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Abstract. In this study, the machinability of the stir-cast A17075-based
hybrid nanocomposites is evaluated during turning under dry and
compressed air-cooling conditions. Based on experimental findings,
mathematical models were created that can forecast the machining
performances, namely cutting force, surface roughness, and flank wear.
Using the ANOVA technique, the impact of different A17075-based hybrid
nanocomposites and cutting parameters, specifically, cutting speed, feed,
and depth of cut, on various responses was examined. According to
experimental findings, higher cutting forces and lower surface roughness
were obtained while turning harder Al17075-based nanocomposites. Under
compressed air machining conditions, the surface roughness, cutting force,
and flank wear were observed to decrease by 4.74%, 8.84% and 43.59%
respectively. The flank wear analysed for different cutting conditions
showed a substantial reduction in the flank wear while turning under
compressed air-cooling conditions. Moreover, lower flank wear could also
be attributed to the displacement of the abrasive particles from the cutting
edge. The chip morphology is studied for the various cutting conditions as
well as different machining environments. SEM analysis was carried out to
compare the surface texture of the chips produced under dry and compressed
air conditions.

1 Introduction

Due to their unique blend of properties, such as being lightweight, exceptionally rigid and
mechanically strong, hybrid metal matrix composites (HMMCs) have found increasing
relevance in aerospace and automotive engineering. Composite materials comprise two large
classes: matrix-based (metal, polymer, or ceramic) and reinforcement-based (particulate,
fibre, or whisker). Currently, particulate metal matrix composites find widespread
application. These composites consist of a base metal (such as aluminium or magnesium) and
reinforcement particles (such as silicon carbide, graphene, or boron carbide, or natural
materials like rock dust, eggshell, or jute). Among the various methods used to embed
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reinforcements into a metal matrix, stir casting is outstanding for ensuring consistent and
homogeneous dispersion of particles throughout the base material.

Reinforcement particles such as silicon carbide (SiC) and graphene (Gr) additions have
been found to improve the mechanical properties of MMCs. Introduction of rock dust to
Al6061-T6 composite blocks has been seen to enhance surface finish. The impact of TiB2
content on machining behaviour of AA7075 composites has been investigated, revealing that
cutting force increases as cutting speed and TiB, content increases. The addition of rice husk
ash and SiC to Al356.2 composites has been found to improve machining properties, where
the lowest surface roughness was noted at low feed. It was found that cutting temperature
significantly influences feed. Addition of SiC and fly ash reinforcements in commercial
aluminium composites was found to enhance surface roughness, which is optimized through
Taguchi method and genetic algorithm. These have also been studied for machining
behaviour in the case of SiC-reinforced Al2024 composites, with particle size and surface
roughness being related [1-4].

Incorporating SiC reinforcements in pure Aluminium composites was found to affect
workpiece roughness and residual stresses [5]. Incorporating graphite reinforcements in
Al2219/SiC composites has been discovered to improve tool life through the formation of a
thin lubricating coating [6]. The effect of SiC and graphite reinforcements on Al7075
composite machining properties has also been studied and concluded to increase cutting
force, tool wear, and surface roughness [7]. The effect of TiC reinforcements on the
machining characteristics of AA6061 composites has also been explored by way of research
with improved cutting force, surface roughness, and flank wear [8]. The addition of ZrB2
reinforcements in AA7075 composites has been proved to affect surface roughness, where
an increase in feed and depth of cut was found to result in increased surface roughness [9].

Current studies show that hybrid nanofluids of Al,O3; and multi-walled carbon nanotubes
(MWCNTs) greatly improve machinability through the reduction of cutting forces and
surface roughness, enhancement in tool life, and production of smoother chip morphology in
comparison to unitary nanofluids [10]. Recent research on turning Inconel 718 with Al,O3
based nanofluids under NFMQL conditions established predictive models for shear angle
and chip thickness ratio, and the findings indicated that both parameters rise with cutting
speed and fall with feed and depth of cut [11].

