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Abstract

The research topic is selected to address the performance of LM 25 AHMMC cast composites. The selected material is widely
utilised in automobiles, aerospace, and marine parts as an alternative to piston material. The cast composites are prepared by
reinforcement of nTiO;, nZrO;, and bagasse ash materials in different combinations of wt% to LM 25. The 84% LM 25, and
5% nTiO; + 3% nZrO> + 8% bagasse ash combination exhibits 96.20 HV microhardness with an improvement in hardness by
38.76 HV compared to the base alloy. The objective of the research is to study the surface roughness, rate of material removed,
insert tip temperature, flank wear, and feed force in the turning process. The RSM is used to develop the test combinations
using speed, feed, hardness of cast composite, and cooling environment as variables in three levels by keeping depth constant.
The soybean oil is utilised to prepare nano coolant by concentrating the nTiO, nMoS, and nZnO materials with different
wt% combinations used in MAC condition. The TiCN- and Al,O3-coated inserts are used to investigate the performance
in terms of flank wear. The variables are analyzed by statistical tools DFA and RSM and soft tools MOGA, MOPSO, and
MONSG?2. The lowest SR of 2.4 um, 32.59 °C of ITT, and 1.2 kgf feed force are generated by MOGA for M1, M3, and M1
cast composites, respectively, for the NC-2 cooling environment, and 0.0032 mm flank wear by MOPSO for M2 and cast
composites in the NC-1 cooling environment are studied through the Pareto front.
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HMMC  Hybrid Metal Matrix Composite

MOPSO  Multi Objective Particle Swarm Optimisation
NSG Non-Dominated sorting Genetic algorithm
IFW Insert Flank Wear

FF Feed Force

DFA Desirability Function Analysis

1 Introduction

The aluminum is a low-weight material and nonferrous. The
aluminum composites are prepared by mixing the differ-
ent materials with aluminum base. Now a days the hybrid
metal matrix composites are developing to check the current
requirements of engineering applications. Due to the benefits
of A-HMMC in the field of engine parts, marine, aerospace,
and automobile parts, the study of A-HMMC plays a very
important role. The filler materials play a very effective role
in composites, which improves the hardness, compression
strength, toughness, wear resistance, etc., compared to the
base aluminum. The stir casting method is the best method for
the preparation of composite materials, which also improves
the thermal properties along with other properties.

The hybrid aluminum composites were studied to exhibit
a significant role in wear resistance and tribological proper-
ties of the materials. A356 material is squeeze stir cast with
MoS; and silicon carbide by varying pressure to improve the
properties of composites. At 120 MPa a fine microstructure,
and better wear and friction resistance were observed [1].
LM 26 material is reinforced with fly ash and graphite by the
stir cast process to improve the strength and hardness of the
prepared composite material. Material with 7.5% fly ash and
graphite provides the best hardness and tensile strength. The
wear and microstructural study were done by regression anal-
ysis [2]. The wear and friction behaviour of LM 25 HMMC
was studied by reinforcing the HBn and boron carbide with
different percentages. The study is carried out on pin on disc
under dry conditions. The 6% boron carbide and 2% HBn
exhibit low friction and wear [3].

The fly ash, titanium dioxide, and B4C were reinforced
with aluminum 7178 through stir casting to study the wear
behavior. The RSM-CCD is used in experimental process
to study the wear of the composite material. The load,
speed, and distance of sliding were used as input parame-
ters. ANOVA shows that the sliding distance and the load are
the most significant parameters that affects the wear [4]. The
LM 25 is reinforced with 2.5 wt.% of TiO, and 7.5 wt.%
of silicon carbide by the stir cast process. The energy spec-
troscopy and microstructural processes were used to study
the quality of reinforcement. The ED machining process is
incorporated for the study of surface roughness and MRR,

using pulse on-time, voltage, and current as input factors. The
ANOVA and GRA techniques were used for optimisation of
results [5]. An abrasive wear test was conducted on HMMC
specimens, prepared by mixing 10% TiC with LM 25. The
speed, load, and time were considered as input parameters
by using RSM. Regression models developed for confirming
accuracy. The minimum wear was observed at 27N load [6].

Using the stir casting method, LM25 is mixed with ZrO2,
Al203, Si02, MgO Gr in different weight percentages. The
mechanical properties were studied. The composition and
morphology were studied using SEM, EDX, and XRD [7].
The mechanical properties and reinforcement of LM25 were
studied by the MDF process. The material is solutionized in
water for 10 h at 535 °C and quenched in the water. Improve-
ment in hardness and tensile strength was improved [8]. The
SiC and TiO2 reinforced with LM25 material. The prepared
composite material is heat treated, quenched in water and arti-
ficially aged with different times. The heat treatment effect
was studied by hardness and microstructure study. The pulse
on time, aging times, cutting speed, and wire feed rate were
taken as input parameters in the WEDM process to study [9].

The combinations of hybrid nanoparticles were used in
base fluid. ZnO, AIN, and hBN nanomaterials were selected
due to their thermal characteristics. hBN, hBn and AIN, hBN,
and AIN and ZnO mixtures with 3 different combinations
were mixed with coconut oil as a base fluid. The nanofluid
as MQL is used in the turning process on SS304 material.
The optimal tool wear and surface roughness were obtained
by hybrid nano fluid mixture in comparison with dry and
single mixtures of nanofluid [10]. The Al,O3 nanomaterial
with a 60 nm size is selected and mixed with coconut oil
as a base fluid. The nanomaterial is mixed with base oil in
6 different weight proportions ranging from 0.5% to 1.5%.
The turning tests were conducted on AISI 1040 steel with
flood, MQL dry, and nanofluid as a cooling environment. The
outcomes are better by using nanofluid and wear, roughness
were decreased by using nanofluid [11].

The vegetable oil exhibits poor oxidation and thermal
stability at elevated temperatures; hence, vegetable oil is
used as a coolant. The Al,O3 nanoparticles with 0.25% to
1.5% weight percentage were added with coconut oil, and
nanofluid was prepared. The dry, flood cooling, only coconut
oil, and NF MQL environment were used in the turning of
AISI 1040 steel. NF MQL provides superior results com-
pared to the other cooling environment, by increasing the
tool life, and reducing the wear, temperature, and rough-
ness [12]. The Al,O3 with particle size 20-30 nm and TiO;
with 20-25 nm particle size were mixed with SAE engine
oil with different weight proportion, and the nanofluid and
used as MQL method. These nanofluid mixtures were used in
the turning of Inconel 718 material. The roughness reduced
at 0.5 gm nanomaterial with 100 gm oil mixture nanofluid
[13]. The soybean and emulsion oils were used as base oils
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for preparing nano coolant. The Al,O3 and MoS; nanoparti-
cles with an average size of 30 nm particle size were mixed
with oils and prepared nano coolants. The turning tests were
conducted on 90CrSi steel by using nano coolant. The Al,O3
nanofluid provides less surface roughness compared to MoS;
nano fluid [14].

The pure vegetable-based oil, without any chemical com-
position was used as base oil and Al,O3 nanoparticles with
22 nm were mixed in 0, 2, and 4 weight percentages. This
both prepared nanofluid were used in turning of Ti-6Al-4 V
material by considering different input parameters. The adhe-
sion of the material and tool interface was reduced by using
MQL nanofluid by comparing it to MQL normal oil as a
coolant. The nano fluid with 2 percentage weight provides
better performance [15]. The radiator coolant was selected
as the base coolant and the graphene nanomaterial was con-
centrated to prepare nanofluid. This prepared nano coolant is
used in the turning of AISI D3 steel. The NFMQL used was
exhibits the best cooling effects by improving the machining
cost and reducing temperature [16].

The emulsified fluid is used as a base fluid, the CuO and
Al>O3 nanoparticles, having a 30-50 nm particle size with
different weight percentages were mixed with the base fluid
to form a nano coolant. The prepared coolant is used in
the turning of Duplex Stainless Steel. The Al,O3 nanofluids
improve the finishing and reduce the forces in comparison
with CuO nanofluid [17]. The Eraoil KT vegetable oil was
selected as the base 0il, h BN and MWCNT nan powders were
used for the preparation of nanofluid. Two separate hBN nano
fluid and MWCNT nanofluids were prepared. The fluids were
used in the turning of AISI H11 steel in MQL condition. In
a comparison of both fluids, the nano MWCNT exhibits the
lowest roughness and temperature [18].

A biodegradable oil CUTTEX SYN-10 was used as a
base oil for the preparation of nanofluid. The 1% weight of
MWCNT, 8-10 nm particle size, was used. The prepared
nanofluid is used in MQL environment. The experiment
was conducted on AZ91D alloy in dry, base oil, nanofluid
conditions with varying input parameters. The nano cool-
ing condition provides superior thermal conductivity and
reduced force during the turning process [19]. A 250 ml glyc-
erol and 750 ml deionized water concentration was used for
nano coolant preparation. The first mixture was 1.92 gm of
Al»03,0.13 gm of graphene with 0.5% concentration and the
second one was 0.25 gm graphene, and 3.75 gm Al,O3 with
1% concentration, and the third was 0.375 gm graphene and
5.625 gm Al>,O3 with 1.5% concentration was selected. The
prepared nano coolant was used in turning of AISI D2 steel.
1.5% concentration exhibits the best performance [20].

A sunflower oil was selected for preparation of nano
coolant by mixing alumina nano powder of 40 nm particle
size. The concentration varied from O to 1 percent. The pre-
pared nano coolant was used to cut Inconel 690 material in
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turning. The 0.8% concentration provides reduced roughness
temperature and cutting force [21]. A KT-2000 synthetic oil
is concentrated with 0.5% cellulose nanocrystal and nano
graphene in weight percentage. This nanofluid is used in the
turning of UHSS S1100 material under dry, the MQL, nano
MQL conditions. This provides a decrease in tool wear and
temperature [22].

Al,O3 with 30-50 nm particle size was selected for prepa-
ration of nanofluid. 95% emulsion & 5% servo cuts oil
was selected. A 0.1% weight concentration is selected for
nanofluid preparation. The Grade 40 mild steel was used for
the turning experiment. This coolant improves the machin-
ing stability and efficiency of cooling by reducing wear of the
tool and roughness [23]. The heat transfers by using nanofluid
depends on particle size, shape, quantity, surfactant, etc. The
conductivity of different nanoparticles was collected. The
preparation of nano coolant and methods was explained in
the review. The purpose of surfactants was reviewed [24].

