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Understanding the process of tool wear in the initial and steady wear stages is crucial for ensuring the dimen-
sional accuracy and surface quality of the workpiece, especially during the finishing step. In order to improve the
tribological and tool life behaviors when machining the AA2024-T351 alloy, the current paper focuses on the
potential use of cryogenic cooling conditions. Here, the experiments were performed under dry, minimal
quantity lubrication (MQL), liquid nitrogen (LN3), carbon dioxide (CO,), conditions. The critical tool wear

factors in terms of geometrical aspects and physical phenomena were investigated under sustainable cooling
environments. The results prove that cryogenic cooling is helpful in improving tool life with good tribological

characteristics.

1. Introduction

Aluminum alloys and composites have increased rapidly in recent
years and become one of the most useful engineering materials with a
unique combination of properties [1,2]. Aluminum is light, and many of
its alloys have very good strength and electrical and thermal conduc-
tivity, which have increased its importance in the computer, aviation,
and vehicle fields. Furthermore, the alloy’s resistance to corrosion
makes it useful in the biomedical sector. It is known that the machin-
ability of aluminum is changed by the processing conditions and the
metallurgical structure of the material. The main machinability problem
of aluminum is the generation of continuous and quite chips. In addition,
the ductility of aluminum alloy is also responsible for the stickiness of
material to the tool surface and creates another machining problems like
high tool wear values, breaking of tool etc. The high cutting tempera-
tures also occur and cause poor tool life, surface related properties such
as integrity, roughness, hardness etc. [3,4]. Due to abovementioned is-
sues, it is of the utmost importance to control the flow of chips [5] and
the development of heat at the machining area while cutting ductile
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materials like aluminum alloy [6].

The utilization of cooling and lubricating fluid is important for
controlling the heat generation [7] and reducing friction at the in-
terfaces of tool-work and tool chip [8]. Besides, the chips flow smoothly
with the existence of such fluids without effecting the cutting perfor-
mance of cutting tool and provides longer useful life and part quality
[9]. In addition, the application of lubricants contributes positively to
the cutting ability of the tool due to their oiling, refrigerating and chip
removal properties [10,11]. However, the use of conventional cutting
fluids cause negative effects in the manufacturing process in addition to
the mentioned advantages [12,13]. When waste management is not
done well, cutting fluid with chemical content mixes with the soil and
harms the nature [14]. It is a fact that these chemical liquids, which
come into contact with the skin of the employees on the production line,
also harm human health. Controlling the lubricants used in machining
not only in terms of chemical content but also in terms of quantity is
important because of its impact on nature, human health, and produc-
tion costs. Therefore, reducing the amount of cutting fluid used arises as
a need for the aforementioned issues. Another important point here is
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that while reducing the amount of cutting fluid used, it does not
adversely affect the product quality and cutting tool life. Some tech-
niques are used to restrict the consumption of lubricants in machining
operations. These are cutting without using cutting fluid (dry cutting),
cutting with compressed air, vortex tube cooling (air cooling), cryogenic
cooling and MQL techniques [15,16]. The framework of sustainable
cooling conditions is depicted in Fig. 1.

In addition to making a significant contribution to employee health
because cutting fluid is not used, the absence of cutting fluid to be
disposed of after processing is one of the reasons for choosing dry
machining [17]. In machining with MQL, it is preferred because there is
no lubricant to be eliminated like dry machining [18]. In the cryogenic
cooling process, various cryogenic gases (CO,, LN3) are targeted in the
cutting zone [19]. Wakabayashi et al. [20] carried out a MQL machining
study by placing multiple different nozzles from the surfaces where nose
and crater wear of the cutting tool were analyzed. Compared to dry
turning, tool wear has been reported to be similar or less when MQL and
coolant are used. Chinchanikar and Choudhury [21] studied the impact
of tool coatings on wear behavior when utilizing tungsten carbide tools
with three different PVD coating materials during dry and MQL
machining. Using MQL in all cutting conditions, decreased nose wear
was observed in the machining of all three tools. Wang et al. [22]
focused on the evaluation of impacts of conventional coolant and
cryogenic cooling method for wear types and roughness in the turning of
tantalum with high corrosion resistance, and finally determined that the
cryogenic method elevated the remaining life of cutting tool up to 300%
by decreasing the interface temperature between cutting tool and ma-
terial. In addition, the authors determined that surface roughness
decreased about 200% and the cutting forces about 60%. Inconel 718
super alloy was processed by Wang et al. [23], via combining the
cryogenic cooling method and plasma-based machining with conven-
tional turning. The authors indicated that the roughness decreases
approximately 250%, the force values are lowered approximately
30-50% and the life of the cutting tool increases up to 170% compared
to traditional machining. Dhar et al. [24] performed turning tests with
conventional coolant and cryogenic cooling method. They examined the
impacts of cooling environment on wear progression, dimensional ac-
curacy, finishing surface of C60 material applying speed and feed ranges
used in industrial applications. Cryogenic cooling creates less tool wear
and enhances the characteristics of both the tool and the workpiece.

There is some evidence in the literature that cooling conditions can
significantly improve the machining properties of many materials.
Cutting tool wear progressions has not been reported, even though
machining studies were considered. AA2024-T351 alloy machining has
not been studied in detail. As a result, this study first examines the
tribological and tool wear behavior while machining AA2024-T351
alloy under different cooling conditions. The following factors are
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considered in details during the current investigations:

o Nose wear,

e Crater Wear,

e Flank Wear

e Promoting Mechanism.

2. Materials and methods
2.1. Machine tools, workpiece and cutting tool details

Aluminum alloy AA2024-T351 with a diameter of 30 mm and a
length of 100 mm was used for the testing on CNC machine. Because of
the L/D ratio and to reduce chattering, this size was selected [25]. The
coated cutting tools with ISO designations of CNMG 120408 and
AA2024-T351 alloy were also utilized.

