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Abstract
The material having high strength to weight ratio is constantly in high demand for automotive industries to increase fuel
efficiency. With this view, AZ91/5SiC (an Mg-based Particulate Metal Matrix Composites (PMMCs)) is fabricated using an
in-house developed stir casting setup and characterized through Field Emission Scanning Electron Microscopy (FESEM) with
Energy-Dispersive X-ray Spectroscopy (EDS) analysis. However, the machinability of PMMCs is found to be lower due to the
existence of harder ceramic constituents and appropriate cutting fluid strategies are required to follow to combat this situation.
But limited studies are available identifying the impact of recently developed sustainable cooling and lubrication techniques on
machining performance when PMMCs is turned. To fill this bridge, customized setups of minimum quantity lubrication (MQL),
cryogenic and CryoMQL machining with LN2 have been developed to provide eco-friendly cutting fluid approaches to turn
AZ91/5SiC. The cutting force, energy consumption, surface roughness (Ra) and chip breakability index (Cin) have been analyzed
for MQL, cryogenic and CryoMQL techniques with variation in process parameters. By considering the average value of all
turning tests, 64.65% and 40.39%; and 11.49% and 7.13% higher value of cutting force and energy consumption is found
correspondingly for cryogenic and CryoMQL machining respectively as compared to MQL technique respectively. Overall,
25.59% and 18.35% lower values of Ra have been observed for CryoMQL technique as compared with MQL and cryogenic
machining respectively. The powder type chips with comparable higher values of Cin have been found in all three cooling and
lubrication techniques.
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Nomenclature
MQL Minimum quantity lubrication
PMMCs Particulate metal matrix composites

Ra Average surface roughness in μm
Cin Chip breakability index
LN2 Liquid nitrogen
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LCO2 Liquid carbon dioxide
CryoMQL Hybrid machining which combines cryogenic

and MQL machining
FESEM Field emission scanning electron microscope
f Feed rate (mm/rev) in longitudinal direction
EDS Energy-dispersive X-ray spectroscopy
vc Cutting speed in m/min
rƐ Cutting tool nose radius in mm
CGM Chip grade matrix
BUE Built-up edge

1 Introduction

The composites are increasingly replacing conventional homog-
enous materials due to their superior properties like high stiff-
ness, high specific strength, low thermal expansion and superior
wear resistance. Particularly, Mg-based AZ91 PMMCs is exten-
sively used in auto and aero-industries due to their better creep
resistance, fatigue strength, and ultimate tensile strength at ele-
vated temperature [1–5]. To use these materials as a moving
member in the machine, it is required to perform finishing op-
eration. Turning process is the most commonly used finishing
operation for cylindrical shaped components. PMMCs is highly
anisotropic in nature as compared to conventional metallic ma-
terials and tough tomachine due to the existence of hard ceramic
particles within a softer matrix of metal material [6]. To improve
the machinability of PMMCs, industries are using different
cooling and lubrication techniques to reduce cutting zone tem-
perature and friction between tool and workpiece that directly
affect machining performance [7].

The cost of coolant and lubricant composes approximately
17% of production cost in machining operations. The usage of
conventional cutting fluid also creates a hazard to worker’s
health and requires extra chip recycle facility before dumping
of chips into the environment [8, 9]. This fact leads to develop
sustainable cooling and lubrication technologies in machining
processes that can reduce the cost of production without
harming the environment, worker’s health, and quality of ma-
chined parts. In this context, advanced manufacturing labora-
tory (IITRAM) and its collaborators are constantly evolving
sustainable cutting fluid strategies to provide eco-friendly al-
ternatives for cutting difficult to machine materials [10–13].

In MQL application, a minute quantity of cutting fluid (10–
200 ml) with pressurized air is consumed per hour in compari-
son to thousands of milliliters of cutting fluid consumption for
conventional flood machining. Due to a minimal amount of
cutting fluid consumption, MQL technique eliminates the chip

recycle process. These pressurized mist particles have higher
reachability into the cutting zone, especially for closed face ma-
chining operations like drilling and turning [14–16]. In cryogen-
ic machining, low-temperature cryogenic fluid is used in place
of harmful cooling and lubrication techniques containing
petroleum-based additives. Generally, LN2 and LCO2 are used
as cryogenic fluids in cryogenic machining due to their inert
nature and availability at low-cost. The LN2 quickly dissipates
heat from the cutting zone by converting into vapor due to its
low boiling point (−195.8 °C) as compared to LCO2 (−78.5 °C).
It does not react with tool and workpiece material due to its inert
nature. It is ecological and environment-friendly because it does
not leave any marks on chips. However, proper safety is re-
quired while handling LN2 as it can cause a cold burn if it comes
in direct contact with the skin [17, 18].

