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a b s t r a c t

Aluminum (Al) alloys are of particular importance to the aerospace industry owing to the

combination of characteristics including strength, ductility, toughness, fatigue life and

oxidation resistance as a light metal. This is the case of AA 2024 T3 Al alloy. In particular,

machining of these alloys has similar importance for productivity and part quality.

Recently, the use of nanofluids, which have various advantages in terms of both cooling

ability and tribological aspects, has become popular for the efficient machining of such

alloys. In this context, guiding data are needed that enable industry and researchers to

machine these types of alloys with high efficiency. Taking these into account, in this study,

AA 2024 T3 Al alloy was machined and various machinability indicators such as surface

roughness, surface topography, maximum temperature and dominant tool wear mecha-

nism under different cooling/lubrication strategies i.e., dry cutting, base fluid minimum

quantity lubrication (MQL) and mineral oil based MoS2 nanofluid MQL (NFMQL) were

investigated. As a results, significant improvements have been achieved in surface

roughness, surface topography, and maximum temperature with help of NFMQL applica-

tion. The intensive built-up edge (BUE) and built-up layer (BUL) formations are produced on

the cutting tool when machining AA 2024 T3 Al alloy under dry cutting. On the other hand,

BUE formation has been significantly eliminated thanks to NFMQL. Moreover, a less

damaged cutting edge was obtained when machining Al alloy under NFMQL compared to

both dry cutting and MQL environments.
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1. Introduction

In the aircraft and aerospace industry, reducing costs without

jeopardizing flight safety is one of the most researched topics.

To achieve this, increasing the strength/weight ratio in ma-

terials used in aircraft structures is among the most funda-

mental issues. In this context, aluminum (Al) alloys are more

preferred than steels in applications where lower weight and

lower maintenance costs are required. In other words, Al al-

loys come to the forefront in the aviation industry in order to

meet the mentioned requirements [1]. Particularly, the wing

section and fuselage skin of the aircraft are the places where

Al alloys are used extensively [2]. In applications, one of the

most preferred Al alloys is 2024 Al alloy, whose main alloying

element is copper, which also contains magnesium, manga-

nese and various secondary alloying elements. Not only

elevated strength/weight ratio but also high fatigue resistance

is an important factor in choosing thematerial [3]. In addition,

features such as high damage tolerance, fracture toughness,

fatigue performance and high formability & super plasticity

make 2024 Al alloys stand out [4]. Despite these positive

properties, various difficulties are encountered during the

machining of Al alloys. For example, the high thermal con-

ductivity combined with the high thermal expansion coeffi-

cient significantly reduces the machinability properties,

especially in the dry environment [5]. In addition, the high

chemical closeness of Al alloys to most of the cutting tool

components leads to these alloys to adhere/weld to the cut-

ting tools, thus causing a high amount of built-up edge (BUE)/

built-up layer (BUL) [6]. This situation is especially prominent

in studies conducted under drymachining. For example; Bejar

et al. [7] turned the UNS A97075-T6 (AleZn) under dry

machining and stated that the tool life decreased due to BUE

and BUL occurred on the cutting tool. Sanchez et al. [8]

machined AA 2024 and AA 7050 materials under dry

machining and observed wear on the cutting tool due to BUE/

BUL formations. Similar results were found in various studies

conducted by [9e13]. As seen in previous studies, adhesion is a

very serious problem especially when machining Al alloys

under dry environment. To avoid this situation, the first op-

tion that comes to mind is the utilization of cutting fluid. The

cutting fluids during chip removal process provide significant

improvements in critical issues i.e., cooling, lubrication, and

removal of chips from the cutting region. However, water and

mineral oil-based cutting fluids used as conventional coolant

have low thermal conductivity. Thus, problems arise

regarding the ejection of the high heat produced inmachining

region. Consequently, major improvements in outcomes

including cutting temperature, tool wear and surface quality

cannot be achieved as desired [14,15]. Apart from these, con-

ventional cutting fluids also pose a risk to employee health

and the environment. Moreover, they lift manufacturing costs
for a number of purposes, including acquisition, trans-

portation, and disposal [16,17]. Therefore, reducing the

amount of conventional cutting fluids is essential for both

efficiency and sustainable production. Dry machining can be

preferred to eliminate limitations of cutting fluid [18]. How-

ever, when machining materials having high adhesion ten-

dencies such as Al alloys, the absence of any lubricant may

significantly reduce machining efficiency [19]. It would be

more beneficial to maintain and/or increase production effi-

ciency while reducing the volume of cutting fluids [20,21]. In

this case, the first process that comes to mind is the system of

minimum quantity lubrication (MQL) that operates with the

idea of using compressed air to send a very limited volume of

cutting oil (10-100 mL/h) to the cutting field [22,23]. Thanks to

the MQL technique, better results can be obtained by using

very little cutting oil (1/10000 compared to conventional

coolant use) [24e26]. Also, another method used in recent

years is (nanofluid MQL) NFMQL, that is helpful in improving

performance of base fluid used in MQL. This method aims to

improve the oil properties through inserting nano-sized ad-

ditives into the cutting oil used in the MQL system [27].