2.2. Cooling modes and experimental design

The cutting tests were performed under dry, MQL, LNy and CO,
conditions. In MQL, vegetable oil is delivered to the rake and clearance
surfaces of the tool via two specialized nozzles with 45 mm distance
from cutting zone. The flow rate is 50 milliliters per minute at a pressure
of 6 bar was kept fixed in all experiments. Similarly, a flow rate of
0.351/s and a pressure of 4 bar were used to supply the LNy and CO5
coolants. The machining was performed at 150 m/min cutting speed,
0.2 mm/rev feed rate, 0.5 mm depth of cut, respectively.

2.3. Tool wear measurement details

The cutting tool’s nose wear, crater wear, flank wear, and promoting
mechanism were examined in this study. Sensofar Confocal Microscope
was utilized to analyze the wear patterns on the nose, crater, and flank
surfaces of the cutting tools. Additional analysis was carried out using
the Jade and Mountains map program. Final analysis of wear under
various cooling settings were examined with high resolution scanning
electron microscope (SEM) supported with EDX (Oxford instruments).
Fig. 2 depicts the entire tool wear measurement process used in this
study and Fig. 3 shows the ISO standard used to measure the tool wear,
respectively.

3. Mechanism of different cooling conditions
3.1. Dry cooling

The harmful effect of cutting and metal working fluids are eliminated
in the case of dry machining because the machining operation is per-
formed without the application of cutting fluids [27]. Dry machining is
beneficial because: (1) it does not expose workers and the environment
to dangerous cutting fluids; (2) it reduces the cost of machining by
eliminating the expenses of disposal, filtration, and cleaning; and (3) it
creates a cleaner work environment. While dry machining is effective in
eliminating cutting fluids’ unsustainable properties, it also generates
greater heat because of the increased friction and adhesion between the
cutting tool and the workpiece, as shown in Fig. 4. As a direct result of
the shorter tool life, more frequent tool replacement is required [28].

3.2. MQL

Dry machining refers to a technique in which cutting fluids are not
used and near-dry machining (NDM) refers to a process in which lu-
bricants are used, but only a very tiny amount (often between 10 and
150 ml/h) is delivered to the cutting zone as a mist, as shown in Fig. 4.
As a result, utilizing NDM (also known as MQL) can significantly reduce
the overall cost of the operation. Avoiding the use of cutting fluid and
switching to dry machining, in conjunction with newly developed high-
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Fig. 2. Tool wear measurement procedure followed in current work.

performance coated cutting tools, would pave the way for significant e Additionally, it reduces the amount of force applied by the chip to
developments in environmentally friendly technology. The following the tool. MQL machining, thanks to the lubricating effect it produces,
tribological effects may also be observed during MQL machining: increases chip flow rate [31].

e Compared to traditional cooling methods, the rate of heat trans-

e By chilling the underside of the chip, MQL machining reduces the mission is increased due to evaporation [32,33].
chip’s curling radius to a minimum. The droplets reduce the amount
of drag between the chip and the tool by forming a thin fluid layer 3.3. Cryogenic cooling

there [29,30].

Rapid cooling of the cutting zone can be achieved with the
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Fig. 4. Representation of dry, MQL, LN, and CO; cooling.

application of LN; and CO, during machining operations [34]. It is
remarkable not only for its superior cooling effectiveness, but also for its
eco-friendliness and tidier machining environment (no oil or liquid is
left behind) [35]. By using this state-of-the-art cooling system the
durability of cutting edges during the machining process is increased
[36,37]. Nonetheless, cryogenic coolants are inefficient as lubricants
because they evaporate the moment they leave the nozzle [38,39]. The
complete schematic of cryogenic cooling is also shown in Fig. 4.

4. Results and discussions

Cutting tool wear is a progressive failure mechanism, having domi-
nant wear that depends on cutting circumstances, workpiece and tool
material, and tooltip shape [40]. The evolution of tool wear for a
determined material pair may be simply dependent on cutting circum-
stances, such as machining parameters. Nose, flank, and crater wear are
the main types of tool wear that occur more frequently while turning
with single-point cutting tools.

4.1. Analysis of nose wear

In this paper, the types of wear leading to failure have been exten-
sively studied under each sub-section. In this sub-section, the nose wear
of the tool while machining of the Al alloy in several cooling strategies
has been investigated and findings are shown in Fig. 5. From Fig. 5(a), it

is possible to see excessive damage in the nose region during the turning
process under dry conditions. The abrasive wear mechanism on the
primary edges of the cutting tool causes nose wear, or edge rounding,
which results in a negative rake angle rise. Increasing the negative rake
angle will result in increased cutting forces, more energy consumption,
and poorer surface roughness [41]. Fig. 5 shows the profile line of a
worn cutting tool, which shows that the tool nose wear under dry cutting
has spread over a larger area, resulting in a much larger area of damage.
The nose profile deteriorates as a result of the cutting edge’s plastic
deformation and thermal softening at high cutting speeds. Plastic or
elastic deformation, as well as a close relationship to cutting conditions,
can all contribute to this type of wear. Cutting tools frequently suffer
from built-up edges (BUEs), a type of wear and tear that occurs when
machining materials with low melting points (such as aluminum and its
alloys) [42]. The use of cutting conditions and an appropriate lubri-
cating environment when machining aluminum alloys will relatively
reduce sticking and tool damage, otherwise the cutting process will
result in a severely worn tool and catastrophic tool failure, as provided
in Fig. 5(a). Thus, a little oil supplement to the cutting area will both
reduce the friction on the contacting surfaces, break the effect of abra-
sive wear and help prevent or reduce adhesion. As a matter of fact, it is
possible to see in Fig. 5(b) that the damage in the nose area in the
turning process performed under MQL occurs in a narrower area than in
dry cutting. However, it cannot be said here that the application of MQL
perfectly reduces nose wear. MQL may offer good lubrication when the
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right lubricant is applied, according to Itoigawa et al., [43]; despite this,
it is impossible to completely prevent causing tool damage or picking up
material on the surface of the tool when cutting aluminum.