Recently, several attempts have been carried out by investigators towards sustainable
manufacturing to adhere to the severe standards set by government agencies to protect the
environment. The sustainability approach in machining has led to the use of a variety of
cooling solutions, including cryo-cooling, high-pressure cooling, minimal quantity
lubrication, and compressed air-cooling. However, it gives some cooling and aids in chip
removal. Additionally, it prolongs tool life in comparison to dry machining, particularly
through the reduction of chip adhesion and oxidation. By cooling and chip evacuation, it also
contributes to better surface smoothness when compared to dry machining. Compared to the
costly setup and handling costs associated with cryogenic and MQL cooling conditions,
compressed air cooling offers the significant advantages of being environmentally friendly
(no liquid waste) and having cheaper costs and maintenance [11-13].

Machining Al17075 nanocomposites provides unique challenges in the manufacturing
industry. Tool wear, surface roughness, power usage, and cutting pressures have a significant
impact on industrial sustainability. Uses of nanoparticle-based cutting fluids and compressed
air-cooling have gained popularity in recent years for their superior performance. However,
very few attempts reported the comparative evaluation of machinability of Al7075
nanocomposites under compressed air-cooling conditions.

This study evaluates machinability aspects of these hard to cut stir-cast Al7075
nanocomposite specimens under dry and compressed air-cooling conditions. Cutting force
has a notable influence on tool life, surface integrity, dimension accuracy, and machining
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performance. Knowing it in advance can help you select the proper machine tool, cutting
insert, and insert geometry. In this context, this study developed experimental-based
mathematical models to evaluate flank wear, cutting force, and surface roughness during the
dry and compressed-air cooling conditions. The cutting settings were changed during the
experiments. Digital microscopes and scanning electrons were used to track and assess tool
wear and chip morphology.

2 Experimental design

A CNC lathe was used for the experiments (Figure 1). Experiments were conducted using
specimens that were 250 mm long and 20 mm in diameter. As a cutting tool, a PVD-coated

Fig. 1. Experimental set-up.

As indicated in Table 1, three distinct levels of cutting speed (V), feed (f), and depth of
cut (d) were employed in the trials. In this work, 81 experiments were performed in order to
quantify the machinability responses, namely, flank wear, cutting forces, and surface
roughness. These response values were obtained by varying the cutting conditions (Table 1).
The average hardness obtained for different A17075-based nanocomposites is also depicted
in Table 2. Each specimen was stir-casted in multiples of nine different rods, so total of 81
rods were prepared and turned with varying cutting parameters as shown in Table 1. A double
cylinder type, 2HP compressor of KND make was used to have the compressed air at 4 bar
pressure.

Table 1. Cutting parameters as per DOE.

Cutting Parameter Level 1 Level 2 Level 3
(V) (m/min) 100 150 200
(f) (mm/rev) 0.1 0.2 0.3
(d) (mm) 0.3 0.5 0.8
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Table 2. Nine specimens with varying reinforcements.

Specimen Varying reinforcements Average hardness

S1 Unreinforced A17075 alloy 84.3

S2 A17075 +0.5% SiC + 0.1 % graphene 101.4
S3 A17075 +0.5% SiC + 0.2 % graphene 105.43
S4 A17075 +0.5% SiC + 0.3 % graphene 107.5
S5 Al7075 + 0.5% graphene + 1 % SiC 132.6
S6 A17075 + 0.5% graphene + 2 % SiC 144.17
S7 Al7075 + 0.5% graphene + 3 % SiC 155.52
S8 Al7075 + 1 % graphene + 2 % SiC 145.16
S9 Al17075 + 1 % graphene + 4 % SiC 163.4

3 Results and discussion

To discuss the machinability studies; statistical models are developed for better
understanding of the parametric effect on the machinability of Al7075-based hybrid
nanocomposites under dry and compressed air-cooling conditions. In total eighty-one
experiments, nine experiments on each of nine specimens (Table 2), were performed
considering the range as depicted in Table 1. Experiments were performed in two-sets, first
set of 81 experiments under dry conditions and the second set of 81 experiments under
compressed air-cooling conditions. In each set of experiments the average values of surface
roughness (Ra), cutting force (Fc), and flank wear (VB) were measured.

