBOz and MoS> nanoparticle-based machining [48]. Also, they did another
research (2015) focusing on three separate base fluids. These are Canola oil (CAN),
Sesame oil (SS), and Coconut oil (CC). It has been shown that 0.5 percent CC + nMoS>
has the best machining performance of all the lubricant conditions. CC + nMoS; at 0.5

percent nanoparticle inclusions reduces cutting forces, temperatures, tool wear, and
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surface roughness by about 37%, 21%, 44%, and 39% compared to dry machining,
respectively [12].

A.K. Sharma et al. evaluated that, using a mist of nano-cutting fluid in machining, In
comparison to dry, conventional mist, and wet machining, the average surface roughness
of the workpiece is reduced by 47.8%, 29.1%, and 25.5%, respectively [49]. In addition,
it was discovered that increasing the concentration of nanoparticles improved the thermal
conductivity, viscosity, and density of nanofluids while decreasing the specific heat. Also,
TiO2 nanoparticles were used in another study by the same authors, and the results show
that tool wear was reduced by up to 58.1% when using dry machining and by 35.85%
when using conventional mist machining [50]. Additionally, it decreased cutting force by
62.7%, 33.9% (dry mist), and 35.7% (wet mist) compared to dry machining.

Nanofluid MQL performed better than other nanofluids because of its excellent heat-
carrying capability, according to M. K. Gupta et al. [51]. Chetan et al. found that the
average surface roughness was reduced by 47.8%, 29.1%, and 25.5% when nano-cutting
fluid was used during turning compared to dry machining, standard mist, and wet
machining, respectively [52].

Andhare et al. discovered in 2017 that MWCNT-based nanofluids had been reported to
reduce tool wear by 49% and 30% compared to machining without any fluid and with
mineral oil-based fluids [53]. Further, compared to conventional cutting fluid, using
nanofluid reduced cutting force by 5% to 8% while improving surface finish by 9% to
22%.

B.C.Behera et al. recorded that the wetting behaviour of nanofluids led to decreased chip
curling radius, tool wear, and coefficients of friction [54]. In 2018, M. Ukamanal et al.
found that 0.03% concentrated nanofluid was found that the tool temperature and the chip
temperature were found to be minimum [55]. R.K. Behera et al. investigated that MQL
machining with nanofluid outperforms traditional dry machining and MQL machining

with vegetable oils in terms of cutting performance [56]. K.Venkatesan et al. investigated
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that ribbon chips are seen in different sizes, and the curl diameter increases by increasing
the nanoparticle concentration [57].

M. Sarkaya et al. executed hBN nanoparticle-based turning for Ni-based Inconel 625 and
discovered that the best surface quality was obtained under cooling conditions with nano-
MQL containing 0.5vol% hBN. In terms of cooling/lubricating conditions, the cutting
fluid containing 1% hBN exhibited the lowest temperature [58]. Pure MQL, nano-MQL
(0.5vol %), and nano-MQL (1vol %) showed temperature improvements of 12.45%, 16.91
%, and 30.25%, respectively, compared to dry cutting.

It was discovered in 2019 that nanofluid with 0.25% alumina nanoparticles performed best
at 100 ml/min and a feed rate of 0.14 mm/rev when tested by K.Venkatesan and colleagues
using coconut oil as the base fluid [59]. C.V. Yildirim et al. observed that when nano-
additives were compared, 0.5 vol% hBN produced better results than Al,O3 because hBN
has a higher heat coefficient than Al>Oz [60]. When compared to dry machining, the
utilization of MQL and liquid nitrogen resulted in a temperature improvement of 26.8%
and 45.6%, respectively, in the tool-chip contact temperature. Furthermore, the recovery
temperature increased by 58.3% when mixing liquid nitrogen and nanofluids.
Additionally, the level of improvement in surface roughness increased when the 0.5vol%
hBN+LN2 technique was utilized. Surface quality was 44.5% higher with the 0.5vol%
hBN+LN2 technique than with dry machining.

A.K. Sahoo et al. compared the machinability of Al.Oz and TiO2 nanoparticles at 0.005
wt.%, 0.01 wt.%, and 0.05 wt.% [61]. Compared to nano Al>Oz, nano TiO> cutting fluid
has a better result due to its superior lubricity and wetting properties. It could also be due

to Al2O3's larger particle size when compared to TiO>.

In 2019 M. Khajehzadeh et al. observed that TiO> nanofluid reduces VBmax by an average
of 35.9% when compared to dry cutting, according to the results of this study, and
increases the concentration of nanoparticles from 0.5% to 3%, and the VBmax decreases
from 30.1t0 41.3% [62]. S.S. Rahman et al. evaluated an excellent surface finish achieved

by using a canola nanofluid containing 0.5% Al>O3z, and canola nanofluid enriched with
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0.5 volume percent Al>Os produced a superior nanofluid. MoS, has been discovered
helpful in temperature reduction and r. enhancement [63]. H. Hegab et al. studied Ti-6Al-
4V with nano-particle-based near-dry machining (MQL) and found the best performance
when the cutting speed of investigated three types of nanoparticles (Al.O3, CuO, and
Fe203) and found that CuO nanofluid demonstrated the best performance, followed by
Fe203 nanofluids and Al.O3 nanofluids in that order [64].

Q. Song et al. evaluated that, MoS> and graphite-based nanofluids both performed well at
high cutting speeds; however, graphite-based nanofluids outperform the other two
nanofluids in terms of cooling and lubrication properties, and Inconel-800 alloy's
machinable qualities are vastly enhanced by a small amount of graphite in vegetable oil
[65].

2.2.2 Milling

P.Y. Kwonet el. revealed that vegetable oil with xGnP added to it increased wettability on
the cutting surface and decreased surface friction; however, XxGnP with a bigger diameter
did not form a stable suspension in vegetable oil, leading to the segregation of graphene
and oil [66]. A concentration of 0.1wt% XxGnP with a 1 pum diameter demonstrated

excellent cutting performance with no segregation issues.

In 2016 M.S. Najiha et al. investigated that milling with a nanofluid based on titanium
dioxide and water; results in less chipping, a faster cooling rate, and a lubricating effect
[67]. According to the findings of M.M. Rahman et al., only 0.5% of nano-particles
experience built-up edges as a consequence of inadequate lubrication [68]. Nano-particles
with a fraction of 4.5% nanoparticles did not give the anticipated level of lubrication
either. That is because the nano-particle pumping is done at constant pressure and has a
higher density. Regarding the potential for tool damage, nanoparticle percentage fractions
of 2.5% appear more feasible. When the cutting speed was increased, it was observed that
the edge remained intact, in contrast to the edge breakage that occurred when the cutting

speed was lower.
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In MQL milling, Alper Uysala et al. found that the lubricating effect of nMoS: particles
in the cutting fluid reduced tool wear and surface roughness [69]. T. Kivak et al. found
that A significant improvement in tool life was achieved through nanofluids, as tool wear
was reduced significantly compared to the dry and base oil states [70]. B. Sen et al.
investigated that Adding 1% silica-deposited nanofluid resulted in an increase in tool life,
a reduction in chip curvature, and a simultaneous minimization of roughness and milling
force [71].

2.2.3 Drilling

S.W. Lee et al. found that increasing the amount of ND added to paraffin oil to 1 vol%
was more effective than increasing it to 2 vol% [39]. In order to achieve good performance
in reducing the drilling torque and thrust force when machining with vegetable oil, it was
necessary to use two-volume percent of ND. Lubrication with compressed air results in a
greater increase in the number of drilled holes than does the use of nanofluid.

Micro-drilling with a 2 wt% nanodiamonds/MQL mixture decreases burr formation,
consumed power, and torque compared to dry and increases tool life, as demonstrated by
W.T. Huang et al. [72]. Nanoparticle deposition on the surface and physical film
formation, which may reduce friction and wear, are the anti-wear mechanisms suggested
by T. Singh et al. that MQL-based vegetable oil nanofluid shows excellent performance

in friction and wear reduction [73].

Findings from nanofluid research by J. Zhang et al. show that nanofluid density
significantly impacts torque and power consumption. The minimum torque and thrust
forces are achieved at the nanofluid concentrations of 1.4 vol% and 4 vol%, respectively
[74].

Work-piece surface roughness and drilling temperature were found to be significantly
reduced when TiO2 nanoparticles were dissolved in soluble oil during drilling, as
discovered by S. Z. Heris et al. Adding nanoparticles to the base fluid and then increasing

the concentration improves the convective heat transfer coefficient even further [75] and
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2017 they conducted another experiment and concluded that improved heat transfer rate
and reduced operating temperature were found to be achieved by using a soluble oil-based
TiO2 nanofluid in the drilling procedure, with the concentration of TiO2 being an
important factor. The thermal and lubricating properties of soluble oil-based TiO>

nanofluid make it a viable alternative [76].

Thermal conductivity and good heat transfer coefficients resulted in better cooling and
eliminated microchipping, resulting in less tool wear, according to a study by S. Muthuvel
et al. (2018). Tool wear was reduced by 73% and 62% on conventional coolant and oil
conditions. Compared to traditional technology, 71% less surface roughness and 53% less

flank wear has been found to be achieved [77].

Iron nanoparticles in Jatropha oil were studied by B. Sopko et al. in 2018. Improved
lubrication and cooling can be achieved by adding nanoparticles to Jatropha oil. After
drilling to a depth of 10 millimetres, the temperature of all samples gradually increased,
peaked, and then gradually decreased. Only the main cutting edges and dead center of
HSS drill bits for all fluid models show signs of wear [78]. P.J. Liew et al. observed that
using the nanofluid resulted in lower cutting temperatures and surface roughness than
using the base fluid [79]. S.W. Lee et al. investigated that, when using the nanofluid, there
was a significant reduction in friction in the drilling region. Additionally, there was a

reduction in thrust forces, drilling torques, and tool wear [80].

According to the review, adding nano additives to a base fluid can improve the lubricant's
heat transfer, anti-abrasion, and anti-friction properties. The temperature within the
cutting zones is reduced due to improved heat transfer characteristics, which reduces

cutting tool temperatures and wear mechanisms.

Nanofluids' MQL parameters and wetting characteristics, tribological and thermophysical
properties influence process performance, according to S. Chinchanikar et al. When a
specific type of nanoparticle or a combination of nanoparticles is added to the nanofluids,

the MQL's working performance has been observed to vary significantly [43].
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Based on the above literature, it is clear that adding nanoparticles into vegetable-based
MWEFs improves the performance of the base fluid, such as increasing surface finish,
dimensional accuracy of the workpiece, low tool wear, etc. Table 2-1 shows the

summarised details for a section of the nanoparticles.