In addition to dry and MQL turning, the effect of cryogenic envi-
ronment i.e., LNy and CO5 on nose wear during machining of aluminum
alloy is presented in Fig. 5(c) and (d). When these are examined, it is
noticed that the worn nose profile parallels the original profile in both
environments. In addition, the damage condition and the size of the
wear areas were found to be more reasonable than in dry and MQL
environments. The tremendous thermal energy at the cutting area is
absorbed by cryogens placed around the contact surfaces. Because
cryogenics have low boiling points, they absorb and evaporate the
thermal energy transferred around the interfaces. As LNy and COy
collide in different forms between material and cutting tool, the friction
contact surface, and temperature in the chip tool are reduced [44]. Thus,
a more regular and reasonably worn cutting nose area is obtained.

4.2. Analysis of flank wear

Cutting tools utilized in metal cutting applications are sensitive to
variations in geometry as well as changes in material characteristics.
Frictional conditions induce tool wear during cutting on the chip and
flank surfaces. Tribological events between the tool flank and the
machined workpiece surface cause flank wear, which leads to the cut-
ting edge to deteriorate. Eventually, dimensional accuracy, surface fin-
ish quality, chip formation, and cutting forces are all affected by flank
wear [45]. In practice, flank wear is frequently utilized as a criterion for
tool wear. That’s why reducing flank wear is particularly crucial for tool
life and other critical outputs. In this sub-section, tool flank wear’s
findings were presented and discussed.

From Fig. 6, the values of flank wear is seen in different environ-
ments. Accordingly, the maximum flank wear occurred in dry cutting,
while the minimum flank wear value was reached under LN5 cryogenic
machining. The average flank wear (VBp,ax) for carbide tools should be
less than 0.3 mm, according to ISO 3685:1993 as a criterion for deter-
mining effective tool life [26]. From this perspective, it has been
determined that the cutting tools used under both cryogenic environ-
ments i.e., LN, and CO5 maintain their effective life at the end of the
same period. Flank wear arises when the freshly created surface rubs
against the tool’s clearance face, creating adhesive and/or abrasive wear
that is aggravated by the increase in temperature while cutting. The
frictional motion results in a decrease of relief angle on the tool’s
clearance face, resulting in wear [46]. The main way to reduce abrasion,
adhesion, and high-temperature wear is to prevent them from exceeding
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critical values. This has been partially achieved by benefiting one or
more of these factors, thanks to MQL and cryogenic environments. When
compared to dry cutting, the tool flank wear reduction with MQL, COs,
and LNy aided cutting was 15.8%, 36.8%, and 52.6% for the three
methods correspondingly (Fig. 7). High-pressure LN5 penetration of the
contact zone results in reduced friction owing to the microscale hydro-
static resultant force, as reported by Hong [47]. Cutting using LN, re-
duces cutting temperatures, resulting in a reduced effective shear
strength needed to remove the material. When a cutting tool is sprayed
with LNy, it soaks up the gas, enhancing the tool’s hardness and reducing
wear, as seen in Fig. 8, resulting in a better surface finish. Potta [48] also
stated that the cutting tool edge had a reduced BUE because of the lower
cutting zone temperatures given by LNo.

4.3. Analysis of crater wear

One of the most important forms of wear is known as crater wear,
which also refers to wear on the rake face. The intense friction that
occurs between the chip and the rake face causes a scar to form on the
rake face, and this scar is typically aligned in the same direction as the
primary cutting edge. Despite the fact that crater wear might lessen the
amount of cutting force required and increase the operating rake angle,
the cutting edge is still degraded due to this wear [49]. Formed by
diffusion and adhesion when the chip passes over the rake face, high
temperatures at the chip-tool contact are often associated with the
crater. When the chip and the rake face come into contact, the crater’s
depth reaches its maximum at the halfway point of the contact length.
The cutting edge’s form can be altered by excessive crater wear,
reducing chip generation [50]. In this work, the detailed analysis of
crater wear was performed under all cooling conditions. The crater wear
profile is shown in two colors i.e., blue and red. The blue color profile of
crater wear is observed after the machining and red color profile is
before the machining operation. The difference between both lines are
represented in terms of deviation. Fig. 9(a)-(d) shows that tool damage
increases in direct proportion to the extent of the heat-affected zone on
the rake face (i.e., crater wear). The crater wear is more important than
the nose and flank wear in determining the tool’s thermal balance. Raise
faces, which are exposed to high temperatures and stress levels, create
wear that can be assessed by depth of cut and cross-sectional area at a
distance from the tool edge. Some of the factors that contribute to the
formation of deep craters are adhesion, abrasion and diffusion [41].
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Larger tool failures can occur near the cut spot due to crater depth
variations, as seen in Fig. 9(a)-(d). It is possible to discern a correlation
between contact length and crater wear in Fig. 9(a)-(d), in addition to
the area impacted by heat. The reduction in tool-chip contact length and
cutting forces due to a change in tribological characteristics is hypoth-
esized to occur when coolant and lubricant are applied to the tool-chip
interface [51]. There is less friction between the rake face and the chip in
the secondary deformation zone because the tool-chip contact length is
shorter. This reduces BUE and adhesion wear. From this point, it can be
said that cryogen provides superior coolant accessibility and lubricity

than dry and oil-based cooling/lubrication environments, resulting in
extended tool life [52]. Dinesh et al. [53] found that using LNy during
machining decreases the cutting force significantly when comparing
with dry environment. Furthermore, a small thin of LN, applied to the
cutting area between work-tool and tool-chip lowers friction, resulting
in less force than dry machining for a given cutting tool.

