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Abstract:

The need of a cost-effective production system is indispensable, especially in the
current competitive manufacturing market. To the same extent, special attention
should be focused on the sustainable and clean machining processes. Several studies
have focused on the machining of hard-to-cut materials using sustainable and clean
cutting technologies. However, there is a need to establish a detailed and reliable
cost-energy model for sustainable machining processes. In this research, empirical
models have been developed for cost and energy consumption to define the system
boundaries under different cooling conditions. Mono and hybrid nanofluids have been
synthesized and their performance is evaluated by analyzing viscosity, thermal
conductivity, and coefficient of friction. Moreover, a holistic sustainability assessment
has been performed for the measured results. The surface roughness, power and
energy consumption, tool life and cost per part are determined and the results are
compared with those obtained in classical MQL process. It should be noted that the
study findings offer guidelines which can be easily implemented in any metal
processing industry to enhance the process’s performance measures. Furthermore,
this work is the first of its kind that proposes hybrid Energy-Cost models and their

experimental validations.
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List of Abbreviations and Symbols

Abbr. Meaning Abbr. Meaning

MQL Minimum quantity lubrication NFMQL Mono nanofluid assisted
MQL

HNFMQL Hybrid nanofluid assisted MQL EIA Energy information
administration

EPA Environmental Protection Agency  Al-GnP Alumina- Graphene
nanoparticles

DI-water Deionized Water BUA Bottom-up Approach

SCE Specific Cutting Energy SEC Specific Energy
Consumption

CoF Coefficient of Friction MRV Material removal Volume

EC Energy consumption CES Carbon emission
Signature

Cp Cost per part OPI Overall Performance
Index

np Nanoparticles concentration Ve Cutting speed

f Feed rate ap Depth of cut

Db Brownian diffusion coefficient T Temperature

u Viscosity dp Diameter of nanoparticles

CoF Coefficient of friction t; Idle time

t Standby time t, Cutting time

t, Air cutting time tup Lubrication time

Lielp Tool change time per part t, Material Handling time

Lo Setup time Loy Workpiece setup time

Lot Tool setup time T, Tool life

N No. of part per cutting tool le Cutting length

lq Air cutting length Py, Standby power

P, Air cutting power P, Cutting power

P, Tool change power Pup Lubrication power

P, Total power Py Machining Power

Cp Cost per part Ce Energy cost

Cm Machining cost Cer Cutting tool cost

Cr Total cost of fluid consumed Cw Workpiece cost

Crp Cost of nanoparticles he Machining cost rate

X, Unit electricity cost Xer Cutting tool cost

X Cost per unit consumption of Fluid




1. Introduction

Recently, the concept of energy-saving, pollution control, health issues, and
environmental concerns have become more prevalent globally. The pressure to reduce
these concerns is promoted by the governments (Campitelli et al., 2019). According to
an international survey, 542 quadrillions Btu global energy was only consumed in
2010, and its estimated value will reach up to 630 quadrillions Btu in 2020 (Bagaber
and Yusoff, 2019). It is revealed in another report related to the carbon emissions for
2015 that a total of 4997 million metric tons of the emissions have been released in
the USA, while 9084.6 million metric tons have been released in China (U.S., 2009).
According to the statistics of the US Energy Information Administration (EIA), the
metal products fabrication industry consumes 47 billion kWh, which represents about
45% of the total power consumed in the entire industry (EIA, 2013). Therefore, it is
important to develop new technologies that can achieve better energy efficiency and

reduce energy consumption within manufacturing processes.

When talking about machining operations, the turning, milling, and drilling
processes have frequently been employed to achieve high-quality products. Among
these, the turning process has some distinct features that enable us to achieve precise
and complex cylindrical shapes. Lately, a significant improvement in tool materials,
parameters control, and cooling/lubrication (lubricooling) factors have led to an
efficient machining process (Gupta et al., 2016a; Mia et al., 2019)In turning operation,
the high level of temperature generated at the workpiece-tool interface is linked to
high hardness, and inferior thermal conductivity of materials. In order to deal with
the heat generation and process efficiency issues, the conventional cooling (flood
approach) has frequently been applied with excessive usage of mineral-based
lubricants. It is considered as an effective solution to the high generated heat,
however it causes serious health concerns, jeopardizing green manufacturing and

sustainability (Said et al., 2019).



Sustainable manufacturing is the latest concept in the modern industrial sector.
It permits shifting the machining sector from a “conventional based environment” to
a “sustainable based environment”, using strict rules that allow identification of
various skin allergic diseases as per Environmental Protection Agency (EPA)
regulation (Liang et al., 2019). The proper implementation of the sustainability
aspects will be reflected in the entire economy in the manufacturing industry. The
enormous quantity of chemical liquids is used for achieving lubrication and cooling
which enables the machining process to sustain aggressive cutting conditions. It is
roughly estimated that 640 million gallons of cutting fluids have been annually used
for manufacturing purposes (Kaliszer, 2003). To mitigate the common workshop floor
allergic effects of nondegradable lubricants, a milestone was achieved through the
Minimum Quantity Lubrication (MQL) system. MQL system helps to reduce the
quantity of lubricant without compromising the productivity of the process. Therefore,
the MQL approach can be accepted as a viable option to resolve the problems

associated with the nondegradable lubricants (Cabanettes et al., 2017).

MQL is based on using the optimized lubricant quantity to lubricate the cutting
zone (Sarikaya and Giilli, 2015, 2014; Sarikaya et al., 2016). It reduces the overall
machining cost (15-17%) by reducing the cost of lubricant (Filipovic and Stephenson,
2006). Biocut and Blasocut mineral oils are used to lubricate, and evacuate heat from
the cutting zone (Maruda et al., 2016). Lugscheider et al. (1999) used micro-
lubrication when reaming cast iron. Results showed a considerable reduction of
cutting tool wear and surface roughness in comparison with the dry cutting
environment. Researchers conducted drilling tests under the MQL approach with a
flow rate of 10-15 mL/h. The mist was delivered around the chip-tool contact zone to
achieve the superior surface finish and longer tool lifespan (Klocke and Eisenblaetter,
1997). Sani et al. (2019) investigated the machining quality when using vegetable oil
combined with ammonium-based ionic liquids through the MQL system. The findings

revealed that the ionic liquids are suitable for improving the machining



characteristics, and they are considered as a cleaner alternative for machining AISI

1045 steel.