20



Table 2-1: Literature to select nanoparticles

No | Reference | Operation | Nanoparticle Base fluid Particle size Workpiece

1 S'\é\ll.' [Iéeﬁ et Drilling | Nano Diamond Paraffin oil g?ld Vegetable 30 nm Aluminum 6061
2 V\é'tzlﬂggr]]g Drilling | Nano Diamond Vegetable oil - 7075-T§|Ia(1)|;minum
3 T.a?iF?Q]et Drilling Al2O3 Refined soybean oil 20 nm Aluminum 6063
4 ) Zh?;lg]et al. Drilling | Nano Diamond Vegetable oil - -

5 S.Zall.l_tggf et Drilling TiO> Soluble oil 20 nm -

6 SZaIT;g]S | Drilling TiO, Soluble oil 20 nm i

7 P.\;.Illigvlanet Milling xGnP Vegetable oil 10 nm -

8 M:I‘ng? et Turning NSMNOSZA Water-based soluble oil 8On1rgblg?nnm, AISI 1040

9 | R Zf‘_d[r;‘g]‘i ® | Tuming | HsBOs, MoS: Cg’e‘;(;rr‘#; E(S:g))’ i AISI 1040

10 | R zﬁd[rgér]‘i | Turning nMoS; éggoé‘;‘;ég?c Asﬁls’)agi‘fs i AISI 1040

11 Metlzl Cig%t a Turning Alé?;’pmtoe 52 Vegetable oil 40 nm Titaniuglé?/rade-Z)
12| B S[e7nl§t a1 Milling Si0; Palm oil 5 nm 'NCONG%'E)@ alloy
13 A'aLIJ.y[S(SaS')‘; | Milling MoS2 Vegetable oil i AISI 420
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No | Reference | Operation | Nanoparticle Base fluid Particle size Workpiece
14 A.K. Sharma Turning Si0, Vegetable qll-water i AISI 1045
et al. [88] emulsion
15 ChEt[%g]et al. Turning Al203, Ag Water + sunflower oil - Nimonic90alloy
A.K. Sharma . Vegetable oil-water
16 et al. [49] Turning Al2O3 emulsion - AISI 1045
17 A.K. Sharma Tumning TiOs Vegetable o_|I-water i AISI 1040
et al. [50] emulsion
18 P.;.alf[zssh]na Turning H3BOs SAE-40 and Coconut oil 50 nm AISI 1040
M. Sarikaya . . Ni-based Inconel
19 et al. [58] Turning hNB Vegetable-based oil - 625
K.
20 | Venkatesan et | Turning Al,O3 Coconut oil - Incoloy 800H
al. [59]
21 CV. [Séé)l]dmm Turning Al203, hBN Vegetable oil 70 nm, 70 nm Inconel 625
M.M.S.
22 | Prasad et al. Turning Nano-graphite Water soluble oil 80 nm AISI 1040
[46]
23 K.;:(;r;k?;iﬁan Turning Al,O3 Coconut oil 40 nm Inconel X-750
T. Kivak et - Hbn, MoS> & . 80 nm, 80 Inconel X-750
24 al. [70] Milling graphite Vegetable oil nm, 80 nm superalloy
S.W. Lee et - . . Titanium Alloy
25 al. [92] Drilling Diamond Vegetable oil - (Ti-6AI-4V)
S. Muthuvel - .
26 etal. [77] Drilling Copper Coconut oil 70 nm AISI 4140
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No | Reference | Operation | Nanoparticle Base fluid Particle size Workpiece
27 B'j"{’?‘;‘i € | Drilling Iron Jatropha oil 25 nm CSN 11 523
S.W. Lee et - . : Titanium Alloy(Ti-
28 al. [80] Drilling | Nano Diamond Vegetable oil 35 nm,80 nm 6AI-4V)
29 S.S. Rahman Turnin TiO2, AlLO3, Canola, Extra virgin olive | 100 nm, 135 | Titanium Alloy(Ti-
et al. [93] g MoS; oil nm, 135 nm 6AI-4V)
H. Hegab et : . Titanium Alloy(Ti-
30 al. [94] Turning Al,O3 Rapeseed oil 22 nm 6AI-4V)
31 | Q- Songetal. Turning Al203, MoS; & Sunflower oil Average 40 | - onel-800 Alloy
[95] graphite nm
S.R. Das et . Al203, CuO, . . Average 50
32 al. [64] Turning FesOs Rice bran oil nm AISI 4340
33 V. V?;g]et al. Turning Al,O3 Vegetable oil - Inconel 625 alloy
R.K. Behera . .
34 et al. [56] Turning Al,O3 Vegetable oil - Inconel 600
35 H'al;'e[%";t]) et Turning MWCNT Vegetable oil 13to 20 nm Ti-6Al-4V
36 S. Datta et al. Turning MWCNT Rice bran oil 10 to 15 nm TH6AL-4V
[98] Superalloy
37 S DzEtgtg]et al. Turning MWCNT Coconut oil 10to 15 nm Inconel 718
M.S. Kumar . . stainless steel 420
38 et al. [100] Turning MWCNT Coconut oil 12 nm grade
H. Hegab et . MWCNT, . 13 to 20 nm,
39 al. [101] Turning AlLOs Vegetable oil 20nm
40 Chet[%nz]et al. Turning AlxOs, Ag Sunflower 40 nm, 10 nm Nimonic 90
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No | Reference | Operation | Nanoparticle Base fluid Particle size Workpiece
a1 | Q- Song etal. Turning Al203, MoS, & Sunflower oil 40 nm Inconel-800 Alloy
[95] graphite
Mayurkumar , .
42 A. et al. [102] Turning nMoS; Pure palm oil 70 t0100 nm Inconel 718
R. Padmini et : Pure coconut oil, sesame
43 al. [103] Turning nMoS; oil. canola oil - AISI 1040
Inconel 718,
J. Wang et al. - . Average 50 ductile cast iron,
44 [104] Grinding MoS;, Al203 Pure palm oil, nm and AISI 1045
steel
T.T. Long . .
45 [105] Turning | Al2O3 + MoS; Soybean oil 45 nm,30 nm AISI 304
46 | % \E\{%téj’ | Tumning | AlOs+GnP Vegetable oil i AlSI 304
Jamil et al. . . 30 nm,10 to .
47 [107] Turning Al,O3 + CNT Vegetable oil 30 nm Ti-6Al-4V
M.S. Kumar . .
48 et al. [108] Turning Al203 + CuO Coconut oil - En24 Steel
Gogulothu et . MWCNT + .
49 al. [109] Turning MoS; Sesame oil 30 nm,30 nm AIlSI 1040
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2.3 Nanoparticles with Base Fluid

As per the above review, several lubricants are used as base oils for metalworking fluids
in manufacturing industries. Common base oils include water, distilled water, mineral oil,
synthetic oil, and vegetable oil, among others. Some pure or unrefined base oils are
chemically unbalanced and have a limited shelf life, causing corrosion. The addition of
additives then enhances the base oil. Additives vary based on the chosen base oil.
Additives are chemical ingredients that enhance base oil performance by reducing their
unfavourable qualities. Others are anti-wear, anti-corrosion, and anti-oxidant. Adding

additives to base oils makes them more stable and user-friendly.

As mentioned in literature reviews, the size and shape of nanoparticles and their
concentration in base fluids are the most critical factors affecting machining performance.
Additionally, the machining process is influenced by nanofluid application methods and
the process parameters such as spraying distance, nozzle orientation angle, air pressure,
and cutting fluid flow rate, including flood, mist, and MQL [110]. The literature
demonstrates that nanoparticle-mixed MWFs improve surface quality by increasing
nanoparticle fractions during machining. However, improved lubrication can be achieved
by rolling, sliding, and filming nanoparticles [111]. With nanoparticle-enriched cutting
fluid, dimensional accuracy is improved, and furthermore, reduced tool wear, power
consumption, machining zone temperatures, cutting forces, and friction in cutting zones,
machining with nanofluids enhances efficiency [112]. According to the literature review,
the performance of the process of nanofluid NDM is influenced by the tribological (wear
and coefficient of friction) and thermophysical (thermal conductivity and viscosity)
properties of the nanofluids used. The graphical representation of different mechanisms
involved with nano lubricant is shown in Figure 2-4 [113]. In addition, the characteristics
of nanoparticles differed depending on their concentration, type, shape, and size, as well
as the base fluid's thermal conductivity used to synthesize the particles. NDM
performance was discovered to be affected by the wetting properties (angle of contact) of

a nanofluid droplet that changes with the quantity of nanoparticles in various lubricating
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media. However, only a few studies have established a link with MQL machining

operations.
_ " E
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Figure 2-4: Graphical representation of different mechanisms involved with nano -

lubricant [113]

Based on the literature, the most frequently used nanoparticles are listed below, as cited
by S. Chinchanikar et al. [43], A M Zetty Akhtar et al. [114], and K. Venkatesh et al.

[115].

e Multi-walled carbon Nanotubes (MWCNT)
e Zirconium dioxide (ZrO>)

e Aluminum oxide (Al.Os)

e Nano boric acid (NBA)

e Hexagonal boron nitride (hBN)
e Titanium dioxide (TiO>)

e Molybdenum disulfide (MoS2)
e Copper oxide (CuO)

e Graphite Nanoplatelets (GnP)
e Nanodiamond (ND)

e Silicon dioxide (SiOz)
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And further, S. Chinchanikar et al. concluded that the most frequently used hybrid
nanoparticles are,

e AlOs3+GnP

e CuO +TiO2

o Fe304+ SiC

e SiO;+ Diamond

o ZrO2+ CNT

e AlOs3+CNT

e SiO2+GnP
According to R.K. Singh et al. [116], H. Muhammad Ali et al. [37], M.S. Kumar et al.
[117], and A.R. Ibna Ali [118], the thermal conductivity of nanoparticles is shown in
Table 2-2.

Table 2-2: Thermal conductivity of materials

Nanoparticles Thermal conductivity
(W/ (m.K))

Diamond 2300

MWCNT 2000-3000

SiC 490

Ag 429

Cu 398

Au 315

Al 247

S| 148

MgO 54.9

Al;03 40

CuO 19.6

Zn0O 100

TiO2 20
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2.4  Effects of Machining Parameters on Responses

In recent years, several investigations have been conducted to ascertain the optimum
machining settings that will result in the lowest possible surface roughness and tool
temperature [119]-[121]. As a result of this research, these factors have been divided into

six major portions, which are depicted in Figure 2-5.