4.4. Mechanism promoting the tool wear

Considering that it is essential to ensure sustainable machining, the



M.K. Gupta et al.

1A

0352

0.288 '
.
.
L]
.
0.224 .
. Crater wear
profile
0.096
0.032 .
\‘_ —
-0.032
-2779.0 -1857.1 <9353

400

§ 0202 Crater wear
profile
~

0.121

0.040

-718.0

109.9

500
Rake face
0.444 < = 110.0
:,.--:._::.-.!-.-.::::’
et
0.363 : 90.0
.
5 \
0.283 N . 70.0
Vi€
E“\ax%e

Tribology International 183 (2023) 108434

110.0

90.0

30.0

100

908.4

1830.2

HA%

50.0

1765.6 25935
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mechanisms leading to tool wear should be first determined to improve
useful utilization tool. However, the combination of one or more
mechanisms occurring on the tool during chip removal complicates the

wear process. Although the abrasion wear mechanism is also observed in
the turning of aluminum alloys, the dominant wear mechanism is un-
doubtedly adhesion [54]. In this paper, the final state of the tool, which
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has been subjected to cutting under various environments were inves-
tigated. Fig. 10 (a) illustrates the SEM and EDX results of the worn tool
formed under dry cutting. According to the image obtained in the SEM

analysis, it is clearly seen that the coating on the rake face is separated.
The distribution of elements (especially the presence of W, Co, and Al
elements) on the rake face as a result of the EDX analysis confirms this.
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The reason is high temperatures and abrasion wear mechanism on the either two-body abrasion or three-body abrasion. The phenomenon
rake face. In general, the abrasion wear is generated when hard asper- known as two-body abrasion has been seen when the abrasive particles
ities, abrasives, roll, slide, or otherwise exert force on a surface. are securely bonded inside the matrix of the workpiece. Nonetheless, if
Depending on how the hard inclusions or particles that are present in the the particles are released during the cutting process and roll or slide over
workpiece behave, this form of wear is sometimes characterized as the contact surfaces, a phenomena known as three-body abrasion has

10
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been seen. The complete mechanism of two and three body abrasion
wear mechanism is shown in Fig. 10(b). In the present aluminum alloy,
no metal carbides were noticed and hence, two body abrasion mecha-
nism phenomena is observed during dry machining. From Fig. 11 (a),
SEM and EDX analysis of the worn tool formed under the MQL envi-
ronment can be seen. The images obtained from SEM and EDX analyses
and the distribution of elements show that the adhesion wear mecha-
nism is active under MQL. The adhesive wear of the cutting tool is
caused by the shearing that occurs at the interface of the tool-workpiece
tribopair as a result of the constant relative motion of the two surfaces.
In addition, this adhesion mechanism is occurring when two surfaces are
in contact with each other, and stress and heat can cause asperities to
form the contact area between them, resulting in microscopic welds.
Indeed, the asperities that sustain it will also undergo a greater degree of
distortion with the increase in normal load. Fig. 11(b) shows the adhe-
sion wear mechanism under MQL conditions. Fig. 12 illustrates the SEM
and EDX analysis of the worn tool formed under the cryogenic-LNy
environment. Accordingly, the presence of BUE is seen near the cutting
edge on the rake face. The Al element observed from EDX analyzes
supports this formation. It is known that the formation cycle of the BUE
on the cutting tool continues and a certain maturity is reached, so it is
separated into the tool material together [55]. This
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precipitation-separation cycle is thought to be the cause of the
micro-crater observed on the rake face. Lastly, from Fig. 13, SEM and
EDX analysis of the worn tool formed under the cryogenic-CO;, envi-
ronment can be seen. Here, a smoother tool is seen at the end of the
cutting process compared to other tools used in dry and MQL. The rea-
sons for the positive effects of the cryogenic environment on the cutting
process have been explained in the previous sections. The residue and
workpiece material particles located on the tool can be observed. It can
be said that these are relatively loosely attached to the cutting tool.
Elements C and O seen from the EDX analysis were considered residues
from cryogenic CO5 cooling. In addition, the presence of Al is proof that
adhesion continues in this cutting environment as the primary
mechanism.

5. Conclusions
Following conclusions are drawn:
e Nose wear analysis illustrated that dry environment is open for
excessive damage as a result of abrasive and adhesive wear mecha-

nisms primarily due to the absence of lubri-cooling effect while
turning of Al alloy. Therefore, the cutting tool becomes useless after
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19.42mm

Fig. 13. SEM and EDX analyses for worn tools under CO; environment.

catastrophic failure. Application of pure-MQL significantly protects
the tool profile with the abilities of lubricating and friction-
reduction, however it was still found as insufficient compared to
cryogenic assisted strategies.

According to flank wear evaluation, the results are parallel to the
nose wear findings and showed the superiority of cryogenic envi-
ronment (especially when applying liquid nitrogen) over MQL and
dry turning. On the other hand, a dramatic effect was observed when
using lubricant or coolant at the cutting zone. Consequently, signif-
icant improvement was reached up to 15.8%, 36.8%, and 52.6%
compared to dry turning while using MQL, CO5 and LN, assistant
machining respectively.

Criticism of rake face of the cutting tool demonstrated the correlation
between tool-chip contact length and crater wear. Accordingly, as
per their functions cooling and lubricating mist particles infiltrate
into the interfaces between tool-work and tool-chip activating the
tribological mechanism. Thus, short contact length at these envi-
ronments were obtained compared to dry cutting that provides low
friction, thermal balance and low cutting forces eventually.