Recently, Khanna et al. [19] compared LCO2 and LN2 as
cutting fluids with dry condition based on machining perfor-
mance and sustainability aspects for turning AXZ911/10SiC.
The lower cutting force and power requirement were observed
for LN2 as cutting fluid while better results of surface roughness
and sustainability indicators were found for dry machining. Yin
et al. [20] formed an analytical model to predict the machined
surface temperature of PMMCs viz. Al 2024/SiC and validated
experimentally for orthogonal turning operation. Themodel was
found quite accurate with a maximum 16% error between ana-
lytical and experimental results of temperature. Soorya Prakash
et al. [21] analyzed the effect of particle size, weight percent of
reinforcement, vc, f and depth of cut on surface roughness and
material removal rate for turning Al6061 T6/rock dust MMCs.
The f was found to be a significant parameter affecting surface
roughness following vc and weight percent of rock dust respec-
tively in decreasing order. Tamizharasan et al. [4] compared the
chip thickness ratio for several combinations of vc, f and depth of
cut when Al-Cu/SiC MMCs was turned. It was observed lower
chip thickness ratio at higher value of vc with lower value of f
and depth of cut.

Besides, previous studies related to the current research
area (especially on the machining of Mg-based alloys and
the environmentally friendly cooling/lubrication strategies
used in this study) are presented. Accordingly, it was re-
ported that the better results of Ra and Cin were found when
ultrasonic assisted turning (UAT) was employed to turn
AZ91/5SiC. A further improvement of 36.50% and 15%
for surface finish and chip breakability respectively were
seen when UAT was integrated with cryogenic machining
with LN2 [22]. The larger value of compressive stress
(100 MPa) was found as compared to dry machining when
Mg-based AZ31B-O was turned [23]. It was observed

Table 1 Chemical composition
of AZ91 magnesium alloy in
wt.%

Element Mg Zn Al Mn Si Trace elements (Fe, Cu, Ni and Sn)

Percentage 90.75 0.775 8.40 0.03 0.034 0.008
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better results in terms of reduced cutting zone temperature,
lesser tool wear and surface topography when Al/SiC
PMMCs was turned by ultrasonic-assisted MQL turning
[24]. The parallel texture on the cutting tool provided better
results of cutting force, microhardness and friction coeffi-
cient when Mg-based ZK60 alloy was turned with LN2 as
cutting fluid in comparison with dry machining [25].

Apart from MQL, cryogenic and UAT machining of Mg-
based alloys and PMMCs, CryoMQL machining was com-
pared with dry, MQL and cryogenic machining for Ti-based
alloys, superalloys, and difficult-to-cut steel alloys. It has been
observed approximately 54% reduction in tool wear for ma-
chining 3Cr2NiMo steel when UAT and nano-fluid were ac-
companied with CryoMQL as compared to conventional

CryoMQL [26]. It was found a decrement in surface rough-
ness and thickness of deformed grains layer by 29% and 15%
respectively under CryoMQL, in contrast with dry machining
for turning Ti-6Al-4 V [27]. The lesser values of cutting force
were found for turning Ti-6Al-4 Vwith LN2 as cutting fluid in
comparison with CryoMQL and flood machining, corre-
spondingly in decreasing order [28]. The better results in
terms of machining performance were found for CryoMQL
with LCO2 while comparable better results of life cycle as-
sessment were found for CryoMQL with LN2 and LCO2 as
compared to dry, wet, MQL, and cryogenic fluids with LCO2

and LN2 for turning AISI 304 steel [29]. A similar kind of
better results for machining performances were also observed
for CryoMQL machining in comparison with MQL and LN2

as cryogenic fluid when Inconel 625 was turned [30].
Though a comparison of MQL, cryogenic and CryoMQL

machining has been found in previous studies for many
difficult-to-cut materials, machining performance of
AZ91/5SiC is not investigated in depth more specifically

Table 2 Details of
reinforcement Reinforcement Size Density

Silicon Carbide 67 μm 3.21 g/cm3

Fig. 1 SEM image of Mg-based
AZ91/5SiC PMMCs at (a) 500 X
and (b) 2000X magnification
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when above sustainable cooling and lubrication techniques
are employed. In this context, this comprehensive study be-
ginning from fabrication to machining signifies a contribution
to not only researchers and academia but also industrialists.