Based on experimental observations, regression Equations (1) to (6) were developed to
predict Ra, Fc, and VB, while turning A17075-based hybrid nanocomposites. In the developed
polynomial equations four variables can be seen as (V), (f), (d), and specimen type (S), 1 to
9 as depicted in Table 2. Regression statistics and F-ratio for evaluated responses are depicted

in Table 3.
Ra(Dry) (Lm) = 4.3946V 02171 {0069 ¢ 0.1214 G-0.1694 )
Ra(Compressed air) (um) = 5.4325V 02701 £ 0.0658 ¢ 0.1483 G-0.171 )
FC (Dry) (N) = 92.8412V 01425 f 00461 ¢ 00939 Go.1463 3)
Fc (Compressed air) (N) = 92.3478V -0-1612 { 00518 ( 0.0987 50.1607 )
VB (Dry) (um) = 1000 (0.0428V 02075 £ 00618 ¢ 0.1434 50.2632) )

VB (Compressed air) (um) = 1000 (0.0208V 02237 f 00717 ¢ 0.1732 50.3005) (6)

Table 3. Regression statistics and F-ratio for evaluated responses.

Ra Ra(Air) | Fe(Dry) | Fc | VvB(®Dry) | VB (Air)
Observations 81 81 81 81 81 81
Multiple R 0.90 0.86 0.95 0.94 0.95 0.95
R Square 0.81 0.75 0.90 0.88 0.91 0.90
Adjusted R 0.80 0.73 0.89 0.87 0.91 0.90
Standard Error 0.06 0.07 1.72 1.90 8.21 5.19
F-ratio 80.27 55.71 162.93 139.03 192.03 179.86
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3.1 Effect of cutting parameters on surface roughness

Surface roughness is influenced by cutting settings, as seen in Figure 2. Cutting temperature
rises and the work material becomes softer as cutting speed increases, which tends to decrease
the cutting forces and enhance surface smoothness (Figure 2(a)). The shear plane area and,
thus, the cutting pressures, grow as the ‘d’ and ‘f* values do. Consequently, the temperature
of the chip-tool contact rises due to increased frictional energy (Figures 2(b) and (c)).
However, ‘f” and ‘d’ cannot be considered as important influences on interface temperature
as ‘V’ since a more amount of the heat is vanished with the chip rather than passing through
the tool as the chip's cross-sectional area grows. Additionally, when the depth of cut
increases, radial pressures increase significantly, causing tool vibration in a lateral direction
and raising the turned surface's roughness value.

Additionally, it is evident that when the workpiece's hardness level rises, the surface
roughness falls. This is because as the workpiece's hardness increases, its grain size reduces.
As a result, the craters on the turned surface get smaller because the grains are removed, this
lowers the roughness value. The average surface roughness value is found to drop by 4.74%
when compressed air is present. This is because pressurized air eliminates chip particles near
the cutting insert, limiting the possibility of tiny scratches leaving marks on the specimen.
Additionally, the cooling effect at the workpiece-tool interface is made possible by the
compressed air.
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Fig. 2. Surface roughness for different A17075 nanocomposite specimens varying with (a) ‘V’ (b) ‘f’

and (c) ‘d’.