Tool wear mechanism analysis shows that adhesion is the governing
mechanism type without looking to the cutting conditions. But the
cooling and lubricating facilities have clear impact to reduce it under
determined level. Dry turning produces the worst cutting tool that
loses the coating totally. Despite MQL strategy is successful in a
certain level, still allowing a little crater wear land at the same time.
It can be mentioned about a consensus in here including the previous
wear results, cryogenic coolants are the best choice for turning of Al
alloy.

It is worthy to mention that the liquid nitrogen can be prioritized
before carbon dioxide due to the better findings on rake and clear-
ance faces that allows for longer utilization of cutting tool.
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6. Future recommendations

In the present work, the detailed examinations of tool wear were
performed under different cooling conditions. The recommendations for
future studies are given below:

e Some analytical model could be developed to estimate the tool wear
values especially under different cooling conditions.

o Thermal effect of cooling conditions with respect to the machining
characteristics could be studied in the future.

e Tool wear results will be analyzed with the effect of different type of
cutting fluids like nano-fluids, coconut oils etc. in the future
investigations.

Statement of originality

As the corresponding author, I, M. Jamil, hereby confirm on behalf of
all authors that:

1) The paper has not been published previously, that it is not under
consideration for publication elsewhere, and that if accepted it will not
be published elsewhere in the same form, in English or in any other
language, without the written consent of the publisher.

2) The paper does not contain material which has been published
previously, by the current authors or by others, of which the source is
not explicitly cited in the paper.

Funding
The research leading to these results has received funding from the

Norway Grants 2014-2021 operated by National Science Centre under
Project Contract No. 2020/37/K/ST8/02795. The authors also



M.K.

Gupta et al.

acknowledge the Polish National Agency for Academic Exchange
(NAWA) No. PPN/ULM/2020/1/00121 for financial support.

Declaration of Competing Interest

The authors declare that they have no known competing financial

interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

No data was used for the research described in the article.

References

[1]

[2

—

[3

=

[4

=

[5

=

[6]

[7

—

[8

=

[9

—_

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

Laghari RA, Li J. Modeling and optimization of cutting forces and effect of turning
parameters on SiCp/Al 45% vs SiCp/Al 50% metal matrix composites: a
comparative study. SN Appl Sci 2021;3:706. https://doi.org/10.1007/s42452-021-
04689-z.

Laghari RA, Li J, Mia M. Effects of turning parameters and parametric optimization
of the cutting forces in machining SiCp/Al 45 wt% composite. Metals 2020;10:840.
https://doi.org/10.3390/met10060840.

Shah P, Khanna N, Chetan. Comprehensive machining analysis to establish
cryogenic LN2 and LCO2 as sustainable cooling and lubrication techniques. Tribol
Int 2020:106314. https://doi.org/10.1016/j.triboint.2020.106314.

Laghari RA, Li J, Laghari AA, Wang S. A review on application of soft computing
techniques in machining of particle reinforcement metal matrix composites. Arch
Comput Methods Eng 2020;27:1363-77. https://doi.org/10.1007/s11831-019-
09340-0.

Khanna N, Shah P, Maruda RW, Krolczyk GM, Hegab H. Experimental investigation
and sustainability assessment to evaluate environmentally clean machining of 15-5
PH stainless steel. J Manuf Process 2020;56:1027-38. https://doi.org/10.1016/j.
jmapro.2020.05.016.

Wu X, Li J, Jin Y, Zheng S. Temperature calculation of the tool and chip in slicing
process with equal-rake angle arc-tooth slice tool. Mech Syst Signal Process 2020;
143:106793. https://doi.org/10.1016/j.ymssp.2020.106793.

Agrawal C, Khanna N, Pimenov DY, Wojciechowski S, Giasin K, Sarikaya M, et al.
Experimental investigation on the effect of dry and multi-jet cryogenic cooling on
the machinability and hole accuracy of CFRP composites. J Mater Res Technol
2022. https://doi.org/10.1016/J.JMRT.2022.03.096.

Shashidhara YM, Jayaram SR. Vegetable oils as a potential cutting fluid—an
evolution. Tribol Int 2010;43:1073-81. https://doi.org/10.1016/j.
triboint.2009.12.065.

Agrawal C, Wadhwa J, Pitroda A, Pruncu CL, Sarikaya M, Khanna N.
Comprehensive analysis of tool wear, tool life, surface roughness, costing and
carbon emissions in turning Ti-6Al-4V titanium alloy: cryogenic versus wet
machining. Tribol Int 2020:106597. https://doi.org/10.1016/j.
triboint.2020.106597.

Dai W, Kheireddin B, Gao H, Liang H. Roles of nanoparticles in oil lubrication.
Tribol Int 2016. https://doi.org/10.1016/j.triboint.2016.05.020.

Sartori S, Moro L, Ghiotti A, Bruschi S. On the tool wear mechanisms in dry and
cryogenic turning additive manufactured titanium alloys. Tribol Int 2017;105:
264-73. https://doi.org/10.1016/j.triboint.2016.09.034.

Ali MAM, Azmi Al, Murad MN, Zain MZM, Khalil ANM, Shuaib NA. Roles of new
bio-based nanolubricants towards eco-friendly and improved machinability of
Inconel 718 alloys. Tribol Int 2020;144:106106. https://doi.org/10.1016/j.
triboint.2019.106106.

Singh H, Sharma V, International M.D.-T. Exploration of graphene assisted
vegetables oil based minimum quantity lubrication for surface grinding of TI-6AL-
4V-ELL Elsevier n.d; 2020.

Cetin MH, Ozcelik B, Kuram E, Demirbas E. Evaluation of vegetable based cutting
fluids with extreme pressure and cutting parameters in turning of AISI 304L by
Taguchi method. J Clean Prod 2011;19:2049-56. https://doi.org/10.1016/].
jclepro.2011.07.013.