This paper is organized into four sections. The second sec-
tion describes an experimental setup used to fabricate PMMCs
material and research methodology employed for this investi-
gation. The second section has two subsections; in the first
subsection, details of in-house developed Mg-based
AZ91/5SiC PMMCs material are presented. While in the sec-
ond subsection, experimental setups, design of experiments
and machinability tests with measurement methods followed
for this study are described. The third section presents the
results and discussion based on experimentation. The influ-
ence of cutting conditions on responses namely cutting force,
energy consumption, Ra and Cin, are discussed in consecutive
subsections of section three. Finally, the conclusions on the
basis of discussion on results are presented in section four.

2 Material and Methods

2.1 In-House Casting Process to Fabricate AZ91/5SiC
PMMCs

The Mg-based metal matrix composites (AZ91/5SiC
PMMCs) was fabricated by vacuum stir casting setup. The
Mg, Al, and Zn were added to furnace, which was heated up
to 800 °C in an environment of SF6 and argon gas in the ratio
of 1:4. After melting ofmetals, the stirrer was allowed to rotate
at 300 rpm to blend all molten metal. Subsequently, preheated
reinforcement particles (5% wt. SiC) at 300 °C were added in
a furnace and stirred thoroughly. The molten metal was
poured into the preheated die at 150 °C. Table 1 and Table 2
describe the elemental composition of fabricated alloy (AZ91)
and details of SiC reinforcement, respectively.

2.1.1 Microstructure Analysis of AZ91/5SiC Composites

The FESEM images of the fabricated composites at magnifi-
cation of 500 X and 2000X are presented in Fig. 1 (a) and (b)

respectively. The α- phases (Mg) and β- phases (Al12Mg17)
were found along the grain boundaries in fabricatedMg-based
AZ91/5SiC PMMCs.

It is observed the grey regions exhibited α phases, which
are surrounded by a white region, i.e., β- phases (Al12Mg17).
Reinforced SiC particles are not spotted in higher magnifica-
tion of FESEM images. However, reinforcement particles in
fabricated MMCs are visible with lower magnification (500
X), as shown in Fig. 1 (a). The distribution of ceramic particles
and interfacial bonding between metal matrix and reinforced
particles affect mechanical properties viz. hardness, rupture
strength, ductility [31]. From Fig. 1(a) and (b), quite uniform
distribution with a little agglomeration of reinforced particles
and interfacial surfaces of SiC particles can be observed with-
in the metal matrix of AZ91 alloy. However, a small number
of voids and cracks can also be observed in FESEM images.
Typical EDS (Energy-dispersive X-ray spectroscopy) profiles
of AZ91/5SiC at different positions (indicated with a pink
rectangle) reveal the clear peaks of Mg, Al, Zn, and C as
described in Fig. 2.

2.2 Experimental Details for Machining Experiments

Four subsections are discussed in this section. TheMQL setup
used in this study has been discussed in the first subsection.
The second subsection discusses cryogenic and CryoMQL
machining setup. The design of experiments is discussed in
the third subsection while details of machinability tests with
measurement methods are presented in fourth subsection of
this section.

2.2.1 Experimental Setup of MQL Machining

It has been reported that the efficiency of MQL technique
depends on delivery system parameters like air pressure, angle
between nozzle and horizontal axis, standoff distance (dis-
tance between nozzle and substrate), and flow rate of oil. It
has been also noticed that higher air pressure can form a mist
of oil efficiently [14]. In this view, as per the maximum ca-
pacity of used compressor, 5 bar pressure is selected. A similar
methodology described by Setti et al. [9] has been used to

Element Weight
%

Atomic 
%

C K 6.98 13.27

O K 3.44 4.91

Mg K 76.64 71.89

Al K 10.94 9.24

Zn L 2.00 0.70

Total 100.00

Fig. 2 EDS analysis of fabricated
Mg-based AZ91/5SiC PMMCs
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optimize MQL parameters namely nozzle angle, standoff dis-
tance, and flow rate.

To optimize the standoff distance and the angle between
nozzle and substrate, force exerted on dynamometer is mea-
sured when a spray of mist is applied to it. Table 3 presents
different combinations of nozzle angle and standoff distance
for which the values of force are measured. The values of
standoff distance and angle between nozzle and horizontal
axis is varied from 30 to 110 mm in an interval of 20 mm
and 15° to 75° in an interval of 15° respectively. As per the
results of cutting force, it is concluded that when nozzle angle
is 75° and standoff distance is 30mm, it generates a maximum
force on the substrate.