Lawal et al. (2013) compared some sustainable lubrication techniques available
in machining. The review suggested a significant potential to use MQL with vegetable
oil as it provides a biologically inert and non-toxic alternative as cutting fluids, and
features much better compared to the mineral-based one. Khan et al. (2009) used
micro-lubrication with vegetable oil during machining AISI-9310 steel. The achieved
results demonstrated a better surface finish, smoother and brighter chip when
compared with the typical dry and wet cutting environment. Moreover, lower flank
wear was detected using vegetable oil-based micro-lubrication. Sharma et al. (2015)
reported that the base lubricant has a key role in achieving better tribological and

thermal properties by mixing nanoparticles.

The promising performance of nanofluids assisted MQL was associated with lower
cutting forces, surface roughness, tool wear and temperature when compared to dry
machining. It was mentioned that increasing nanoparticle concentration leads to high
conductivity, viscosity, density, as well as generating superior heat extraction
compared to the base cutting fluid. The mechanism of heat extraction, and friction
reduction is mainly due to the ball-bearing effect, tribo-film polishing, sliding and
rolling effects ( Lee et al., 2009). Similarly, Gupta et al., (2016b) performed different
experiments on titanium (grade-2) alloy using Graphite, Aluminum Oxide and
Molybdenum Disulfide nanofluids. The results revealed that the graphite-based
nanofluids are suitable for improving the machining characteristics. Similarly, Su et
al. (2016) also evaluated the performance of graphite-based cutting fluids in turning
of medium steel made of AISI 1045. The findings revealed the graphite formed with

cutting fluids base is a good alternative to improve the machining performance.

2. Research objectives

From the literature, very limited work was made to demonstrate the benefits of

the hybrid nanofluid MQL (HNFMQL) approach related to the sustainability



assessment in the machining process. This research is unique because it presents a
holistic understanding of energy consumption associated with the carbon footprints

and economics of the machining process. To sum up, the main objectives are;

e Mono and hybrid nanofluids are synthesized and their performance was
analyzed.

e The nanofluid samples were evaluated for thermal conductivity performances
and viscosity characteristics.

e A new model for electrical energy consumption and production cost estimation
has been developed and applied in an industrial case study.

e Kvaluation of three lubrication approaches for sustainable metrics was
performed and compared.

e A sustainability assessment of different MQL assisted lubrication systems was

performed based on the 3E ( Energy, Environment, and Economy) approach.

3. Materials and Methods

3.1 Work material, machine tool and cutting tool

The turning experiments were performed on hardened-steel workpiece material
with the hardness of 48 HRC and dimensions of 40 mm diameter and 100 mm length.
A CNC lathe machine (BOOHI SK50P) was used to perform all turning experiments.
The uncoated carbide inserts (YG8) were used as cutting tool materials,
manufactured by Zhuzhou Cemented Carbide Cutting Tools Co., Ltd China. The rake
angle of the tools is 0° and the relief angle of the tools is 11°. Fig. 1 shows the

experimental setup and response measurements.
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Fig. 1. Machining setup and response measurement.

3.2 Experimental design and cutting conditions

Three different types of cutting fluids (base fluid, base fluid with Al;O4
nanoparticle, and hybrid nanofluid with Al-GnP nanoparticle) were used with a fixed
level of fluid flow rate of 300 mL/h, and compressed air at 6 bars. The length-of-cut of
100 mm, cutting depth of 0.5 mm and feed 0.1 mm/rev were kept constants. The
variable Material Removal Rate (MRR) and Material Removal Volume (MRV) were
calculated according to Eqns. (1) and (2).

MRR= v, Xv.X a, (1)

MRV = v, X f x a, X t, 2)

where, v, represents the cutting velocity, f represents the feed rate, and a, represents

the cutting depth, and ¢, represents the cutting time. Table 1 presents the cutting



parameters along with their levels and ranges. These values were set with respect to

the literature review and some preliminary trials (Zhang et al., 2018).

Table 1. Cutting Parameters details along with their levels

Parameters Symbol Units Level 1 Level 2 Level 3
' Al,O4 Al-GnP
Nanofluids type - type MQL based based
Nanoparticles
' ny, vol. % 0.20 0.75 1.20
concentration
Cutting speed 2 m/min 30 60 90
Feed rate f mm/rev 0.10
Cutting depth ap mm 0.5

3.3 Measurement procedure

In the current study, the Mehr Profilometer was used to detect the average values
of surface roughness (R,). The surface roughness was measured at three different
locations to determine the mean value. The flank wear (V) and crater wear were
measured using the KEYENCE VHX-500 microscope. The nanofluids’ thermal
conductivity was evaluated through the hot-wire apparatus. The hot-wire works on
the principle of measuring the rising temperature of the probe. A digital viscometer
was used to measure the viscosity characteristics of the base fluid, mono and hybrid

nanofluids.

The consumed electric power of CNC lathe was recorded by a customized
smart-meter through the main supply bus. Here, the total cutting power was
measured while considering nine combinations of speed-feed in the experimental
design. The direct cutting power was computed by deducting the spindle and feed
power from the total power. The research methodology of the study is provided in Fig.
2.
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Fig. 2. Research methodology adopted in the present research work.

3.4 Preparation of mono and hybrid nanofluids

Alumina (Al,03) is a cost-effective and widely used engineering ceramic material
in the industry. It is demonstrated that tribological properties developed by the
cutting fluids can be improved with the addition of graphene nanoparticles in base

fluid (Lee et al., 2009).

