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Abstract: Finding an alternate solution for supplanting the existing conventional lubricant in ma-
chining is a challenge. This work narrows the search down to the use of nano-cutting fluids, as they
exhibit excellent properties such as high thermal conductivity and good lubricity. A technical analysis
of the performance of hybrid nano-cutting fluids in the end milling of AA6082 aluminium alloy in
a constrained end milling condition is presented. Alumina and carbon nanotubes were chosen in
this study for their better physical characteristics and compatibility during machining. Coconut oil
was chosen as the base fluid (dispersal medium) as it provides good lubricity and better dispersion
of nanoparticles due to its excellent rheological behaviour. The hybrid nanofluid was prepared by
mixing alumina-based nanofluid with carbon nanotube nanoparticles in different volumetric concen-
trations. The thermo-physical properties of the prepared hybrid nanofluid were tested. Furthermore,
they were tested for their spread-ability and other mechanical properties. Later, their performances
as cutting fluid were studied with the minimum quantity lubrication (MQL) technique, wherein
nanoparticle mist was formed and evaluated in the end milling of AA6082 aluminium to reduce the
quantity of nanofluids’ usage during end milling. The controllable parameters of speed, feed rate, and
type of cutting fluid were chosen, with the levels of cutting speeds and feed rate at 75–125 m/min,
and 0.005–0.015 mm/tooth, respectively, and the response parameters studied were surface roughness
and tool wear. The results show that better performance is achieved in hybridized nano-cutting fluid,
with a sharp improvement of 20%, and 25% in tool wear and surface roughness when compared to
the base fluid. This study has explored the concept of hybridization and the capability of nanofluids
as cutting fluids that can be used as eco-friendly cutting fluids in manufacturing industries.

Keywords: nano-cutting fluids; hybridization; MQL; nanoparticle mist (NPM); end milling

1. Introduction

Machining is a subtractive manufacturing process wherein raw material is reduced
to a required shape and dimension in a controlled environment. Almost all industrial
products require machining during their manufacturing cycle. This fact has influenced
major researchers and machinists to focus their studies on the selection of optimum ma-
chining parameters and different machining strategies [1,2]. Aluminium alloys carry
excellent strength and toughness, and are preferred for many high-strength applications.
AA6082 material finds major applications in trusses, bridges, and transport. A survey of the
literature on the machining of this material reveals a few problems, such as the formation
of a build-up edge (BUE), lack of tolerance for higher stresses, and the presence of minor
abrasive alloying elements in their composition which may lead to tool failure. Under these
conditions, machining using conventional cutting fluids has less or no effect on the process.
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Hence, dry machining or near-dry machining is preferred, and is carried out by changing
or reinforcing the cutting fluid with minor additives [3,4].

In near-dry machining, one of the efficient methods to reduce the quantity of cutting
fluid usage is minimum quantity lubrication (MQL), also called the small quantity lubri-
cation (SQL) method. In this method, the cutting fluid is sprayed towards the machining
area in the form of mist under the action of atomization with the aid of pressured air, and
passed through a specialized nozzle [5,6]. It offers the combined benefits of dry and wet
cooling modes, and further provides lubrication. Additionally, the use of vegetable oils
such as palm oil and neem oil under the MQL technique has been found to afford better
lubricity in machining [7,8]. Additionally, this technique reduces environmental hazards
due to reduced cutting fluid, which results in green and clean manufacturing. For many
industries, the cost of cutting fluid contributes more % to the overall cycle cost (i.e., 16–20%
of the manufacturing cost). Researchers should focus on finding a solution to reduce the
cost incurred without compromising the quality of products. Though dry machining was
found to be cost-effective, wet machining or MQL machining was found to be better in
terms of performance. [8]. Researches have utilized the MQL technique as one of the
solutions to cut costs, and found that the cost spent on cutting fluids drastically reduced
the overall cycle cost by around 14–16%. Some also tried a few alternative methods, such
as nanoparticle-suspended cutting fluids, cryogenic coolants, etc. [9].