The MWCNT is doped with soybean oil to prepare
nanofluid. The 4 different environmental conditions were
used for the machining operation. The surface roughness,
and flank wear were studied for all four conditions. The N
MQL provides better results compared to other conditions.
[25]. Wet, MQL soybean oil, and Dry cooling conditions
were used in the turning of Ti-6Al-4 V alloy. As compared
to dry and wet conditions MQL soybean oil exhibits reduced
roughness and wear during the turning process [26]. The
vegetable cutting fluid and its effect on machining opera-
tions were reviewed. The review indicates that the vegetable
oils can replace the regular coolant. Also reviewed the differ-
ent biodegradable oil with additives and methodology [27].
The different mineral-based and vegetable based cutting flu-
ids were reviewed. The method of preparation and additives
used in nanofluid were reviewed [28].

The different PVD-coated tools were used in the turning of
AISI 316L steel. The TiN and TiAIN coted tools were used.
The coated tool temperatures were studied during machin-
ing. The highest temperature was observed in the uncoated
tool compared to the coated tool [29]. CVD-coated cemented
carbide tools were used in the turning of AISI 316Ti material.
The 1 pwm thickness of A1203/Ti (C, N) coated tools was used
to study the notch wear. In comparison of k-Al203-TiN and
a-Al203/Ti (C, N) coated tools a-Al203/Ti (C, N) coated
tool provides small notch wear [30]. The TiAIN-PVD coated
tools were used in the turning of C276 Hastelloy. The Al
nanofluid with MQL condition was used in machining. The
nano fluid reduces the tool wear. [31]. The TiCN/AI1203/TiN
multi-layered tungsten carbide tools were used in the turning
of AL MMC. Increased power consumption and vibration
was observed at higher speed; the reduced roughness was
observed at higher nose radius. [32]. The PVD TiAIN coated
carbide inserts with thickness of 1 wm and 2 wm were used
in the turning of Inconel 718. The thinner coating provides
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reduced temperature as compared to the thicker coating at the
same speed. And also exhibits lower wear of the tool [33].

The SiCp/Al MMC was used in turning with coated
inserts for wear measurement. A1203/TiCN was coated on
the rake face whereas TiN/AI203/TiNC on the flank face
was made. The CVD coated tool reduces the wear [34].
TiNAI or AICrN over TiNAI—AICIN + coated cemented
carbide tools with different cutting environments were used
in turning of Inconel 718. AICrN + with cooling conditions
exhibits higher MRR and lower wear [35]. Three different
PVD coated inserts were used in the turning of Ti-5Al-5 V-
5Mo-3Cr alloy. The commercial AITiN, AICrN were used
for both dry and wet conditions, and TiAl-SiN was used. The
study was focused on tool life and roughness of all coatings.
AITiN/AICrN coated tool exhibited the longest tool life and
fine surface finish [36]. TiN-coated tungsten carbide tools
along with nAl,O3 and palm oil mixture nanofluids in MQL
condition were used in the turning of Inconel 718. The 0.8
wt% addition of Al,O3 and palm oil mixture exhibits better
tool life, and reduced wear and roughness [37].

The TiCN, TiAIN, and Al,O3 coated tools were used for
dry turning with different speeds. The tool coating effec-
tively reduces the temperature and force of cutting. The
Al,O3 coated tools provide better reduction in temperature.
TiCN provides better wear resistance [38]. The TiAlISiN PVD
coated tungsten carbide tools were used in the turning of cus-
tom 450 steel. The cutting force was studied on coated tools.
The GWO, PSO, and WOA algorithms were used for opti-
mization of force [39]. The CVD TiCN-AI203 coated inserts
were used in dry turning of SDSS 2507 material. The cutting
force, wear and roughness were studied by coated tool. [40].
The AITiSiN and AITiN coated two different tools were used
in the turning of AISI H10 steel. AITiSiN coated tools were
better at reducing temperature, force, wear, and roughness.
The tool life for this coating is much better in comparison
with others [41]. The TiAIN/CrN bilayer coated tools were
used in the turning of 316 LVM steel. RSM and ANOVA were
used for optimizing the results. The tool wear was studied by
coated tool by using FEM [42].

Cu-Al-Mn alloy steel is in the turning operation by using
different coated carbide tools. A multilayer coating of Al;O3,
TiN, and TiCN material was used on tools. Higher speed
results in an increase of the MRR and cutting force. As
feed rate an increase the forces increase. The SR is higher
at the lowest speed [43]. The cutting models and tool wear
were predicted by a high-feed turning machine by turning
C263 superalloy. Mainly CO,, oil emulsion cooling effect
and reduction of side cutting angles were studied. The tool
life was increased, and tool wear was reduced by side cutting
angle reduction [44]. The coated carbide tools were used in
the turning of AISI 4140 steel. A multilayered Al,O3- TiCN
coating was done on carbide tools. The feed rate was most
influenced by cutting force and roughness values [45]. The

effect of tool wear was studied in the turning of hardened
AISI5200 steel in finish turning. The RSM, MSE, etc., were
used for planning and optimisation. The flack wear was sig-
nificant with roughness. At higher cutting times the lower
roughness was observed with maximum robustness [46]. The
Inconel 800 super alloy is used in dry turning to study the
flank wear and roughness by using uncoated inserts. The
Taguchi’s technique is used for experiments, and GRA, and
ANOVA were used for optimisation of parameters. Diffusion,
adhesion, and abrasion wear were observed [47].

The MQL hard turning of 90CrSi steel was done by CBN
tools in dry, nA1203, nAl203 & nMoS2 hybrid environment
conditions. The soybean oil is considered as a base oil for
the preparation of single and hybrid nanofluid. The SR, tool
life, CF, and tool wear were studied. The tool wear, tool life
and SR were having significant results on hybrid nanofluid
condition [48]. The study cutting force, surface roughness in
turning of graphene reinforced Al MMC in dry condition. For
the experimental study, the RSM-CCD method was adopted.
The results were analyzed through ANOVA and NSG 2. Feed
rate was most influencing factor on both results. NSG 2 pro-
vides 10% error when compared with test results [49]. The
50% volume of aluminum and SiCp particles were reinforced
to form Al MMC, which becomes a difficult-to-cut, hard,
high strength and stiffness material. the DOE was applied
for an experimental test to study tool life, SR and CF. The
optimisation was done by the regression method and neuro-
fuzzy logic methods. Higher cutting speed results in reduced
CF, tool life and roughness [50].

AL 6063 was reinforced with groundnut shell, jute and
sugarcane ash to prepare Al MMC material using stir casting
material. The Taguchi’s method was applied for machining
to study SR. The RSM, GA, and ANOVA were used for opti-
misation. The GA results are very much significant with the
results obtained by RSM [51]. An alternative to mineral oil-
based cutting fluid was replaced by vegetable-based oil for
machining operation to overcome harm to the environment
and health. The turning of AISI 1040 was done with MQL
coconut oil, dry, flood, and MQL mineral oil as cooling envi-
ronments to study the flank wear, crater wear, temperature,
and morphology. The study reveals the MQL-CO reduces
the temperature at the contact zone and friction compared to
other conditions of cooling [52].

The MQL cupric oxide nanofluid was used in the machin-
ing of AISI D2 material in turning. The SR, CF, flank wear
and temperature were studied in hard turning under NFMQL,
MQL, and dry conditions. RSM and DF were used for anal-
ysis of results. The feed was most effective over surface
roughness, while both feed and depth have an effect over
cutting force and power [53]. An integrated methodology of
NSG 3 and Random Forest regression was used for optimisa-
tion of results. A vortex tube cooling and MLQ environment
was used for turning of SKD 11 steel to study SR, and TW.
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RAM BBD was used for experimental testing. The integrated
methods exhibit better results [54]. The review of cooling
fluid as vegetable oil in machining was done along with flank
wear, SR, and the Temperature of the tool and CF. The review
of FW, SR, and CF vs. Speed was collected. The worn tool
has more roughness compared to new. There is no correla-
tion between FW and SR [55]. The SiCp and aluminum metal
matrix reinforcement was reviewed due to its applications.
This material becomes hard to cut, which exhibits higher CF
and FW. The review focused on the influencing factors. The
main purpose of the review is to study the turning of MMC
and parameters affecting tool wear and roughness. [56]. The
review of the temperature zone at the contact of the tool tip
and workpiece was done. The influence of high temperature
affects FW, tool life and the surface of the workpiece. Also
reviewed the methods of temperature measurements along
with merits and demerits [57]. The study involves the inves-
tigation of the impact of parameters on cutting pressure and
force, and roughness in the turning of EN-GJL-250. Si3N4
coated and uncoated inserts were used in turning with other
input parameters. To determine the contribution of cutting
parameters, ANOVA and LM, DT, SVM, and Da-DNN algo-
rithms were used. The coating of inserts improves SR and
reduces the force [58].

The turning of Inconel 718 material was used to study the
wear, temperature, and tool life. The new approach of using a
prototype toolholder and adjustable nozzle design with tem-
perature measurement ability. The experiment reveals that
the nozzle design has no effect over temperature. The pass-
ing of higher cutting fluid reduces the wear of the tool and
gives longer tool life [59]. The study involves the controlling
of CF, temperature, and energy consumption in dry turning
of Ti6Al4V. The RSM and ANOVA were used for experi-
ments to study wear and temperature. The depth of cut has
the highest effect over CF and temperature. GRA was used for
optimisation of cutting parameters [60]. The dry, MQL lubri-
cant, and vortex cooling conditions were used in the turning
of nickel-based Inconel 625 alloy. The CF, temperature, SR
and tool life were studied as responses. The GRA was used to
optimize the responses. The cooling effects reduce the wear
and improve tool life [61]. The effect of the WC tool and
HSS inserts was used in the turning of 304 austenite Steel.
The flank wear was considered as a response in the study.
RSM was used for analysis of response. The WC inserts pro-
vide better tool wear compared to HSS inserts [62].

The study focuses on turning SUS430C stainless steel
because of its excellent corrosion resistance. The three
responses, FW, SR, and MRR were optimized by NSG-2.
The XG Boost model was validated by RSM BBD experi-
mental data. The NSG 2 results exhibit better performance
[63]. The AISI 316L steel was used in turning by using dry,
MQL, NFMWCNT MQL cooling conditions. SR, feed force,
and temperature were measured in the process as responses.
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The NF MQL provides better results. The NSG 2 was used
for optimisation of models [64]. AISI 310S steel was used in
turning by using dry, MQL vegetable oil, MQL nMoS,, MQL
nGP, MQL nMoS;, and nGP conditions. NSG 2 and TOPO-
SIS were used for optimisation. MQL nGP exhibits better
results compared to other conditions [65]. For optimisation
of machining parameters, the NSG 2 VIKOR, and MOORA
methods were used. The RSM was used for the experimental
plan to turn AISI D3 steel to measure CT, CF MRR, and FW.
The NSG2 and VIKOR exhibit better results of MRR [66].