A suspension with 25 vol.% concentration of Al,Os; nanoparticles (a spherical
shape with a diameter of 45nm) in Ethylene glycol/DI-water and a colloidal
suspension containing 18 vol.% concentration of graphene nano-platelets (mean
particle size: 10-16 nm) was procured. The base fluid was obtained by mixing 15 vol.%
concentration of Blaser cutting oil in DI. For the preparation of mono nanofluid
(NFMQL), a 10% volumetric concentration of Al;O3nanoparticles was mixed with the
base fluid following the method proposed by (Devendiran and Amirtham, 2016).
However, for the synthesis of alumina-graphene (Al-GnP), Al,O5 with graphene nano-
platelets (GnP) was used with a ratio of 85:15 mixed in the base fluid at different
concentrations (0.20%, 0.75% and 1.20% vol.). A Two-step method was applied to
prepare hybrid (HNFMQL) cutting fluids (Sidik et al., 2014). An image with the
nanoparticles in Al-GnP hybrid cutting fluid is displayed in Fig. 3. To ensure
environmental safety, the nano-fluids were carefully filtered before being released to
the sewer and a standard ventilator is used in the experimentation workplace to

absorb the induced nano-mist in the surrounded air.

10
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Each sample of nanofluid was kept in an ultrasonic cleaning machine (Equipment
model: KQ-2200B, Frequency: 38 kHz, Power: 100 W) for over 6 hours to achieve a
uniform suspension. A new nanofluid sample was prepared and used immediately to

perform each experiment to avoid any sedimentation of nanoparticles.
4. Characterization of mono and hybrid nanofluids

Fig. 4 shows the effect of operating temperature on the thermal conductivity of
the various synthesized nanofluids. At low temperature (~25°C), Al-GnP hybrid
nanofluids showed 3.48% (vol.% 0.2), 7.44% (vol.% 0.7), and 9.03% (vol.% 1.2),
improvement in thermal conductivity compared to base oil (MQL approach) (Mehrali
et al., 2016). Hence, Al-GnP based hybrid nanofluid has a positive potential as a heat
transfer fluid when used for high-speed machining. However, the thermal
conductivity achieved for pure Al;O; based nanofluid was higher than the

conventional as well as hybrid.

11
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fluids.

An 1mplicit thermal conductivity may be obtained from summing up the cutting
fluids' static and dynamic thermal conductivity. Moreover, the Brownian motion
generated by the different nanoparticles is a well-known mechanism having a direct
effect on thermal conductivity (Shukla and Dhir, 2008). The diffusion coefficient for
Brownian motion is defined in Eq. (3).

Dy = KBT/ 3umd, ®

Here, D, is the Brownian diffusion coefficient, 7"is temperature, Kz represents
Boltzmann constant, # denotes viscosity, dp indicates nanoparticles' diameter. From
Eq. (3), increasing viscosity results in a decrease in the Brownian diffusion coefficient

(Dy). Similarly, a higher viscosity permits to decrease the nanofluids' thermal

conductivity.

All types of fluids have shown the lower viscosity with increasing operating
temperature. Fig. 5 indicates a 17.21%, 23.54%, and 39.24% increase in viscosity of
Al-GnP at different concentration levels of 0.20%, 0.75%, and 1.20%, respectively,

when compared with the classical MQL approach at room temperature.

12
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From Fig. 4 and Fig. 5, it can be concluded that viscosity and thermal
conductivity of the cutting fluids varied by increasing the temperature and
nanoparticle concentration. The higher values of thermal conductivity have positive
effects on the cutting zone when it is executed in the turning process. However, the
Increase in viscosity values creates a problem of pressure drop during NFMQL or
HNFMQL spray. Thus, to obtain the most suitable nanofluids, the concentration of
nanoparticles was varied from 0.20% to 1.20%. As a result, the synthesized hybrid

cutting fluid showed a better lubrication property as compared to the base fluid.

Analysis of the Coefficient of Friction (CoF) in various nanofluid assisted turning
process is a tedious job. Preliminary orthogonal cutting experiments were performed

to analyze the CoF. Thrust force (F,) and cutting force (F.) were measured to find the

CoF. The average CoF of the tool-chip interface can be found according to Eq. (4).

F
n=CoF = ‘/p @
Cc

13
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Fig. 6 indicates that higher nanoparticle concentration provides a lower value of
CoF. This 1s due to the generation of a thin lubricating film, produced at the tool and
chip interface. In addition, it can also be seen that at all concentration values of Al-
GnP based cutting fluid yielded less CoF when compared with both the base fluid and
Al;03 based monotype nanofluid.

5. Modeling of Energy and Cost for Machining Process

5.1 Cycle time and energy consumption modeling

Traditionally, researchers estimate cutting power based on cutting force — shown

in Eq. (5).
P.=F.Xv (5)
where, P. is cutting power, F, is cutting force.

In the past, the Black-Box Approaches (BBA) were developed for modeling the
energy consumption of a machine tool. In this manuscript, a Bottom-Up Approach

(BUA) has been used to address the drawbacks of BBA. Cycle time (T,) during the

14



turning of AISI 51200 hardened steel under advanced lubricooling approaches was

divided into sub-components based on the different activities as defined in Eq. (6).

Cycle time, T, = tg, + tq + te + teesp 6)

Tool change time per part, t./, = foe X Lc NXT, (62)
Tool change time per part, t.= mx D x lc/vc x f (6b)
Standby time, tg, = to, + t; + th (6c)

Setup time, tg, = tour + tsuw (6d)
Lubrication time, t;,;, = (0.5 X t,) + t. (6e)

where, tg, ti, to, te, tee/ps tiubs tsus thy tsurs tsuw are standby, 1dle, air cutting, cutting, tool
change per part, lubrication, setup, handling, tool setup, and workpiece setup time,

respectively. V is the total number of parts produced per parts, T is experimentally

measured tool life, Dis workpiece diameters and [,is cutting length.

Therefore, by merging Equations (6a-6e) in Eq. (6), the cycle time per part can be

determined as shown in Eq. (7):

1 ter X 1 7
Te=tsp+ twp + /f(la+lc+ “ CNXTL) ™

where, [, and [, are air cutting, and cutting length, respectively.

The detailed profiles of cycle time, power and corresponding energy
consumption during machining are portrayed in Fig. 7. The additional red line shows

the power consumed by the air compressor.