Cutting fluids, which carry the dual properties of both solid and liquid, are required
when machining complex materials and shapes, as they provide both cooling and lubrica-
tion, which many conventional cutting fluids lack [10]. Nano-cutting fluids are one such
type that carries this dual property. In this type of cutting fluid, the nano-sized powders
are suspended in a base fluid at some fixed or variable proportions based on the weight
ratio [11]. It has been found to be an effective method in reducing friction between the
machining surfaces through the ball bearing effect. Additionally, it can withstand high
temperatures due to its excellent thermal conductivity. The performance characteristics
of nanofluids are dependent on the crystalline nature, the size of the nanoparticle, the
amount of coolant used, and the method of coolant flow between machining surfaces [12].
Choosing the right base fluid in which to suspend the nanoparticles is a research knot
found throughout literature surveys, since many researchers have not included that in their
study. It was found that nanofluids’ thermal conductivity increases with concentration
and relies on the rheology of base fluid, as it enhances thermal transporting capability [13].
Bio-degradable vegetable oils like groundnut oil and coconut oil are used as base lubricant,
which has better thermal and oxidation stability when compared to other vegetable oils;
during machining, it also has a significant dip in cutting temperature, tool wear, and surface
roughness [14].

The advantages of using nanofluids over conventional cutting fluids are (i) better dis-
persion of nanoparticles in base fluid due to Brownian motion, (ii) alteration of wettability
and thermal conductivity by using surfactants (if required), and (iii) better tribological
properties and enhanced heat transfer between particles [15]. Several studies have revealed
that nanofluids perform better over conventional cutting fluids at higher speeds and feed
rates. Hybridization of nanoparticles has become an area of study, as few works of the
literature suggested that mixing two different nanoparticles enhances the performance of
cutting fluid.

Alumina with molybdenum disulfide in base fluid at a ratio of 90:10 with different
volumetric fractions (0.25, 0.75, and 1.25 vol.%) reduced the coefficient of friction with
an optimal level of concentration. The wettability of the nanoparticle increases with an
increase in concentration. Reduced tool wear and improved surface finish were observed
in hybridized cutting. The hybridization concept is further enhanced in this research work
by mixing spherical-shaped alumina and tubular-shaped MWCNT, which has improved
conductivity at both lower and higher cutting speeds. The cutting force is significantly
reduced, which impacts smooth machining and saves energy. Many researchers have
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tried water as a base fluid while preparing nano-cutting fluids, and only a few have tried
standard SAE-graded cutting oils and bio-degradable vegetable oils [16,17].

Considering the above research knots, in this present work, the authors have consid-
ered carbon nanotubes and alumina (Al2O3) because they exhibit excellent metallic and
fluidic properties. To make environmentally friendly machining, the authors have taken
coconut oil as base fluid, as only a few research works have explored its capability. In
this research work, the rheology of the base fluid and its impact on end-milling and the
volumetric concentration (% vol.) of nanoparticles were found in order to construct an
extensive study of their impacts on the performance of cutting fluids. Alumina is a hard
abrasive and refractive material with a high melting point that finds application in grinding
and polishing. On the other hand, CNT’s are cylindrical, with weak Van der Waals forces;
this provides better spread-ability. CNT’s have exceptional stiffness, tensile strength, and
thermal conductivity. The prepared fluids were utilized in the milling of AA6082 under an
improvised novel MQL technique called the nanoparticle mist technique (NMT), wherein
the compressed air was optimized in such a way that the atomization was enhanced to
form mist spray (this was also to reduce the quantity of cutting fluid and cost incurred
in machining). The behaviour of the fluids was extensively studied by measuring output
responses such as the surface roughness of the machined surface, tool wear, and cutting
force. The controlled parameters (speed, feed rate, and type of fluid) were varied at three
different levels, and the depth of cut was kept constant. The contribution and practical
significance of this research can be outlined as follows:

1. Preparation and characterization of metal-oxide and carbonaceous nanofluids using
ultrasonicator and study of their rheological behavior at different conditions.

2. Experimental investigation of the input parameters (speed, feed rate type of
nanofluids) on two responses (tool wear and surface roughness) during end milling
of AA6082.

3. Establishment of an ANOVA for output responses, and to further study the surface
morphologies of machined specimens and tool surfaces.

2. Materials and Methods

In order to investigate the effects of nano coolants, end milling on AA6082 was
performed as it finds wide application in the aerospace industry and automobile industry;
it is particularly used for casings. A material study was performed to know the chemical
and physical properties. The identified chemical compositions are shown in Table 1, and
the mechanical properties of the workpiece material, cutting tool, and machine used are
detailed in Tables 2 and 3. The cutting tool geometry is shown in Figure 1.