The flow rate of cutting oil was varied up to 30 ml/h when
cast Mg alloy was machined withMQL [32]. In this context, a
flow rate of oil in MQL is varied from 2 to 20 ml/h in an
interval of 3 ml/h to identify an optimum flow rate for turning
AZ91/5SiC PMMCs. The droplet quality is measured in terms
of a number of droplets, average size and percentage of

surface area covered by droplets. To measure droplet quality,
droplets of oil are collected on the silicon wafer, as illustrated
in Fig. 3 at different flow rate, as shown in Table 4. The
images of droplets are analyzed by open-source Image J soft-
ware as presented in Fig. 3.

The ester-based polyol synthetic cutting oil gives superior
results of increased tapping energy efficiency, storage stabili-
ty, oxidation stability and biodegradability for MQL machin-
ing [33]. With this view, neat synthetic oil was used to per-
form MQL machining. The elemental composition of cutting
oil is mentioned in Table 5 along with a summary of opti-
mized MQL parameters used for MQL machining.

2.2.2 Experimental Setup of Cryogenic and CryoMQL
Machining

An indigenously developed LN2 cryogenic delivery setup
has been used in this study. The primary components of this
LN2 delivery setup are spray nozzle, LN2 cylinder, and
vacuum jacketed hose. LN2 has been stored at 6 bar in
LN2 cylinder (Dewar), which is equipped with LN2 level
indicator and valves for safety, flow control and venting.
The self-patented phase separator has been used to deliver
LN2 in cutting zone [34]. In cryogenic machining, a nozzle
having a 2 mm diameter has been used to form the jet of
LN2 at rake face.

To perform CryoMQL machining, setup of MQL
and cryogenic machining are merged, as illustrated in
Fig. 4. In the CryoMQL machining setup, LN2 is sup-
plied at a rake face while MQL is supplied at flank
face of cutting insert.

Fig. 3 An illustration of a
procedure to measure droplet
quality

Table 3 The values of force for different combinations of standoff
distance and nozzle angle

Distance (mm) Angle

15° 30° 45° 60° 75°

30 25.63 (N) 23.20 (N) 21.36 (N) 19.53 (N) 39.72 (N)

50 11.59 (N) 22.58 (N) 21.97 (N) 16.47 (N) 18.92 (N)

70 12.20 (N) 25.02 (N) 28.68 (N) 14.64 (N) 22.58 (N)

90 28.68 (N) 18.31 (N) 23.19 (N) 20.75 (N) 25.63 (N)

110 18.31(N) 17.70 (N) 27.46 (N) 17.08(N) 38.40 (N)
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2.2.3 Design of Experiments (DoE)

A rigid semiautomatic lathe has been employed to perform all
turning tests as shown in Fig. 5. Each experiment is replicated
two times with unused cutting edge to lower the effect of
experimental noise on responses. By considering improved
machining performance of non-hydrogenated diamond-like
carbon (DLC) coating for machining AZ91 alloy [35], in this
study, Kyocera made hydrogen-free CNMG120404AH
PDL025 inserts having DLC coating were used with
MCLNR 2020 K12 tool holder. The summary of machining
conditions along with ISO specification of a cutting tool is
presented in Table 6. The material (AZ91/5SiC) used for turn-
ing tests was a cylindrical rod having a diameter of 20mm and
190 mm length. It has been observed that DoE plays a vital
role in improving the efficiency of machining process [36]. In
this study, experiments are planned as per the full factorial
design. Three levels of each, vc (vc1 = 62 m/min, vc2 = 41 m/
min, vc3 = 27 m/min), f (f1 = 0.111 mm/rev, f2 = 0.222 mm/
rev, f3 = 0.333 mm/rev), and cutting fluid strategy (MQL,
cryogenic, and CryoMQL) are selected to analyze the effect
of cutting conditions when Mg-based AZ91/5SiC PMMCs is
turned. The value of depth of cut is kept as 0.5 mm constant
for all experiments.