15
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Machine tool power consumption shows a significant change during the
different functionality stages. The machine tool power during the idle/standby stage

is Pgyp, it is considered as a fixed power. Power due to spindle rotation (Pgp,) can be

calculated considering a virtually linear relationship with spindle rotation
(Mativenga and Rajemi, 2011). Similarly, the operational power for the feed motor

Pfeeq 1s calculated according to a linear relationship with feed-rate. The specific
coefficients ky, kr, and band cwere used to calculate Pgpin, and Pgeeq (Li et al., 2013).
Cutting power was modeled by multiplying MRR with the specific cutting energy (k,
), following the procedure adopted in (Gutowski et al., 2006). Power used by the air

compressor P; was used in the MQL assisted cooling process. Eq. (8) shows the power

consumption model.

Py=Pgs,+ (knn+b) + (ks + fn+c) + (ko.MRR) + P, (8)

The complex energy characteristics developed by the CNC is due to variation
in the power consumption during different functionality stages. The BUA was applied

to develop a new energy consumption model which is presented in Eq. (9).

16



ts t t te ¢ (9)
EC= f Pgy(t)dt + f P (t)dt + f P.(t)dt + f Pec(t)dt + f Prp(t)dt

0 0 0 0 0

In Eq. (9), Py, P, P.,and P,., and P, are power consumption during standby,
air cutting, cutting tool change, and lubrication stages, respectively.

5.2 Cost modeling

The cost model presented in (Kalpakjian, Serope, 1995) has some limitations
where it defines the total part cost as the sum of (1) machining cost (2) tool change
(3) cutting-tool. However, the energy cost due to the non-cutting stage, lubrication
stage, nanofluid preparation stage and environmental cost were not addressed.
Furthermore, three groups of experiments were performed at the same cutting

conditions to estimate the cost per part, shown in Eq. (10).

Cp=Cet+Cp+Ccr+Cr+ Cpp+ Copy (10)

Here, C, represents the energy cost incurred due to the power consumption of
machine tool, C,, represents machining cost, C¢r is cutting-tool cost, C is the fluid cost

(base fluid, mono nanofluid and hybrid nanofluid) and C,,, is the environmental cost.

C.= Xe(Pi Xti+PygXty+ P.Xt,+ Py X Lec/p T Prp X (tp + 0.5 % ta) (10a)
The unit cost of electricity is detonated by X..

Similarly, the machining cost C,, = h, X (T.) can also be achieved as follows:

tee X 1,
Cm = he(ti + tuy + 1 / f(lm.r L4 /N y TL)) (10b)
te
Cer= XCT( /TL) (100)
Cr= XfX QX (t:+ 0.5 X t5) (10d)
Cenv = Kco, x CEp (10e)
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Ko, is the unit price of the environmental burden, CEp represents total carbon
emissions per part. In Eq. (10), X,, Xcr, are per unit amount of cost of electricity, and
cutting tool. The flow rate of various types of fluids in the MQL system is denoted by
Qr. Components of machining cost rate (h,) and various components of cost modeling

are shown in Appendix (A.1).
Putting Eq. (10a — 10e), in Eq. (10), we get a total part cost.

Cp (11)
= Xe X (PyXt;+ Py X tq+ Pe X te+ Pre X teesp + Prup X (bup + 0.5 X tg) + he

1 toe X1 t
(ti + s+ ) f(la e+ T TL)) + Xer(/7) + Xpuaa X Qr % (2
+ 0.5 X t,)

Eq. (11) is a general expression for the cost estimation, however, for three different

lubricooling environments, cost per part is shown in Equation (12-14).

CrymoL = Xe(Pi X ti+ Py X tq+ Pe X te+ Pee X teesp + Prup X (tp + 0.5 X t) + (12)

toe X 1 t
hex(ti+tlub+1/fx(la+lc+ <t C/NxTL))+XCTx(C/T)+Xf><QF><(
te+ 05Xty
Cp/nFMOQL (13)

= Xe(Pi X t;+ Py X tq+ P X te+ Pre X trepp + Prp X (byp + 0.5 X tg)

1 ter X 1 t
(ti+tlub+ /f(la+lc+ ct C/N)(TL))+XCTX(C/T)-I_anXQF:
405 %ty

Cp/HNFMOQL (14)
= Xe(Pi X t;+ Py X tq+ P X te+ Pre X trepp + Prp X (byp + 0.5 X tg)

1 tee X 1 t
(ti+tlub+ /f(la+lc+ <t C/NXTL))+XCT( C/T)-l-thfXQFX
4 0.5 % t,)

where, Xy, X,r and Xy, are per unit cost of the base fluid, monotype cutting fluid and

hybrid cutting fluid, respectively.
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6. Results and discussion

6.1 Surface quality and mechanism of nanoparticles

It is found that increasing the cutting speed decreases the surface roughness, this
is commonly known in machining operations (Gupta et al., 2019; Khan et al., 2019b)
(see Fig. 8). It is also observed that HNFMQL provides better results than both MQL
and NFMQL at all cutting speeds. It should be stated that applying a nano-mist
provides effective functions in terms of improving the cooling and lubrication
properties during machining processes. Both mono NFMQL and hybrid HNFMQL
nanofluids offer better tribological properties that promote an improved activity near
the cutting tool and workpiece materials, and accordingly enhance the frictional

behavior compared to the classical MQL.
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Fig. 8. Cutting speed effects associated to surface roughness (f = 0.1 mm/rev; n,=0.7

(NFMQL and HNFMQL); a, = 0.5 mm).

Fig. 9 demonstrates the effect of the percentage volume concentration of
nanoparticle on the surface quality of workpiece. The results depict improved surface
quality at 0.75 vol.% in comparison to the percentage volume concentration at 0.2

vol.%. However, a slight improvement was noticed at 1.25 vol.% as compared to 0.75
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vol.%. Hence, increasing the nanoparticle volume percentage improves the overall

heat transfer coefficient, and also offer less CoF.