-

Tool
properties

N 4

Figure 2-5: Factors affecting surface roughness and tool temperature
2.4.1 Cutting Parameters

According to S. Debnath et al. experiment, feed rate contributed 34.3% to work-piece
surface roughness[122]. Further cutting fluid flow rate also contributed significantly
(33.1%). Surface roughness was not affected by cutting speed or depth, and depth of cut
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(35.8%) and cutting speed (43.1%) dominated tool wear. The greatest amount of tool wear
was caused by cutting fluid (13.7%), while the feed rate contributed the least. The best
conditions for surface roughness and tool wear were achieved with a low feed rate, a
medium depth of cut, a high cutting speed, and low-flowing, high-velocity cutting fluid

flow.

In 2011 V. Vasu et al. experimented by using Al.Oz nanoparticles with Inconel 600 and
noticed that feed rate is the most influential element on surface roughness, whereas the
depth of cut is the most significant factor on temperature [123]. Also, they noted that the
feed rate and depth of cut are the main parameters that influence the cutting force and tool

wear.

Akhil C. H. et al. studied the behaviour of the three cutting parameters (cutting speed, feed
rate, and depth of cut) in relation to the tool temperature and determined that the tool

temperature is affected most by the depth of cut, then by cutting speed and feed rate [124].

By analyzing the cutting forces and vibrations that happened throughout the turning
process, Risbood et al. were able to create an accurate estimate of the surface roughness
and dimensional deviation [119], [125]. The inputs for this process consisted of selecting
the cutting speed, feed rate, and depth of cut, and the workpiece was steel bars. The depth
of cut, feed rate, and cutting speed was discovered to have a substantially more significant
effect on surface roughness than the steel bar's length and diameter. The chip removal
action is enhanced when the feed rate is decreased, producing a surface of superior quality.

However, when the feed rate was increased, there was a decline in surface quality.

The researchers Brezocnik and colleagues noticed in 2004 that the feed rate is the most
important component determining surface roughness [126]. According to the findings of
Mohd Zain et al., the best surface roughness could be accomplished by cutting at high

speed with a radial rake angle while maintaining a low feed rate [127].

According to the literature summarized under "various machining operations (turning,

drilling, and milling)" and "cutting parameters,” the influencing factors of tool
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temperature and surface roughness are spindle speed, feed rate, feed direction, depth of
cut, and the width of the cut relative to the diameter of the cutter. In addition, while other
all the conditions and parameters are constant, the feed rate is the most influential element
for surface roughness, while the depth of cut and cutting speed are the most influential

factors for tool temperature.
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3 CHAPTER: METHODOLOGY

The first section of this chapter is described the nanofluid preparation, including base fluid
and nanoparticle selection strategies. Followed by the selection of machines and
equipment with parameters based on the responses is explained. Then the experimental
design selection is concluded, and finally, the setup arrangement is presented. Also,
before the experiment, the prepared novel coconut oil was conducted for its

thermophysical properties.

3.1 Base Fluid Preparation

Novel coconut oil developed by FOE, UOR, was used as the base fluid in this experiment
(85 % water + 15 % oil). Eventually, samples of this base fluid were compared to mineral
oil-based soluble oil for biodegradability, pH value, and viscosity. As a result of these
tests, it was established that the produced metalworking fluid has better environmental
compatibility with the mineral oil-based soluble oils already on the market [128], [129].
Based on the formulated weight percentage, two surfactants (PGPR and Tween 80) are
created, and the base fluid is prepared using the identical processes described in the

&
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Figure 3-1: Base fluid preparation; [a]- Preparing of PGPR and TWEEN 80
mixture; [b]- Adding coconut oil into the pre- prepared mixture and stirring;
[c]- Adding water into pre- prepared mixture
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literature, followed by white coconut oil, water, and a magnetic stirrer to create a good
dispersion and stable base fluid preparation of based fluid shown in Figure 3-1.

3.2 Nanoparticle Selection for Experiment

Nanoparticles significantly alter and enhance the properties of the metalworking fluid.
Several studies have examined various "machining applications" using different
nanoparticles and vegetable oil-based metalworking fluids, and the following study is

based on those applications.

The author has reviewed forty-nine literature papers (Table 2-2) that used MQL-based
vegetable oil nano lubricants as MCFs. This literature study on vegetable oil-based
nanoparticles attempts to identify two nanoparticles for the experiments. According to the
review, there were no comparable parameter/s to measure the nanoparticles' performance.
Because of this, the author decided to select the most popular nanoparticles from the

specified literature study by employing the frequency of popularity as the first strategy.

The top five nanoparticles were selected based on the above strategy, and the next step
was to reduce it up to two. The selected five nanoparticles are shown below in Table 3-1

with their percentage contribution.

Due to the limited available cost, the author decided to select the cost factor as the second
criterion for nanoparticle selection. The cost comparison is shown in Table 3-2, and based
on that; the author selected Al,Os and TiO; as the two nanoparticles to conduct the

experiments [130].

Table 3-1: Selected five nanoparticles

Nanoparticle Percentage contribution
Al2O3 18
Nanodiamond 10
MoS; 8
MWCNT 8
TiO2 6
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Table 3-2: Price comparison of selected nanoparticles [130]

Nanoparticle Price

MoS; US $ 20.0-40.0 /kilogram
TiO; US $ 2.15-3.524 /kilogram
Al2O3 US $ 8.0-20.0 /kilogram
ND US $ 800.0-835.0 /kilogram
MWCNT US $ 99.0-160.0 /kilogram

3.3 Nanofluid Preparation

The formation of nanofluids involves spreading nanoparticles across a base fluid. In order
for nanofluid applications to be successful, adequate dispersion is essential. As a
consequence of this, surfactants are sometimes added to nanofluids in an effort to improve
their stability. The stability of nanofluids may also be improved through surface
modification of dispersed particles and high forces applied to clusters of scattered
nanoparticles. Nanofluids are prepared using two fundamental techniques (Figure 3-2):

single-step and double-step methods [131].

(2]
Base/ Nano- p
Fluid |\ Particles Method

. Simultaneous creation
Nanofluid and dispersion
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Figure 3-2: Preparation methods (a) One-step method
(b) Two-step method [131]

The single-step method allows for simultaneous synthesis of nanoparticles and dispersion

in base fluid; on the other hand, all procedures are completed in a single step.
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Nevertheless, residual reactants are still present in the nanofluids, and the price is quite
significant; these are the major disadvantages of the one-step method. As a result, the
author decided to create the nanofluid in a two-step method. It is the least expensive way
to produce hybrid nanofluids. There is no interdependence between the steps involved in
preparing the nanoparticles and distributing them throughout the base fluid.
Nanofluids can be created in bulk using this method, however, despite the prepared
sample's stability duration being significantly shorter than that of the single-step
technique. Cohesive and Van der Waals interactions between particles further complicate
the issue of particle stability. Several more approaches can be utilized to overcome this
problem besides the addition of surfactants, pH modification, magnetic stirring,
ultrasonication, and high-pressure homogenization [4],[132]-[134]

The nanofluids were prepared with Al.Oz and TiO2 nanoparticles imported from MKnano
(a division of MK Impex Corp.), Ontario, Canada. The Al,O3 and TiO Certificate of
Analysis table is shown in Table 3-3. Each nanofluid type was synthesized at four different
concentrations: 0 wt%, 0.25 wt%, 0.5 wt%, and 0.75 wt%, and the steps are shown in
Figure 3-5. The nanoparticle concentrations to disperse in the base fluid were determined
and weighted using a digital micro weighing scale (Figure 3-3 [a]). All concentrations
were obtained by mixing the basefluid and nanoparticles for two hours on a magnetic
stirrer (Figure 3-3 [b]) and then sonicating digitally for another three hours in a sonicator
(Figure 3-3 [c]). The lengthy sonication process was necessary to ensure that the
nanoparticles were evenly dispersed throughout the base fluid. The prepared sixteen
samples are shown in Figure 3-4.
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Table 3-3: Al,Oz and TiO» particle content

Certificate of Analysis

Aluminum oxide (alpha ~90 %) | Titanium Dioxide (anatase)
APS: 40 nm, Purity: > 99.5% APS: 50 nm, Purity: > 98%
Components | Contents(ppm) | Components | Contents(ppm)
Ca 1.6 Al <20
Co 0.8 Ca <75
Fe 0.2 Mg <65
Na <300 Nb <119
Si 35 S <165

Si <102

™ ic]

Figure 3-4: Prepared samples
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3.4 Machine and Equipment

This subsection describes the machine, workpiece, and tool that have been used for the

experiments.

3.4.1 Workpiece

AISI 1045 is medium-strength alloy steel widely used to manufacture guide rolls, guide
rods, light gears, worms, sockets, ratchets, crankshafts, spindles, pins, bolts, axles, studs
and connecting rods [135]. The tested object measured 55 mm in diameter and 305 mm in
length (Figure 3-4). The work material's chemical composition was determined using a
Spectrometer (model: MAXx LMMO05, made in Germany). The tested
chemical composition is listed in Table 3-4, and the mechanical properties provided of the

supplier are listed in Table 3-5.

Figure 3-5: Work piece (AISI 1045)

Table 3-4: Chemical composition of AISI 1045

Element C |Si ([Mn|P |S |Cr |[Mo|Ni Al |Co|Cu
Composition | 8 | R[S (3|32 R |51 33|5|&X
o < | N|ww | | |lo|dA|o|lo| S| o
( 0) o | o o o|l o | o o o|lo| o| o
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Table 3-5: Mechanical properties of AISI 1045

Mechanical Properties Metric
Hardness, Vickers (Converted from Brinell hardness) | 170
Tensile Strength (yield) 310 MPa
Tensile Strength (Ultimate) 565 MPa
Modulus of Elasticity 200 GPa
Elongation at Break (in 50 mm) 16.00%
Reduction of Area 40.00%

3.4.2 Machine and Tool

The CM (model 6241X1000) lathe machine was used to turn AISI 1045 steel using the
NDM technique, and the lathe machine is shown in Figure 3-6. The coated carbide inserts
(Mitsubishi CNMG 120408- MS VP15TF; Figure-3-7) were selected as the cutting insert
based on the workpiece material's chemical composition, speed range provided by the

supplier, and it was fastened mechanically to a rigid tool holder. (MCLNR- 2020K12).

Figure 3-6: Model 6241X1000 lathe machine
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Figure 3-7: Mitsubishi CNMG 120408- MS VP15TF tool tip

The MQL system involves a flow and air controller unit, a compressor (with a pressure
gauge), a spray nozzle, and an air dryer. S.A.S Amiril et al. proved that when closer the
nozzle to the tool, the greater the cutting force and the increase in the tool life [136], and
A. Yassin et al. investigated that when nozzle angle 20° provided the optimum flank wear
[137]. Based on the literature, the author arranged the MCFs discharge nozzle distance of
40 mm (as much as close to the tool with safety distance) at a 20° angle from the rake
surface of the cutting tool insert. Consequently, the nano-cutting fluid mist effectively
enters the cutting zone. The mixing chamber and tool arrangement are shown in Figure 3-
8.