Inconel 690 was machined in a dry, MQL, MQL NF,
and CO; condition. Taguchi’s array is used for experiment
work. The ANOVA was used to examine the responses. The
TLBO and NSG 2 were utilized for optimisation, of param-
eters. After successful optimisation the NSG 2 exhibits the
best results compared to other [67]. The SR and tool wear
were measured during CNC turning of AISI 316. The GA
and PSO were used for optimisation of cutting parameters.
A significant positive relationship was found during hybrid
optimisation. The minimum Ra was produced [68]. In dry
and HPC conditions the temperature and SR were measured
during hard turning of 42CrMo4 steel. The MOGA was used
to optimise the turning operation. The simultaneous mini-
mization of both responses was done by MOGA [69]. The
review of the cooking oil with all its properties are reviewed.
The effect of cooking oil on surface roughness, tool wear,
and MRR were reviewed with the effect of input factors
[70]. The turning of SS304 steel was studied on roughness
and wear by nano coolant as an additional parameter along
with regular parameters. The effect of nano coolant was bet-
ter than other responses [71]. The turning of titanium alloy
by using different nanomaterials was studied. The graphene
based nanofluids developed lower forces of cutting, rough-
ness, and temperature [72]. The hybrid nanofluids were used
in the turning of AISI4340 steel. A 0.75 CuO 0.25 Al;O3
combination performed well in the study of forces and rough-
ness [73]. The LM 25 material was used in turning to study
the cylindrical error, SR, and MRR by the grey relational
analysis optimisation technique [74]. The A356 material is
reinforced with bagasse ash in 2, 4, 6, and 8, wt percent-
ages to study the mechanical properties [75]. The Al 6262
is reinforced with bagasse ash in 2% and 5% wt percent-
ages. The prepared MMC was used in a study of mechanical
properties [76]. The Al Si 10-Mg material is reinforced with
sugarcane bagasse ash in 6%, 9%, and 12% by the stir cast-
ing process. The wear mechanism, morphology, and tensile
properties were studied [77]. The Al6061 alloy is reinforced
with 10% wt of SiC, and varying percentages of aloe vera ash
and bagasse ash. 10% wt bagasse ash and 11% wt percent-
ages aloe vera ash exhibit better compressive strength and
hardness [78].

After reviewing the literature, the work on LM 25 alu-
minum is present but limited when compared with other
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aluminum alloys, the LM 25 material is used for different
machining processes but limited in the turning process [3,
5-9, 74]. In the literature, no specific research reveals any
work on LM 25 material with selected reinforcement, which
shows the research interest. The reinforcement of different
nano materials with other aluminum alloys was studied. The
combination of nano TiO;, nano ZrO,, and bagasse ash with
LM 25 is not available from the literature [1-10, 75-78]. In
a simple way, the research topic is selected to combine the
industrial relevance of LM 25 with the economic benefits of
low-cost bagasse ash utilization, while focusing on a clear
research gap in the cast composite and sustainability litera-
ture.

The LM 25 material is deliberately selected as a base
material in the study because of its castability and machin-
ability characteristics. This material is having wide industrial
utilization in the field of automotive and aerospace com-
ponents, which creates the interest in this material study.
The selected material with different hybrid nano material
reinforcement provided the gain in hardness, tensile and
compression strength. Compared to other wrought alloys,
this material got less attention in the casting of composites
with the combination of bagasse ash and nano reinforcement
research. The above-discussed factors strengthen the novelty
of focusing on LM 25 cast composites.

The PVD coated TiCN, Al,O3 coated carbide inserts are
used in turning operations [1, 5, 8, 9]. The effect of coated
inserts on temperature at the contact zone of insert and
workpiece during turning is studied, and the cutting force
is measured. In this research, the soybean oil, which is easily
available and low cost, is utilised as a base fluid to develop
nanocoolant. Because of its fatty nature, it helps in reducing
the heat and friction at the contact area [29, 31, 33, 36]. The
combination of 2 nanomaterial TiO;, MoS, and the com-
bination of 3 nanomaterial TiOy, MoS;,, ZnO along with
surfactant, is concentrated with soybean oil for the prepara-
tion of nanofluid and used as a minimum amount of coolant
(MAC) [10-28].

The effect of cutting factors over responses is done by
desirability function analysis (DFA), and response surface
methodology (RSM) [4, 6, 42, 46, 49, 51, 53]. The optimi-
sation provides the best parameter combination for superior
finishing, MRR and reduced wear, temperature and cutting
force and to establish mathematical models. The optimisation
is also done by MATLAB algorithms [39, 49, 54, 68-70]. The
multi objective genetic algorithm (MOGA), particle swarm
optimization (PSO), non-dominated sorting genetic algo-
rithm (NSG) MATLAB optimisation are used to get superior
responses, and analysis of parameters are done by Pareto
front simultaneous optimisation. The results are be compared
with experimental tests. The simultaneous optimisation of
MRR Vs SR, insert temperature, Flank wear, Z Force are
inculcated from all three MATLAB optimisation techniques.

In all the generated Pareto front graphs, the smallest values
of SR, insert temperature, Flank wear, Z Force are obtained
with higher MRR value in Pareto front graphs.

2 Selection of base material and method
of composite fabrication

2.1 Material selection and A-HMMC preparation

The LM 25 material is selected as the base aluminum material
for the study. It is a silicon aluminum-based alloy with better
castability characteristics, high strength, and good resistance
to corrosion in nature, with weldability nature shown in
Fig. 1.a. Because of its characteristics the industries are using
this material in the composite form in a wide variety of appli-
cations like marine, automobile, aerospace, and engine parts.
The base material has a density of 2.68 g/cm? and the cast LM
25 has 57.44 HV micro-Vickers hardness, 213.6 MPa com-
pressive strength, and 130-150 MPa tensile strength. The
composition of LM 25 is shown in Table 1.

2.2 Selection of reinforcement materials

The characteristics of AI-HMMC depend on its reinforce-
ment materials. The reinforcement materials are selected on
their properties and their applications. The nano titanium
dioxide (TiO,) with 4.23 g/cm? density is a naturally avail-
able oxide with a high melting point, is selected as a filler
material because of its hardness, corrosion and wear resis-
tance. On adding leads to a stable microstructure, which adds
the hardness, tensile strength and wear resistance as shown
in Fig. 1.b. Another material nano Zirconium dioxide (ZrO;)
with 5.68 g/cm? density, is selected because of its high tough-
ness and strength and improves the corrosion resistance in
composites as shown in Fig. 1.c. Both filler materials have a
50 to 80 nm particle size. The bagasse ash consists of alumina
and silica content, is used as another filler material, which
helps in improving the composite strength, wear and hard-
ness as shown in Fig. 1.d. The percentage of bagasse ash is
kept constant and the other two nanofiller material are varied
in production of Al HMMC [1-9].

2.3 Preparation of A-HMMC

The process of preparation of A-HMMC involved the stir
casting method to fabricate a better-quality hybrid compos-
ite with uniform distribution of filler material without defects.
The process of preparation of A- HMMC [1-3] by stir casting
is represented in Fig. 2. At the beginning the LM 25 material
ingot is cut into small pieces and placed inside the crucible.
Later the crucible is placed inside the resistance furnace and
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a.LM 25 b. nTi02
Fig. 1 Filler materials used for casting
Table 1 Chemical composition of LM 25
(Al) % (Si)% Mg)% (Fe)% (Mn)% (Ti)% (Cu)% (Ni)% (Zn)% (Pb)% (Sn)%
91.3-93.3 6.5t07.5 0.2t00.6 0.5 0.3 0.2 0.1 0.05
Fig.2 The stir casting process
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heated up to 690 °C to convert the LM 25 pieces into lig-
uid form. The filler materials are preheated up to 250 oC
for 60 min before adding to the crucible. The preheating pro-
cess removes the moisture content from the filler material and
also improves the wettability which helps in casting. The pre-
heated filler materials are added into crucible through sprue,
when the material in the crucible reaches the molten state.
The stirring of molten metal is done by a stirrer which is
inserted inside the crucible. Molten metal is stirred during the
adding of heat-treated filler material up to 500—1000 rpm.
This helps in the uniform mixing of filler material and
removes the defects of casting. After the stirring process is
over, the molten metal is poured into the dies of 300 mm
length and 25 mm diameter, then allowed to solidify. The
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three different weight percentage combinations for castings
are shown in Table 2. composite M1—LM 25 84% + 3%
nTiOy + 5% nZrO, + 8% bagasse ash composite M2—LM
25 84% + 4% nTiO2 + 4% nZrO; + 8% bagasse ash, and
composite M3—LM 25 84% + 5% nTiO2 + 3% nZrO + 8%
bagasse ash. All three prepared compositions are represented
in Fig. 3.

2.4 A-HMMC's microstructure study

The microstructural analysis of prepared A-HMMC is done
by a 1000 x zoom metallurgical microscope. The microstruc-
ture study is required to check whether the filler materials
distributed uniformly over the base material. Figure 4. shows
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Table 2 Cast composition of

A-HMMC S1. No Samples Coding Cast Compositions (Wt %)
LM 25 nTiO, nZrop bagasse ash
M1 84 3 5
M2 84 4 4
M3 84

Fig. 3 Prepared three combinations of A—HMMC

100X /100

100X ~ 100

M1

Fig.4 The microstructure of prepared A-HMMC cast

the microstructure of all three prepared combinations of A-
HMMC. To study the microstructure of the specimens, they
have to be prepared by different steps. These steps involved
the specimen being cut into the required height, during cut-
ting, care is taken to avoid excessive heat and deformation
on the surface where the image is to be captured. Then
allowed for hot or cold mounting in a soft epoxy resin, the
exposed surface is grinded and polished by SIC paper to
obtain mirror-like scratch free finished surface. Followed by
cleaning and chemical etching. Then the specimen is used to
study microstructure.