2.2.4 Machinability Tests with Measurement Methods

To investigate the effect of different cutting conditions viz.
MQL, Cryogenic and CryoMQL with variation in turning
process parameters, cutting force, energy consumption, Ra

and Cin have been measured.
The cutting force generated during machining is highly

influenced by factors such as workpiece material, machin-
ing parameters, friction at tool-chip contact, and cutting
fluid strategies [37]. The result of cutting force reflects tool
wear, vibration generated and power consumption during
machining. In this view, the influence of cutting force for
three various cooling and lubrication techniques have been
measured. Kistler made 4-component 9272 A type tool dy-
namometer has been used to attain the data of cutting force.
The working of dynamometer with its components is shown
in Fig. 5. The piezoelectric rings fixed on dynamometer
produce the charge as per the value of force applied on it.
This generated charge is transferred from the rings to multi
charge amplifier through highly insulated cable. This
charge is converted into the signals of voltage by a multi-
channel charge amplifier (Type 5080 A). These voltage
signals received from the charge amplifier are processed
and converted into digital form by data acquisition system

Table 4 Results of droplet quality
for different flow rate Sr

No.

Number of droplets The flow rate in ml/h Average size of droplets in mm % of area covered
by droplets

1 191 2 0.044 10.331

2 224 5 0.047 12.169

3 1030 8 0.005 5.74

4 291 11 0.025 9.51

5 951 14 0.022 27.918

6 560 17 0.032 21.607

7 208 20 0.108 24.689

Table 5 List of MQL parameters
MQL parameters Values

Cutting oil Main constituent: - Pentaerythritol tetra oleate. Chemical formula: - C77H140O8 (92%),
Other constituents: - Zinc Dialkyl Di Thiophosphate (5%) and Antioxidant (3%),
Kinematic viscosity: 70 cSt at 40 ° C, Specific gravity: 0.92 at 20 °C and Flashpoint:
210 °C

Standoff distance 30 mm

Air pressure 5 bar

Nozzle angle 75°

Nozzle diameter 2 mm

Flow rate of oil 14 ml/h

2450 Silicon (2021) 13:2445–2459



(Type 5697 A). Finally, these digital signals in the form of
force are displayed and stored by Dyanoware software
(Type 2825A) equipped with computer interface. To have
an accurate reading, the dynamometer has been calibrated
keeping the sensitivity of piezoelectric rings as 7.6 pC/N in
X and Y directions while −3.6 pC/N in the Z direction. To

have an accurate measurement of cutting force, 1000 read-
ings have been taken per second.

It is found that the requirement of electrical energy in-
creases every year at a rate of 1.5% from 2007 to 2030. The
manufacturing sector consumes 30% of the total electricity
produced in the World [38] . So, the machining process being

Fig. 4 Experimental setup for stir casting and machining processes

2451Silicon (2021) 13:2445–2459



a part of manufacturing sector has high potential to reduce
energy consumption. With this view, to identify the impact
of energy consumption on process parameters and cutting
conditions, Fluke made power quality and energy analyzer
(435 Series II) has been used to measure energy consumed
during machining as shown in Fig. 6. The four Bayonet Neill
Concelman (BNC) plugs have been connected to measure the
current while four banana-type clamps are connected to eval-
uate the voltage drawn by the lathe machine.

The data of surface roughness is essential in the context of
corrosion resistance, fatigue strength and dimensional accuracy
specifically when the parts are required to assemble. In this
context, surface roughness in term of Ra has been measured
for different cutting fluid strategies and turning process param-
eters by Surtronic S128 (product of Taylor and Hobson)
contact-type surface roughness tester as shown in Fig. 7. The
evaluation length, cut-off length and sampling length have been
kept as 4.0 mm, 0.8 mm and 0.8 mm correspondingly as per
ISO 4288:1996 [39]. For every turning test, five readings of Ra
have been taken at various locations of machined surface.

3 Results and Discussion

The three cooling and lubrication techniques of machining
namely MQL, cryogenic and CryoMQL are compared and
analyzed based on the values of responses i.e., cutting force,
energy consumption, Ra and Cin at different process parame-
ters in the following subsections.

3.1 Cutting Force

Figure 8 presents comparison of cutting force with a change in
process parameters and cutting conditions. It is observed
higher cutting force in cryogenic machining followed by
CryoMQL and MQL machining in succession. By consider-
ing the average value of all turning tests, 40.39% and 64.65%
higher cutting force are observed for CryoMQL and cryogenic
fluid with LN2 respectively in comparison with MQL tech-
nique. The lower cutting force found for MQL technique is
because of effective lubrication at the tool-chip interface. It
has been found that the adsorption of oil particles can be done