Fhud controller

g &y
L AV

Figure 3-8: MWEFs and tool arrangement
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3.5 Experimental Design

Design of experiments (DOE) explores and specifies all feasible experimental settings,
taking into account a number of variables. The key benefit of the Taguchi approach is that
it requires fewer experiments to discover the relevant component in less time. The
experimental array L16 (4%) orthogonal array (OA) was designed to measure tooltip
temperature and average surface roughness using the Taguchi approach. The standard OA
includes sixteen experiments for this experiment, each with four control factors and four
experimental state levels. The control variables were nanoparticle concentrations (Al.O3
and TiO»), air pressure, and cutting speed, whereas the response variables included tooltip

temperature and surface roughness.

Here, the author has selected both nanoparticles separately as a controlling factor in order
to ascertain the actual influence of each nanoparticle's behaviour on the tool tip
temperature and surface roughness and has considered each nanoparticle concertation
range of 0 to 0.75 wt%. The zero level was chosen to capture the only MQL condition
behaviour with machining, and based on the literature review higher level was limited to
0.75 wt% concentration on each nanoparticle. That is because increasing the particle
concertation into the based fluid tends to cluster and not show performance; however, a
few studies have done more than 1 wt%, and the majority have done below the 1 wt% of
nanoparticle concentration. Furthermore, there is no explicit statement regarding the
combination weight percentage in a base fluid. The third control factor, "Air pressure,” is
a major concern when adding nanoparticles to the base fluid. When mixing nanoparticles
with base fluid, it tends to pressure drop in the flow, so there is a need to maintain the flow
as much as possible to avoid that issue; so that the author has selected the third factor as
air pressure considering the most efficient pressure levels of based on the literature review
[43],[73],[138]-[144].

When it comes to cutting operation, the best possible circumstances include a limited
amount of cutting time, a substantial amount of tool life, and a high degree of cutting

precision. It is required to select cutting conditions and tools in accordance with the work
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material's hardness, shape, and capabilities of the machine in order to achieve these
conditions. Feed, depth of cut, and cutting speed should all be considered control elements
when carrying out a turning operation. In the same way, cutting speed directly affects heat
generation; consequently, tool life and feed rate directly affect surface roughness.
Changing the depth of the cut has little impact on the tool's life. In addition, when cutting

a workpiece's hardened layer, small depths of cut result in friction.

Consequently, the durability of the tool is diminished [145]-[150]. The author has selected
cutting speed as the fourth experimental variable while keeping optimal feed (0.25
mm/rev) and depth of cut (0.5 mm) parameters, based on the (Figure 3-9 for optimum
depth of cut; Figure 3-10 for optimum feed) work-piece material and cutting tool
properties provided by manufacture [151]. The speed range is selected based on the

manufacturer's specifications.

. 04
E x
E o3f¥ )
E 0.2 x e . x_.______;,...--'
E 01
b 0 ] | I [ I I ] | N I ] |
0.03 0.05 0.1 0.2 0.5 1.0 20 3.0
Depth of Cut (mm)

Figure 3-9: Depth of cut and Flank wear behaviour in medium carbon turning [151]

According to the research conducted, there are numerous ways to set up an experimental
MQL system. According to the research that has been conducted, the optimal conceptual
design for this investigation was determined by means of a morphological analysis. This
analysis was conducted based on the subsystems discovered in the aforementioned
literature for various experimental setups. While constructing the modified final design,
ambient air was subjected to approximately 7.5 bar of pressure generated by a compressor
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Figure 3-10: Feed and Flank wear relationship in medium carbon turning [151]

within the MQL experimental setup. The compressed air was then introduced into the
mixing chamber, and that chamber consisted of air and fluid controllers. The airflow
regulator at the mixing unity was entirely opened, and the compressor controlled the
airflow. The flow rate was kept constant throughout the studies by regulating the MCFs
controller in the mixing chamber. The mixing chamber's suction action aided in the flow
of MWF. Compressed air and MWFs were blended in the mixing chamber. The nozzle
delivered the air and MWFs mixture into the cutting zone. In this experiment, the flow
rate was maintained at 60 ml/h in order to determine the MQL condition [129], [152],
[153].

The experimental settings for each control factor and orthogonal array are detailed in
Tables 3- 6 and 3-7, respectively. All experiments were conducted in triplicate, and the
mean of the results was considered. In addition, all tests were conducted arbitrarily to
eliminate any other unseen variables that could have influenced the cutting temperature

and average surface roughness.
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Table 3-6: Machining parameters and their levels

Control Symbols | Units | Level | Level | Level | Level
Factors 01 02 03 04
Al,O3 Wy wt. % 0.00 0.25 0.50 0.75
TiO; W> wt. % 0.00 0.25 0.50 0.75
Air Pressure P bar 2.00 3.00 4.00 5.00
Cutting Speed \ m/ min 88 101 133 155
Table 3-7: Standard L1e (4*) Orthogonal Array
Control factors and experiment levels

Exp. No W1 W2 P \Y/

1 1 1 1 1

2 1 2 2 2

3 1 3 3 3

4 1 4 4 4

5 2 1 2 3

6 2 2 1 4

7 2 3 4 1

8 2 4 3 2

9 3 1 3 4

10 3 2 4 3

11 3 3 1 2

12 3 4 2 1

13 4 1 4 2

14 4 2 3 1

15 4 3 2 4

16 4 4 1 3

A testo 871- thermal imager measures the average tool tip temperature (Ttp). All the
measurements are conducted at the same distance and under room temperature conditions.

The INNOVATEST TR-200 performs measurements of the average surface roughness
(Ra) of the workpiece following each turning operation while maintaining the same

machining conditions. This instrument has been calibrated and validated against the test

samples that have been provided to guarantee that the inaccuracy in the displayed value is
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+10 percent. This procedure was repeated three times at various reference points along the
cylindrical surface of the workpiece, and the average value was then computed. The
INNOVATEST TR-200 is a contact -type measuring device with a probe that may travel
on the surface of the workpiece. The probe's diamond tip has a radius of 5 um. The device
has a measuring range of 160 um, a measuring speed of 0.135 millimetres per second, a
probe returning speed of 1 millimetre per second, a cut-off length of 0.08 millimetres, and
a measuring force of 4 mN. The whole configuration arrangement is illustrated in Figure
3-11.
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4 CHAPTER: RESULTS AND DISCUSSION

4.1 Experimental Results

In accordance with the experimental design, turning operations were performed on AlSI
1045 by altering MQL and machining parameters, including Al203 nano weight percent,
TiO2 nano weight percent, air pressure, and cutting speed. This was done in order to
evaluate the machining performance of nanofluids based on Al,O3 and TiO- in terms of
the temperature of the tooltip and the average surface roughness. Tables 4-1, 4-2, and 4-3
display the temperature measurement, average surface roughness, and the OA tables for
each factor and response.

Table 4-1: Observed temperature results from the thermal infrared camera

£ Average
X.
. Test 01 Test 02 Test 03 Temp.
0
(°C)
1 104
2 75
3 97

20.11:21 12:29
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Ex.
No

Test 01

Test 02

Test 03

Average
Temp.
(°C)

98

82

98

88173
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72

75

76




Ex.
No

10

11

12

13

14

15

20.11.21

Test 01

10:46

Test 02

Test 03

Average
Temp.
(°C)

92

96

87

86

74

96
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Ex.

No

16

Test 01

Table 4-2: Observed Ra results from TR200 surface roughness

Test 02

A
E0.95

Test 03

20.1192109.55

Average
Temp.
(°C)

94

sample Average
No Test 01 | Test 02 | Test 03 | Surface
roughness
1 0.641 | 0.612 | 0.607 0.620
2 0.531 | 0.511 | 0.530 0.524
3 0.591 | 0.576 | 0.573 0.580
4 0.575 | 0.572 | 0.566 0.571
5 0.376 | 0.391 | 0.373 0.380
6 0.364 | 0.366 | 0.350 0.360
7 0.301 | 0.267 | 0.242 0.270
8 0.271 | 0.293 | 0.276 0.280
9 0.349 | 0.345 | 0.329 0.341
10 0.301 | 0.306 | 0.293 0.300
11 0.249 | 0.264 | 0.267 0.260
12 0.233 | 0.241 | 0.216 0.230
13 0.355 | 0.381 | 0.344 0.360
14 0.104 | 0.101 | 0.095 0.100
15 0.341 | 0.323 | 0.299 0.321
16 0.337 | 0.301 | 0.292 0.310
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Table 4-3: L16 Orthogonal Array for responses and variables values

Exp.No W1 W2 P V . T Ra

(Wt%) | (Wt%) | (bar) | (m/min) | (°C) | (um)
1 0 0 2 88 104 | 0.620
2 0 0.25 3 101 75 |0.524
3 0 0.5 4 133 97 |0.580
4 0 0.75 5 155 98 | 0.571
5 0.25 0 3 133 82 |0.380
6 0.25 0.25 2 155 98 | 0.360
7 0.25 0.5 5 88 72 |0.270
8 0.25 0.75 4 101 75 10.280
9 0.5 0 4 155 76 |0.341
10 0.5 0.25 5 133 92 |0.300
11 0.5 0.5 2 101 96 | 0.260
12 0.5 0.75 3 88 87 |0.230
13 0.75 0 5 101 86 | 0.360
14 0.75 0.25 4 88 74 10.100
15 0.75 0.5 3 155 96 |0.321
16 0.75 0.75 2 133 94 |0.310

After collecting raw data, the next step was to convert it into useful information for user
decision-making. Because ANOVA is a technique that may be used to identify how each
variable interacts with the others, it has been utilized here to evaluate the raw data.
Utilizing the analysis's percentage distributions, the influence of each control factor on the

quality criterion was estimated.

4.2 Data Analysis- ANOVA

A statistical ANOVA establishes the significance of process characteristics that influence
performance metrics. This section covers ANOVA for a variety of desirable performance

indicators.

In this work, ANOVA was utilized to assess the influence of air pressure, cutting speed,
and nanoparticle concentrations on the average surface roughness and tooltip temperature.

The mathematical models of the controls and their interactions were developed using
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multiple regression analysis. ANOVA is a technique that can be performed to determine
how each variable factor interacts with the others [154]. The influence of each control
element on the quality criterion was calculated using the percentage distributions in the
analysis. A 95% confidence level was established for the experimental plan that was

carried out.