The microstructure of prepared A-HMMC shows filler
materials distributed uniformly over the base material. The
inverted microscope is used for microstructural characteriza-
tion, which is suitable for large specimens. The polished face
of the specimen is placed above the light source to obtain a
focused image of it. The microscope is equipped with a SMP
high-resolution camera to capture the image of the sample.

M2

2

¥
¥

S

T

7 L R

e T~

X

100X ~ 100

M3

The micro cam software helps to capture the structure of the
sample surface.

2.5 Measurement of mechanical properties
of fabricated A-HMMC cast

To check the quality of the fabricated composites, the hard-
ness value, compression and tensile strength are measured
in the study. Depending on the weight percentage of filler
material used, the variation in properties of composites is
observed. Compared to the properties of the base material, all
three fabricated cast composites have improved properties.
The measured mechanical properties of all cast composites
are tabulated in Table 3. The density of composites is mea-
sured to determine the performance of composites and is
measured by the principle of Archimedes. The density of
base material LM 25 is 2.68 g/cm?, the measured density of
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Table 3 The mechanical

properties of fabricated Fabricated Density Micro Vickers Tensile strength MPa ~ Compression
composites A-HMMC cast gm/cm? hardness HV strength MPa
M1 2.58 84.50 66 445.9
M2 2.59 90.55 98 467.6
M3 2.82 96.20 148 539.1

all three fabricated cast composites is very close to the den-
sity of the base material. This density plays a very important
role in the study of wear.

The base aluminum material has 57.44 HV micro-Vickers
hardness. The specimen of all three cast composites is pre-
pared as per standard steps, and at three different places of
each sample, the hardness value is measured, and the max-
imum hardness value is considered. The hardness values of
fabricated composites varied from 84.5 HV to 96.2 HV. As
compared to base aluminum the improvement in hardness
is observed. The 3% nTiO; and 5% nZrO; have 84.5 hv
which is the lowest in the fabricated cast. The 5% nTiO,
and 3% nZrO; have 96.2 hv which is the highest in the fab-
ricated cast. The bagasse ash weight percentage is kept at
8% constant for all composites. From the data of hardness,
an increase in hardness value is observed when there is an
increase in weight percentage of nTiO; and a reduction in
weight percentage of nZrQO;. This indicates that the variation
of filler material in the castings changes in the hardness value
can be observed.

The specimens for tensile tests are prepared as per the
ASTM standard for all three different cast composites. The
measured values range from 66 to 148 MPa. The base mate-
rial has 130 MPa tensile strength. In comparison, the M3
composite has higher tensile strength. The 5% nTiO; and 3%
nZrO, and 8% bagasse ash exhibit the best tensile strength.
As the increase in nTiO, percentage weight, the increase
in tensile strength can be observed in the composition. The
base material has 213.6 MPa compression strength. All the
fabricated composites have compression strength more than
the value of the base material. This improvement of com-
pression strength is because of bagasse ash reinforcement in
the A-HMMC, which is kept constant in all three compos-
ites. The 5% nTiO, composition has the highest compression
strength at 539.1 MPa. All measured mechanical properties
vs fabricated A-HMMC’s in improvement order is repre-
sented graphically in Fig. 5.
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3 Experimental conditions
3.1 Machining approach

In the industry the characteristics of machining are measured
by quantitative measurable characters related to surface. Dur-
ing the turning process, the heat generated between the
contact of the insert and the work surface is very high, and
the cutting force generated due to input parameters is also
high. This temperature and cutting force affect the surface
characteristics in many ways. The insert used and the coat-
ing used for the insert plays a very important role in turning
operations. The temperature and cutting force will develop at
the area where the insert and workpiece contacts, the coating
will reduce the temperature at the contact zone. If the tem-
perature at the zone reduces, the flank wear of the insert will
also reduce, and the life of the insert will be increased.

Now a days vegetable oil is used as cutting fluid in the
turning process to overcome health issues and surface related
issues in the industrial environments. From literature, the
finishing and flank wear of the insert was better by using
vegetable oil compared to conventional fluid used in the
machining process. And also, the health-related issues were
decreased. Further developments in cutting fluid research
provide the knowledge of using nanomaterials with vegetable
oil to prepare the nano fluids. The ground nut oil, palm oil,
sunflower oil, soybean oil etc., were used as base oils to pre-
pare nanofluid. The hardness of cast composites, and nano
coolants are considered as input factors with speed and feed
by keeping DOC constant to study the in-process responses
like insert temperature and cutting force. After processing the
roughness of the surface, flank wear, and MRR is recorded
offline. The dry, PVD coated TiCN and Al,O3 coated carbide
inserts are used in turning operations to check the perfor-
mance of inserts.

3.2 Work material, cutting insert, and insert holder

The LM 25 aluminum hybrid composites in three different
combinations are prepared in 300 mm length and 25 mm
diameter. The nano titanium dioxide, nano zirconium dioxide
and bagasse ash are used as reinforcements for the prepa-
ration. The prepared cast composites are cut into 100 mm
lengths and 25 mm diameters and are used for the turning
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Fig.5 Mechanical properties Vs
Cast Composites

Mechanical properties Vs Cast Composites
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Fig. 6 The Inserts and Holder
used in experimental work

N

process in each test. All three composite properties are tabu-
lated in Table 3. The TNMG160408 G332 tungsten carbide
inserts are selected for the turning operation. The shape of
the inserts is triangular with 4.67 mm thickness, and the
TNMG2020K16 insert holder is used. The inserts are sil-
ver coated and specially used to cut aluminium material as
shown in Fig. 6.

3.3 Coating of inserts

The physical vapour deposition method is chosen for coating
of inserts. This method involved the process of converting of
solid material into vapour form in a vacuum and depositing
it on the cleaned and degreased target surface [5, 8, 9]. The
purpose of coating is to improve the wear resistance and
hardness of inserts. Some of the inserts are used as uncoated,
called as C1, some are coated with C2-TiCN which is a blue
grey in colour and some are coated with C3-Al,O3 coating,
which is a dark grey in colour, the coating, is done from
Globus Engineering Solutions. The thickness of the coating
is 4-microns with a single layer. The coating of inserts in
turning operation is studied to overcome the temperature at
the contact zone. If the temperature is high, the insert will
wear at a faster rate, leading to a lower insert life. If the
coated inserts were used the temperature at the contact zone
will reduce and increase the insert life.

Insert holder

3.4 Nano coolant preparation

In the machining industries, the fluids used for cooling are in
high volume flood conditions to remove heat at the contact
of the tool and work. At present the effect of regular coolants
in industries is becoming a very tedious issue, because it is
affecting the environment as well as workers health. To over-
come such issues, many researchers have proposed the use of
nano coolant. This nano coolant is produced by using cooking
oil as a base oil and very small quantities of nano particles
are mixed with the base oil. These nano coolants are used
in the minimum amount of coolant in machining to avoid
wastage and be economical. In the view of such problems,
the researchers have developed the nano coolants by using
vegetable oils. The past researches [10-28] are proposing the
results by using nano coolant are better in surface related and
health issues. The hybrid nano coolants are recent develop-
ments in the research.

In the study the soybean oil [29, 31, 33, 36] is used as a
base oil for the preparation of nano coolant. The base oil has
907 kg/m> density, 0.303 cm?/sec kinematic viscosity, and
a 489.2 °F flash point. The combination of 2 nano material
TiO,, MoS; and the combination of 3 nano material nTiO,,
nMoS,, nZnO [71-74] along with CTAB surfactant 0.4 g is
concentrated with soybean oil for the preparation of nano
fluid and used as minimum amount of coolant (MAC). All
nano materials varying from 50 to 100 nm particle size with
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LOMIcvIOe

Magnetic stirrer Ultra sonicator

Fig.7 Stirring and ultrasonication of nano coolant

99% purity are used to prepare nano coolant. The nTiO» is
selected because of its heat transfer capabilities and lower
temperature capabilities. The nMoS; is selected because of
its low thermal conductivity and temperature stability. The
nZnO is selected because of its heat removal and cooling
effects.

The different weight percentages of nano materials are
weighed from a digital weighing machine and concentrated
with 100 ml of pure soybean oil. Nano coolant (NC) 1—1.0
weight % nTiOy, 1.5 weight % nMoS,, is concentrated with
100 ml of soybean oil and considered as one nano coolant.
Nano coolant (NC) 2—1.0 weight % nTiO,, 1.5 weight %
nMoS,, and 0.5 weight % of nZnO is considered as another
nano coolant for the study. The CTAB helps in mixing of
concentration without leaving the particles at the bottom. The
100 ml base oil is taken into a beaker, and slowly the nano
particles are added with stirring. The concentration is stirred
for 40 min by magnetic stirrer at 900 rpm on REMI IMLH
magnetic stirrer for proper mixing of nano particles in the
base liquid. Followed by sonication, which passes the sonic
waves to the concentration to avoid aggregation of particles
at the bottom. The ultra sonication is done by Leela sonic
for 30 min at 50 Hz frequency. The prepared nano coolant is
used in minimum amount of coolant (MAC) condition after
preparation. The stirring and sonication of concentration is
shown in Fig. 7. The use of nano coolant helps in turning
operation by reducing heat at the contact zone, and increasing
insert life by reducing flank wear of the insert.

4 Experimentation outline

4.1 Cutting parameters and measuring apparatus

To investigate the effect of hybrid nano coolant in MAC con-
dition and the insert coating in turning the process, the study

is designed with four input factors. The four factors with three
levels are speed (224, 499.5, 775), feed rate (0.159, 0.299,
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Table 4 Parametric combinations of experimental tests

Factors UNITS LEVELS

1 2 3
Speed rpm 224 499.5 775
Feed Rate mm /rev 0.159 0.299 0.44
Material Hardness HV 84.5 90.35 96.2
Cooling Condition - 1 2 3

Fig. 8 Experimental and nano coolant setup

0.44), LM 25 three cast composite hardness (84.5, 90.35,
96.2), and cooling condition (1-Dry, 2-NC-1, 3-NC-2) are
considered for the experimental test by keeping the cutting
depth constant at 0.3 mm for all experiments. The uncoating
1-C1, 2-C2-TiCN, and 3-C3-Al; 03 are used randomly in the
process to study the insert flank wear for three different condi-
tions. The response surface — BBD approach is used to obtain
the combinations of factors to evaluate surface roughness
(SR), flank wear (FR), insert tip temperature (T), Z cutting
force (ZF), and volume of material removed (MRR). The
experimental plan will be extracted from Taguchi’s method.
The Taguchi’s method will give well defined combinations
for testing. This can be done from MINITAB software by
defining input factors, levels of parameters and responses.
The parametric combinations of experimental tests planned
are shown in Table 4.