Nanofluids are a new generation cooling/lubrication

method obtained by adding nano-sized (i.e. <100 nm) addi-

tives into base cutting oil/liquid [28]. Nanoparticles applied to

the cutting fluid/oil boost the base fluid's properties such as

thermal conductivity, viscosity, wettability, pH value and

tribological features [29]. In thisway, important changes in the

metrics are provided, such as encouraging the dissipation of

heat from the cutting field, minimizing friction, improving the

surface quality and tool lifespan [30]. Although the use of

nanofluids in the cutting of Al alloys is limited, there is a

consensus in the literature that the properties of cutting fluids

improve with the addition of nano-additives. Rahmati et al.

[31] explored the influences of some MQL inputs (air pressure

and nozzle orientation) and nanofluid concentration ratio (0,

0.2, 0.5 and 1 wt%) while machining Al6061-T6 material. Re-

searchers which used MoS2 as an additive, stated that all

concentration ratios gave better results than pureMQL. Sayuti

et al. [32] compared pure MQL with SiO2 doped nanofluid at

different concentration ratios when machining Al 6061-T6

alloy. These researchers emphasized that the nanofluid offers

significant improvements in surface finish, cutting force and

cutting temperature. Najiha et al. [33] investigated the effect of

SiO2 concentration ratio into base fluid on performance in-

dicators while machining Al 6061-T6 material. As a result,

they highlighted that nanofluid with 2.5% concentration gave

better results. Duan et al. [34] machined 7050 Al alloy under

Al2O3 doped nanofluid and studied the impact of nozzle po-

sition on machining metrics. Kulkarni at al [35]. investigated

the influence of effect of nanofluid based MQL application on

quality characteristics during milling of Al7075-T6 alloy. They

emphasized that the addition of nanoparticles to the base

fluid had a positive effect on lowering the temperature at the
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Table 2 e The mechanical features of AA 2024 T3 alloy.

Yield strength
(MPa)

Tensile strength
(MPa)

Elongation
(50%)

Hardness
(HB)

340 475 18 220
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tooleworkpiece interface without affecting the machining

quality characteristics. Zhu et al. [36] studied cutting tool

temperature distribution under MQL environment in drilling

of Al 2024-T351 alloy. It was reported that with the application

of MQL, it can reduce the temperature difference between

various parts of the tool compared to dry and air cooling

conditions. In addition, adhesion and BUE formation were

observed along nearly the entire cutting edge under dry dril-

ling due to the lack of lubrication and coolant.

As seen in the literature analysis, it is common for thework

material to adhere to the cutting tool when machining Al al-

loys under dry cutting condition. Owing to adhesion, the

cutting tool loses its ideal geometry and cannot perform its

cutting function adequately and therefore, surface quality

decreases. For these reasons, the use of cutting fluids has

become important when machining Al alloys. On the other

hand, in terms of the environmental limitations, employee

wellbeing and manufacturing costs, the adverse properties of

traditional cutting fluids have led researchers to explore

alternative approaches.

Recently, nanofluids have become very popular as cutting

fluids in machining operations due to their ability in terms of

both cooling ability and tribological aspects. However, no

study has been found on the machining of Al 2024-T3 alloy

under MoS2-based nanofluid. Based on these observations, in

this study, sustainable cutting environments such as base

fluid MQL and MoS2 based NFMQL cooling/lubrication were

used while turning the Al 2024-T3 alloy and the results were

compared with drymachining. The following sections include

the experimental information, observations and discussion,

and conclusions of the study.
2. Materials and methods

2.1. Workpiece, machine and cutting tool

During the chip removal tests, AA 2024 T3 Al alloy (supplied

from Seykoc Aluminum company, Turkey) of 65 mm diameter

and 270 mm length was utilized as workpiece material. While

the chemical content of the test sample is illustrated in Table 1,

its mechanical features are provided in Table 2.

Turning of the alloy was performed by ACCUWAY brand

and JT-150 model CNC lathe. During the turning experiments,

uncoated cemented carbide inserts (VCGT 160404 FL) with tip

angles of 35�, tip radius of 0.4 mm, and a positive rake angle,

manufactured by TaeguTec company, were used. While these

inserts used were connected to the lathe, SVJCR 2525 M16

coded tool holder was used, also produced by TaeguTec

company (Korea). However, since the tool holder mounting

slot of the lathe is maximum 20 mm, the thickness of the tool

holder has been reduced from 25 to 20 mm by milling. Tech-

nical characterizations of the cutting insert are provided in

Table 3.
Table 1 e The chemical content of AA 2024 T3 alloy (% weight

Si Cu Mg Mn Fe

0.294 4.43 1.47 0.452 0.344
2.2. MQL system, cutting fluid and nanoparticles

MQL system manufactured by SKF company (model

LubriLean-Vario) was used in the metal removal experiments.