4.2.1 Sum of Squares

As a statistical dispersion indicator, squared deviations from the mean are calculated. It is
determined by adding the squares of the outlying values relative to the mean. When
determining the overall sum of squares, we take into account both the factor sum of
squares and any random or erroneous squares that may have been introduced. Below

explains the notation for the calculation with the sample data set.
An equation for total variation (SSt) is given by,
SSr = SSwi + SSwa + SSp + SSy + SS,

n 5 T2
SSp = 2 . —
T i=1yl n

Where variation owing to factor Al>.Oz is denoted by SSw:

n Wiz T2
SSwi=) - —

i=1NMwii n

Where variation owing to factor TiO> is denoted by SSwe

noW2; T?
SSwe=) - —

i=1 Nyw2i n

Where variation owing to factor air pressure is denoted by SSp

n PiZ TZ
SSp = Z _——
i=1Mpj n
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Where variation owing to factor cutting speed is denoted by SSv

SSy = z _——
i=1Ny; n

Hence,
SS, = —(SSwy + SSw2 + SSp + SSy) + SS
Where variation owing to factor error (SSe)

Also, W1-Al,O3 wt%, W--TiO,, P-Air Pressure, V-Cutting Speed, e-Error, T - Summation of

response, n - Number of observations

Based on the above first stage data calculation Table 4-4; below is the ANOVA sample
data calculation for tool temperature

n T2

SS; = 1042 + 752 + 972 + 982 + 822 + 982 + 722 + 75%2 + 76 + 922 + 962 + 872

14022

+ 862 + 74% + 96% + 94% — e

SSy = 1653.49

n Wiz T2
SSwi=) - —

i=1NMwii n

_(1O4+75+97+98)2+(82+98+72+75)2+(76+92+96+87)2

SSwq =
wi 4 4 4
N (86 + 74 4+ 96 + 94)? 14022
4 16
SSw1 =274.72

Based on the above first stage data calculation Table 4-5; below is the ANOVA sample
data calculation for surface roughness,
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n 5 T2
SSp = 2 . —
T i=1yl n

SSy = 0.620% + 0.524% + 0.580% + 0.571% + 0.380% + 0.360% + 0.270% + 0.2802
+ 0.3412 + 0.300% + 0.260% + 0.230% + 0.360% + 0.100% + 0.3212

5.8072

0.3102 —
+ 16

[95)
A
ﬂ
Il
o
w
—

n Wiz T2
SSwi=) - —

i=1 Nw1i n

(0.620 + 0.524 + 0.580 + 0.571)2 , (0380 +0.360 + 0270 + 0.280)2

S =
wi 4 4

N (0.341 + 0.300 + 0.260 + 0.230)2

4
(0.360 + 0.100 + 0.321 + 0.310)®>  5.8072

_|_ —

4 16
SSw1 =0.24

Likewise, we can find the rest of the parameter values by following the same procedure.
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Table 4-4: First stage data calculation for tool temperature

Control factors & experiment levels Control factors & experiment levels Temperature Level 01 Level 02 Lewvel 03 Lewvel 04
Exp. No W, W, P v W, W, P v (*C) W, W, P v W, | W; P V | W, [W:| P |V W |W|P |V
1 1 1 1 1 0.00 0.00 2 88 104 104 104 104 104 1] 1] 0 1] 0 1] 1] 0 o 0] ol 0
2 1 2 2 2 0.00 0.25 3 101 75 75 0 0 0 1] 75 75 75 0 1] 1] 0 o 0] ol 0
3 1 3 3 3 0.00 0.50 4 133 97 97 0 0 0 1] 1] 0 1] 0f 97 97 97 o 0] ol 0
4 1 4 4 4 0.00 0.75 5 155 98 98 0 0 0 1] 1] 0 1] 1] o o 0 0| 98| 98| 98
5 2 1 2 3 0.25 0.00 3 133 B2 0 g2 0 0 82 1] 82 1] 1] o 0 82 o 0l ol 0
6 2 2 1 4 0.25 0.25 2 155 98 0 0 93 0 98 98 0 0 0 0o 0 0l Of 0] 0]%8
7 2 3 4 1 0.25 0.50 5 BE 72 0 0 0 72 72 0 0 0 0 72 o 1] o o) 72 0
8 2 4 3 2 0.25 0.75 4 101 75 0 0 0 o] 75 0 of 75 of of 75/ o of 75 o] 0
9 3 1 & 4 0.50 0.00 4 155 76 0 76 0 0 0 0 0 0 76 0 76 0 1] 0] 076
10 3 Z 4 3 0.50 0.25 5 133 92 0 0 0 0 0 92 0 of 92 of o 921 of 0|92 o
11 3 3 1 2 0.50 0.50 2 101 96 0 0 96 0 0 0 0 96 96] 9% o 0 1] 0 ol 0
12 3 4 2 1 0.50 075 3 88 87 0 0 0 87 0 o| 87 of 87 o[ o o of 8] o 0
13 4 1 4 2 0.75 0.00 5 101 86 0 86 0 0 1] 1] 0 86 0 1] 1] 0| 86 08k O
14 4 2 3 1 0.75 0.25 4 88 74 0 0 0 74 1] 74 0 1] 0 0] 74 0] 74 0] ol 0
15 4 3 2 4 0.75 0.50 3 155 96 0 0 0 0 1] 1] 96 1] 0| 9 1] 0| 9 0] 0 9
16 4 4 1 5 0.75 0.75 2 133 o4 0 0 54 0 1] 1] o 1] 1] o O] 84] 84 84 0] 0
Table 4-5: First stage data calculation for surface roughness
Control factors & experiment levels| Control factors & experiment levels - Level 01 Level 02 Level 03 Level 04
Exp. No W, W, P v W, W, P v - W, W, p v W, W, p VoW | W, p V| W, | W, P v
1 1 1 1 1 0.00 0.00 2 28 0.620| 062 0.62| 062| 0.52| 0.00] 0.00|0.00|0.00|0.00|0.00]0.00|0.00| 0.00| 0.00| 0.00: 0.00
2 1 2 2 2 0.00 0.25 3 101 0.524| os2' 0.00f o0.00/ 0.00] 0.00] 0.52|0.52|0.52|0.00|0.00]0.00|0.00| 0.00| 0.00| 0.00, 0.00
3 1 3 3 3 0.00 0.50 4 133 0.580| o058 0.00f 0.00/ 0.00| 0.00] 0.00|0.00|0.00|0.00|0.58]0.58|0.58| 0.00| 0.00| 0.00, 0.00
4 1 4 4 4 0.00 0.75 5 155 0.571| o057 0.00/ 0.00| 0.00/ 0.00] 0.00|0.00|0.00|0.00|0.00|0.00|0.00| 0.00| 0.57|0.57, 0.57
5 2 1 2 3 0.25 0.00 3 133 0.380| 0.00: 0.33| 0.00| 0.00| 0.38] 0.00|0.33|0.00|0.00|0.00]|0.00|0.38| 0.00| 0.00| 0.00) 0.00
6 2 2 1 4 0.25 0.25 2 155 0.360| 0.00, 0.00f 0.36| 0.00] 0.35/ 0.36|0.00|0.00|0.00|0.00]|0.00|0.00| 0.00| 0.00| 0.00' 0.36
7 2 3 4 1 0.25 0.50 5 28 0.270| 0.00, 0.00f 0.00| 0.27| 0.27| 0.00|0.00|0.00|0.00|0.27|0.00| 0.00| 0.00| 0.00| 0.27 0.00
2 2 4 3 2 0.25 0.75 4 101 0.230| 0.00, 0.00/ 0.00| 0.00| 0.28| 0.00|0.00|0.28|0.00|0.00]|0.28|0.00| 0.00| 0.28| 0.00' 0.00
] 3 1 El 4 0.50 0.00 4 155 0.341| 0.00, 0.34| 0.00/ 0.00| 0.00] 0.00|0.00|0.00|0.34|0.00]|0.34|0.00| 0.00| 0.00| 0.00: 0.34
10 3 2 4 El 0.50 0.25 5 133 0.300( 0.00' 0.00f 0.00/ 0.00] 0.00] 0.30|0.00|0.00|0.30|0.00]|0.00|0.30| 0.00| 0.00| 0.30, 0.00
11 3 El 1 2 0.50 0.50 2 101 0.260| 0.00' 0.00f 0.26/ 0.00| 0.00] 0.00|0.00|0.25|0.26|0.26]0.00| 0.00| 0.00| 0.00| 0.00, 0.00
12 3 4 2 1 0.50 0.75 3 28 0.230| 0.00¢ 0.00| 0.00| 0.23| 0.00] 0.00|0.23|0.00|0.23|0.00]|0.00|0.00| 0.00| 0.23| 0.00, 0.00
13 4 1 4 2 0.75 0.00 5 101 0.360| 0.00: 0.35| 0.00| 0.00| 0.00] 0.00|0.00|0.35|0.00|0.00]|0.00|0.00| 0.36| 0.00| 0.36) 0.00
14 4 2 3 1 0.75 0.25 4 28 0.100| 0.00, 0.00f 0.00| 0.10| 0.00] 0.10|0.00|0.00|0.00|0.00]0.10| 0.00| 0.10| 0.00| 0.00' 0.00
15 4 3 2 4 0.75 0.50 3 155 0.321| 0.00, 0.00/ o0.00| 0.00| 0.00] 0.00|0.32|0.00|0.00|0.32|0.00|0.00| 0.32| 0.00]| 0.00' 0.32
16 4 4 1 3 0.75 0.75 2 133 0.310( 0.00, 0.00f 0.31| 0.00| 0.00] 0.00|0.00|0.00|0.00|0.00]0.00|0.31|0.31| 0.31]|0.00! 0.00
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4.2.2 Mean Squares

The variance of a population can be measured using mean squares. The value of this
variable can be calculated by dividing the total number of squares by the total number of

degrees of freedom.

Sum of Squares
DOF

Mean Squire =

274.715

Mean Square Al,05 = 3

Mean Square Al,05; = 91.57
Likewise, we can find the rest of the parameter values by following the same procedure.

4.2.3 Main Effect Plot

The main effect plot is another type of data representation to understand each factor's

behaviour; also, this is not showing the interaction of parameters

On the main effect plots, there is a line that connects the mean response of each level
factor to one another. When the horizontal line is present, there is no primary effect. It's
feasible that even a small deviation from the horizontal will have a major effect on the
reaction when the line isn't perfectly straight. The greater the slope of the line, the more

significant the primary effects [155].

We consider the corresponding response value against the control factors to calculate these
values. The calculation for the mean values of the W1 control factor is shown below.