Sirin E, Kivak T, Yildirim GV. Effects of mono/hybrid nanofluid strategies and
surfactants on machining performance in the drilling of Hastelloy X. Tribol Int
2021;157:106894. https://doi.org/10.1016/j.triboint.2021.106894.

Babu MN, Anandan V, Parthasarathi NL, Yildirim CV, Babu MD, Das SR.
Performance analysis in turning of D3 tool steel using silver nanoplatelets as
additives under MQL. J Braz Soc Mech Sci Eng 2022;44:591. https://doi.org/
10.1007/540430-022-03909-w.

Krolczyk GM, Maruda RW, Krolczyk JB, Wojciechowski S, Mia M, Nieslony P, et al.
Ecological trends in machining as a key factor in sustainable production — a review.
J Clean Prod 2019;218:601-15. https://doi.org/10.1016/j.jclepro.2019.02.017.
Sen N, Sirin $, Kivak T, Givek T, Secgin O. A new lubrication approach in the SPIF
process: evaluation of the applicability and tribological performance of MQL.
Tribol Int 2022;171:107546. https://doi.org/10.1016/j.triboint.2022.107546.
Sirin S. Investigation of the performance of cermet tools in the turning of Haynes
25 superalloy under gaseous N2 and hybrid nanofluid cutting environments.

J Manuf Process 2022;76:428-43. https://doi.org/10.1016/j.jmapro.2022.02.029.
Wakabayashi T, Sato H, Inasaki I. Turning using extremely small amounts of
cutting fluids. JSME Int J Ser C Dyn Control Robot Des Manuf 1998.

14

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

Tribology International 183 (2023) 108434

Chinchanikar S, Choudhury SK. Hard turning using HiPIMS-coated carbide tools:
Wear behavior under dry and minimum quantity lubrication (MQL). Meas J Int
Meas Confed 2014;55:536-48. https://doi.org/10.1016/j.
measurement.2014.06.002.

Wang ZY, Rajurkar KP, Fan J, Petrescu G. Cryogenic machining of tantalum.

J Manuf Process 2002;4:122-7. https://doi.org/10.1016/51526-6125(02)70138-2.
Wang ZY, Rajurkar KP, Fan J, Lei S, Shin YC, Petrescu G. Hybrid machining of
Inconel 718. Int J Mach Tools Manuf 2003;43:1391-6. https://doi.org/10.1016/
$0890-6955(03)00134-2.

Dhar N, Islam S, Paul S. Wear behavior of uncoated carbide inserts under dry, wet
and cryogenic cooling conditions in turning C-60. J Braz Soc Mech Sci Eng 2006;
28:146-52. https://doi.org/10.1590/51678-58782006000200003.

Dogra M, Sharma VS, Sachdeva A, Suri NM, Dureja JS. Performance evaluation of
CBN, coated carbide, cryogenically treated uncoated/coated carbide inserts in
finish-turning of hardened steel. Int J Adv Manuf Technol 2011;57:541-53.
https://doi.org/10.1007,/s00170-011-3320-8.

ISO. Tool life testing with single-point turning tools. Mech Mater Electron 1976;59:
13-5.

Sharma VS, Singh G, Sgrby K. A review on minimum quantity lubrication for
machining processes. Mater Manuf Process 2015;6914:935-53. https://doi.org/
10.1080/10426914.2014.994759.

Singh GR, Sharma VS. Analyzing machining parameters for commercially
puretitanium (Grade 2), cooled using minimum quantity lubrication assisted by a
Ranque-Hilsch vortex tube. Int J Adv Manuf Technol 2016:1-8. https://doi.org/
10.1007/500170-016-8982-9.

Anandan V, Naresh Babu M, Vetrivel Sezhian M, Yildirim CV, Dinesh Babu M.
Influence of graphene nanofluid on various environmental factors during turning
of M42 steel. J Manuf Process 2021;68:90-103. https://doi.org/10.1016/j.
jmapro.2021.07.019.

Yildirim CV. Experimental comparison of the performance of nanofluids, cryogenic
and hybrid cooling in turning of Inconel 625. Tribol Int 2019;137:366-78. https://
doi.org/10.1016/j.triboint.2019.05.014.

Manimaran G, Nimel Sworna Ross K. Surface behavior of AISI H13 alloy steel
machining under environmentally friendly cryogenic MQL with PVD-coated tool.
J Test Eval 2018:48. https://doi.org/10.1520/JTE20180130.

Ross NS, Mia M, Anwar S, Saleh GM, Ahmad S M. A hybrid approach of cooling
lubrication for sustainable and optimized machining of Ni-based industrial alloy.
J Clean Prod 2021;321:128987. https://doi.org/10.1016/j.jclepro.2021.128987.
Vishal R, Nimel Sworna Ross K, Manimaran G, Gnanavel BK. Impact on machining
of AISI H13 steel using coated carbide tool under vegetable oil minimum quantity
lubrication. Mater Perform Charact 2019;8:527-37. https://doi.org/10.1520/
MPC20190154.

Yildirim CV. Investigation of hard turning performance of eco-friendly cooling
strategies: cryogenic cooling and nanofluid based MQL. Tribol Int 2020;144:
106127.

Danish M, Ginta TL, Habib K, Abdul Rani AM, Saha BB. Effect of cryogenic cooling
on the heat transfer during turning of AZ31C magnesium alloy. Heat Transf Eng
2019;40:1023-32. https://doi.org/10.1080/01457632.2018.1450345.

Ross NS, Sheeba PT, Jebaraj M, Stephen H. Milling performance assessment of Ti-
6Al1-4V under CO; cooling utilizing coated AICrN/TiAIN insert. Mater Manuf
Process 2021;00:1-15. https://doi.org/10.1080/10426914.2021.2001510.
Sworna KN, Ganesh RM, Environmental AAPA. Performance analysis of machining
Ti — 6Al - 4V under cryogenic CO 2 using PVD-TiN coated tool. J Fail Anal Prev
2019. https://doi.org/10.1007/s11668-019-00667-1.