The critical MQL parameters such as nozzle diameter (2 mm),

application type (outside), spraying distance (30 mm) and

spray angle (30�) were fixed during all experiments. Cutting

oil, which is put into the MQL system for pure-MQL experi-

ments and used in the preparation of nanofluids as a base

fluid, is a mineral-based cutting oil that provided by SKF

company. Cutting oil has a density of 0.93 g/mL and a kine-

matic viscosity of 14 cSt at 20 �C. In the preparation of nano-

fluids, molybdenum disulfide (MoS2) nanoparticles supplied

from Nanografi Nanotechnology AS (Turkey) were dispersed

into base fluid. MoS2 is an additive that is used extensively in

applications requiring high temperature and pressure, thanks

to its high wear resistance and superior friction properties

[37]. Technical characteristics of MoS2 particles can be listed

as size of 80 nm, purity 99%, density of 4.8 g/cm3, layered

structure, and black appearance. The results of scanning

electron microscopy (SEM) and energy dispersive x-ray anal-

ysis (EDAX) analysis performed onMoS2 nanoparticles utilized

in preparation of nanofluid are presented in Fig. 1.

2.3. The process of preparing the nanofluids

For nanofluids preparation, a two-step mixing process was

implemented. Accordingly, MoS2 particles was added to

mineral cutting oil in proportion (0.6% volume concentration)

which is previously determined through preliminary experi-

ments and literature knowledge [38] and they subjected to a

series of mixing processes. In the steps followed in the mix-

ing process, mineral cutting oil and nanoparticles were

initially mixed at 1000 rpm for 60 min using a DAIHAN brand

and HS-100D model mechanical mixer. After that, it was

mixed for 60 min at 1500 rpm with magnetic stirrer using

TERMAL brand and model N11150M. In this way, nano-

additives are distributed homogeneously in mineral based

cutting oil. The mixing process is shown in Fig. 2. The fresh

nanofluids obtained were used without waiting against any

precipitation conditions.

2.4. Experimental design

When turning AA2024 T3 Al alloy, the cooling conditions and

cutting parameters such as cutting speed and feed rate were

varied as presented in Table 4. Three levels of each factor were
).

Ti Zn Ni Al

0.062 0.166 0.018 Balance
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Table 3 e Technical details of the cutting insert.

d (mm) t (mm) r (mm)

9.52 4.76 0.40
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determined and Taguchi's L27 orthogonal array was marked

as an appropriate experimental design for factors and their

levels. In each experiment, the depth of cut was held at 1 mm.

The outputs of the experimental design are surface roughness

and maximum temperature. An overall view of the parame-

ters used in the experiments is tabulated in Table 4. Further-

more, the experimental setup is given in Fig. 3.

2.5. Measuring equipment and procedure

In the investigation, after machining, average surface rough-

ness (Ra) was handled as main measurement parameter to

determine the surface condition. Portable surface roughness

measuring instrument (Brand: MAHR; Model: MarSurf PS 10)

was benefited in themeasurements of surface roughness. The

sampling length and evaluation length values of the device

were set to 0.8 and 4 mm, respectively. During the measure-

ments, the workpiece was rotated clockwise and the mean

value was considered by taking measurement values from

four different regions. A previously unused insert was used for

each experiment. The roughness tester is calibrated with

calibration blocks before measurements. Also, in order to

avoid oxidizing the surfaces and affecting the results, the
Fig. 1 e SEM and EDAX analysis
measurements were made immediately after the chip

removal tests. During this study, OPTRIS PI 450model thermal

camera was benefited to measure the maximum tempera-

tures at machining region. The thermal camera is positioned

in such a way that it can see the cutting area exactly from a

distance of 250 mm and is not affected by chip splashes. In

addition, SEM pictures were obtained by using Zeiss LEO 440

made by ZeisseLeica, Germany device to observe the condi-

tions of worn tools. Lastly, detailed EDAX analyzes were

employed for marking elemental composition to detect

possible material adhesion on cutting tools.
3. Lubrication mechanism of MQL and nano-
fluids

MQL is an application that transfers a very small volume of

cutting oil to the cutting zone in a form that can be called an

oil mist by mixing it with compressed air. Basically, it per-

forms differently in the cutting zone compared to flood cool-

ing.While it is a completely appropriate definition to call flood

cooling as a coolant because it discharges the heat from a

region via convection, in the application of MQL, the concept
of MoS2 used in this work.
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Fig. 2 e Nanofluid preparation procedure.
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is more in favor of lubrication rather than coolant. A study

done by Yildirim et al. [39] supports this argument and they

emphasized that the lubricating ability of the MQL is superior

to its cooling ability. The MQL covers the interface with a thin

layer of lubricant and reduces friction and prevents friction-

induced heat generation. The excellent lubricating property

of a good MQL lubricant makes a great contribution to mini-

mizing the heat transferred to the cutting tool by removing

most of the heat caused by friction. In addition, depending on

the thermal and physical properties of the cutting oil used,

MQL also provides the discharge of heat with compressed air

inherent in the system through forced convectionmechanism

[40]. However, deficiencies in eliminating friction and exces-

sive heat generation with base fluid MQL, especially during

high speed machining of various alloys with low thermal
Table 4 e Test parameters.