3.2 Effect of cutting parameters on cutting force

To illustrate how cutting speed affects cutting forces, Figure 3(a) depicts the feed value of
0.2 mm/rev and the depth of cut of 0.5 mm while rotating the composite specimens. As
cutting speed rises, cutting forces are observed to decrease. This is because shear plane
energy and frictional energy both increase with cutting speed, which raises the shear plane
temperature and softens the material. The impact of feed on cutting forces is plotted in Figure
3(b) as the composite specimens are rotated at a “V’ value of 150 m/min and a ‘d’ value of
0.5 mm. The cutting forces rise in tandem with feed. This is because the chip's shear plane
area and the required cutting pressures both rise as the feed does.
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Fig. 3. Cutting force for different A17075 nanocomposite specimens varying with (a) “V’ (b) ‘f” and
(c) ‘d’.

The impact of depth of cut on the cutting forces is also demonstrated in Figure 3(c), which
displays the ‘V’ value of 150 m/min and the ‘f” value of 0.2 mm/rev during the turning of the
composite specimens. Here, it is evident that the cutting forces rise in tandem with the depth
of cut. This is since shear plane area and cutting pressures both rise with depth of cut. Cutting
forces under compressed air machining conditions are 8.84% lower than those under dry
machining conditions.

3.3 Effect of cutting parameters on flank wear

Figure 4 show Flank wear for different A17075 nanocomposite specimens varying with
cutting parameters. It is evident from the observation that “VB’ increases with increase in V,
fand d. However, the influence of “V’ can be seen as more noticeable than that of ‘f* (Figure
4(a)). This is because a higher “V’ raises the temperature by increasing shear strain and
friction. In dry conditions, the high temperature speeds up the oxidation and diffusion wear
mechanisms, resulting in rapid tool wear. However, when used as a coolant, compressed air
effectively removes chips from the cutting region and suppresses the rise in interface
temperature, significantly reducing tool wear.
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Fig. 4. Flank wear for different A17075 nanocomposite specimens varying with (a) ‘V’ (b) ‘f* and (c)
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It is clear from Figure 4(b) that flank wear rises with feed, but not as dramatically as cutting
speed. A higher feed rate results in thicker uncut chips, which puts more mechanical strain
on the cutting edge and causes more abrasion and plastic deformation. A larger cut results in
higher cutting forces and material contact, which puts more strain on the cutting tool (Figure
4(c)). The increase in lateral and radial forces accelerates vibrations and tool wear. The
impact of ‘f” and ‘d’ on tool wear is comparatively less substantial than that of cutting speed,
however, because part of the heat generated is eliminated with the chip due to the growth in
the chip cross-section area. Therefore, by lowering the total wear rate, especially at higher
cutting parameter values, compressed air greatly extends tool life. The flank wear is 43.59%
less under compressed air machining conditions than it is under dry machining conditions.

3.4 Flank wear analysis

Figure 5(a) show the flank wear occurred after cutting at V=200 m/min, f = 0.2 mm/rev, and
d= 0.5 mm. The measured flank wear was 165 um under dry conditions. The image exhibited
significant thermal distortion and erosion along the cutting edge. The high speed of cutting
produced ample heat, resulting in tool material degradation. For the compressed air condition,
which recorded much lower flank wear of 98 pm, where the wear profile was smooth and
there was little thermal damage. This 40.6% decline in wear implies that even at a low
pressure of 4 bar, compressed air effectively brings about cooling in the cutting zone and
washes away chips and particles around the cutting edge, thus inhibiting thermal distortion
and improving tool life.

Figure 5(b) show the flank wear occurred after cutting at V= 150 m/min, f = 0.3 mm/rev,
and d= 0.5 mm. The dry condition produced a flank wear of 163 um, along with pit formation
and evidence of abrasive interaction with embedded nanoparticles. Compressed air-cooling
decreased the wear to 99 um, an improvement of 39.3%, with less pits and more even wear
pattern. Through reduction of abrasive contact, compressed air maintains tool surface
integrity under even highly aggressive feed conditions.

Compressed air
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Fig. 5. Flank wear images under dry and compressed air-cooling conditions at (a) V=200 m/min, f=
0.2 mm/rev, and d = 0.5 mm (b) V= 150 m/min, f = 0.3 mm/rev, and d = 0.5 mm, and (c¢) V=150
m/min, f= 0.2 mm/rev, and d = 0.8 mm.