Danish M, Ginta TL, Habib K, Abdul Rani AM, Saha BB. Effect of cryogenic cooling
on the heat transfer during turning of AZ31C magnesium alloy. Heat Transf Eng
2019;40. 1023-32.

Danish M, Ginta TL, Abdul Rani AM, Carou D, Davim JP, Rubaiee S, et al.
Investigation of surface integrity induced on AZ31C magnesium alloy turned under
cryogenic and dry conditions. Procedia Manuf 2019;41:476-83. https://doi.org/
10.1016/j.promfg.2019.09.035.

Gupta MK, Niestony P, Sarikaya M, Korkmaz ME, Kuntoglu M, Krélczyk GM, et al.
Tool wear patterns and their promoting mechanisms in hybrid cooling assisted
machining of titanium Ti-3Al-2.5V/grade 9 alloy. Tribol Int 2022;174:107773.
https://doi.org/10.1016/j.triboint.2022.107773.

Bhuiyan MSH, Choudhury IA. Review of sensor applications in tool condition
monitoring in machining. Compr Mater Process 2014;13:539-69.

Fang N, Pai PS, Mosquea S. The effect of built-up edge on the cutting vibrations in
machining 2024-T351 aluminum alloy. Int J Adv Manuf Technol 2010;49:63-71.
https://doi.org/10.1007/s00170-009-2394-z.

Itoigawa F, Nakamura T, Belluco W. Effects and mechanisms in minimal quantity
lubrication machining of an aluminum alloy. Wear 2006;260:339-44. https://doi.
org/10.1016/J.WEAR.2005.03.035.

Muthuraman V, Arunkumar S. Experimental evaluation of machining parameters
in machining of 7075 aluminium alloy with cryogenic liquid nitrogen coolant. IOP
Conf Ser Mater Sci Eng 2017;183:12012. https://doi.org/10.1088/1757-899x/
183/1/012012.

Jozi¢ S, Lela B, Baji¢ D. A new mathematical model for flank wear prediction using
functional data analysis methodology. Adv Mater Sci Eng 2014;2014:138168.
https://doi.org/10.1155/2014/138168.

Agapiou J, Stephenson DA. Cutting tool wear and failure mechanisms. In:

Wang QJ, Chung Y-W, editors. Encyclopedia of tribology. Boston, MA: Springer US;
2013. p. 661-77. https://doi.org/10.1007/978-0-387-92897-5_605.

Hong S. Lubrication mechanisms of LN2 in ecological cryogenic machining. Mach
Sci Technol 2006;10:133-55. https://doi.org/10.1080/10910340500534324.


https://doi.org/10.1007/s42452-021-04689-z
https://doi.org/10.1007/s42452-021-04689-z
https://doi.org/10.3390/met10060840
https://doi.org/10.1016/j.triboint.2020.106314
https://doi.org/10.1007/s11831-019-09340-0
https://doi.org/10.1007/s11831-019-09340-0
https://doi.org/10.1016/j.jmapro.2020.05.016
https://doi.org/10.1016/j.jmapro.2020.05.016
https://doi.org/10.1016/j.ymssp.2020.106793
https://doi.org/10.1016/J.JMRT.2022.03.096
https://doi.org/10.1016/j.triboint.2009.12.065
https://doi.org/10.1016/j.triboint.2009.12.065
https://doi.org/10.1016/j.triboint.2020.106597
https://doi.org/10.1016/j.triboint.2020.106597
https://doi.org/10.1016/j.triboint.2016.05.020
https://doi.org/10.1016/j.triboint.2016.09.034
https://doi.org/10.1016/j.triboint.2019.106106
https://doi.org/10.1016/j.triboint.2019.106106
https://doi.org/10.1016/j.jclepro.2011.07.013
https://doi.org/10.1016/j.jclepro.2011.07.013
https://doi.org/10.1016/j.triboint.2021.106894
https://doi.org/10.1007/s40430-022-03909-w
https://doi.org/10.1007/s40430-022-03909-w
https://doi.org/10.1016/j.jclepro.2019.02.017
https://doi.org/10.1016/j.triboint.2022.107546
https://doi.org/10.1016/j.jmapro.2022.02.029
http://refhub.elsevier.com/S0301-679X(23)00221-9/sbref19
http://refhub.elsevier.com/S0301-679X(23)00221-9/sbref19
https://doi.org/10.1016/j.measurement.2014.06.002
https://doi.org/10.1016/j.measurement.2014.06.002
https://doi.org/10.1016/S1526-6125(02)70138-2
https://doi.org/10.1016/S0890-6955(03)00134-2
https://doi.org/10.1016/S0890-6955(03)00134-2
https://doi.org/10.1590/S1678-58782006000200003
https://doi.org/10.1007/s00170-011-3320-8
http://refhub.elsevier.com/S0301-679X(23)00221-9/sbref25
http://refhub.elsevier.com/S0301-679X(23)00221-9/sbref25
https://doi.org/10.1080/10426914.2014.994759
https://doi.org/10.1080/10426914.2014.994759
https://doi.org/10.1007/s00170-016-8982-9
https://doi.org/10.1007/s00170-016-8982-9
https://doi.org/10.1016/j.jmapro.2021.07.019
https://doi.org/10.1016/j.jmapro.2021.07.019
https://doi.org/10.1016/j.triboint.2019.05.014
https://doi.org/10.1016/j.triboint.2019.05.014
https://doi.org/10.1520/JTE20180130
https://doi.org/10.1016/j.jclepro.2021.128987
https://doi.org/10.1520/MPC20190154
https://doi.org/10.1520/MPC20190154
http://refhub.elsevier.com/S0301-679X(23)00221-9/sbref33
http://refhub.elsevier.com/S0301-679X(23)00221-9/sbref33
http://refhub.elsevier.com/S0301-679X(23)00221-9/sbref33
https://doi.org/10.1080/01457632.2018.1450345
https://doi.org/10.1080/10426914.2021.2001510
https://doi.org/10.1007/s11668-019-00667-1
http://refhub.elsevier.com/S0301-679X(23)00221-9/sbref37
http://refhub.elsevier.com/S0301-679X(23)00221-9/sbref37
http://refhub.elsevier.com/S0301-679X(23)00221-9/sbref37
https://doi.org/10.1016/j.promfg.2019.09.035
https://doi.org/10.1016/j.promfg.2019.09.035
https://doi.org/10.1016/j.triboint.2022.107773
http://refhub.elsevier.com/S0301-679X(23)00221-9/sbref40
http://refhub.elsevier.com/S0301-679X(23)00221-9/sbref40
https://doi.org/10.1007/s00170-009-2394-z
https://doi.org/10.1016/J.WEAR.2005.03.035
https://doi.org/10.1016/J.WEAR.2005.03.035
https://doi.org/10.1088/1757-899x/183/1/012012
https://doi.org/10.1088/1757-899x/183/1/012012
https://doi.org/10.1155/2014/138168
https://doi.org/10.1007/978-0-387-92897-5_605
https://doi.org/10.1080/10910340500534324