Inputs

Machine tool A

Work material A

Cutting insert U

Cutting speed (m/min) 30

Feed rate (mm/rev) 0.

Depth of cut (mm) 1

Cooling/lubrication strategy D

Base fluid M

vi

Nanoparticle and its concentration M

Nanofluid process Tw

MQL system Lu

MQL parameters N

30

Design of experiment Ta
conductivity coefficient, posed a threat to cutting tool life,

workpiece surface integrity and resulting in reduced

machining efficiency [41]. In order to increase the heat

transfer efficiency of MQL and to operate various tribological

mechanisms, nanofluids are utilized in MQL implementation

to improve the lubricating effects in the process. A certain

amount of solid nanoparticles with a size of <100 nm (in one

type or asmultiple types of hybrid) is added to the base cutting

oil to form a nanofluid and is subjected to some mixing pro-

cesses to achieve a homogeneous distribution in the liquid

[28]. With the compressed air in the nozzle, the nanofluid is

atomized and sprayed to the area where the cutting takes

place. Compressed air mainly plays a role in cooling, debris

evacuation and nanofluid delivering, while the oil in MQL

mainly lubricates themachining region. Nanoparticles, which
Details

CCUWAY JT-150 CNC lathe

A 2024 T3 Al alloy

ncoated cemented carbide inserts, ISO code: VCGT 160404 FL

0, 400 and 500

1, 0.2 and 0.3

mm

ry, base fluid MQL and NFMQL

ineral-based cutting lubricant, density: 0.93 g/mL at 20 �C, kinematic

scosity: 14 cSt at 20 �C.
oS2, 0.6% volume concentration

o step method

briLean-Vario model produced by SKF company

ozzle diameter: 2 mm, application type: outside, spraying distance:

mm, spray angle: 30�, flow rate: 100 mL/h, air pressure: 8 bar.

guchi's L27 orthogonal array
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Fig. 3 e Experimental setup.
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have higher thermal conductivity compared to the base cut-

ting fluid, provide great convenience in increasing the heat

transfer of the cutting zone and improving the cooling per-

formance by further improving the heat dissipation. Also, the

presence of nanoparticles enables various tribological mech-

anisms to work at the tool-chip-workpiece interface [42].

There is generally a consensus with the use of nanofluids in

the existence of four lubrication mechanisms: (i) rolling; (ii)

protective film; (iii) mending; and (iv) polishing effects, as

illustrated in Fig. 4. Moreover, nanoparticles can be effective in

lubrication due to sintering or melting on the tribo-film [43].

In the rolling mechanism (refer to Fig. 4 (a)), two aspects

come to the fore in the contribution of nanofluids to tribo-

logical aspects. Firstly, nanoparticles are generally spherical

and they act as load carriers by rolling between surfaces like a

bearing during friction. Secondly, they form a sliding system

that acts like a flat plate between two mating surfaces,

reducing friction and wear. In the friction process, it helps to

collect nanoparticles on the friction surfaces due to the effect

of high temperature due to friction and the presence of the

electric field generated during friction [43]. As shown in Fig. 4

(b), a protective film layer formed by the deposition of nano-

particles on friction surfaces is one of the most common

mechanisms explaining tribological developments such as

the reduction of friction and wear provided by these particles.

The higher surface energy of rough surfaces increases the

possibility of nanoparticles deposition on these surfaces. This

allows the presence of a new synergistic lubrication consisting

of a liquid film and non-heterogeneous dispersions of nano-

particles on the surface [44].

In mending mechanism (Fig. 4 (c)), nanoparticles tend to

repair microdamages by filling micro cracks and depositing

them on the rubbing surface, eventually helping to create

flatter and smoother surfaces. However, beyond eliminating
cracks by deposition into nanoparticles, it also has a different

repair mechanism. As the size of the nanoparticles decreases,

the amount of heat required for melting decreases. In the

elevated temperature of the friction surfaces, these nano-

particles are smoothly melted/sintered within the micro-

cracks within the contact area, thus acting as a filling mate-

rial, penetrating the cracks and bonding tightly to the friction

surface [43].