Based on the OA table, the upper-level response values are 104, 75, 97, and 98 °C. To
take the upper mean value, we divide those four by four.

] 104 + 75497 4+ 98
Ttlpupper level = 4

()

Ttipupper tever = 93.5
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) 824+98+72+75
Ttipmid tevenn = 4

1

Ttipmid tevenn = 81.75

. 76 + 92 + 96 + 87
Ttipmia teveiz = 4

Ttipymid teveiz = 87.75

. 86+ 74+96+94
Ttipiower tever = 4

Ttipiower tevet = 87.50

In the same manner, we are able to compute the mean values for the other control factors.

The outcomes of the derivation will be discussed and explained in the following chapter.
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4.3 Interpretation of Results

4.3.1 Tooltip Temperature

The outcomes of ANOVA for tooltip temperatures are shown in Table 4-6. From this
analysis, it is clear that the pressure is the most significant parameter (40.29%), and it is
followed by the concentration of Al.O3 (16.61%), cutting speed (14.74%), and
concentration of TiO2 (3.97%) respectively, and the effect is graphically shown in factor
plot diagram in Figure 4-1.

Table 4-6: Derived ANOVA for Tiip

i Adj Impact
Factor | DF | Seq SS | Adj SS MS F P (%)

W1 3 | 27470 | 27470 | 9157 |0.68|0.620| 16.61

W 3 65.61 65.61 21.87 |0.16 | 0915| 3.97

P 3 | 666.21 | 666.21 | 222.07 | 1.65| 0.345| 40.29

V 3 | 243.78 | 243.78 | 81.26 |0.60 | 0.655| 14.74

Residual | 5 | 403 15 | 403.15 | 134.38 24.38

Error

Total 15 | 1653.44

Tiip Vs Parameters

100

95

o | .
S . et Sl === -=-=-
i’éss | -* i
B

80

75

70

Wi W2 P \
Parameters
¢ LlevelO1 Level 02 Level 03 Level 04 = =KX= Average

Figure 4-1: Factor plot tooltip temperature for AISI 1045
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4.3.2 Average Surface Roughness

Table 4-7 represents the results of an analysis of variance performed on the average
surface roughness. From the analysis, it is clear that the concentration of Al,Oz is the most
influencing parameter (79.62%) and is followed by the concentration of TiO. (7.75%),
cutting speed (7.25%), and air pressure (2.86%), respectively, and the effect is graphically
shown in factor plot diagram in Figure 4-2.

Table 4-7: Derived ANOVA for R,

Factor DF SeqSS AdjSS AdjMS F P 'T(%Ct
Wi 3 0.242564 0.242564 0.080855 31.53 0.009 79.62
W, 3 0.023597 0.023597 0.007866 3.07 0191 7.75
p 3 0.008704 0.008704 0.002901 1.13 0461 2.86
v 3 0.022103 0.022103 0.007368 2.87 0205 7.25
Efrsc:?“a' 3 0.007694 0.007694 0.002565 253

Total 15 0.304661

Ra vs Parameters

Ra(um)

0.1
0.0
Parameters

¢ LlevelOl1 Level 02 Level 03 Level 04 = K= Average

Figure 4-2: Factor plot surface roughness for AISI 1045
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4.3.3 Plots of Main Effects for Responses
Result Table for Ttip

The response table for the tooltip temperature was calculated and shown in Table 4-8, and

the plotted graph is shown in Figure 4-3.

Table 4-8: Derived response table for means of Tiip

Level W1 W2 P V

1 93.48 87.1 98.04 84.45
2 81.77 84.68 85.19 83.04
3 87.73 90.22 80.46  91.15
4 87.46 8844 86.75 9180
Delta 11.72 5.55 17.58 8.76
Rank 2 4 1 3

Main Effects Plot for Means
Data Means

W1 W2 P i
100
*
95
"
= L
o
.
= .
5w .
= .
ﬂJ . - .
= . »*
85 L]
® *
o ®
000 025 050 075 000 025 050 075 0 2 3 a 5 B8 101 133 155

Figure 4-3: Main effects plot for the mean of Ttp
The Al>O3 concentration that produced the best tool tip temperature was level 2 (0.25 wt
%, mean = 81.77), the TiO2 concentration was level 2 (0.25 wt %, mean = 84.68), the air

pressure was level 3 (4 bar, mean = 80.46) and the cutting speed was level 2 (101 m/min,
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mean = 83.04). In other words, according to the OA table, the combination of the 2,2,3,2
yielded the best value for tool tip temperature on the surface of the object

Result Table for Ra

Table 4-9 displays the calculated response table for the average surface roughness, and

the plotted graph is shown in Figure 4-4.

Table 4-9: Derived response table for means of R,

Level W1 W2 P \Y/
1 0.574 0.425 0.388 0.305
2 0.323 0321 0.364 0.356
3 0.283 0358 0.325 0.392
4 0.273 0348 0.375 0.398

Delta 0.301 0.104 0.062 0.093
Rank 1 2 4 3

Main Effects Plot for Means
Data Means

W1 w2 P A
0.60
L J

0.55
i 0.50
c
T
@
E 0.45
[T
o »
G

0.40 L ]
@ Py .
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.
0.35 . * .
Y ® ®
0.30 @
M C)

000 025 050 075 000 025 030 075 z 3 4 ] BB 1o 133 155

Figure 4-4: Main effects plot for the mean of Ra
The Al>O3 concentration that produced the best tool tip temperature was level 4 (0.75 wt
%, mean = 0.273), the TiO2 concentration was level 2 (0.25 wt %, mean = 0.321), the air
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pressure was level 3 (4 bar, mean = 0.325) and the cutting speed was level 1 (88 m/min,
mean = 0.305). In other words, according to the OA table, the combination of 4,2,3,1

yielded the best value for tool tip temperature on the surface of the object.

4.4 Model Fitting and Optimization
4.4.1 Model Fitting

Mathematical and statistical techniques are combined in regression analysis, which is used
to construct empirical models. Experiments and regression analysis can aid in the
construction of a model of the response to a variety of different input elements. Equation
1 represents the conventional mathematical models (response function). Where Y
represents the response of the machining operation, K stands for the response function,
X1, X2, X3, and X4 are independent variables of the machining operation, and C stands for
the error. Typically, the general polynomial response equation of second order is
employed. It also demonstrates that this model effectively explains the link between the

independent variables and outcomes [156].
Y =K (X1, X2, X3, X4) £ C, (1)

Equation 2 can be used to fit the second-order model's response surface[157], which has
been used to elucidate the connection between response and machining parameters as
follows. Y is the response variable, and ‘W:’, ‘W2’, ‘P’, and ‘V’ are control factors. 1, S,

B3,.. pn are coefficients of regression.

Y = Bo+ LWy + BoWy + B3P + BV + BsWiW, + BeWi P + B WLV + BsW, P +
BoW,V + B1oPV + By (WP) + B1o(W5) + B13(P?) + Bra(V?) (2)

Where; Al2O3 (Wt %), TiO2 (wt %), Air pressure, and Cutting speed are W1, W>, P, and

V, respectively.

To obtain predictive quantitative relationships, the reactions of the machine and factors of
the process must be modelled. Within the scope of this effort, mathematical models were

constructed using MINITAB-17 based on experimental results. Using polynomial second-
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order equations, the response function for Ttp and Ra has been derived from observed data

using the following formulas:

S5W,P + 0.01W,V + 0.124PV + 36W? — 15.9W} + 4.6P? — 0.024V2 (3)

R, = 1.51 — 0.89W, — 0.67W, + 0.20P — 0.0196V — 0.083W, W, + 0.046W,P +
0.00345W,V — 0.324W,P + 0.0130W,V + 0.00033PV — 0.35W32 +
0.346W2 — 0.020P2 — 0.000057V 2 (4)

The coefficient of determination (R?) for tooltip temperature (Tip) and average surface
roughness (Ra) is 81.70% and 97.48%, respectively.

Surface Plot

Examine the link between a response variable (Tooltip temperature/Surface roughness)
and two predictor factors by visualizing a three-dimensional surface of the projected

response using the 3D Surface Plot command.
Contour Plot

Use a contour plot to see how a response variable connects to two predictor variables. A
contour plot is a two-dimensional representation in which all points with the same
response are joined to form contour lines with constant responses. Contour plots can be

used to investigate desired response values and operating conditions.

In this experiment, there are four control factors, two of which are always taken into
account, while the other two are maintained at intermediate values in order to analyze the

response behaviour.

Surface plots and contour plots are shown in Fig. 4-5, 4-6, 4-7, 4-8, 4-9, and 4-10 in terms
of relationship with each variable for tooltip temperature. The contour plots show a clear
image of the relation between the variables, and it is easy to be used by other unskilled

machining operators.
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Figure 4-5 describes the influence of Al.O3 concentration and TiO2 concentration on the

tooltip temperature, while the air pressure and cutting speed are kept at the middle level.

Surface Plot of Ttip
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Figure 4-5: Temperature of the tooltip as a function of Al2O3 concentration and TiO>
concentration
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Keeping the TiO2 concentration and cutting speed at the middle level, Figure 4-6 shows

the impact of the tooltip temperature on the Al>Os concentration and air pressure.
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Figure 4-6: Temperature of the tooltip as a function of Al,Os concentration and
air pressure
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Keeping the TiO2 concentration and air pressure at the middle level, Figure 4-7 shows the
impact of the tooltip temperature on the Al>Os concentration and cutting speed.
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Figure 4-7: Temperature of the tooltip as a function of Al.Os concentration and
cutting speed
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Keeping the Al>O3 concentration and cutting speed at the middle level, Figure 4-8 shows

the impact of the tooltip temperature on the TiO. concentration and air pressure.
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Figure 4-8: Temperature of the tooltip as a function of TiO2 concentration
and air pressure
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Keeping the Al.O3 concentration and air pressure at the middle level, Figure 4-9 shows
the impact of the tooltip temperature on the TiO. concentration and cutting speed.
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Figure 4-9: Temperature of the tooltip as a function of TiO, concentration
and cutting speed
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Keeping the TiO2 concentration and Al2O3 concentration at the middle level, Figure 4-10

shows the impact of the tooltip temperature on the air pressure and cutting speed.
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Figure 4-10: Temperature of the tooltip as a function of air pressure and
cutting speed

In addition, the same scenario was conducted for the response of average surface
roughness. Surface plots and contour plots are shown in figs. 4-11,4-12, 4-13, 4-14, 4-15,
and 4-16 in terms of relationship with each variable for average surface roughness.
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Keeping the air pressure and cutting speed at the middle level, Figure 4-11 shows the

impact of average surface roughness on the Al>O3 concentration and TiO2 concentration.
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Figure 4-11: Average surface roughness as a function of Al,O3 concentration
and TiO2 concentration
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Keeping the TiO, concentration and cutting speed at the middle level, Figure 4-12 shows

the impact of average surface roughness on the Al,O3z concentration and air pressure.
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Figure 4-12: Average surface roughness as a function of Al,O3 concentration
and air pressure
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Keeping the TiO2 concentration and air pressure at the middle level, Figure 4-13 shows

the impact of average surface roughness on the Al,O3z concentration and cutting speed.