[48]
[49]

[50]

[51]

[52]

. Gupta et al.

Potta S. Effect of cryogenic coolant on turning performance: a comparative study.
SN Appl Sci 2018;1:67. https://doi.org/10.1007/542452-018-0078-8.

Astakhov VP. Turning. In: Davim Paulo, editor. Modern machining technology.
Woodhead Publishing; 2011. p. 1-78. https://doi.org/10.1533/9780857094940.1.
Ezugwu EO, Batista Da Silva R, Falco Sales W, Rocha Machado A. Overview of the
machining of titanium alloys. Encycl Sustain Technol 2017:487-506. https://doi.
0rg/10.1016/B978-0-12-409548-9.10216-7.

Shalaby MA, El Hakim MA, Abdelhameed MM, Krzanowski JE, Veldhuis SC,
Dosbaeva GK. Wear mechanisms of several cutting tool materials in hard turning of
high carbon-chromium tool steel. Tribol Int 2014. https://doi.org/10.1016/j.
triboint.2013.10.011.

Aramcharoen A. Influence of cryogenic cooling on tool wear and chip formation in
turning of titanium alloy. Procedia CIRP 2016;46:83-6. https://doi.org/10.1016/j.
procir.2016.03.184.

15

[53]

[54]

[55]

[56]

Tribology International 183 (2023) 108434

Dinesh S, Senthilkumar V, Asokan P. Experimental studies on the cryogenic
machining of biodegradable ZK60 Mg alloy using micro-textured tools. Mater
Manuf Process 2017;32:979-87. https://doi.org/10.1080/
10426914.2016.1221096.

Gémez-Parra A, Alvarez-Alcén M, Salguero J, Batista M, Marcos M. Analysis of the
evolution of the built-up edge and built-up layer formation mechanisms in the dry
turning of aeronautical aluminium alloys. Wear 2013;302:1209-18. https://doi.
org/10.1016/j.wear.2012.12.001.

Sarikaya M, Yilmaz V, Giillii A. Analysis of cutting parameters and cooling/
lubrication methods for sustainable machining in turning of Haynes 25 superalloy.
J Clean Prod 2016;133:172-81. https://doi.org/10.1016/j.jclepro.2016.05.122.
Singh A, Ghosh S, Aravindan S. Pseudo analytical modelling of flank wear for
coated/micro blasted cemented carbide cutting tools. J Manuf Process 2022;80:
54-68. https://doi.org/10.1016/j.jmapro.2022.05.053.


https://doi.org/10.1007/s42452-018-0078-8
https://doi.org/10.1533/9780857094940.1
https://doi.org/10.1016/B978-0-12-409548-9.10216-7
https://doi.org/10.1016/B978-0-12-409548-9.10216-7
https://doi.org/10.1016/j.triboint.2013.10.011
https://doi.org/10.1016/j.triboint.2013.10.011
https://doi.org/10.1016/j.procir.2016.03.184
https://doi.org/10.1016/j.procir.2016.03.184
https://doi.org/10.1080/10426914.2016.1221096
https://doi.org/10.1080/10426914.2016.1221096
https://doi.org/10.1016/j.wear.2012.12.001
https://doi.org/10.1016/j.wear.2012.12.001
https://doi.org/10.1016/j.jclepro.2016.05.122
http://refhub.elsevier.com/S0301-679X(23)00221-9/sbref55
http://refhub.elsevier.com/S0301-679X(23)00221-9/sbref55
http://refhub.elsevier.com/S0301-679X(23)00221-9/sbref55

	Potential use of cryogenic cooling for improving the tribological and tool wear characteristics while machining aluminum alloys
	1 Introduction
	2 Materials and methods
	2.1 Machine tools, workpiece and cutting tool details
	2.2 Cooling modes and experimental design
	2.3 Tool wear measurement details

	3 Mechanism of different cooling conditions
	3.1 Dry cooling
	3.2 MQL
	3.3 Cryogenic cooling

	4 Results and discussions
	4.1 Analysis of nose wear
	4.2 Analysis of flank wear
	4.3 Analysis of crater wear
	4.4 Mechanism promoting the tool wear

	5 Conclusions
	6 Future recommendations
	Statement of originality
	Funding
	Declaration of Competing Interest
	Data availability
	References