Table 1. Composition of AA6082 aluminium material.

Composition Material Al Si Mg Mn Fe Zn Ti Cr Cu

% 97 0.8 0.7 0.35 0.3 0.15 0.075 0.1 0.1

Lubricants 2023, 11, x FOR PEER REVIEW 3 of 17 
 

 

reduced, which impacts smooth machining and saves energy. Many researchers have 

tried water as a base fluid while preparing nano-cutting fluids, and only a few have tried 

standard SAE-graded cutting oils and bio-degradable vegetable oils [16,17]. 

Considering the above research knots, in this present work, the authors have consid-

ered carbon nanotubes and alumina (Al2O3) because they exhibit excellent metallic and 

fluidic properties. To make environmentally friendly machining, the authors have taken 

coconut oil as base fluid, as only a few research works have explored its capability. In this 

research work, the rheology of the base fluid and its impact on end-milling and the volu-

metric concentration (% vol.) of nanoparticles were found in order to construct an exten-

sive study of their impacts on the performance of cutting fluids. Alumina is a hard abra-

sive and refractive material with a high melting point that finds application in grinding 

and polishing. On the other hand, CNT’s are cylindrical, with weak Van der Waals forces; 

this provides better spread-ability. CNT’s have exceptional stiffness, tensile strength, and 

thermal conductivity. The prepared fluids were utilized in the milling of AA6082 under 

an improvised novel MQL technique called the nanoparticle mist technique (NMT), 

wherein the compressed air was optimized in such a way that the atomization was en-

hanced to form mist spray (this was also to reduce the quantity of cutting fluid and cost 

incurred in machining). The behaviour of the fluids was extensively studied by measuring 

output responses such as the surface roughness of the machined surface, tool wear, and 

cutting force. The controlled parameters (speed, feed rate, and type of fluid) were varied 

at three different levels, and the depth of cut was kept constant. The contribution and 

practical significance of this research can be outlined as follows: 

1. Preparation and characterization of metal-oxide and carbonaceous nanofluids using 

ultrasonicator and study of their rheological behavior at different conditions. 

2. Experimental investigation of the input parameters (speed, feed rate type of nanoflu-

ids) on two responses (tool wear and surface roughness) during end milling of 

AA6082. 

3. Establishment of an ANOVA for output responses, and to further study the surface 

morphologies of machined specimens and tool surfaces. 

2. Materials and Methods 

In order to investigate the effects of nano coolants, end milling on AA6082 was per-

formed as it finds wide application in the aerospace industry and automobile industry; it 

is particularly used for casings. A material study was performed to know the chemical 

and physical properties. The identified chemical compositions are shown in Table 1, and 

the mechanical properties of the workpiece material, cutting tool, and machine used are 

detailed in Tables 2 and 3. The cutting tool geometry is shown in Figure 1. 

 

Figure 1. Cutting tool geometry. 

  

Overall length = 50 mm 

Tool Dia. = 8 

mm 

4 flutes 

Figure 1. Cutting tool geometry.



Lubricants 2023, 11, 87 4 of 15

Table 2. Properties of AA6082 aluminium material, cutting tool, and MQL conditions.

Specifications Parameters Value

Workpiece material: AA6082
Mechanical Property

Density 2.70 g/cm3

Thermal conductivity 185 W/m-K
Young’s modulus 69 Gpa
Brinell hardness 91 HB

Work part geometry
Dimensions Cube of 60 × 60 × 60 mm
Machining area length Length of machining area (mm) 40
Material Cemented carbides coated with TiAlN

Cutting tools
Endmills Dimensions 8 mm dia × 4 flutes, Length 50 mm

Tungsten carbide/Dormer-make

MQL conditions

Input pressure (MPa) 0.2
MQL flow rare (mL/h) 60
Nozzle diameter (mm) 2.5
Nozzle distance (mm) 20

Table 3. Cutting parameters and levels.