Fig. 5 An image for setup and components of dynamometer to measure cutting force

2452 Silicon (2021) 13:2445–2459



effectively on tool if mist lubrication is used as in MQL tech-
nique. Figure 9 shows the basic difference between conven-
tional flood andMQL techniques in terms of contact of cutting
oil with a tool. Besides, the presence of oxygen in pressurized
air produces metallic oxide and cutting oil makes soap like
boundary lubrication quickly with metallic oxide as compared
to metallic surface [40]. It lowers the friction between tool-
chip interface and eventually reduction in cutting force is ob-
served. A similar kind of observation has been seen whenmist
lubrication is provided considering oxygen as a gaseous me-
dium [41, 42]. But in cryogenic and CryoMQL machining,
strain hardening caused due to lower temperature increases the
cutting force in comparison to MQL machining [37]. In
CryoMQL machining, reduced cutting force is found in com-
parison with cryogenic machining because of an application
of extra lubricant at a flank face which reduces friction and
lowers cutting force.

At a lower value of f (0.111 mm/rev), cutting force de-
creases as the value of vc increases for cryogenic and
CryoMQL techniques at most of the tests. The opposite trend
is found for MQL technique wherein an increment in value of
vc raises cutting force. The cutting zone temperature is raised
when the value of vc is increased. This situation becomes more
predominant in case of MQL technique where there is no
provision of coolant. This higher temperature generated in
the cutting zone raises diffusion wear specifically for MMCs
like AZ91/5SiC [43]. Besides, the softening of PMMCs at
higher temperature pulls out hard ceramic particles easily from
metal matrix which exerts a higher force on cutting tool. So, as
the value of vc increases, cutting force raises in MQL machin-
ing. Extremely lower temperature observed in cryogenic and
CryoMQLmachining lowers diffusion wear andmaintains the
integrity of SiC particles within metal matrix. However, re-
duction in workpiece hardness at a higher value of vc due to a
rise in temperature decreases cutting force for cryogenic and
CryoMQL machining [43]. But, at intermediate (0.222 mm/
rev) and higher (0.333 mm/rev) value of f, opposite trend is

observed for values of cutting force in comparison with lower
value of f. As the value of vc decreases with a higher value of f,
intermittent contact of hard reinforced particles increases with
cutting tool. It attributes a higher cutting force at a lower value
of vc and higher value of f in MQL machining. However, in
case of cryogenic and CryoMQL machining, intermittent ac-
tion of hard particles does not signify to rise cutting force due
to the overall embrittlement of workpiece material.

3.2 Energy Consumption

Figure 10 compares the value of energy consumption with a
change in vc and f for all three cutting conditions. The values
of energy consumption are higher for CryoMQL and cryogen-
ic machining in comparison with MQLmachining for most of
the turning tests. A comparable trend was also found for the
results of cutting force. By considering the mean of all turning
tests, 11.49% and 7.13% higher value of energy consumption
is found for cryogenic and CryoMQL machining in compari-
son with MQL technique respectively. In literature also, it is
reported that power consumption increases up to 1.5% with
cryogenic LN2, in contrast to dry machining due to increased
hardness of workpiece [18]. However, at higher cutting

Fig. 6 An image for the setup of power quality and energy analyzer to
measure energy consumption

Table 6 Details of machining
conditions Parameter Description

Workpiece material AZ91/5SiC (ø = 20 mm, 190 mm length)

Tool holder MCLNR 2020 K12 (as per ISO specification)

Insert and working tool
geometry

Uncoated Kyocera made CNMG120404AH PDL025 inserts

Orthogonal rake angle = −6° inclination angle = −6 °, clearance angle = 6°

Primary cutting-edge angle (ψ) = 95° nose radius (rε) = 0.4 mm, insert
thickness = 4.76 mm, size of insert describing the diameter of inscribed
circle = 12.7 mm

Depth of cut (mm) 0.5

Vc (m/min) 62, 41 and 27

f (mm/rev) 0.111, 0.222 and 0.333

Cutting condition MQL, Cryogenic and CryoMQL machining with LN2

2453Silicon (2021) 13:2445–2459



parameters (vc1f3), energy consumption is almost comparable
for all three cutting conditions. Hence it is beneficial to use
cryogenic and CryoMQLmachining at higher levels of cutting
parameters without a significant increment in energy
consumption.

As observed from Fig. 10, energy consumption decreases
for all three cutting conditions at all values of vcwhen value of
f raises. This is due to a reduction in machining time with
increment in the value of f. As the value of vc increases, energy
consumption raises at lower and intermediate values of f for
most of the cooling and lubrication techniques. This is due to
an increment of spindle rotation which increases requirement
of power and hence energy consumption as shown in Eq. 1.