There is a consensus that rubbed surfaces lubricated with

nanoparticles are much smoother owing to polishing

mechanism. Abrasive nanoparticles in nanofluids act as a

perfect polishing means and play an important role in

achieving mechanical polishing by removing micro-deposits

on friction surfaces during the friction process as illustrated

in Fig. 4 (d). Because of the smoother surface polished with

abrasive nanoparticles, the actual contact area of the mating

surfaces is raised, lowering the friction coefficient and

increasing load carrying ability [45]. In many conditions,

nanofluids work not only to provide heat transfer and

lubrication, but also to allow various tribological aspects by

the action of multiple mechanisms. Furthermore, there may

also be transitions between mechanisms depending on

operating and friction conditions.
4. Results and discussion

4.1. Surface roughness

Fig. 5 represents main effect plots for surface roughness

against cooling/lubrication strategy, cutting speed and feed

rate. When the influence of cooling conditions given in the

first part of Fig. 5 on the Ra is examined, it was discovered that

dry machining provides the maximum Ra value. However, it

https://doi.org/10.1016/j.jmrt.2021.09.007
https://doi.org/10.1016/j.jmrt.2021.09.007


Fig. 4 e Tribological mechanisms with nanofluid a) rolling b) protective film c) mending e) polishing (Adopted and modified)

[46].
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decreases as the MQL device is enabled. Also, the NFMQL

approach yielded the lowest Ra. The average Ra values ob-

tained under dry, MQL and NFMQL machining environments

were 4.183, 3.831 and 3.532 mm, respectively. In other words,

the Ra values compared to dry machining provides 8.41%

improvement in theMQL system, while this rate was obtained

as 15.56% in the NFMQL system. Al-based materials have

characteristics such as elevated thermal conductivity and low

melting point. Moreover, they exhibit a higher thermal

expansion coefficient than other metals, along with relative

softness and flexibility [13]. Therefore, a dry environment is

not suitable for machining such materials and the use of

lubricant is mandatory to prevent adhesion. Indeed, Kannan

et al. [47] stated that it is very difficult to machine Al without

lubricant. Although conventional cutting fluids are offered as
Fig. 5 e Main effe
a solution, Al alloys contain significant amounts of silicon and

therefore have high stickiness. This promotes rapid heat

generation, leading to chip welding and BUE. Therefore, the

high pressure of the cooling system to be used effectively

removes the chips from the cutting area as well as cooling and

lubrication and minimizes adhesion [13]. As a result, MQL-

based cooling conditions provide significant improvements,

especially when cutting Al-based materials. In addition, the

MQL system can help improve surface quality by reducing

thermal distortion [48]. In summary,MQL implementation can

improve surface quality by forming a tribo-film layer at the

toolechip interface, reducing BUE and BUL formations,

removing chips quickly from the cutting region, and breaking

metallurgical problems experienced in dry cutting [49]. Under

NFMQL, the pattern of surface roughness reduction persisted
ct plot for Ra.
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with the addition of nanoparticles to the base fluid. This has

been related to the enhanced characteristics of the base fluid

in which the particles are suspended. By demonstrating a ball

effect at the tool-chip-workpiece interface, nano-sized solid

lubricants improve the cutting fluid's tribological properties.

In other words, they improve their lubrication performance

due to their different molecular structures [50,51]. Nano-

particles have differing chemical activities, resulting in a

range of film forming mechanisms and anti-friction proper-

ties in the machining region [52]. In addition, the thermal

conductivity features of the coolant in which nanoparticles

are embedded are also improved, thus dissipating the heat

generated in the cutting zonemore easily [53]. Rapeti et al. [54]

claimed that the use of nanofluid improves the tribological

and thermal properties and thus increases the surface quality.

In another study, Sharma et al. [55] emphasized that

compared to other cutting oils, nanofluids produce better

surface finish. They proved that nanolubricants improve heat

dissipation, cooling, and lubrication properties, as well as

protecting the cutting insert. In the second part of Fig. 5, it is

seen how cutting speed and average surface roughness are

related. According to the outcomes of the tests, the lowest Ra

value was obtained at a cutting speed of 300 m/min, and its

value increased as the cutting speed increased to 400 m/min.

At 500 m/min cutting speed, Ra decreased slightly. That is, in

comparison with 300 m/min cutting speed, the average Ra

value increased by 5.03% at the 400 m/min cutting speed,

while this ratio was obtained as 4.44% at the 500 m/min cut-

ting speed. When turning AA 2024 T3 Al alloy, BUE and BUL

formations have been connected to this condition. The

resulting heat at low cutting speeds cannot expose the ma-

terial to atomic-scale plastic deformation, and thus adhesion

cannot occur. On the other hand, diffusion and chemical wear

processes, rather than BUE and BUL formations, can occur at

extremely high temperatures. Therefore, BUE and BUL ap-

pears to be higher at medium cutting speeds [56]. In the last

part of Fig. 5, the relation between the feed and the average

surface roughness is given. Surface roughness is a property of

feed, because as the feed rate increases, the surface roughness

also increases [24]. Low feed rates can minimize cutting force

and friction at the tool-chip-material interfaces. This has a

positive effect by minimizing BUE and form defect. Also, with

increasing feed rate, elastic deformation increases, resulting

in a deterioration of surface quality [57]. It can be said that all

these are responsible for the surface roughness that increases

with feed.