EXvaL EEInFvaL ZZAHNFMaL

Surface Roughness (um)

>
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0 0.20 0.75 1.20

Nanoparticle concentration (vol. %)

Fig. 9. Nanoparticles concentration-effect associated with surface roughness under

different cooling approaches (f = 0.1 mm/rev; v, = 90 m/min; a, = 0.5 mm).

Fig. 10 shows the improvements associated with applying NFMQL and HNFMQL
through highlighting and showing their mechanisms. The mechanisms associated
with these promising techniques can be divided into two main categories 1i.e.,
tribological and heat-transfer. The tribological mechanisms should be related to the
“rolling effect” of the induced nano-mist. The rolling effect represents the presence of
nano-additives in the cutting zone. The nano-additives act as rollers to decrease the
resultant CoF which further reduces the rubbing severity (Eltaggaz et al., 2018). This
significant effect has a vital role in improving tool-wear behavior as well as the

induced surface quality.

In the heat-transfer mechanism, the dispersed nano-additives enhance the heat
transfer performance in terms of the conduction and convective aspects. The
application of nanofluids could lead to a formation of a very thin layer in the cutting-
zone, this layer dissipates the generated heat from either the cutting tool or

workpiece (Hegab et al., 2018).
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In addition, the nano-mist presence in the cutting zone offers a conductive
function to dissipate the generated heat. Thus, the severity of the cutting problems
(e.g. plastic deformation, built-up-edge) associated with the high heat generation can

be reduced.

Protective film

Mending effects

Fig. 10. Possible lubrication mechanisms of nano-fluids during turning AISI52100 (K. Lee et
al., 2009)

6.2 Power and energy consumption

The section provides the details of the sustainable metrics i.e., cutting power,
machine power, specific energy consumption, specific cutting energy and energy

shares.

6.2.1 Cutting power and Machine power

It has been noticed that both the cutting power and machining power follows the
increasing trend when the cutting speed values were increased from 30 to 90 m/min
(Fig. 11). At higher cutting speeds, machine tool consumed more power due to which
the cutting speed directly influenced the cutting power and machining power. In Fig.
11, the cutting power and machining power have higher values in the MQL cases
followed by NFMQL and HNFMQL. Presumably, the same trend is observed at all
cutting speed values. The least cutting power in HFMQL approach is because hybrid

nanofluid produces less heat in the region of tool-chip interface and thereby, lower
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cutting forces are required to plough the materials. Moreover, the hybrid
nanoparticles produce more cushioning effect over the tool/chip interface and lower
machining vibrations. Thus, it is worth mentioning that turning with HNFMQL

conditions should be considered in a category of green and clean manufacturing.
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Fig. 11. Comparison of Cutting power and Machine power in MQL, NFMQL and
HNFMQL cooling approaches with increasing cutting speed (f = 0.1 mm/rev; v,

= 90 m/min; a, = 0.5 mm).

Fig. 12 shows a comparison of cutting power and machine tool power values with
respect to the variations of nanoparticle concentration. These results clearly
demonstrate that the cutting power and machining power values are virtually the
same at all concentrations of nanofluids. However, the cutting power is significantly
lower at 1.20 vol.% in HNFMQL as compared to the conventional MQL approach.
Thus, it can be observed that increasing nanoparticle concentration could lead to
better frictional and heat transfer behavior. Increasing the nanoparticles
concentration means that there are more nanoparticles in the tool-workpiece

interface zone as discussed by (H. Hegab et al., 2018).
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Fig. 12. Nanoparticles concentration vs. (Pc and Pm) in various cooling approaches

(f = 0.1 mm/rev; v, = 90 m/min; a, = 0.5 mm).
6.2.2 Specific energy consumption and specific cutting energy

The Specific Cutting Energy (SCE) represents the amount of energy used to cut
out 1 mm?3 of material during metal cutting. However, SEC represents the total
amount of energy used to cut out 1 mm?3 of workpiece material by all functionality

states of the machine tool. That is why the SEC is many folds greater than SCE.

It can be seen from Fig. 13 that the increase in the nanoparticles concentration
decreases the SCE. It is a fundamental principle of cutting mechanisms that the
cutting forces and power consumption reduced as the CoF reduces (H. Hegab et al.,
2018). It was observed that at vol.%=1.2, classical MQL consumes 2.2% and 1.7%
more SCE as compared to mono NFQML and HNFMQL approaches, respectively. In
contrast, the HNFMQL approach consumes 5.8% and 8.3% less SCE as compared to
NFMQL and MQL approaches, respectively (Fig. 13).
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Fig. 13. Effect of nanoparticle Concentration on SEC and SCE values

(f= 0.1 mm/rev; v, = 90 m/min; a, = 0.5 mm).

It is evident from Fig. 14 that the SEC decreases significantly as the cutting speed
increases. This happens due to the decrease in cycle time as the cutting speed
increases (Li et al., 2017). When AISI 52100 steel is machined over MQL assisted
machining, SEC decreased 45.16% and 58.66% by increasing the cutting speed from

30 m/min to 60 m/min and from 30 m/min to 90 m/min, respectively.
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Fig. 14. Assessment of SEC w.r.t. increase in cutting speed in turning processes

(f = 0.1 mm/rev; v, = 90 m/min; a, = 0.5 mm).

The higher cutting speed can massively reduce the tool lifespan when turning
difficult-to-cut materials (Priarone et al., 2018). In addition, when the cutting tool life
decreases, the tool change times (t,) increases and more electrical energy is
consumed due to increased tool change time (Li et al., 2016). To sum up, the cutting
speed 1s the most significant process parameters that affect the SEC. The benefit of
the energy consumption model is also to provide energy-shares of each stage during
the machining process. Fig. 15 graphically portrays the percentage contribution of

each stage as total energy consumption in three different cooling approaches.
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Fig. 15. Contribution of different machining stages in total energy consumption at

(f = 0.1 mm/rev; v, = 90 m/min; a, = 0.5 mm).

In all three lubrication approaches, nearly half of the energy is consumed by non-
machining functionality stages of the machine tool. In addition, 26.89%, 26.35%, and
25.89% energy is consumed due to cutting stages in MQL, NFMQL and HNFMQL,

respectively. The sum of idle energy during standby time and tool change time was
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nearly 5% of the total energy consumption in all machining approaches. The energy
share provides new information for the machinist to identify and reduce energy

consumption.