Surface Plot of Ra

Hold Values
W2 0375
P 35

0s

04
Raa

02 160
140

00 120 y

00

Contour Plot of Ra

o
E

150 01

0.2
03
04
05
0.6
06

01
0.2
03
04
05

140

¥V iw tAm

20 Hold Values
W2 0375
P 35

120

110

100
00 01 02 03 04 05 06 07
wi1

Figure 4-13: Average surface roughness as a function of Al,O3z concentration
and cutting speed
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Keeping the Al2O3 concentration and cutting speed at the middle level, Figure 4-14 shows

the impact of average surface roughness on the TiO. concentration and air pressure.
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Figure 4-14: Average surface roughness as a function of TiO2 concentration
and air pressure
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Keeping the Al,O3 concentration and air pressure at the middle level, Figure 4-15 shows
the impact of average surface roughness on the TiO> concentration and cutting speed.
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Figure 4-15: Average surface roughness as a function of TiO2 concentration
and cutting speed
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Keeping the Al2O3 concentration and TiO2 concentration at the middle level, Figure 4-16

shows the impact of average surface roughness on the air pressure and cutting speed.
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Figure 4-16: Average surface roughness as a function of air pressure and cutting
speed
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4.4.2 Model Validation

In order to determine whether the model is accurate, the author compared the observed
values of the response variable in the experiment to the values that were predicted based
on the model. For the purposes of this investigation, a standard percentage error of less
than or equal to 5 was regarded. When the model's average percentage error falls within
the range of 5.0, the model is considered valid and can be used to forecast the response

variable in the future [158]. The error percentage was computed using Equation 5.

Experimental value—Predicted value

Percentage Error = * 100 5)

Experimental vlaue

Validation for Ttip

Based on the equation, the calculated results are shown in Table 4-10, and the average
error percentage is -4.015 and less than + 5, which means this model is a valid further
drawn graph for "Empirical results vs Experiment model” shown in Figure 4-17.
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Table 4-10: Average error percentage for Tiip

No Experiment | Predicted | %Error
1 104.333 104.638 | -0.292
2 75.367 87.876 | -16.598
3 96.600 91.007 5.790
4 97.633 103.615 | -6.127
5 82.367 85.174 -3.409
6 97.567 104.839 | -7.454
7 72.167 71.558 0.844
8 74.967 81.089 -8.167
9 76.067 83.931 | -10.339

10 91.567 96.960 -5.890

11 96.200 97.726 -1.586

12 87.100 84.887 2.541

13 85.633 84.742 1.041

14 74.200 79.941 -7.737

15 95.933 95.310 0.650

16 94.067 101.132 | -7.511

Average 87.610 90.902 -4.015

+ Prws Ac
Ttip

— — —Prediction bounds -

95%

85
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g5

100
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Figure 4-17: Empirical results vs Experiment model for Ttip
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Validation for Ra

Based on equation 5, the calculated results are shown in Table 4-11, and the average error
percentage is -1.279 and is less than £ 5, which means this model is a valid further drawn

graph for "Empirical results vs Experiment model” is shown in Figure 4-18.

Table 4-11: Average error percentage for Ra

No Experiment | Predicted %Error
1 0.620 0.605 2.470
2 0.524 0.571 -9.012
3 0.580 0.535 7.753
4 0.571 0.586 -2.548
5 0.380 0.368 3.163
6 0.360 0.367 -1.868
7 0.270 0.264 2.238
8 0.280 0.303 -8.295
9 0.341 0.353 -3.490

10 0.300 0.314 -4.616

11 0.260 0.249 4.042

12 0.230 0.212 7.814

13 0.360 0.348 3.342

14 0.100 0.125 -24.656

15 0.321 0.297 7.496

16 0.310 0.324 -4.582

Average 0.363 0.364 -1.297

Using R? as a coefficient of determination, the models were also validated numerically.
R? indicates the proportion of the data's observed variability that was accounted for by the
model and then calculated using Equation 6. Where SSresiqual represents the sum of the
squares for the residual and SSmodel represents the sum of the squares for the model.

SSyesi
RZ =1- residual (6)
SSmodeltSSresidual
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Figure 4-18: Empirical results vs Experiment model for Ra

This study produced models with R? values greater than 80 %, namely 81.70 % and 97.48
% for tooltip temperature and average surface roughness, respectively. Because of this
circumstance, R? values are high and near 1, an excellent combination. Determination
coefficients imply mathematical models can reliably estimate tooltip temperature and
surface roughness [159].

4.4.3 Multi-Objective Optimisation

When each response is taken into account, air pressure emerges as the most important
component that substantially impacts the tooltip temperature, followed by Al.O3
concertation, cutting speed and TiO2 concertation. However, when evaluating the next
response factor, which is average surface roughness, Al.Os was the most crucial factor,
followed by TiO». Then, cutting speed and air pressure influence the roughness values,

respectively.
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Desirability Function

A fundamental requirement of the machining industry is to provide a combination of
conditions that create the desired outputs concurrently [160]. As a result, at the last stage
of this work, multi-objective optimization (MOO) was carried out utilizing the
conventional desirability approach (CDA). The desirability strategy, which Derringer and
Suich first proposed, is a popular, practical, and straightforward method for reaching a

destination rapidly [161].

Here, a single integer, say d, between one and zero is used to represent the average of a
large number of responses. In this situation, the optimal value is one where d is either one

or very close to one. It begins with sorting the responses into "larger is better,” "smaller is
better," and "better if the target value is reached" categories. Equation 7 is widely utilized
since it allows for low temperatures and excellent surface quality to be achieved while
turning [162].
1
Y —Ymax ~\r

T 7)

Ymin—Ymax

0
Ymin < y < Ymax
V' = Ymin
r=0
V' 2 Ymax

In Equation 6, the smaller the value, the better; ymax and ymin represent the maximum and
minimum values of toleration, and r represents the target weight. In order to get the
optimal combination, Using Equation 8, we first add up all of the individual desirability

indices for the outputs to get the final composite desirability (D).

D= W\/dw1 x dy? d;’3 e e K d;’vi (8)

1
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Where D represents the total desirability, di represents the desirability of the response
individually, w; represents the weight of response i, and w represents the sum of the
weights. Based on these findings, we were able to determine that dt= 0.97770, dr=
0.99967, and D = 0.9886 represent the individual and composite desirability indices for
surface roughness and temperature, respectively. Minitab 17 software was employed to
derive the results, and the results are shown in Table 4-12 and graphically represented in
Figure 4-19.

Table 4-12: Optimized input variables for the response parameters

Composite
Desirability

1 07510 2.63 96.12 | 0.100171 | 72.8842 | 0.988626

Solution | W1 | W2 P \Y/ Ra Fit | Tup Fit

optimal o uv;;u uv%n 5Pu 15%(1
. ig : : . .

D:0.9886 7, [0.750] [0.0] [2.6364] [96.1210]
Low 0.0 0.0 20 820

Composite
Desirability
D 0.9886

Ra
Minimurm
y=0.1002

d=10.99957 |

Ttip
rinimurm
y = 72.8841
d=0.97770

Figure 4-19: Multi-objective optimization results

As per Figure 4-19, increasing the concentration of Al,Oz diminishes both responses.

Additionally, it boosts the overall desirability. That is because the Al.O3z nanoparticles'
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spherical shape improves lubricating capabilities by entering the tool-chip or tool-
workpiece joint. By enhancing thermal conductivity, nanoparticles in base fluid improve
cooling and lubrication effects for bearings [100], [163]. The best option is, therefore, the
highest Al,O3 combination (0.75 wt%).

Comparing the two responses revealed that adding TiO> nanoparticles did not improve
when comparing both parameters. TiO> has poorer thermal conductivity and specific heat
compared to Al,Os; this is the key rationale for ignoring this particle in the studies[164].
According to the certificate analysis from the nanoparticle supplier, the particle size is
also larger than Al2Os, which is a significant factor in this result [110].

A rise in air pressure will contribute to an increase in surface roughness. However, up to
3.5 bar, the temperature of the tool decreases. This is because air pressure significantly
impacts the ability to create, transport, and maintain oil mist in the cutting zone, whereas
increasing the pressure beyond that point tends to raise the tool's temperature. This
incident will conclude at 2.6 bar pressure; the composite desirability will decrease.
According to the literature, this is because fine atomization occurs as a result of increased
particle velocity due to increased air pressure, which in turn reduces tool temperature;
however, In general, larger droplets at low velocity are more cumbersome to transport to
the cutting zone, whereas smaller droplets at high velocities may bounce off the cutting

zone and fail to effectively penetrate it [165], [166].

According to these data, increasing cutting speed increases tool temperature and decreases
surface roughness. According to the review of relevant research, cutting speed is directly
proportional to tool temperature and interacts with surface roughness less frequently

[167], [168]. Both responses indicate that 96 meters per minute yield the best performance.

Validation of Results

Here confirmatory experiments have been carried out to ensure the model's validity. The
confirmatory experiments with optimal input parameter settings were performed to

validate the tooltip temperature and average surface roughness. The error % based on
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equation 5 was derived by comparing the expected and experimental outcomes. Tables 4-
13 and 4-14 show the average value table for the two responses, namely tooltip
temperature and surface roughness. Table 4-15 displays the confirmatory experiment
results and error percentage based on optimal parameter settings. The error between
experimental and predicted response values is always less than +5%[169], [170]. Hence
the final results are within acceptable limits, indicating that the experimental setup and
regression models were suitable for a turning operation within the parameter range
selected for the Al2O3 and TiO2 nanofluid hybrid base.

Table 4-13: Confirmatory experiment result for Ttip

Average
Ex. No Test 01 Test 02 Test 03 Temp.
(°C)
Optimal ; 74

Table 4-14: Confirmatory experiment result for R,

Sample No | Test01 | Test02 | Testo3 | AVerageSurface
roughness (um)

Optimal 0.106 0.106 0.103 0.105

Table 4-15: Summary of confirmatory experiment results

B IETEES Predicated | Experimental | Error
P values values (%)

Tip (°C) 72.88 74 0.78

Ra (um) 0.100 0.105 4.76
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The author also compared these optimal values with dry cutting and novel coconut oil-
based MQL technology. It concluded that nanofluid-based MQL provides the best
responses for the Tp and Ra under given conditions. The results for the Ttp and Ra at the

optimum machining parameters are shown in Tables 4-16 and 4-17, respectively.