The experimental setup is shown in Fig. 8. The two
responses are measured after the machining process. Surface
roughness is measured using the SJ210 roughness measur-
ing instrument at two different areas of the work piece and
the average is taken as SR value. The wear of the flank (Vb
max) is measured by inverted metallurgical microscope. The
instrument has 1000 x zoom and software compatibility to
capture the wear area by a SMP camera. The wear area of
the captured image is measured by the software tool. Two in
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Table 5 Experimental plan and recorded responses

SL. Speed FR Material NC Insert SR MRR Insert tip temp IFW Z
No hardness Coating (Vp) force
rpm mm/rev VH - - pm mm?>/min °C mm kgf

1 775 0.2995 90.35 3 3 6.391 4609.55 86.5 0.2255 2.8
2 499.5 0.44 96.2 2 2 10.289 3643.14 74.58 0.0142 7.0
3 499.5 0.159 96.2 2 2 4.8366 3086.18 429 0.0587 3.0
4 499.5 0.159 90.35 3 2 4.71189 4253.15 49.7 0.1155 2.0
5 224 0.2995 90.35 1 1 9.283 3184.72 68.76 0.2055 5.8
6 499.5 0.2995 96.2 1 2 9.09 2746.37 54.21 0.1457 6.0
7 499.5 0.2995 90.35 2 2 7.921 4119.53 432 0.1987 4.0
8 499.5 0.2995 96.2 3 2 7.35152 3191.61 61.21 0.1193 59
9 224 0.159 90.35 2 1 3.296 3861.61 445 0.0781 1.4
10 775 0.44 90.35 2 3 7.378 4635.79 71.26 0.1384 5.0
11 224 0.2995 84.5 2 1 6.529 3308.01 60.8 0.1666 4.0
12 775 0.159 90.35 2 3 4.395 4312.16 48.1 0.1532 1.0
13 499.5 0.2995 90.35 2 2 7.27145 4151.51 54.7 0.1925 4.0
14 499.5 0.159 84.5 2 2 4.643 3814.04 532 0.0348 2.8
15 224 0.2995 90.35 3 1 6.223 4078.68 47 0.2817 4.0
16 499.5 0.2995 84.5 1 2 8.27124 2551.67 49.7 0.3231 9.4
17 775 0.2995 90.35 1 3 7.196 3377.5 46.9 0.4151 6.0
18 499.5 0.44 90.35 1 2 10.6804 3701.61 50.7 0.2687 10.0
19 499.5 0.159 90.35 1 2 6.65035 3303 38.47 0.245 5.0
20 499.5 0.2995 84.5 3 2 6.68903 4205.09 63.1 0.2673 4.0
21 224 0.2995 96.2 2 1 6.844 3200.94 69.07 0.0277 5.0
22 499.5 0.44 90.35 3 2 8.96966 4583.75 79.8 0.3592 6.0
23 224 0.44 90.35 2 1 9.68706 42323 83.3 0.1379 5.5
24 775 0.2995 96.2 2 3 7.6 3267.71 72.48 0.0493 4.2
25 499.5 0.44 84.5 2 2 7.303 3806.09 73.8 0.1828 6.9
26 499.5 0.2995 90.35 2 2 7.9 4190.61 57.62 0.1918 4.0
27 775 0.2995 84.5 2 3 5.98829 4169.14 78.8 0.1020 5.0

process responses are recorded, and the insert tip temperature
is measured by the Pti120 thermal imager. The temperature
image is captured at the highest value in all experiments are
recorded in degree Celsius as a response. The feed force in
the Z direction is recorded by the lathe dynamometer UIL 15
model in kgf. The experimental plan with recorded responses
is presented in Table 5.

The insert wear is observed at the place where the contact
of inserts and workpiece area occurs. At the contact area,
due to variable regular parameters, the heat generation is
high, due to this the wear of inserts takes place. This flank
wear reduces the life of inserts and damages the dimensional
accuracy of the workpiece contact area. The flank wear of
insert Vp > 0.3 mm is allowable when the surface is even.
If the surface is uneven Vp max > 0.6 is followed. The tool
life criteria are followed in the study. In the turning of each

experiment, fifteen cuts are considered irrespective of cutting
combinations with variation in cutting time.
The material removal rate (MRR) is evaluated by Eq. 1
[37].
Wi,

- le . I 3 .
MRR = ——— in milli meter’/minutes @))
0

Ti *
Wiy = Weight of w/p before turning (kg). Wiy = Weight

of w/p after turning (kg). Ti = completion time of one exper-
iment (min). p = cast material density (kg/mm?).

4.2 Effect of speed with responses on cast material
The evaluation of roughness value, wear of insert, and

Z feed force by three different speed conditions. These
responses are studied over three cooling environment, dry,
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Fig.9 Effect of responses with speed in dry condition

Nano Coolant—1, and Nano Coolant—2 conditions for all
three-cast composites. In dry condition the uncoated silver
colour inserts are used to measure the insert wear. The lowest
insert wear for the M1, M2, and M3 composites is 0.0334 mm
at224rpm, 0.0532 mm at 775 rpm, and 0.0338 mm at 224 rpm
respectively. In dry condition, cast composite M2 has the
highest roughness value of 13.08 pwm at 775 rpm and the
lowest roughness value of 4.7 wm at 224 rpm. M3 composite
has higher insert wear (0.2987 mm at 775 rpm), M1 compos-
ite has the lowest insert wear (0.0387 mm at 224 rpm). The
M2 composite exhibits 12 kgf force at 775 rpm, whereas M3
have very lowest 3 kgf force at 224 rpm. In comparison, the
roughness value, wear of insert, and Z feed force increase
with an increase in speed. The graphical representation of
speed vs responses for all three composites is represented in
Fig. 9. a, b, c.

In NC 1 condition, the lowest insert wear for M1, M2,
and M3 composites is 0.0528 mm at 775 rpm, 0.2207 mm at
224 rpm, 0.1109 at 224 rpm respectively. The cast composite
M1 has higher 9.23 pm at 224 rpm and lowest roughness
value 5.76 pm at 775 rpm. The M2 composite has higher
insert wear (0.626 mm at 775 rpm), M1 composite has the
lowest insert wear (0.0604 mm at 224 rpm). The M1 com-
posite have exhibits 6 kgf at 775 rpm force, whereas M3 have
very lowest 1 kgf force at 224 rpm. In comparison the rough-
ness value varied with respect to speed, wear of insert, and
Z feed force increases with increase in speed. The graphical
representation of speed vs responses for all three composites
is represented in Fig. 10 a, b, c.

In the NC 2 condition, the lowest insert wear for the M1,
M2, and M3 compositesis 0.0323 mm at 224 rpm, 0.0211 mm
at 224 rpm, and 0.0213 at 315 rpm, respectively. The cast
composite M2 has a higher 11.25 pm at 224 rpm, and M2 has
the lowest roughness value of 3.78 wm at 775 rpm. The M1
composite have higher insert wear (0.1352 mm at 775 rpm),
M2 composite has the lowest insert wear (0.0241 mm at
224 rpm). The M2 composite exhibits 6 kgf at 775 rpm force,
whereas M3 has the very lowest 2 kgf force at 224 rpm. In
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comparison, the roughness value varied with respect to speed,
wear of insert, and Z feed force increases with the increase
in speed. The graphical representation of speed vs responses
for all three composites is represented in Fig. 11 a, b, c.

In comparison of the cast composition, the effect of surface
roughness by speed on composite M2 material has the highest
SR value of 9.23 pm at 224 rpm, and M2 has the lowest
roughness value of 3.78 pm at 775 rpm. The effect of insert
wear by speed on composite M2 have higher insert wear
0.626 mm at 775 rpm, and composite M2 has the lowest
insert wear 0.0211 mm at 224 rpm, which is coated by TiCN.
The effect of feed force Z by speed on composite M2 has the
highest force of 12 kgf at 775 rpm, and M3 has the very
lowest of force 1 kgf at 224 rpm. The M2 composite material
has better properties.

In comparison of the cast composition, the M3 material
shows the improvement in mechanical properties. Hence the
M3 material is considered for the evaluation of responses
in different cooling environments. The evaluation of rough-
ness value, wear of insert, and Z feed force by three different
speeds is conducted. The responses are studied over hybrid
and single cooling environments, dry, Nano Coolant—1,
Nano Coolant -2, nTiO3, nMoS5, and nZnO coolants in MAC
conditions. Figure 12. a show the graph of Speed vs SR. The
Nano Coolant -2, shows the better performance in compari-
son with others. Figure 12. b shows the graph of Speed vs Z
Force. The Nano Coolant -1, shows the better performance
in comparison with others by least values of forces in all
speed condition. Figure 12. ¢ shows the graph of Speed vs
TW. The Nano Coolant -1, shows the better performance in
comparison with others by least values of tool wear in all
speed conditions.
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Fig. 11 Effect of responses with speed in NC—2 condition
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Fig. 12 Comparative graphs showing hybrid vs. single nano coolant

5 Data analysis and optimisation methods
5.1 Analysis by DFA

This is one of the most used multiple output data analy-
sis techniques. This statistical technique provides the most
significant parameter from a set of experimental data by
response analysis. The desirability data is evaluated by con-
verting responses into non-unit values [53, 58, 66]. This
process involves two steps; the responses are transformed
into desirability index (I4.) separately. The Iy values varied

between zero and one. In the next step, composite desirabil-
ity (D¢) is developed by adding responses separately into a
function. This process is carried out by the weighted geomet-
ric mean of all Iy values. The optimal parametric values are
obtained from the maximum values of composite desirability
(D¢). the value of composite desirability (D) becomes zero,
this is not accepted.
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5.1.1 DFA Optimization technique

Higher the value is better

Vo Vo X
Iy = <y—mlnl> Vinini < Vy < Vinaxi> ¥
Vimaxi - Vmini

>0, 1, Vy > Vrini> 0, Vy =< Vnmini (2

Lower the value is better

Vy — Vipaxi \*
]d:<}—ma’“) Vinini

Vinini — Vmaxi
< Vy < Vi
r>0,1,
Vy < Vmini> 0,
Vy > Viini 3

Vy = the output values, Viin; = lowest value of yth output,
Vmaxi = highest value of y output. Separate desirability
index Iq is evaluated by Eqgs. 2 and 3, depending higher the
better or lower the better response characteristics. When Vy >
Vmaxi> alq value equal to 1 condition is desirable. When V, <
Vmini Iq value is not desirable when its value is zero. Hence,
the I4 values lie between one and zero.