Figure 5(c) show the flank wear occurred after cutting at V=150 m/min, f = 0.2 mm/rev,
and d = 0.8 mm. The flank wear under dry conditions measured 168 pum, with the image
revealing extensive damage to the cutting edge an indication of catastrophic failure caused
by severe mechanical interaction and lack of thermal relief. In contrast, the use of compressed
air-cooling reduced flank wear to 97 um, marking a 42.3% decrease. The cutting edge
remained intact, though subjected to continuous wear. This improvement highlights the dual
role of compressed air, it not only provides effective cooling but also dislodges abrasive
particles from the cutting zone, thereby preventing edge fracture and significantly enhancing
tool life during high-load machining.

3.5 Chip morphology analysis

Chip morphology analysis was conducted and it has been observed that it was prominently
varying with the cutting parameters and cooling conditions. However, no significant
difference in the chip morphology was observed for different Al7075-based hybrid
nanocomposites considered in the present study. Figure 6 illustrates the chip images produced
for specimen 7 considering the influence of ‘V’ and environmental conditions. At lower ‘V’
(100 m/min), the material exhibited ductile behaviour, generating higher cutting forces with
minimal thermal influence. This resulted in the formation of connected or washer-type chips
as depicted in Figures 6(a) and (b). This could be attributed to reduced tool-reinforcement
interaction due to slower workpiece rotation and limited particle displacement. At low cutting
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speed, changing the environment from dry to compressed air led to a shift from tight washer-
type chips to long snarled forms as shown in Figures 6(c) and (d), indicating that compressed
air influenced chip evacuation and cooling dynamics.

As cutting speed increased to 200 m/min, chip morphology transitioned to radial spring
and helix types as depicted in Figures 6(¢) and (f), driven by thermal softening effects that
enhanced ductility. Under compressed air conditions, however, the same high-speed
machining produced small elemental and curled chips as shown in Figures 6(g) and (h),
suggesting that increased rotational speed and particle displacement promoted chip

fragmentation.
Dry Condition Compressed air condition
Connected chip type Washer type Helix with snarled type Long snarled type
(@) (b) © C)
Cutting speed 100 m/min Cutting speed 100 m/min
Radial Spring type Helix type Small Elemental type Small curl type
(e) (U] @ (h)
Cutting speed 200 m/min Cutting speed 200 m/min

Fig. 6. Chip morphology (a) Connected chip, (b) Washer type, (c) Helix with snarled chips, (d) Long
snarled chips, () Radial-spring chips, (f) Helix chips, (g) Small elemental chips, and (h) Small cut
type chips.

Figure 7 presents the surface morphology of chips under SEM analysis. Figures 7(d) and
(e) represents the enlarged views of Figures 7(a) and (b) produced under dry machining and
compressed air-cooling conditions, respectively. The chips developed in dry machining are
seen to have rough surfaces with deep grooves and irregular fragmentation, which is
associated with high thermal loads and inadequate cooling. These characteristics indicate
higher tool—chip interaction, resulting in rapid tool wear and surface integrity degradation.

Compared to that, the chips generated under compressed air machining show smoother
and more even surfaces with less grooving. The improved morphology indicates good heat
dissipation and reduced friction at the cutting interface. This enhanced chip quality highlights
the viability of using compressed air as a cooling method, leading to improved machinability.
Figure 7(c) indicates saw tooth chip formation at the surface of the chip.

11
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Compressed air condition

Dry condition

Fig. 7. SEM images of chip under conditions (a) Compressed air, (b) Dry, (c) Dry, (d) Enlarged view
of chip produced under compressed air, and (e) Enlarged view of chip produced under dry conditions.

Excluding the experiments used for model development, validatory experiments were
conducted at various process parameters and different A17075-based hybrid nanocomposites
to evaluate the model accuracy. Table 4 shows the predicted responses obtained using
developed mathematical models and experimental values under the validation conditions.
The predicted results from mathematical models agree with experimental values more
closely.