4.2. Surface topography

A series of experiments were performed in this part of the

study to investigate the impact of cooling/lubrication tech-

niques on surface topography, which is an essential compo-

nent of surface integrity. In this way, by keeping cutting

parameters like cutting speed (500 m/min), feed (0.3 mm/rev),

and depth of cut (1 mm) constant, the influences of cutting

parameters on topography results were purified. 3D topog-

raphymap and 2D surface photographs of turned surfaces are

presented in Fig. 6.

When looking at Fig. 6, it is clear that the peak and valley

differences are much higher in the dry turning phase, and
these differences decrease when MQL methods are imple-

mented (refer to 3D surface topography images). It can be

easily said that the cooling condition with the least peak and

valley difference is the NFMQL strategy. In other words, while

the highest surface irregularities were achieved by dry

machining, surface irregularities have decreased with the use

of base fluid-MQL and NFMQL conditions. This correlates to

the surface roughness findings from Section 4.1. Also, another

situation clearly seen in Fig. 6 is that during dry machining,

chip particles adhere to the surface and adversely affect the

surface quality (refer to 2D machined surface images). The

inability to quickly evacuate chips from the cutting region,

particularly when machining light alloys like Al, causes

scraping of the surfaces, chip adhesion, and, as a result,

degradation of the surface quality [58]. With the inclusion of

cooling systems in the cutting process, adhesion on the sur-

faces is eliminated. It is remarkable to improve surface quality

by limiting adhesion, which is one of the major problems

encountered when machining light alloys like Al. In addition,

compressed air provided in the base fluid MQL and NFMQL

systems also played an important role in evacuating the chips

from the machining region immediately. With the use of an

improved cooling-lubricating agent such as nanofluids, fric-

tion is reduced, chips are removed from the cutting zone,

resulting in a smoother surface [59]. In summary, machined

surface under NFMQL is smoother and has less deformation

when compared to dry and base fluid MQL. This implies that

when using a MoS2 nanoparticles doped base fluid in MQL, the

surface integrity can be enhanced. This result provides an

important opportunity to improve the surface integrity when

machining light alloys that are highly prone to sticking to

machined surfaces.

4.3. Maximum temperature

Cutting temperatures have a substantial effect on main

machining indicators including tool wear, tool lifespan, sur-

face integrity, and chip forming process, all of which are

directly related tomachining performance [60]. Therefore, it is

very important to measure, control and keep it at certain in-

tervals. The influence of cutting environment strategies, cut-

ting speed, and feed on maximum temperature detected by

thermal camera in the cutting zone was studied in this part of

the analysis, and the findings are demonstrated in Fig. 7. Dry

machining provides the highest cutting temperature, as seen

in Fig. 7. There tends to be a major drop in cutting tempera-

tures when cutting fluid is used in themachining process. The

cutting temperature is affected by the material's ductility,

thermal conductivity, and thermal dissipation capacity, as

well as the specific energy requirement. However, cutting

temperatures in the cutting zone that are too high do serious

harm to the cutting tool and the material of the workpiece.

Consequently, the use of coolant is themost commonmethod

to dissipate cutting temperatures from the cutting zone [61].

The findings of this analysis are also consistent with the

condition stated above, with a substantial reduction in cutting

temperatures found when the MQL system was used. In the

MQL system, a tiny volume of cutting fluid like oil mist pen-

etrates the tool-chip-workpiece interface more efficiently,

creating a thin film layer and helping to lower the cutting

https://doi.org/10.1016/j.jmrt.2021.09.007
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Fig. 6 e Surface topography of machined surfaces in 3D and 2D illustrations under a) dry mode, b) MQL, and c) NFMQL.
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temperature by reducing friction [62]. Furthermore, it is seen

that through the employment of the NFMQL method, the

trend in cutting temperature also continues to decline.

Compared to dry machining, the MQL implementation

decreased the cutting temperature by 10.21%, while the MoS2
nanoparticles doped NFMQL declined it by 22.44% on average.