P ¼ 2πNT
6000

ð1Þ

Here P denotes power consumed by machine in kW, while
T and N denote torque required to rotate spindle and revolu-
tion of spindle per minute, respectively. At a higher value of f,
energy consumption rises as the value of vc decreases irrespec-
tive of cutting condition. It is attributed to increased vibration
at a combination of lower value of vc and higher value of f
[44].

3.3 Surface Roughness

The value of Ra has been compared at various values of turn-
ing process parameters and cutting fluid strategies through
Fig. 11.

The 25.59% and 18.35% lower values of Ra have been
observed in case of CryoMQLmachining considering all turn-
ing tests, in comparison withMQL and LN2 as cryogenic fluid
respectively. As discussed previously, the higher cutting zone
temperature found for MQL technique weakens the matrix
integrity. The pull out of SiC particles at higher temperature
forms BUE on cutting edge and lowers the surface roughness
as found for MQL machining. The decrement of hard SiC
particles’ influence was observed in deteriorating surface fin-
ish under cryogenic and CryoMQL machining techniques. At
cryogenic temperature, the hardness of matrix material raises,
and PMMCs behaves more like homogeneous material [45].
Apart from it, an improved surface finish observed under
cryogenic and CryoMQL machining is due to the capability
of LN2 to extract heat quickly from cutting zone, as shown in
Fig. 12. As per Fig. 12, higher normal stress is generated

Fig. 8 Variation in cutting force
at different vc and f under various
cutting fluid strategies

Fig. 7 An image for the setup of surface roughness measurement
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between tool and chip at the secondary shear zone. This is a
cause of high temperature generation which increases adhe-
sion of chip on the tool and hence BUE formation. The supply
of pressurized LN2 at rake face effectively reduces adhesion of
chip on tool and hence friction between the chip and tool
lowers [46, 47]. MQL is useful in providing lubrication but
less efficient in removing heat from the vicinity of tool-
workpiece interface. It increases the adhesion tendency of
SiC particles that forms BUE on cutting edge [31]. This is
also a reason for better results of Ra for cryogenic and
CryoMQL machining in comparison with MQL machining.
Hence, surface finish improved under cryogenic and

CryoMQL machining. Specifically, lower values of Ra found
for CryoMQL machining are owing to the combined impact
of cryogenic fluid and lubrication at rake and flank face of
cutting edge respectively.

As the value of vc decreases at constant value of f, Ra

increases for almost all cutting conditions. When the value
of vc is higher, cutting tool and workpiece are in direct contact
for the lower time duration. It reduces the amount of BUE
formed due to adhesion of hard SiC particles at cutting edge
and hence lower surface roughness is formed [48]. The lower
value of Ra observed in MQL technique at a lower value of vc
may be attributed to the reduction in diffusion wear. At

Fig. 10 Variation in energy
consumption at different vc and f
under various cutting fluid
strategies

Fig. 9 A schematic to present
contact of cutting oil with a tool
for (a) Flood cooling and (b)
MQL machining [41]
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constant vc, as the value of f raises, Ra increases for most of the
combination of process parameters and cutting fluid strate-
gies. It is attributed to the effect of feed marks on workpiece,
as shown in Eq. 2 [49]. Besides, higher heat is generated with
an increase in feed rate due to more plastic deformation at the
primary shear zone. It increases cutting zone temperature and
formation of the BUE which results in degraded surface qual-
ity [20].

Ra ¼ f 2

8rε
ð2Þ

Here f is longitudinal feed rate in mm/rev and rƐ is cutting
tool nose radius in mm. At a combination of a higher value of
vc and f, the lowest value of Rawas observed under CryoMQL
machining followed by cryogenic and MQL techniques in
succession. This may be due to the fact that in CryoMQL
machining, LN2 and MQL are applied at rake and flank face
of cutting tool, respectively. So, when the value of f increases,
lesser time is available for cutting fluid to squeeze out from
interface at tool-workpiece which reduces friction and de-
creases Ra as schematically shown in Fig. 13 [50].

3.4 Chip Breakability Analysis

Fang et al. [51] have developed a hybrid algorithm to predict
chip breakability based on chip shape and its dimension.