Factors Units Low High

Cutting speed (N) m/min 75 125 -
Feed rate (f) mm/tooth 0.005 0.015 -
Nanofluids – CNT Alumina CNT + Alumina

Machining time Minutes 30

In the layout of the experimental plan, with three factors and levels, 20 experiments
were performed at a constant machining time (after 30 min) to analyze the machining pa-
rameter’s influence on surface roughness and tool wear. The response surface methodology
(RSM)’s optimal method was utilized for the experimental design (L20). We chose this
method as our experimental plan carries uneven levels of factors, and this method is very
efficient in output response evaluation. The roughness of the surface SURFCOM 1400G,
Accretech, Japan, was used to measure Ra on the surface, with a sampling length of 3 mm
and a cut-off length of 0.8 mm. Reading was determined by averaging three measurements
made in different places. An OLM of Optiv manufacture was used to measure the tool’s
flank edge for wear. To ensure experimental homogeneity, the tool wear readings of the
heavily used flute (likely the ploughing teeth) were taken into consideration. The computer-
connected scale was used to record the wear rate. The measurements pertained to ISO
4287 and ISO 3685 for surface roughness and tool wear, respectively. All the responses were
measured thrice, and the average of those three readings was reported as the final reading.

2.1. Preparation and Characteristic Study of Prepared Nanofluids

Nano-alumina and carbon nanotubes were utilized as the nanoparticles procured from
M/s Ultra Nanotech Pvt. Ltd. India. Table 4 shows the properties of the nanoparticles.
To achieve higher stability, probe sonication was carried out using the equipment shown
in Figure 2. Probe sonication is a direct sonication method with a setup consisting of a
probe generating ultrasonic frequencies at 20 ± 3 kHz, at a stretch of 5 h, to obtain stable
suspensions [18].

Table 4. Properties of nanoparticles used.

Property Alumina CNT

Melting point (◦C) 1400 1550
Morphology Spherical Tubular

Colour White Black
Diameter (nm) 60–80 30–50 (avg.), length—40–50 microns

Purity (%) 98 99
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The prepared fluids have been experimented with within two hours of sonication so
as to avoid agglomeration and maintain their homogeneity. Carbon nanotubes, alumina,
and their hybrid (carbon nanotubes–alumina) in a fixed concentration (1%) were prepared
as prescribed in the previous investigation [19]. The 1% was chosen in order to create an
optimum weight ratio, and the fluid details are shown in Table 5. The prepared fluids were
tested for the following thermos-physical properties: (a) thermal conductivity, (b) viscosity,
(c) specific heat, and (d) density at three different extreme temperatures (35, 45, and 55 ◦C),
since all the aforementioned properties are temperature dependent. The above-measured
properties are graphically discussed below in Figure 3.

Table 5. Types of fluid and weight ratio.

Levels of Fluids Composition Weight Ratio in gms/100 mL of Base Fluid

F1 CNT 1%
F2 Alumina 1%
F3 CNT + alumina 0.5% each

Thermal conductivity affects cooling positively, whereas viscosity negatively affects
the cooling of the tool–workpiece interface, and there can be a heavy pressure drop at
greater viscosity. The prepared nano-cutting fluids show an increasing trend in thermal
conductivity, as plotted in Figure 3A. Additionally, from Figure 3B it is clear that both
alumina and hybrid fluids undergo a reduction in viscosity with increasing temperature,
which can be attributed to the spherical nature of alumina, and the presence of alumina in
hybrid. Spherical molecules have better rolling on the surface, this is the basic rheology
phenomenon. The rolling effect reduces the resistivity to the surface and the adjacent layers
of fluid at higher temperatures, which affects the viscosity reduction. This can be taken
as a positive result of this study. Additionally, specific heat and density were measured
as shown in Figure 3C,D, respectively. The specific heat of the hybrid fluid is found to be
higher at higher temperatures and the density of the hybrid fluid was reduced at a higher
temperature, which could give a better flow between the tool–workpiece interface.

In nano-morphology, a tubular shape has a good rolling effect, followed by a sphere.
This is one of the reasons for choosing CNTs for the current study. Figure 4A,B, taken with
a scanning electron microscope (SEM), is an image of the nanoparticles at 10 Kx at 500 nm
scale. The morphology is studied for a better understanding of the properties.
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The excellent rheological properties of coconut oil help the better suspension of
nanoparticles and exhibit good lubricity. Additionally, its natural biodegradability can
pave the way for green machining [20,21].