The D. composite desirability function is evaluated by
Eq. 4.

1
CD(Dc) = (Dc)l‘1 « D32« D3 ..., )(’) )

where, the responses are denoted by 1. D¢ 1, D¢ 2, D¢ 3....
Denotes indexes of individual desirability. xj, X2, X3....
denotes weights of responses. All output responses have same
weightage. X1, X2, X3, X4 = 0.5 is considered in Eqs. 2 and 3.

The analysis of responses by DFA tabulated in Table 6. In
CD column the largest value provides the rank one for DFA,
as the lowest is last rank. In Table 6, 0.7013 is the largest CD
value with experiment no. 01 is given as rank 1. The 775-rpm
speed, 0.2995 mm/rev feed rate, Al, O3 coated inserts and NC
2 coolant are effective parameters to obtain best responses
for cast material M2.

5.2 Data analysis by RSM

The response surface data analysis technique provides the
interrelationship between responses and parameters. This
relationship is developed using statistical software by provid-
ing different independent variables and their levels as input.
The different cutting conditions are extracted from software,
and experimental tests are conducted. The BBD design is
inculcated in this research for experimental investigation.
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The observed responses are recorded and used for optimi-
sation through analysis by ANOVA. This analysis develops
a model for each response by analyzing the independent
variables to study the significant effect. It will predict the
independent variables for expected results [52, 54].

The predicted RSM variables are tested for experimen-
tal work to measure the responses and confirmation. The
developed models indicate the relation between experimen-
tal conditions and measured outputs. The speed, feed rate,
cast composite hardness, and cooling environments are used
as independent cutting inputs. The SR, MRR, insert temper-
ature, insert flank wear (V) and Feed force are measured as
dependent variables.

Dependent variables are denoted by D and the independent
cutting inputs is denoted by P. The relation between D and P
is given by [56].

P = D(speed, feed rate, cast composite hardness,

and cooling environments) ®)]

The RSM second order response model is given by:
z z z
P=y,+Y %0i+Y aiQi+y 00, (6)
i=1 i=1 ij

Vo — Regression constant value, The linear, and quadratic
terms—yi, y2...yz and y11, y22...Yzz,

V12, ¥13..-Yz-1 are interaction terms. Q1, Q2, Q3...... inde-
pendent cutting inputs.

5.2.1 RSM optimisation

The statistical RSM-BBD design is used to study the inde-
pendent cutting factors over SR, MRR, insert temperature,
insert flank wear (Vy) and feed force in the turning of pre-
pared cast composites. The numerical parameters denoted in
the RSM regression equations are speed (x 1), feed rate (x
2), cast composite hardness (x 3), cooling environments (x
4) with three different levels. Table. 5. is the representation
of developed experimental combinations through statistical
software called Design Expert. Later the responses are used
in the software for analysis to develop the RSM regression
models.

5.2.2 RSM equation for material removal rate

MRR = 154731 +4.80937 % x(1) — 9103.23136 * x(2)
— 3480.55345 % x(3) + 3304.35201 * x(4)
—0.303950 % x(1) % x(2) — 0.047533  x(1) * x(3)
+0.306795 % x(1) % x(4) + 77.38248 x x(2) * x(3)
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Table 6 Computed desirability

function analysis Responses Iy values CD RANK

Si No SR MRR Insert tip Temp IFW (Vp) Z Force
wm mm?/min °C mm kef

1 0.7622 0.9937 1.0000 0.7260 0.8944 0.7013 1
2 0.2302 0.7237 0.8671 0.0000 0.5774 0.0000 23
3 0.8896 0.5064 0.3037 0.3332 0.8819 0.2005 21
4 0.8990 0.9035 0.4835 0.5027 0.9428 0.4315 9
5 0.4350 0.5511 0.7941 0.6908 0.6831 0.2997 16
6 0.4641 0.3056 0.5725 0.5727 0.6667 0.1761 22
7 0.6113 0.8673 0.3138 0.6784 0.8165 0.3036 15
8 0.6714 0.5541 0.6881 0.5120 0.6749 0.2974 17
9 1.0000 0.7928 0.3543 0.3992 0.9775 0.3311 14
10 0.6687 1.0000 0.8263 0.5566 0.7454 0.4788 4
11 0.7498 0.6024 0.6818 0.6166 0.8165 0.3938 11
12 0.9226 0.9191 0.4478 0.5888 1.0000 0.4728
13 0.6794 0.8761 0.5813 0.6669 0.8165 0.4341
14 0.9042 0.7783 0.5538 0.2267 0.8944 0.2811 18
15 0.7769 0.8560 04214 0.8169 0.8165 0.4323 7
16 0.5712 0.0000 0.4835 0.8778 0.2582 0.0000 23
17 0.6869 0.6295 0.4189 1.0000 0.6667 0.3475 13
18 0.0000 0.7428 0.5046 0.7968 0.0000 0.0000 23
19 0.7388 0.6004 0.0000 0.7588 0.7454 0.0000 23
20 0.7352 0.8907 0.7161 0.7946 0.8165 0.5516 2
21 0.7208 0.5582 0.7982 0.1835 0.7454 0.2096 20
22 0.4813 0.9874 0.9276 0.9277 0.6667 0.5222 3
23 0.3668 0.8980 0.9661 0.5555 0.7071 0.3535 12
24 0.6459 0.5861 0.8415 0.2959 0.8028 0.2751 19
25 0.6763 0.7758 0.8577 0.6485 0.5869 0.4138 10
26 0.6136 0.8868 0.6314 0.6656 0.8165 0.4321
27 0.7971 0.8810 0.9163 0.4680 0.7454 0.4738 5

— 121.00611 % x(2) * x(4) — 17.67059 % x(3) * x(4)

—0.000141 % x(1)*> + 5758.21301 * x(2)*
+19.66842 % x(3)> — 317.09560 * x(4)*:

5.2.3 RSM equation for surface roughness

SR = —166.66827 + 0.022070  x(1)
+9.07253 % x(2) + 3.68281 * x(3)
— 2.85022 % x(4) — 0.022011 % x(1) % x(2)

(N

—0.000100 s x(1) % x(3) + 0.002046 * x(1) * x(4)
+0.367562  x(2) * x(3) + 0.405140 x x(2) * x(4)

— 0.012566 * x(3) % x(4) — 0.000011 % x(1)?

—29.85835 % x(2)> — 0.020189 * x(3)*
+0.493980 * x(4)* ®)

5.2.4 RSM equation for insert tip temperature

Temperature
= —577.81241 — 0.004991 % x(1)
— 58.48504 x x(2) + 15.37784 x x(3)
—42.82014 % x(4) — 0.101013 * x(1) * x(2)
— 0.002137 % x(1) * x(3) + 0.055681 * x(1) * x(4)
+0.939432 % x(2) % x(3) + 31.79715 % x(2) * x(4)
+0.133944 5 x(3) % x(4) + 0.000133 x x(1)?
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+84.45097 % x(2)> — 0.085793 * x(3)*
—0.115417 % x(4)"2; )

5.2.5 RSM equation for insert flank wear

Flank wear = 29.42740 — 0.000974 % x(1)
+1.57218 % x(2) — 0.641268 * x(3)
—0.502587 * x(4) — 0.000482 x x(1) * x(2)

+0.000018 # x(1) * x(3) — 0.000241 * x(1) * x(4)
— 0.007553 * x(2) % x(3) + 0.391338 % x(2) * x(4)

+0.000504 * x(3) % x(4) — 1.94136 * x(2)>
+0.003516 % x(3)2 +0.109798 * x(4)%;  (10)

5.2.6 RSM equation for Z feed force

Z Force = —94.75751 + 0.019051 % x(1)
+5.25409 x x(2) + 2.43439 % x(3)
— 11.78487 % x(4) — 0.001076 % x(1) % x(2)
—0.000177 % x(1) % x(3) — 0.001361  x(1) % x(4)
+0.057936 * x(2) * x(3) — 1.77936 * x(2) % x(4)
+0.051893 s x(3) % x(4) + 14.13028 % x(2)*
—0.014272 % x(3)> + 1.67477 x x(4)*; (11)

The statistical R? value developed by RSM regression
equations indicates how close the relation of responses is with
the independent variables. The R? values of responses are SR
(96.19%), MRR (94.3%), Insert Temperature (91.2%), Insert
Flank Wear (Vy) (90.97%) and Feed force (90.23%). These
percentages indicate the models developed are adequate.

5.3 Multi objective GA

Multi-objective GA is a matlab optimisation technique which
is used to generate optimal factors for the desired responses.
This technique has many steps to generate Pareto results. In
the research, MOGA is utilised to study, the lower the better
response and the higher the better response values at the same
point on the generated graph. To obtain best solutions, the
upper and lower bonds of all responses have to be defined.
Followed by population type and size, where the required
size has to be defined. The size of the tournament is used
as 2. Then the constraint dependent mutation function with
crossover is updated. Then the stopping criteria is defined to
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get refined results [68, 69]. The optimisation application is
used from matlab software to generate data.

5.4 Multi objective PSO

MOPSO is also a matlab optimisation technique which is
applied to optimise machining parameters to reduce the cost
of manufacturing. The bird’s velvet pattern theory is used
to develop PSO algorithm, which is developed by Kennedy
& Eberhard. The basic steps are that the particle initializa-
tion is defined by its velocities and positions. Followed by
calculation of the objective function of each particle and
comparing the particles with solutions. The above steps are
repeated till the maximum iterations are reached. The results
are generated through Pareto solutions to determine the best
parameters. After getting the best particles, the distances rel-
ative to other particles are recorded in the particle’s memory.
In each iteration the global solution is recorded in the global
best memory. To accelerate the particles in the direction of
the best particles and global best inertia weight method is
incorporated. The inertia weights are randomized between
0.1 to 1.1. This process enables maximum search space for
solving many complex problems [39, 68].

5.5 Multi objective NSG 11

It is a non-dominated sorting algorithm, which is used to
solve many difficult industrial machining problems by opti-
mizing different factors. The most effective Pareto front solu-
tions are generated by the non-dominated sorting method.
This method of sorting involves a generation of random
populations followed by selection of crowded tournament
selection with combining parent solutions called crossover
followed by mutation. The generated offspring and parent
populations are combined into a single population. On the
basis of Pareto front principle, the combined populations are
sorted into a non-dominated number of fronts. Distance of
crowding is calculated for each sorted front. The parent pop-
ulation is developed from the sorted front by terminating
[63-67].