With the NFMQL system, the decrease in cutting temperature

has been associated with the additives improving the thermal

properties of the coolant [63]. Nanoparticles have high ther-

mal conductivity values, for this reason, they can release the

heat in machining area more rapidly through convection and
conduction [64]. In addition, significant improvements can be

achieved in the reduction of friction (and therefore also in

temperature) thanks to the possible mechanisms that occur

between the friction surfaces, namely, mending, protective

film, third body, sliding and polishing effects [45]. In previous

studies, thermal and tribological properties of nanoparticles

were emphasized. For example; Donk et al. [65] concluded that

nanofluids offer significant improvements in cutting temper-

ature reduction through their tribological and thermal prop-

erties. Akhtar et al. [66], in their study comparing nanofluid

with different cooling conditions, emphasized that nano-

https://doi.org/10.1016/j.jmrt.2021.09.007
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Fig. 7 e Main effect plot for maximum temperature.
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additives improve the cutting fluid properties and thus reduce

the cutting temperature. Moura et al. [67] claimed that nano-

fluids develop cutting efficiency compared to dry and wet

environments. Rahmati et al. [68] stated that when cutting

AA6061-T6 material, MoS2-doped NFMQL is more effective

than pure MQL and increases cutting performance. Consid-

ering the effect of the cutting speed during the turning of the

Al alloy as shown in Fig. 7, although there was a slight

decrease with increasing cutting speed, the further increase

enhanced the temperature again. Moreover, Fig. 7 also illus-

trates the impact of feed rate on maximum temperature. A

linear increase in temperature was observed with increasing

feed rate. Compared with 0.1 mm/rev feed, the cutting tem-

perature increased by 4.67% at 0.2mm/rev feed, while this rate

was 7.03% at 0.3 mm/rev feed. The cause of this issue is

believed to be that as the feed rate increases, the cutting

temperature rises as the friction and chip volume extracted

rise.

4.4. Investigation of BUE and BUL formations on cutting
tool

Tool wear is themost important parameter for evaluating tool

life because of its effect on quality loss of manufactured parts

and cost concerns. For this reason, a satisfying production

performance by increasing tool life is only possible by mini-

mizing tool wear. Onemechanism or the combination ofmore

than one mechanism can cause tool wear in any machining

process [69]. Although, there are various wear mechanisms

that damage the tool in different directions, one of the

dominant wear mechanisms is undoubtedly adhesive wear

[70]. The main factors that determine the adhesive wear and

its degree are workpiece material, tool material, temperature

and type of process [71]. When suitable conditions such as

temperature range are provided, adhesion wear can reveal in
two different ways. One of these is the bonding of tool mate-

rial particles to the workpiece material. The other is that the

workpiece material is welded to the tool material by thermo-

mechanical effects. This is also referred to as the secondary

adhesionmechanism [72]. The adhesive wearmechanism can

basically damage the cutting tool in twoways. These are (i) the

changing ideal tool geometry with adhered material (ii) the

separation of the adhered material along with the tool mate-

rial particles from the tool after a certain cycle [41]. However,

interestingly, in some studies, it has been reported that the

material adhering on the tool acts as a coating on the tool,

protecting the tool from abrasive type wear [73]. Adhesion

wear is a phenomenon particularly experienced in the

machining of light alloys such as Al. Low and medium tem-

perature ranges are conditions where this wear type is the

favorite [56]. While rising temperatures can limit adhesion

wear by facilitating material flow across the tool, extreme

temperatures can trigger cutting tool-induced damage

mechanisms. The efficiency of the indirect (or secondary)

adhesive wear mechanismmanifests itself in the form of BUE

formation at the cutting edge and BUL formation on the tool

flank and rake face [74]. In the present experimental research,

the intensive BUE and BUL formations produced on the cutting

tool during the machining of AA 2024 T3 Al alloy under dry

cutting are shown in Fig. 8. Accordingly, it has been proven

once again that BUE and BUL are one of the substantial chal-

lenges encountered when machining Al alloys. The occur-

rences of BUL and BUE are closely related. Although it has

been thought that BUL was formed by extrusion of accumu-

lated work material on rake face after BUE, detailed studies

have revealed that BUL was initially formed before BUE and

played an active role in the formation of BUE [8,72]. BUL is

formed rapidly at the start of the turning process by a thermo-

mechanical process, and the resulting composition of BUL is

very close to pure Al [72]. In this process, high local
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Fig. 8 e SEM image of cutting tool after dry cutting of AA 2024 T3 alloy at cutting speed of 500m/min and feed rate of 0.3 mm/

rev.
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temperatures first cause the Al matrix to soften. Then, the Al

is squeezed and welded on the rake face by the effect of

pressure. Since the intermetallic particles in thematerial have

a higher melting point than Al, they remain solid and are

ejected with the chips [9,74]. After the BUL is created, the

initial machining conditions change and provide the me-

chanical adhesion and BUE formation [8]. In Fig. 8, the plas-

tered workpiece layers outside the cutting edge area and the

observed BUE on the cutting edge confirmed this hypothesis.