6.3 Tool wear and tool life

The spherical shape of the Al;O3 and 2D sheet structure of the graphene structure

in a crystal plays an essential role in enhancing the performance of cutting fluids.
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Fig. 16. Tool wear behavior for different cutting speeds during turning (£is set at
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0.1 mm/rev; n,is 0.7; a,is 0.5 mm). (f = 0.1 » = 0.7;a, = 0.5mm).
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Higher cutting speed may generate a large amount of tool wear. HNFMQL offers
better tool-wear behavior at all cutting speeds compared to the MQL, and even
NFMQL (Fig. 16). The applied nano-mist offers better heat transfer coefficient than
the MQL, and accordingly decreases the extensive induced heat from the cutting

operation. These effects are responsible for achieving a reasonable thermal softening
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and decrease the induced cutting forces. From Fig. 16, it was noted that HNFMQL

assisted machining produced more cutting-tool life in terms of cutting length.

mm
vC

m
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Fig. 17. Wear at flank side of cutting tool at (f = 0.1_; n, = 0.7; a,

In addition, the tool wear mechanisms (see Fig. 17 & 18) confirm the same
findings obtained in Fig. 16 as both NFMQL and HNFMQL approaches offer better
tool wear performance than the MQL. Compared with MQL, lesser flank-wear was
observed when hybrid nanofluids were applied at cutting zone, (see Fig. 17-b). In
MQL, this phenomenon may be attributed to a hybrid mechanism that consists of
adhesive and abrasive wear (Eltaggaz et al., 2018). The reason for less flank wear in
HNFMQL assisted machining process is associated with the weak Vander wall forces
(Dai et al., 2016). During the cutting process, shear action takes place which

exfoliates the weak sheet-structure of GnP and this phenomenon leads to the
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formation of a tribo-film. The thin tribo-film enables the lubrication process that leads
to lower CoF. The film thickness performance may be improved by a higher

nanoparticle concentration.

mm

Fig.18. Wear at rake face: Crater wear at (f = 0.1_;v. = 90 -

min’

n, = 0.7; a,

= 0.5 mm) (a) New tool (b) MQL (c) NFMQL (d)HNFMQL

The adhesion is caused mainly by higher contact pressure produced at the tool
and workpiece interfaces under high cutting temperatures (Gupta et al., 2019).
Regarding the abrasive mechanism, it is mainly due to the hard elements in the
workpiece material. Fig. 17-c and Fig. 17-d prove that hybrid (Al-GnP) nanofluids

offer better performance with respect to mono (Al;03) nanofluids. We suspect that the
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hybrid nano-mist provides higher heat transfer capacity which enhances the cooling

properties, and accordingly improves the interface bonding at the tool-workpiece zone.

While using the MQL, severe crater wear occurred because of the high generated
heat (Fig. 18). It was also noted that, in both NFMQL and HNFMQL assisted
machining of hardened AISI 52100 steel, initially the cutting-tool wears quickly,
however the rate of wear becomes steady after a certain time. This was attributed to

the development of tribo-film, once it is developed, cutting-tool wear rate stabilizes.

6.4 Productivity under advanced MQL approaches

Fig. 19 illustrates the comparison of the material removal volume (V) of a cutting-
tool in machining under three lubrication approaches. It is noted that the increase in

the MRV is associated with higher cutting speed (Khan et al., 2019a).
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At 90 m/min, the cutting-tool life in MQL, NFMQL, and HNFMQL approaches
are 4.2, 5.6 and 6.9 minutes, respectively. The cutting tool lifespan decreases at
higher cutting speed, therefore the MRV decreases. It can be said that higher cutting
speeds are suitable for minimizing the SEC, but it will reduce the MRV per cutting
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tool. Nearly 50% more MRV is removed at 30 m/min as compared to 90 m/min. An
Interesting situation arises for the decision-makers and practitioners to decide an
optimal cutting speed that is suitable for the less energy and high MRV per cutting

tool.

6.5 Machining cost

Production cost mainly depends upon the system boundaries of the machining
process. Moreover, production cost (Cp) highly depends upon the number of resources
(components) used and functionality stages of machine-tool. In this study, the focus
was to compare the cost of three sustainable lubrication approaches. Therefore, the

workpiece material cost was not included in the cost models in Eqns. (12-14).
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Fig. 20. Cost estimation per part (Cp) and compassion between various sustainable

cooling approach at (f is 0.1 mm/rev; v, is 90 m/min; n,is 0.7; a, is 0.5 mm).

For comparison, the main difference between the three approaches is the
application of nanoparticles. In the MQL approach there are no nanoparticles, so it
should be cheaper. However, it can be seen from Fig. 20, HNFMQL produces 0.4%
and 1.7% lower-priced parts as compared to NFMQL and MQL approaches,
respectively. The reduced price per part in the HNFMQL approach is due to larger
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cutting-tool life at the same cutting conditions as that of MQL and NFMQL
approaches. It is essential to reveal that a part is defined as one pass with a 50 mm
cut in length. Data per shift was collected from Nanjing Dongmo Electromechanical
Manufacturing Co., Ltd.; a local manufacturing company in China. A total of 5068
parts were produced per shift under each lubrication approach. HNFMQL assisted
turning can save 98.98 ¥ per shift (shift with 20% downtime) as compared to the MQL
approach.

7. Comparison of advanced - MQL Approaches: Performance and Sustainability

Assessment

In this section, a comparison is established to discuss the effectiveness of the three
used MQL approaches from sustainability perspectives. This assessment is closely
related to results gathered in previous sections. In this assessment, equal weightage
is assigned for each metric i.e., surface roughness, Power and energy consumption,
tool life, MRV, production cost. In addition, the waste-management component was
added as a qualitative metric in order to effectively assess the three studied strategies.
A summarized flow chart for the applied algorithm used to assess the three studied

approaches is provided in Fig. 21 (Hegab et al (b), 2018).