2.2. Contact Angle and Its Effects

Measuring the contact angle between a horizontal solid surface and the liquid droplet
helps us to find the wettability characteristics of the fluid. The lower the contact angle,
the better the wettability. The phenomenon of Young’s contact angle is used to measure
the angle. When there is a three-phase (solid, liquid, and gas) equilibrium force balance
existing, the thermodynamic equilibrium contact angle is given by [22,23]:

cos θ =
σ1 − σ2

σ3
(1)

where θ is Young’s contact angle, σ1, σ2 and σ3 are liquid–vapor, solid–vapor, and solid–
liquid tensions, respectively, as shown in Figure 5.
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The net surface tension of a liquid depends upon Van der Waals forces. The addition
of nanoparticles into any fluid will definitely alter the net free energy of the three-phase
interface. The measurement of the spread-ability of the nanofluids was determined on a
cemented carbide tool and using a fluid droplet. The tool was placed on a flat surface, and
the cutting fluid was dropped on the tool from a level of 15 µL and allowed to stabilize. The
contact angle was measured by the inbuilt software, and the values are shown in Table 6.

From Table 6, it is clearly visible that the contact angle varies when added to a base
fluid, and corresponds well with previous research [22,23]. The lower contact angle is
measured at F3, followed by the F2 fluid. The lower the contact angle, the higher the heat
extraction and lubricating property.
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Table 6. Contact angle measured for the base and prepared fluids in degrees.

Base Fluid
(Coconut Oil) F1 F2 F3

46 52 49 47

3. Results and Discussion
3.1. Tool Wear

Tool wear is one of the important machining indexes. The study performed here tends
to maximize the tool life and finishing quality. The tool wear happens in different modes,
by abrasion, notch, erosion, and diffusion of the workpiece material on the tool [24]. The
adhesion on the tool may happen due to cutting temperature. The results of adhesion may
be the formation of a built-up edge (BUE) and a built-up layer (BUL) on the tool surface,
which affects the tool life. The probability of occurrences of the cutting fluids was set in the
range of 50%, 25%, and 25% for fluids F3, F2, and F1, respectively. The reason for choosing
the percentage of occurrence is to majorize the study in hybrid fluid, as the literature survey
suggested [25] that hybrid fluid provides better performance than an individual. The
experimented values for tool wear are shown in Table 7, and the distribution of tool wear
for individual experiments is plotted in Figure 6.

Table 7. Measured tool wear for the experiments conducted.

Exp No. Cutting Speed
(m/min)

Feed Rate f
(mm/Tooth) Fluid Tool Wear

(mm)

1 75 0.005 1 0.12
2 125 0.005 1 0.12
3 75 0.015 1 0.15
4 125 0.015 1 0.32
5 100 0.01 1 0.04
6 75 0.005 2 0.15
7 125 0.005 2 0.07
8 75 0.015 2 0.06
9 125 0.015 2 0.15
10 100 0.01 2 0.09
11 75 0.01 3 0.08
12 125 0.015 3 0.08
13 100 0.005 3 0.19
14 100 0.015 3 0.21
15 100 0.01 3 0.24
16 100 0.01 3 0.14
17 100 0.01 3 0.13
18 100 0.01 3 0.12
19 100 0.01 3 0.11
20 100 0.01 3 0.13

Table 8 shows the ANOVA for wear, which makes clear that the type of fluid chosen is
the most influencing parameter in this machining process, with a more than 50% confidence
level. This may be attributed to the better tribo-film formation between the tool and
workpiece, which avoids larger friction generation between the tool–workpiece interface.
To support this, the SEM images of the worn-out tool of F1, F2 and F3 are shown in
Figures 6–8 respectively. Figure 7 shows some mild adhesion of workpiece material found
on the tool when machined at high speed and feed rates (i.e., 125 m/min, 0.015 mm/tooth).
CNT has a peculiar tendency to adhere to the surface due to its tubular morphology. When
machined at high speed and feed rates, the adhesion was found to be less when compared
to alumina fluid. Additionally, a mild BUE is formed on the tool. This is attributed to the
ploughing effect [24,25].
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Table 8. ANOVA for tool wear.