Table 4. Validation experiments performed under compressed air-cooling conditions.

Expt | [V (m/min), f Ra (Air) (um) Fe (Air) (N) VB (Air) (um)
.run | (mm/rev), d (mm),
Specimen number] Expt. Model Expt. Model Expt. Model
[110,0.12,0.4, 4] 0.870 0.839 58.10 5491 89.30 92.9
[130,0.17,0.45, 7] 0.875 0.835 55.92 63.1 86.19 91.7
[165,0.23, 0.65, 7] 0.836 0.841 58.38 49.7 94.88 103.7
[180,0.27,0.75, 3] 0.923 0.974 48.09 433 76.4 80.08
[200, 0.15, 0.35, 7] 0.701 0.759 39.89 44.6 94.95 104.3

DB [W N [—

In summary, compressed air cooling has been observed as a cost-effective, eco-friendly
solution for industries, enhancing tool life and process reliability, especially for dry and semi-
dry machining. They found it cost-effective due to the elimination of coolant, storage,
filtration, recycling thereby reducing maintenance and environmental compliance expenses.
Moreover, compressed air-cooling is observed to improve tool life by reducing cutting zone
temperature and effectively removing chips, reducing tooling costs and downtime. Further, a
cleaner machining environment assisted in improving surface quality and lowering the risk
of thermal cracks, which contributed to higher productivity. Moreover, compressed air-
cooling systems supported eco-friendly and green manufacturing practices by avoiding
harmful coolants and reducing energy use in coolant circulation systems.

4 Conclusions

In this study, the comparative evaluation of machinability of Al7075-based hybrid
nanocomposites under dry and compressed air-cooling conditions was assessed during
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turning using a PVD-coated carbide tool having geometry CNMG120408MP by
experimental investigations through mathematical modelling.

e The statistical models created for estimating flank wear, cutting force, and surface
roughness under both dry and compressed air-cooling conditions demonstrated a
strong predictive ability. With R-squared values approaching 0.9, these models show
promise in reliably forecasting machining outcomes within the tested range of cutting
parameters.

e Turning operations on Al7075-based nanocomposites using compressed air cooling
resulted in improved surface finish, with roughness values decreasing as the hardness
of the hybrid composite increased. Among the machining parameters, feed rate had
the most pronounced effect on surface roughness, showing a stronger influence than
cutting speed or depth of cut. Overall, compressed air cooling contributed to a
reduction in surface roughness by approximately 4.74 %.

e When Al7075 based nanocomposites were machined using compressed air cooling,
both cutting force and flank wear were noticeably lower than under dry conditions;
the cutting force tended to rise with harder composite materials, higher feed rates, and
deeper cuts but interestingly, it dropped when the cutting speed was increased.
Overall, switching to compressed air cooling helped reduce the cutting force by about
8.84% compared to dry machining.

o Flank wear was observed to increase with the cutting parameters and the hardness of
the Al7075-based hybrid nanocomposites. However, the average flank wear was
decreased by 43.59% when turning under compressed air-cooling conditions
compared to dry conditions.

o Higher cutting speed induced thermal softening of the workpiece material, leading to
ductile chip formation. While turning under compressed air-cooling conditions
enhanced cooling and particle displacement, collectively leading to varied chip
morphologies ranging from radial springs to fragmented curls. This study observed
that turning under compressed air-cooling produced uniform chip layering, and dry
cutting led to disturbed morphology due to elevated thermal effects.

o Compressed air cooling found as a cost-effective, eco-friendly solution for industries,
especially aerospace and automotive, improving tool life and process reliability. It
eliminates coolant, storage, filtration, recycling, and disposal costs, reducing
maintenance and environmental compliance expenses. It also improves surface
quality, reduces thermal crack risk, and supports green manufacturing practices.
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