In the initialization step, define the decision variables with
minimum and maximum ranges. The objective functions are
selected from the regression equations developed in the RSM.
Then the objective function should be bifurcated as highest
output or lowest. In the beginning, a random population is
initiated for a specified size N within the constraints range,
the developed parent population Qy is evaluated through the
objective. In the next step the sorting of the developed pop-
ulation is made into different non dominated fronts. In the
first front, the best solutions were obtained, which are not
dominated by any other individual population. In subsequent
fronts the removal of solutions from the last dominated fronts
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further finds the next non-dominated fronts. The fitness val-
ues are calculated for all Q; values. The further step continued
with the calculation of the crowding distance of each front
of individuals. A higher distance is preferred as it helps in
maintaining diversity in population and to avoiding cluster-
ing of solutions. In the next step, a selection of tournaments
is made for generating the non-dominated rank. Which is fol-
lowed by crossover, which combines two parental solutions
to create new offspring. Mutation randomly alters the genes
within a single solution. Repeat the process or terminate the
process depending on the number of satisfactory iterations.

6 Results and discussion
6.1 Evaluation of parameters effect by DFA

The mean effect on CD values for all levels is tabulated in
the Table 7. The optimal settings of all parameters are high-
lighted in the respective column of table. The optimal cutting
condition in all levels is given by S3FR2CH2CES3, which is
gathered from Fig. 13. The optimal settings are highlighted in
the fig by red dash circle. The 775-rpm speed, 0.299 mm/rev
feed, M2 cast composite, and three nano particle concen-
tration coolants are the best optimal parameters to observe
better responses. This setting is available in the experimental
combination hence, the responses are 6.391 wm roughness,
4609.55 mm3/min MRR, 86.5 insert temperature, 0.2255 mm
insert flank wear (Vy), and 2.8 kgf force.

6.2 Analysis of responses data by RSM
6.2.1 Surface roughness analysis

The regression of RSM’s surface roughness with speed, FR,
hardness of cast composites, and cooling environment is tab-
ulated in Table 8. In the research, the ANOVA analysis is done
by design expert software considering a confidence level of
90 percent. This method is applied to check the developed
model’s significance and the parameters effect on surface
roughness. In the P column, the lowest values indicate sta-
tistical significance for the response SR.

In Fig. 14 the residuals of statistical analysis by ANOVA
follow the recorded values of response SR. The values of
residuals are scattered around the zero-line indicating the
model is adequate. The distribution of residuals is not show-
ing any inappropriate pattern. The values are very close to
each other; hence, the model developed for SR is significant.
Figure 15 represents the relationship between SR and the
parameters of the 3D surface plot. Providing the variation in
roughness values by varying the feed and speed. By increas-
ing the feed rate the value of SR is increased continuously
at the lowest speed. The lowest 3.296 pm SR is observed

at 0.15 mm/rev feed and 224 rpm speed. This lowest value
is recorded for M2 cast material and NC-1 cooling environ-
ment.

6.2.2 MRR analysis

The regression of RSM’s MRR with speed, FR, hardness
of cast composites, and cooling environment is tabulated
in Table 9. In the research, the ANOVA analysis is done
by design expert software considering a confidence level of
90 percent. This method is applied to check the developed
model’s significance and the parameters effect over MRR.
In the P column, the lowest values indicate statistical sig-
nificance for the response MRR. In Fig. 16 the residuals of
statistical analysis by ANOVA following the recorded val-
ues of response MRR. The values of residuals are scattered
around the zero-line indicating the model is adequate. The
distribution of residuals is not showing any inappropriate
pattern.

Figure 17 represents the relationship between MRR and
parameter’s 3D surface plot. Providing the variation in vol-
ume of material removed by varying the feed and speed.
By increasing the feed rate and speed the value of MRR
is increased continuously. The highest MRR is observed at
0.44 mm/rev feed and 775 rpm speed. This highest value is
recorded for M2 cast material and the NC-1 cooling environ-
ment.

6.2.3 Insert tip temperature analysis

The regression of RSM’s tip temperature with speed, FR,
hardness of cast composites, and the cooling environment is
tabulated in Table 10. In the research, the ANOVA analysis
is done by design expert software considering a confidence
level of 90 percent. In the P column, the lowest values indicate
statistical significance for the response Insert tip temperature.
In Fig. 18 the residuals of statistical analysis by ANOVA
following the recorded values of response tip temperature.
The values of residuals are scattered around the zero-line
indicating the model is adequate.

Figure 19 represents the relationship between tip temper-
ature and the parameters of the 3D surface plot. Providing
the variation in tip temperature values by varying the feed
and speed. By increasing the feed rate and speed the value
of the tip temperature increased continuously. The lowest tip
temperature is observed at 0.15 mm/rev feed and 499.5 rpm
speed. This lowest value is recorded for M2 cast material and
the NC-1 cooling environment.

6.2.4 Insert flank wear (Vb) analysis

The regression of RSM’s Insert flank wear with speed, FR,
hardness of cast composites, and cooling environment is
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Table 7 Means response of

parameters effect by DFA Levels Speed rpm Feed Rate mm/rev Cast Hardness VH Cooling environment
1 0.3367 0.2862 0.3523 0.1372
2 0.2511 0.3499 0.3662 0.3288
3 0.4582 0.2947 0.1931 0.4894
Effect 0.2071 0.0637 0.1731 0.3521
Rank 2 4 3 1
Fig. 13 Optimal settings of all Main Effects Plot for Means
parameters (S3FR2CH2CE3) Data Means
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Table 8 Influence of parameter’s
effect over SR Source SS DF MS F-value p-value
Model 83.56 14 5.97 21.63 0.0001 significant
A-x (1) 0.2288 1 0.2288 0.8288 0.3805
B-x (2) 33.35 1 33.35 120.83 0.0001 significant
C-x(3) 2.46 1 2.46 8.91 0.0114 significant
D-x (4) 6.30 1 6.30 22.82 0.0005 significant
AB 2.90 1 2.90 10.52 0.0070
AC 0.1829 1 0.1829 0.6626 0.4315
AD 1.27 1 1.27 4.61 0.0530 significant
BC 0.6389 1 0.6389 231 0.1541
BD 0.0130 1 0.0130 0.0470 0.8321
CD 0.0378 1 0.0378 0.1370 0.7177
A? 3.79 1 3.79 13.74 0.0030 significant
B? 1.85 1 1.85 6.71 0.0236 significant
C? 2.04 1 2.04 7.38 0.0187 significant
D? 1.30 1 1.30 4.72 0.0507 significant
Lack of Fit 3.04 10 0.3040 2.23 0.3490
Pure Error 0.2725 2 0.1362
Total 86.87 26
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Fig. 14 Residuals plot for SR Normal Plot of Residuals
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Table 9 Influence of parameter’s

effect over MRR Source SS DF MS F-value p-value
Model 8.125E + 06 14 5.803E + 05 14.19 <0.0001 significant
A—x (1) 5.127E + 05 1 5.127E + 05 12.54 0.0041 significant
B-x (2) 1.494E + 05 1 1.494E + 05 3.65 0.0801
C-x (3) 7.169E + 05 1 7.169E + 05 17.53 0.0013 significant
D-x (4) 2.600E + 06 1 2.600E + 06 63.57 <0.0001 significant
AB 553.68 1 553.68 0.0135 0.9093
AC 41,080.49 1 41,080.49 1.00 0.3360
AD 28,575.84 1 28,575.84 0.6987 0.4196
BC 28,317.03 1 28,317.03 0.6923 0.4216
BD 1156.18 1 1156.18 0.0283 0.8693
CD 74,801.78 1 74,801.78 1.83 0.2012
A? 607.13 1 607.13 0.0148 0.9050
B? 68,909.56 1 68,909.56 1.68 0.2187
C? 1.933E + 06 1 1.933E + 06 47.26 <0.0001 significant
D? 5.363E + 05 1 5.363E + 05 13.11 0.0035 significant
Lack of Fit 4.883E + 05 10 48,827.85 38.53 0.0256
Pure Error 2534.28 2 1267.14
Total 8.616E + 06 26
Fig. 16 Residuals plot for MR Normal Plot of Residuals
MRR
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Fig. 17 MRR effect on FR and
Speed

Table 10 Influence of
parameter’s effect over Insert tip
Temperature

Factor Coding: Actual

MRR (em3/min)
Design Points:
@ Above Surface
! SRR O Below Surface
T e . 0 O
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0.33 6~
0.27 94942 '
B:x(2) FRRew/Min) 021 g 93?29 S A x(1) (S RPM)
0.15 223 '
Source SS DF MS F-value p-value
Model 4580.39 14 327.17 8.95 0.0003 significant
A—x (1) 152.34 1 152.34 4.17 0.0638
B-x (2) 1349.04 1 1349.04 36.91 < 0.0001 significant
C-x(3) 208.61 1 208.61 5.71 0.0342 significant
D-x (4) 319.94 1 319.94 8.75 0.0120 significant
AB 61.15 1 61.15 1.67 0.2202
AC 83.01 1 83.01 2.27 0.1577
AD 941.26 1 941.26 25.75 0.0003 significant
BC 4.17 1 4.17 0.1142 0.7413
BD 79.83 1 79.83 2.18 0.1652
CD 4.30 1 4.30 0.1176 0.7376
A? 539.98 1 539.98 14.77 0.0023 significant
B? 14.82 1 14.82 0.4055 0.5362
2 36.78 1 36.78 1.01 0.3356
D? 0.0710 1 0.0710 0.0019 0.9656
Lack of Fit 32241 10 32.24 0.5547 0.7855
Pure Error 116.24 2 58.12
Total 5019.04 26
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Fig. 18 Residuals plot for Tool Normal Plot of Residuals
tip temperature
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Table 11 Influence of

tabulated in Table 11. This method is applied to check the
developed model’s significance and the parameters effect
over flank wear. In the P column, the lowest values indicate
statistical significance for the response flank wear. In Fig. 20
the residuals of statistical analysis by ANOVA following the
recorded values of response insert flank wear. The values
of residuals are scattered around the zero-line indicating the
model is adequate.