Pusavec et al. [52] used this algorithm to analyze chip
breakability for machining of Inconel 718 alloy for different
cooling and lubrication conditions. As per this algorithm, chip
shapes are divided into four shapes viz. arc/bulky, circular/
spiral, helical, and ribbon. Two major dimensional features
are associated with each type of chip shape to analyze the
CGM. Here the information obtained from CGM is used to
calculate Cin as per Eq. 3. The values of Cin range from 0 to 1.
For better chip breakability, a higher value of Cin is desirable.

cin ¼
∑5

K¼1 μ Akð Þ:ω Akð Þð Þ
∑5

K¼1 μ Akð Þð Þ ð3Þ

Fig. 12 A schematic of cutting process with chip formation and shear
zone indication [41]

Fig. 11 Variation in Ra values at
different vc and f under various
cutting fluid strategies
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Here μ(Ak) represents chip form grade, which is calculated
based on dimensional features. These dimensional features are
then converted into linguistic variables by fuzzy logic. It
forms a base to build CGM, which identifies the type of chips,
namely VP (Very poor), P (Poor), F (Fair), G (Good), and E
(Excellent). To quantify these intangible features, the value of
ω(Ak) is assigned in the following manner. For the chip types
VP, P, F, G, and E, value of ω(Ak) is designated as 0, 0.25,
0.50, 0.75 and 1, respectively. Figure 14 presents the photo-
graphs of different types of chips generated in this study.
Table 7 presents the values of Cin for all turning tests under
three cutting fluid strategies.

From Table 7, it can be observed that for MQL, cryogenic
and CryoMQL processes the value of Cin is higher for vc of
62 m/min and all levels of f except at higher level of f for
CryoMQL machining. The lower value of Cin for CryoMQL
machining may be due to lesser friction at tool-workpiece
contact, which promotes a continuous type of chips. When
the value of vc is 27 m/min, MQL machining outperformed
CryoMQL and cryogenic machining based on Cin at most of
the values of f.

In cryogenic machining, at higher values of vc and f, theCin

outperformed other cutting fluid strategies owing to embrittle-
ment of chips at cryogenic temperature, which makes it easy
to break chips [49]. For all combinations of cutting parameters
with different cooling and lubrication techniques, segmented
type of chips are produced which indicate the loss of ductility
because of the existence of hard SiC particles [18, 22].

4 Conclusions

In this study, environmentally-friendly cutting conditions,
namely MQL, cryogenic, and CryoMQL machining, have
been analyzed based on cutting force, energy consumption,
Ra and Cin, when in-house developed AZ91/5SiC PMMCs is
turned. In this study, an intensive approach is followed to
optimize MQL parameters. Based on the above discussion
following conclusions may be drawn.

& It has been observed that MQL parameters namely stand-
off distance, nozzle angle and flow rate of oil significantly
influence the quality of droplets generated during MQL.
The 30 mm standoff distance, 75° nozzle angle and 14 ml/
h are found out as optimum MQL parameters.

& The 40.39% and 64.65%; 7.13% and 11.49% higher value
of cutting force and energy consumption is found corre-
spondingly for CryoMQL and cryogenic machining re-
spectively in comparison with MQL technique by consid-
ering the mean of all turning tests. The 25.59% and
18.35% lower values of Ra have been observed in case
of CryoMQL machining considering all turning tests, as
compared to MQL and cryogenic machining respectively.
The increment in hardness of workpiece material are re-
sponsible for generating higher cutting force and energy
consumption in cryogenic and CryoMQL techniques. The
lower values of Ra observed in MQL machining is due to
adhesion of SiC particles on cutting tool.

1 mm 1 mm 1 mm

(a) (b) (c)

Fig. 14 Photographs of chip type (a) circular (b) arc/bulky (c) ribbon

Cutting tool MQL nozzle at flank face 

More spread of mist 

Workpiece 

(a)

Cutting tool 

Workpiece

MQL nozzle at flank face 

Less spread of mist(b)Fig. 13 A schematic of spread out
of the mist in MQL machining at
(a) higher feed rate and (b) lower
feed rate
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& Segmented type of chips is found for all cooling and lu-
brication techniques. The comparable values of chip
breakability index are observed for CryoMQL, cryogenic
and MQL machining. However, higher value of Cin is
found for LN2 as cutting fluid in comparison with MQL
and CryoMQL machining at vc1f3.

This study elucidates a thorough approach to optimize
MQL parameters experimentally. To provide a sustainable
solution of carbon-based conventional flood machining,
MQL, cryogenic and CryoMQL machining setups have been
developed. Cryogenic and CryoMQL machining techniques
are found to be superior in terms of surface roughness and chip
breakability index while lower cutting force and energy con-
sumption are found in MQL machining.
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