Source DF SS MS F P % of Confidence Level

Cutting
speed

(m/min)
2 19,021 9511 5.83 0.22 15.11

Feed rate
(mm/tooth) - 10,521 5261 3.64 0.395 25.21

Type of
fluid 2 82,585 41,293 20.53 0.082 54.54

Error 2 3080 1540 - - 5.14
Total 8 115,207 57,604 - - 100
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Figure 8. SEM image of tool found with minor adhesion and small BUE formation when machined
with fluid F2 at speed 125 m/min and feed rate 0.015 mm/tooth.

At higher speeds and feed rates (i.e., 125 m/min, 0.015 mm/tooth), Al2O3 shows less
adhesion and minor BUE formation, as shown in Figure 8. This can be attributed to the
spherical morphology of the alumina. During machining at high speeds, as the surface
tension of the sphere is much less than that of CNT, the material tends to flow with less
resistance between surfaces, and does not stay on the working surface. In addition, BUE
formation is restricted due to the lessening of the ploughing effect, as there is a better
rolling effect obtained between the surfaces. Working at higher temperatures tends towards
increasing the internal elasticity of the body, which gives better spread-ability due to weak
Van der Waal’s forces. The above result corresponds well with previous research work [25].

Observations made from Figure 9 are with regard to better tool life at higher speeds
and feed rates. The following postulates can be attributed to the above obtained result.
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Figure 9. SEM image of tool found with minor adhesion and small BUE formation when machined
with fluid F3 at speed 125 m/min and feed rate 0.015 mm/tooth.

(1) When the temperature in the tool increases, the softening of the material occurs due
to higher temperature, and the material that is being removed penetrates in between
the tool face and the specimen.

(2) Additionally, due to thermal stiffness on the tool face, layer removal on the tool occurs,
which leads to cavitation as seen.

The reason for alumina performing better is due to less viscosity; there is a good flow
of fluid between the surfaces. The spherical nature of alumina provides a better rolling
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effect to reduce friction. At higher speeds, the removed material is flushed away, which
avoids the adhesion of material on the tool and the formation of a cavity [26,27]. The
results are very well on par with previous similar research works. Additionally, the hybrid
(alumina-CNT) fluid performed better as it carried dual properties.

3.2. Surface Roughness (Ra) and Adaptive Behaviour

Surface roughness is a major parameter in measuring the surface texture and quality
of the machined surface. The smaller the surface roughness, the higher the machining
quality [28]. Failure of the workpiece in terms of lifespan may occur if the surface quality
is poor. Hence, our study on surface roughness finds more practical value for machining
production. The experiments were conducted as per the design, and the surface roughness
was measured by taking an average of three readings; the three readings were taken at the
beginning, centre, and at end of the cut, respectively, as shown in Table 9.

Table 9. Measured Ra for the experiments conducted.

Exp No. Cutting Speed
(m/min)

Feed Rate f
(mm/Tooth) Fluid Surface Roughness

(µm)

1 75 0.005 1 0.2064
2 125 0.005 1 0.0921
3 75 0.015 1 0.1197
4 125 0.015 1 0.2633
5 100 0.01 1 0.3837
6 75 0.005 2 0.2302
7 125 0.005 2 0.3003
8 75 0.015 2 0.2591
9 125 0.015 2 0.5066
10 100 0.01 2 0.3601
11 75 0.01 3 0.0891
12 125 0.015 3 0.5076
13 100 0.005 3 0.1913
14 100 0.015 3 0.2172
15 100 0.01 3 0.3038
16 100 0.01 3 0.1775
17 100 0.01 3 0.2207
18 100 0.01 3 0.1641
19 100 0.01 3 0.3407
20 100 0.01 3 0.4093

From Table 9, the lowest Ra values measured (considering the value <~1) were
found in experiment No. 2 (N-125 m/min, f-0.015 mm/tooth, F1) & 11 (N-75 m/min,
f-0.01 mm/tooth, F3). Additionally, the distribution of Ra values is shown in Figure 10.
The most influencing parameter was found to be the type of fluid with a confidence level
of around 69%, followed by feed rate. The values obtained from the ANOVA shown in
Table 10 also plot the same. This result coincides well with the previous study [2,10], and the
reason Ra is very much reliable on the type of fluid is because of the ball-bearing effect [11]
provided by the nanoparticles suspended in the base oil. Additionally, the surface inter-
action between nanoparticles and the excellent rheological property of coconut oil (used
as the base fluid) supports the process of cooling and lubrication during machining [12].
Additionally, at higher feed rates, the hybrid fluid (F3) provides a better surface finish,
and at higher speeds, alumina provides a better surface finish at an average feed rate; this
corresponds well with the previous study [28,29].
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Table 10. ANOVA for surface roughness.