The main steps include the determination of the studied indicators, normalization,
weighting, and determining the Overall Performance Index (OPI) for each
lubricooling approach. The waste management factor was considered as “lower-the-
better” factor. For the HNFMQL approach, the waste management factor was
assigned as 3, while it was 2 for the NFMQL approach, and was 1 for MQL approach.
Another factor of environment and health was also added in the proposed algorithm.
This effect had the same criteria as the waste management factor, a value of 2 was
assumed to both NFMQL and HNFMQL, and a value of 1 was assigned to the MQL
approach.

The mathematical formulation for the assessment algorithm is achieved using

Eqns. (15 &16), where PI is normalized Performance Index for each approach per
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studied indicator, AP is Actual Performance achieved by each lubrication approach

and OP is the Optimal Performance, n denotes the studied indicator number.

AP
Pl = op if sustainable indicator is based on
higher — the — better criteria (Higher the Better)
OP (15)
Pl = Eif the sustainable indicator is not Higher the Better
> Pl
OPI=——— (16)
n

\ 4

Define the machine quality
characteristics & Sustainable
indicators

\ 4
Normalization step based on the
criteria for both machining
responses and sustainable
indicators
(H-B or L-B)

\ 4

Weighing of normalized factor

\ 4

Determine total weighted

sustainable index for each
strategy

\ 4

End

Fig. 21. The assessment steps for an overall evaluation.
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Table 2. Sustainability assessment procedure

Cutting

Assessment Indicators Criteria Conditions Response Values Performance Index (PI) Weighted Performance Index
MQL NFMQL  HFNMQL MQL NFMQL  HFNMQL MQL NFMQL HFNMQL
1: Ve=30 1.58 15 1.43 0.91 0.95 1 0.0430552  0.0453514  0.0475714
m/min
Surface roughness results  lower-the:  2: Ve=60 1.45 1.31 1.16 0.8 0.89 1 0.0380571  0.0421243  0.0475714
(um) better m/min
3:0e=90 1.3 1.15 0.78 0.6 0.68 1 0.0285429  0.0322658  0.0475714
m/min
11;17;‘:’10 940 900 865 0.9202128 0.96 1 0.0437758  0.0457214  0.0475714
Cutting power results lower-the- 2: V=60 1300 1240 1195 0.92 0.96 1 0.0437291 0.045845  0.0475714
(Watt) better m/min
3: V=90 1510 1475 1390 0.92 0.94 1 0.0437909 0.04483 0.0475714
m/min
11;17;?10 800 890 1000 0.8 0.89 1 0.0380571  0.0423386  0.0475714
Cutting length (mm) at tool  higher-the-  2: V=60 600 690 800 0.75 0.86 1 0.0356786  0.0410304  0.0475714
wear of 0.3 mm better m/min
3: V=90 300 400 500 0.6 0.8 1 0.0285429  0.0380571  0.0475714
m/min
11;5;‘3’10 3300000 3750000 4150000 0.80 0.90 1 0.0378279  0.0429862  0.0475714
Volume of material higher-the- 2: V=60 2250000 2600000 3000000 0.75 0.87 1 0.0356786 0.0412286 0.0475714
removed (mm?3) better m/min
31‘117;10 1150000 1500000 1800000 0.64 0.83 1 0.0303929  0.0396429  0.0475714
Cost per part ($) lovgsggle' 1.125 1.11 1.1 0.99 0.99 1 0.1409524  0.1415701 0.1428571
1: V=30
m/min
Waste management lower-the- — 2: V=60 1 2 3 1 0.5 0.33 0.1428571  0.0714286  0.047619
better m/min
3: =90
lower-the- m/min
En‘”mnmeergjcltand health better 1 2 2 1 0.5 0.5 0.1428571 0.0714286 0.0714286
Overall Performance Index 0.87 0.79 0.83

(oPD
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The assessment results are provided in Fig. 22 and in Table 2. Assessment
indicators are shown in the first column of the table and their desired values are
depicted in front of them. The PI was calculated from response values using Eq. 15.

Lastly, the OPI was obtained from performance indices using Eq. 16.

It should be stated that the OPI or the total weighted sustainable index is based
on “higher-the-better” criteria. It is found that MQL showed the highest OPI of 0.87
whereas slightly lower OPIs are obtained for NFMQL and HNFMQL approaches due
to the difficult preparation procedures and hazardous nature of nanofluids. Applying
adequate safety and environmental procedure as well as following standard
mstructions for waste management can compensate for this slight effect. Thus, these

results can still confirm the competitiveness of using an advanced HNFMQL

approach with the MQL.
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Fig. 22. The overall assessment results for MQL, NFMQL and HNFMQL approach.
8. Calculation of carbon emission signatures (CES)

Carbon emissions during the machining stage usually mimic the behavior of
electrical energy consumption. In local power grids, during the combustion process,

carbon emission is an inevitable consequence of electricity generation. Coal, oil, gas

34



and biomass are four prominent used fossil fuels. Information related to enthalpy and

the chemical reaction of the combustion process is given below in Table 3.

Table 3. Energy produced by various types of fuels

No. Type of fuel 1 GJ of heat produced Release AH  Release
(kJ) €02

1 Biomass CH0 + 0,-C0, + H,0 —440 100 kg

2 Heavy oil C20H4z +300,-20C0; + 21H,0 —13300 66 kg

3 Coal C+ 0,—-C0; —394 112 kg

4 Natural gas  CH4+ 202—C0; + 2H30 —440 49 kg

AH = Enthalphy

Coal consumption for power generation 1s responsible for the highest amount

of carbon emission. It is important to understand that for every gigajoule of energy

released, there 1s a certain amount of CO, emissions associated with it which

depends upon the type of fuel used (Fig. 23).
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Fig. 23. Various sources of primary energy (Jeswiet and Kara, 2008).
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Power supply grids for three jurisdictions and their type of fuel used is shown in

Table 4.

Table 4. Three power grids of different countries and their input fuel type.