Table 4-16: Dry and MQL+ CC machining for optimum Tiip

Average
MG Test 01 Test 02 Test 03 Temp.
d €C)

119.3

90.76

Table 4-17: Dry and MQL+ CC machining for optimum Ra

Method | Test 01 | Test 02 | Test 03 FIEITALD SUILERE
roughness (um)
Dry 2022 | 2034 | 2.066 2.04
Novel CC+ | 1 436 | 1.300 | 1.304 1.349
MQL - - - .

Figure 4-20 represents a combo chart for responses based on the applied cooling
techniques, and Figure 4-21 shows the percentage-wise increment in response with the
developed MWFs with other cooling techniques.
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Figure 4-20: Cooling condition comparisons

Based on Fig 4-20, it is clear that developed MWFs provide the best output than the other
cooling techniques.

The developed new coolant shows better performance than the dry and coconut oil+ MQL
cooling techniques. Optimal parameter setting was utilized for the experiments, and it
finally revealed that compared to dry conditions, 37.8 % and 94.9 % increment in
developed MWEF for tool tip temperature and average surface roughness, respectively.
When comparing it with coconut oil+ MQL condition, 18.7 % and 92.2 % increments are

shown for the tool tip temperature and average surface roughness.
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Figure 4-21: Performance comparison (%)

The generated results demonstrate that the author met his study objectives in order to

accomplish the research objective.
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5 CHAPTER: CONCLUSION

This study examined the influence of four variables (Al2O3 wt%, TiO2 wt%, cutting speed,
and air pressure) on Ttp and Ra during the turning of AISI 1045 medium carbon steel using
coconut oil and MQL technology. As part of this research, an orthogonal design was
utilised in order to carry out the experiment, and Minitab 17 was used for model fitting

and optimisation.

The analysis results indicate that air pressure plays the most significant effect (40.29 %)
on the tooltip temperature (Ttp). Al2O3 concentration, cutting speed, and TiO:
concentration also influenced the tooltip temperature. Air pressure of 4 bar, Al>Os; 0.25
wt %, cutting speed of 101 m/min, and TiO32; 0.25 wt% can produce the lowest tooltip

temperature in the planned machining conditions.

The results further indicate that the concertation of Al>O3 plays the most significant effect
(79.62 %) on the average surface roughness (Ra). TiO2 concentration, cutting speed, and
air pressure also contribute to surface roughness. 0.75 wt%; Al.Oz concertation, 0.25 wt%;
TiO2 concertation, 88 m/min cutting speed, and 4 bar of air pressure observed the

minimum average surface roughness in the planned machining conditions.

Regression equations exist in the average error range and can predict the tooltip
temperature and surface roughness under the conditions and parameters of the experiment.
A combination of Al>Oz and air pressure has the greatest impact on tooltip temperature
(8.31 %), and for the Ra; both nanoparticle concentrations (Al2Os and TiO2) show a
substantial effect (2.07 %).

Considering the machining of AISI 1045, the optimal cutting parameters to maximise
machinability are 0.75 weight percent Al,O3z concentration, 2.5 bar air pressure, and 91
m/min cutting speed. The nanoparticle TiO, contribution was zero. TiO, had the least
impact on tooltip temperature and the second-most impact on surface roughness of the
four factors considered. Therefore, it is concluded that achieving both responses

simultaneously has no significant effect under the given conditions.
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The individual composite values for the average surface roughness and tooltip
temperature are 0.99967 and 0.97770, respectively. Furthermore, the composite
desirability (0.9886) is close to 1, indicating that the settings produce favourable results

for the entirety of the responses.

The developed MWFs perform much better than the other two approaches, dry cutting and
coconut oil-based MQL. When compared to dry cutting conditions, the percentages reveal
a 23.92% and 37.97% drop in tooltip temperature for MQL+ CC and Nano+ MQL+CC
conditions, respectively. In addition, the average surface roughness for MQL+ CC and
Nano+ MQL+ CC conditions was reduced by 33.87% and 94.85%, respectively,

compared to dry cutting conditions.
Limitations:

The selection of nanoparticles for the experiments is conducted based on the frequency of
popularity. Based on that, the author selected the top five nanoparticles. Then the cost of
nanoparticles is considered due to available financial support and selected as the lowest-
cost material for the experiments. Although the author limited the nanoparticle selection
to the above two methods, there are many other factors in selecting the suitable
nanoparticle, such as low friction-ability, chemical stability, spreadability (low viscosity),
wettability, lubricity, thermal conductivity, particle size, shape, and acidity (pH) value as
per the literature [110], [171].

Additionally, the MQL system with the nozzle was evaluated and developed by FOE and
UOR, and this equipment was utilized for all studies. The nozzle angle, feed rate, and

DOC are maintained based on prior research.
Future work:

The derived results eliminated the TiO2 from the experiment and provided better responses
with Al,Os. As per the literature, the hybrid concept will provide a better output for the
response/s. Rather than the selection of cost factor, if we can select any other
thermophysical or tribological parameters and select the suitable nanoparticles, we can
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further improve the responses. Further, the biodegradability of developed MWFs and any
health hazards are needed to be investigated before introducing the CSCL workshop.
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ANOVA calculation for Tooltip Temperature
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Appendix - B

ANOVA calculation for Average Surface Roughness
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Appendix - C Model fitting for Tooltip Temperature

Tooltip Report
Send to Minitab Connect®

Regression Equation
Temperature = 159-80W1+4W2-60P+0.5V+36 W1*W1-15.9 W2*W2 + 4.6 P*P

-0.0024 V*V + 26 W1*W2 + 21.7 W1*P - 0.227 W1*V + 5 W2*P + 0.01 W2*V
+0.124 P*V

Coefficients

P_
Term Coef SE Coef T-Value Value VIF
Constant 159 349 0.46 0.727
w1 -80 458 -0.18 0.889 867.41
w2 4 503 0.01 0.995 1044.69
p -60 212 -0.28 0.824 2973.2
% 0.5 10.2 0.05 0.971 3783.72
W1*W1 36 680 0.05 0.966 1168.47
W2*W2 -15.9 75.7 -0.21 0.869 14.5
p*p 4.6 21.9 0.21 0.868 1577.63
V*V - 0.0338 -0.07 0.956 2482.83
0.0024
W1*W2 26 154 0.17 0.895 35.42
W1*P 21.7 32.2 0.67 0.623 67.44
W1*V -0.227 0.947 -0.24 0.85 59.84
W2*p 5 112 0.05 0.969 815.93
W2*V 0.01 6.91 0 0.999 3192.87
P*V 0.124 0.212 0.59 0.663 64.63
Model Summary
R- R-
S R-sq sq(adj) sq(pred)
17.3939 81.70% 0.00% 0.00%
Analysis of Variance
F- P-
Source DF Adj SS Adj MS Value Value
Regression 14 1350.89 96.492 0.32 0.902
w1 1 9.3 9.303 0.03 0.889 0.56
w2 1 0.02 0.019 0 0.995 0.00
P 1 24.44 24.436 0.08 0.824 1.48
v 1 0.62 0.623 0 0.971 0.04
W1*W1 1 0.84 0.84 0 0.966 0.05
W2*W2 1 13.28 13.276 0.04 0.869 0.80
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P*p
V*V
W1*W2
W1*Pp
W1i*v
W2*p
W2*v
P*V
Error

Total

88

a0

EL]

Percent

Frequency
— [ [ -
ha F 9 =] -]

=]
=]

1 13.46 13.465
1 1.48 1.478
1 8.41 8.412
1 137.33 137.326
1 17.47 17.466
1 0.7 0.696
1 0 0.001
1 103.8 103.796
1 302.55 302.548
15 1653.44

0.04

Residual Plots for Temperature
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Appendix - D Model fitting for Average Surface Roughness

Regression Analysis: Ra versus W1, W2, P, V

Regression Equation
Ra = 1.51-0.89 W1-0.67 W2 +0.20 P - 0.0196 V - 0.35 W1*W1 + 0.346 W2*W2 - 0.020 P*P
+0.000057 V*V - 0.083 W1*W?2 + 0.046 W1*P + 0.00345 W1*V - 0.324 W2*P + 0.0130 W2*V

+0.00033 P*V

Coefficients

p-
Term Coef SE Coef T-Value Value VIF
Constant 1.51 1.76 0.86 0.548
w1 -0.89 231 -0.39 0.765 867.41
) -0.67 2.53 -0.27 0.835 1044.69
P 0.2 1.07 0.18 0.884 2973.2
% -0.0196 0.0511 -0.38 0.767 3783.72
W1*W1 -0.35 3.42 0.1 0.936 1168.47
W2*W2 0.346 0.381 0.91 0.531 14.5
p*p -0.02 0.11 -0.18 0.886 1577.63
V*V 0.000057 0.00017 0.33 0.794 2482.83
W1*W2 -0.083 0.778 -0.11 0.933 35.42
W1*p 0.046 0.162 0.28 0.824 67.44
W1*V 0.00345 0.00477 0.72 0.601 59.84
W2*P -0.324 0.564 -0.58 0.668 815.93
W2*V 0.013 0.0348 0.37 0.772 3192.87
p*V 0.00033 0.00107 0.31 0.807 64.63
Model Summary

R- R-

S R-sq sq(ad)) sq(pred)

0.0875812 97.48% 62.23% 0.00%

Analysis of Variance

F- P-
Source DF Adj SS Adj MS Value Value
Regression 14 0.29699 0.021214 2.77 0.443
w1 1 0.001144 0.001144 0.15 0.765
w2 1 0.000539 0.000539 0.07 0.835
P 1 0.000262 0.000262 0.03 0.884
Y% 1 0.001124 0.001124 0.15 0.767
W1*W1 1 0.000079 0.000079 0.01 0.936
W2*W2 1 0.006314 0.006314 0.82 0.531
P*P 1 0.00025 0.00025 0.03 0.886
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V*V 1 0.000859 0.000859 0.11 0.794
W1*W2 1 0.000087 0.000087 0.01 0.933
W1*p 1 0.000618 0.000618 0.08 0.824
W1*V 1 0.004016 0.004016 0.52 0.601
W2*p 1 0.00254 0.00254 0.33 0.668
W2*V 1 0.001073 0.001073 0.14 0.772
p*v 1 0.000749 0.000749 0.1 0.807
Error 1 0.00767 0.00767
Total 15 0.304661
Residual Plots for Ra4
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