Source DF SS MS F P % of Confidence Level

Cutting
speed

(m/min)
2 21,021 10,511 4.33 0.18 9.9

Feed rate
(mm/tooth) - 12,521 62,061 2.64 0.275 16.40

Type of
fluid 2 92,585 46,293 18.42 0.051 68.81

Error 2 4030 2030 4.89

The nanofilms formed on the surfaces due to the high surface area to volume ratio,
which acts as a protective layer and also reduces the mending effect [29]. The lower density
of CNTs makes them able to enter into small holes and scratches on both tool and workpiece,
which flattens the surface and gives a good surface finish by reducing the surface roughness.
The obtained results were compared with previous research works, and a novel output
has been found: the nanoparticles were shown to provide a better surface finish at high
speed and feed rates due to the polishing effect and the abrasive nature of both the chosen
materials. Post-machining, the surface roughness measurement was studied. Along, with
it, the surface adaptability after machining was analyzed with the help of SEM images
taken as shown in Figure 11A–C. For comparison purposes, higher feed rates and speeds
of all three fluids are studied.

Machined specimens were studied under a microscope to check their adaptability.
To achieve better adaptability, the feed marks should be low. In this study, higher feed
marks appeared in CNT when compared to alumina and hybrid. This is due to the better
flow and rheological behaviour of alumina when compared to CNT. The feed marks are
better and fewer in hybrid fluid machining. In addition to the above, the morphology of
the nanoparticles has played a major role in the surface finish. The results coincide well
with previous similar research works [30]. The machined specimens were found to follow
a smooth Schallamach pattern. The ploughing effect of tool on the workpiece was found
to be lowered when machined with nanofluids. This can be attributed to the fact that
the nano-solid particles have provided better cushioning over the surface, along with the
efficacy of MQL-assisted milling [31].
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4. Conclusions

This study has been conducted to study the performance of nanofluids for end milling
applications. Two major important parameters, tool wear and surface roughness, are taken
into consideration to evaluate the performance of prepared nanofluids. Along with these,
the surface adaptability of the machined workpiece has been evaluated.

The following conclusions are made:

• The machining was found to be smooth and cost-effective, as only a minimum quantity
of nanoparticles were utilized during machining using the nanoparticle mist technique
(NPMT), and the synergistic effect of metal oxide & carbonaceous was found to be
good.

• The surface finish in terms of surface roughness on the workpiece was found to be
better in hybrid fluid, and with help of analysis of variance, the most influencing
parameter was found to be the type of fluid followed by feed rate.

• The optimized input parameters for obtaining minimum surface finish were found to
be N = 125 m/min, feed rate = 0.015 mm/tooth with F3 (hybrid) fluid.

• The tool life in terms of minimal tool wear was found to be better in both hybrid fluid
and alumina. An ANOVA reveals that the most influencing parameter is the type of
fluid and equal importance to be given during the selection of speed and feed rates.

• The optimized input parameters for obtaining minimum tool wear were found to be
N = 75 m/min, feed rate = 0.015 mm/tooth with F3 (hybrid)/F2 fluid (alumina).

• Researchers thus far have given more attention to nanofluids containing a mono
nanoparticle. This study was an attempt to investigate the effect of the hybridiza-
tion of two different families of nanoparticles in a fixed volumetric ratio. The re-
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sults of this study will be beneficial for researchers and industry people working on
hybrid nanofluids.
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Nomenclature and Abbreviations

BUE Built-up edge
BUL Built-up layer
dc Depth of cut in mm
F Feed rate in mm/rev
CNT Carbon nanotubes
ANOVA Analysis of variance
SS Sum of squares
MS Mean of squares
MQL Minimum quantity lubrication
N Speed of spindle in rpm
Ra Surface roughness
RSM Response surface methodology
SEM Scanning electron microscope
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