Fuel supply Ontario (%) NSW (%) Nanjing
Coal (C) 19 83.9 73.09
Natural Gas (NG) 7 8.5 12.1
Petroleum (P) 0 0.3 0
Biomass (B)

Solar (S) 23 7.3

Hydropower (H) 0.09
Solar (S) 0
Solar (S) 6.92
Wind (W) 5.96
Geothermal (G)

Earth (E)

Wave (Wa)

Tidal (T)

Nuclear (N) 51 1.8
Total 100 100 100

The total carbon emitted in the process can be obtained by total energy

consumption multiplied by carbon emission signature.

CE = E,ptqy X CES 17

Each electric grid possesses a Carbon Emission Signature (CES). It is

necessary to find the CES of the Nanjing power grid that supplies electricity to an

advanced cutting laboratory where experiments were conducted. The percentage

values of Table 4 will become the coefficient of the equation used to calculate CES

(Jeswiet and Kara, 2008).
CES =71 % (112 X %C + 49 X NG + 66 X %P) (18)

The carbon emission per part due to electrical energy consumption can be

calculated as follow.
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CEm/p = Emsp(J) X CES(kgCO2/]) (19)

A holistic comparison including 15 metrics has been performed (Fig. 24). The
environmental cost (0.40 ¥/kg) has been imposed on the total carbon emission. As,
MQL, NFMQL and HNFMQL approach use the minimal amount of oils and water

thus there need for part cleaning, recycling and disposal is minimal.

Cutting tool life, the material removed, and operator health are required
higher-the-better and all remaining metrics must be at lower values. The application
of hybrid nanoparticles can not only reduce production cost and CO; emission but also
significantly improve surface quality. Overall, HNFMQL assisted process has
performed better as compared to MQL and NFMQL approaches (referred to Fig. 24
and Appendix A.2).

SR (pm)

Cost per part (Uj‘ 3 _/ Temperature (°C)
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Fig. 24. Overall performance comparison of advanced-MQL assisted machining

mm m

process (f= 01;vc =90, a, = 0.5mm;n, = 0.7).
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9. Conclusion

The performance of the HNFMQL approach in the turning of hardened steel was
evaluated in comparison to MQL and NFMQL. Empirical models were developed and
machining metrics such as, surface quality, cutting power, SCE, SEC, MRV, tool life
and production cost were measured and compared. In addition, the energy-integrated
heuristic algorithm for sustainable machining was developed and discussed. After
analyzing the experimental results, the main implications were summarized as

follows,

e The surface quality of the workpiece was significantly improved with the use
of HNFMQL assisted machining process.

e Both cutting power and machining tool power increased with the increase of
cutting speed in all lubrication approaches. However, HNFMQL assisted
machining consumed less cutting power at all cutting speeds.

e At all cutting conditions, HNFMQL assisted hard turning consumed less SEC
and SCE when compared with MQL and NFMQL approach. At constant
cutting speed, SEC reduced to 50% at (vol.%= 0.7) as compared to initial value
of (vol.%= 0.2). The contribution of cutting energy was one-fourth of the total
electrical energy consumed by the machine tool.

e For tool life analysis, the application of HNFMQL approach not only enhanced
the tool life but also maximized the MRV per tool life. The cost per part
produced by the HNFMQL approach was 0.4% and 1.7% less as compared to
NFMQL and MQL respectively.

e OPI is a novel indicator that shows the overall sustainability of a machining
process. The OPI of the proposed method can be further increased by improving
waste management and environmental health and safety indicators.

e The novel results preach industry to implement the proposed sustainable
approach to enhance the overall machining performance, consequently

replacing the conventional MQL with HNFMQL approach.
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Future Directions

The limitation of the study is that the proposed holistic model doesn’t include the
energy-cost assessment of the parts inventory. The impacts of cutting fluid on the
health and safety of workers need to be elaborated. In addition, advance heuristic
algorithm-based optimization of the cutting parameters for achieving the optimal

sustainable metrics can be performed in the future.
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Appendix A.1 Components of machining cost rate (h.) and various components of cost

modelling.
Components of machining cost rate (he)
No. Type of cost unit MQL NFMQL HNFMQL
1 Labor cost; Ciapor ¥/hr 15.5
2 Lighting and HVAC loads are 0.3 ¥/hr 6.009
and 8.0 kW; CHVAC
3 Machine depreciation cost; Cqep ¥/hr 39.16

Machine tool life 12 years;
Various components of cost modelling and their values

1  Energy cost; x 1073 ¥/part 762.3 756.7 745.1
2 Machining cost; x 1073 ¥/part 928.4 927.9 927.6
3 Environmental cost; x 107° ¥/part 482.0 478.5 471.2
4  Cutting tool cost ¥/part 0.123 0.10 0.082
5  Nanoparticle cost ¥/part 0 0.009 0.023
6  Base-fluid consumption cost ¥/part 0.83 0.83 0.83
Total cost per part ¥/part 1.263 111 110
Total cost per shift ¥/shift 5709.77 5632.39 5610.83

Appendix A.2: Specific values of all metrics used for the overall assessment.

No. Metrics MQL NFMQL HNFMQL
1 Power (W) 1 0.97407 0.91755
2 Total Energy (J) 1 0.99261 0.97739
3 SEC (J/mm?) 1 0.99046 0.97075
4 SCE (J/mm3) 1 0.97261 0.91633
5 SR (um) 1 0.86154 0.6

6 Temperature (°C) 1 0.88333 0.83333
7 Tool life (mm) 0.6087 0.81159 1

8 Productivity (mm3) 1 1 1

9 Coolant recyle, disposal 1 1 1

10 Part cleaning 1 1 1

11 Total cost (¥) 1 0.888 0.88

12 Cost per shift (¥) 1 0.98668 0.98279
13 Operator health 0.5 0.5 0.5

14 Carbon emisison (kg) 1 0.99253 0.97759
15 Enviormental cost (¥¢) 1 0.9917 0.97718
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Highlights

e Turing of hardened steel under different cooling conditions.
e Implementation of novel energy based cost integrated model.

e Sustainability assessment of cooling conditions.

e Productivity, cost, tool wear and surface roughness were measured.