In addition, detailed EDAX analysis (refer to Fig. 9) clearly

shows the elements placed on the tool. As can be seen in Fig. 8,

BUE has distorted the ideal geometry of the tool, and it is

obvious that this will degrade the surface quality. Moreover, it
Fig. 9 e EDAX analyzes a) EDAX elemental mapping b) ED
is highly likely that BUE will remove from adhered surface

together with tool material at a specificmoment of the cutting

process, causing wear [75]. As a result, turning of Al alloy

under dry conditions is not recommended due to the damage

caused by excessive BUL and BUE formations to the tool ge-

ometry and therefore to the workpiece surface quality as

mentioned Section 4.1. Fig. 10 represents the final condition of

the cutting tool working under MQL after machining AA 2024

T3 Al alloy. Also, Fig. 11 demonstrates the distribution of the

different elements on cutting insert. Accordingly, although

BUL and adhered material particles were observed, the in-

clusion of the MQL system in the cutting process has been an

opportunity to reduce the BUE generation compared to dry
AX spectrum for tool worn under dry environment.

https://doi.org/10.1016/j.jmrt.2021.09.007
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Fig. 10 e SEM image of cutting tool after MQL assisted cutting of AA 2024 T3 alloy at cutting speed of 500m/min and feed rate

of 0.3 mm/rev.
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cutting. Through MQL, the development of a tribo-film layer

that prevents excessive adhesion at the toolechip interface

may be related to reduced or removed BUE. Fig. 12 indicates

the final state of the cutting tool working under NFMQL after

machining AA 2024 T3 Al alloy. Moreover, Fig. 13 proves the

distribution of the different elements placed on the tool. It is

also possible to see BUL and adhered workpiece material on
Fig. 11 e EDAX analyzes a) EDAX elemental mapping b)
this tool. However, similar to the process performed in the

MQL environment, the BUE formation has been significantly

eliminated thanks to NFMQL. Moreover, a less damaged cut-

ting edge was obtained when machining Al alloy under

NFMQL compared to both dry cutting and MQL environments.

The event has been associated with improving the features of

the base fluid in which the particles are suspended. By
EDAX spectrum for tool worn under base fluid MQL.
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https://doi.org/10.1016/j.jmrt.2021.09.007


Fig. 12 e SEM image of cutting tool after NFMQL cutting of AA 2024 T3 alloy at cutting speed of 500m/min and feed rate of 0.3

mm/rev.
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demonstrating a ball effect at the tool-chip-workpiece in-

terfaces, nano-sized solid particles boost the tribological

characteristics of the base fluid. That is, particles improve

lubrication performance due to their different molecular

structures. Nanoparticles have differing chemical activities,

resulting in a range of film forming mechanisms and anti-
Fig. 13 e EDAX analyzes a) EDAX elemental mapping
friction properties in the machining region [52]. These are

thought to be factors that provide less adhesion to occur. In

addition to the tribological properties developed with nano-

fluids, the compressed air provided in the MQL and NFMQL

systems enabled rapid discharge of chips from machining

area and thus contributed to the reduction of adhesion.
b) EDAX spectrum for tool worn under NFMQL.
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5. Conclusion

The current research paper focused on critical machinability

indicators such as surface roughness, surface topography,

maximum temperature and dominant tool wear mechanism

during turning of AA 2024 T3 Al alloy under various cooling/

lubrication strategies i.e., dry cutting, base fluidMQL andMoS2
nanoparticles dispersed NFMQL. The conclusions reached

from this research can be drawn as follows:

� When compared to dry machining, the Ra values exhibit

8.41% improvement in the base fluid MQL strategy, while

this rate was obtained as 15.56% in the NFMQL. The

increased surface quality may be attributed improvements

with MQL due to the formation of a tribo-film layer at the

toolechip interface, reducing BUE and BUL formations,

rapid removal of chips from the cutting zone and breaking

metallurgical problems encountered in dry cutting. More-

over, the further improvement in surface quality with the

NFMQL has been associated an advance in the tribological

aspects of the base fluid through MoS2 nanaoparticles.

� According to surface topography results, there is a high

difference between peaks and valleys, scratches and chip

adhesion observed on the machined surface during dry

cutting. They have decreased with the use of base fluid-

MQL and NFMQL conditions. Also, machined surface

under NFMQL is smoother and has less deformation when

compared to dry and base fluid MQL.

� Compared to dry machining, the base fluid MQL imple-

mentation helps to decline cutting temperature by 10.21%,

while the MoS2 nanoparticles doped MQL decreased the

cutting temperature by 22.44% on average. With the

NFMQL system, the decrease in cutting temperature has

been associated with the additives improving the thermal

properties of the coolant.

� Because of the effectiveness of the adhesive wear mecha-

nism, the intensive BUE and BUL formations formed on the

cutting insert when machining AA 2024 T3 Al alloy under

dry cutting. Accordingly, it has been proven once again that

BUE and BUL are one of the main problems encountered in

the machining of Al alloys.

� BUE formation has been significantly eliminated thanks to

NFMQL. Moreover, a less damaged cutting edge was ob-

tained under NFMQL compared to both dry cutting and

MQL environments. The event has been associated with

improving the features of the base fluid. In addition to the

tribological properties developed with nanofluids, the

compressed air provided in the MQL and NFMQL systems

also enabled rapid removal of chips from the cutting area

and thus contributed to the reduction of adhesion.
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