parameter’s effect over Insert Source §S DF MS F-value p-value
flank wear
Model 0.2490 13 0.0192 10.07 <0.0001 significant
A—x (1) 0.0000 1 0.0000 0.0054 0.9426
B-x (2) 0.0118 1 0.0118 6.21 0.0270 significant
C-x(3) 0.0016 1 0.0016 0.8423 0.3755
D-x (4) 0.0036 1 0.0036 1.92 0.1895
AB 0.0014 1 0.0014 0.7322 0.4077
AC 0.0057 1 0.0057 3.02 0.1060
AD 0.0176 1 0.0176 9.28 0.0094 significant
BC 0.0003 1 0.0003 0.1418 0.7125
BD 0.0121 1 0.0121 6.36 0.0255 significant
CD 0.0001 1 0.0001 0.0321 0.8607
B2 0.0088 1 0.0088 4.63 0.0507 significant
C? 0.0632 1 0.0632 33.22 < 0.0001 significant
D? 0.0723 1 0.0723 38.03 < 0.0001 significant
Lack of Fit 0.0247 11 0.0022 153.00 0.0065
Pure Error 0.0000 2 0.0000
Cor Total 0.2737 26
Fig. 20 Residuals plot for Insert Normal Plot of Residuals
wear
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Figure 21 represents the relationship between insert flank
wear and the parameters of the 3D surface plot. Providing
the variation in flank wear values by varying the feed and
speed. By increasing the feed rate the value of flank wear
increased continuously at the lowest speed. The lowest flank
wear is observed at 0.44 mm/rev feed and 224 rpm speed.
This lowest value is recorded for M2 cast material and the
NC-1 cooling environment.
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Fig. 21 Insert wear effect on FR T
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Table 12 Influence of
parameter’s effect over feed force ~ Source SS DF MS F-value p-value
Model 103.01 13 7.92 9.24 0.0001 significant
A—x (1) 0.0001 1 0.0001 0.0001 0.9923
B-x (2) 36.66 1 36.66 42.74 < 0.0001 significant
C-x (3) 6.86 1 6.86 8.00 0.0142 significant
D-x (4) 21.80 1 21.80 25.41 0.0002 significant
AB 0.0069 1 0.0069 0.0081 0.9297
AC 0.5714 1 0.5714 0.6661 0.4291
AD 0.5625 1 0.5625 0.6557 0.4327
BC 0.0159 1 0.0159 0.0185 0.8939
BD 0.2500 1 0.2500 0.2914 0.5984
CD 0.6451 1 0.6451 0.7520 0.4016
B2 0.4668 1 0.4668 0.5442 0.4738
Cc? 1.04 1 1.04 1.21 0.2906
D? 16.83 1 16.83 19.62 0.0007 significant
Lack of Fit 11.15 11 1.01
Pure Error 0.0000 2 0.0000
Cor Total 114.16 26

6.2.5 Feed force analysis

The regression of RSM’s feed force with speed, FR, hard-
ness of cast composites, and cooling environment is tabulated
in Table 12. In the research, the ANOVA analysis is done
by design expert software considering a confidence level of
90 percent. In Fig. 22 the residuals of statistical analysis
by ANOVA following the recorded values of response feed
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force. The values of residuals are scattered around the zero-
line indicating the model is adequate. The values are very
close to each other; hence, the model developed for feed
force is significant.

Figure 23 represents the relationship between feed force
and the parameters of the 3D surface plot. Providing the vari-
ation in feed force values by varying the feed and speed. By
increasing the feed rate and speed the value of feed force
increased continuously. The lowest feed force is observed at
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Fig. 22 Residual plot for Feed
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0.15 mm/rev feed and 224 rpm speed. This lowest value is
recorded for M2 cast material and the NC-1 cooling environ-
ment.

6.3 Optimisation of responses by MOGA

The MOGA is applied for the responses to study the Pareto
plots for MRR vs all other responses, the plots are rep-
resented in Fig. 24a, b, ¢, d. Equations 7 is represented
by MRR, whereas the Eqs. 8, 9, 10 11 are SR, ITT, IFW,
and ZFF respectively. The simultaneous prediction of low-
est surface roughness at the same place the highest MRR is
extracted in the graph Fig. 24 a. The SR of 2.4 pm at that
point the 3574 mm?>/min MRR is observed. This result is at
224 rpm speed, 0.159 mm/rev feed, for M1 cast composite,
and NC2 coolant. In comparison with experimental results
roughness is improved by 0.86 pm. In Fig. 24 b the 32.59 °C
lowest tip temperature is observed for that point and 3984
mm?>/min MRR is extracted. This is observed at 247.6 rpm
speed, 0.159 mm/rev feed, for M3 cast composite, and NC2

coolant. In comparison with experimental results tempera-
ture is improved by 5.88 °C.

In Fig. 24 c the 0.0132 mm lowest insert flank wear is
observed for that point and 2847 mm?>/min MRR is extracted.
This is observed at 224 rpm speed, 0.18 mm/rev feed, for M1
cast composite, and NC1 coolant. Compared to test results
0.001 mm is improved. In Fig. 24 d the 1.25 kgf lowest
feed force is observed for that point 4248 mm?>/min MRR is
extracted. This is observed at 247.6 rpm speed, 0.159 mm/rev
feed, for M1 cast composite, and NC2 coolant. The feed force
is 0.25 kgf more than the experimental results.

6.4 Optimisation of responses by MOPSO

The MOPSO is applied for the responses to study the Pareto
plots for MRR vs all other responses, the plots are repre-
sented in Fig. 25. a, b, ¢, d. The simultaneous prediction of
lowest surface roughness at the same place the highest MRR
is extracted in the graph Fig. 25 a. The SR of 3.5 pm at that
point the 3059 mm?>/min MRR is observed. This result is at
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Fig. 23 Feed force effect on FR
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Fig. 24 MOGA generated pareto plots for MRR Vs Responses
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Fig. 25 MOPSO generated pareto plots for MRR Vs Responses

224 rpm speed, 0.159 mm/rev feed, for M1 cast composite,
and NC1 coolant. In comparison with experimental results,
roughness is lagging by 0.3 pwm. In Fig. 25 b the 39.6 °C
lowest tip temperature is observed for that point and 2926
mm?>/min MRR is extracted. This is observed at 560.9 rpm
speed, 0.159 mm/rev feed, for M3 cast composite, and NC2
coolant. In comparison with experimental results tempera-
ture is lagging by 1.13 °C.

In Fig. 25 c the 0.0032 mm lowest insert flank wear is
observed for that point and 2558 mm?>/min MRR is extracted.
This is observed at 224 rpm speed, 0.159 mm/rev feed, for
M2 cast composite, and NC1 coolant. In Fig. 25 d the 2.1
kgf lowest feed force is observed for that point and 3535
mm?>/min MRR is extracted. This is observed at 385 rpm
speed, 0.159 mm/rev feed, for M3 cast composite, and NC2
coolant. The feed force is 1.1 kgf more than the experimental
results.

6.5 Optimisation of responses by MONSG 2

The MONSG 2 is applied for the responses to study the Pareto
plots for MRR vs all other responses, the plots are represented
inFig. 26a, b, ¢, d. The simultaneous prediction of lowest sur-
face roughness at the same place the highest MRR is extracted
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in the graph Fig. 26 a. The SR of 3.0 wm at that point the
3339 mm3/min MRR is observed. This result is at 237 rpm
speed, 0.159 mm/rev feed, for M1 cast composite, and NC2
coolant. In comparison with experimental results roughness
is improved by 0.2 wm. In Fig. 26 b the 33.68 °C lowest tip
temperature is observed for that point 3688 mm?/min MRR is
extracted. This is observed at 242.8 rpm speed, 0.159 mm/rev
feed, for M3 cast composite, and NC2 coolant. In compar-
ison with experimental results temperature is improved by
4.79 °C. In Fig. 26 c the 0.0184 mm lowest insert flank
wear is observed for that point 2534 mm?3/min MRR is
extracted. This is observed at 265 rpm speed, 0.18 mm/rev
feed, for M2 cast composite, and NC1 coolant. In Fig. 26 d
the 1.41 kgf lowest feed force is observed for that point 4145
mm?>/min MRR is extracted. This is observed at 477 rpm
speed, 0.159 mm/rev feed, for M3 cast composite, and NC1
coolant. The feed force is 0.41 kgf more than the experimen-
tal results.
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Fig. 26 MONSG?2 generated pareto plots for MRR Vs Responses
Table 13 Percentage error between observed and predicted
Exp No SR MRR ITT IFW ZFF
Exp Pre Error % Exp Pre Error % Exp Pre Error % Exp Pre Error % Exp Pre Error %
5 9.28 9.18 1.07 3184.72 3287.08 —3.21 68.76 69.36 —0.87 0.2056 0.2074 —0.87 5.75 6.28 —9.21
11 6.53 6.04 7.50 3308.01 3379.33 -2.15 60.8 61.71 —1.49 0.1666 0.1831 -9.90 4.04 441 —9.15
17 72 7.4 —2.77 3377.5 3459.03 —2.41 46.9 40.34 13.98 0.4151 0.3998 3.68 6 6.45 —-75
22 8.97 9.02 —0.55 4583.75 4582.7 0.02 79.8 78.23 1.96 0.3592 0.3156 12.13 6 592 1.33
24 7.6 6.98 8.15 3267.71 3497.13 —7.02 72.48 72.87 —0.538 0.0493 0.0465 5.67 421 453 —7.60

7 Validation for the experimental results

Table 13 represents the confirmation between experimental
data and predicted data through RSM for all the models gen-
erated. The test numbers are randomly picked from Table 5
and the error percentage is evaluated by Eq. 12 [39]. The per-
centage error is less than ten percentage for SR, MRR, and
feed force which indicates the models developed are optimal.

ER — PR

percentage Error = x 100 (12)

PR- Predicted results, ER- Experimental Results.

@ Springer

8 Data comparisons

In DFA analysis, at 775 rpm speed, 0.2995 mm/rev feed
rate, Al,O3 coated inserts and NC 2 coolant are effec-
tive parameters to extract the best responses. The cast
material M2 exhibits the required optimal settings in the
study. From Fig. 10 the optimal factors are represented by
S3FR2CH2CE3 and the responses recorded for the same
are 6.391 pm roughness, 4609.55 mm3/min MRR, 86.5
insert temperature, 0.2255 mm insert flank wear (Vy,), and
2.8 kgf force. In Fig, 11, 13, 15, 17, 19 the experimental
and predicated value plots are shown graphically for SR,
MRR, ITT, IFW, and ZFF respectively. The R? values of
SR, MRR, ITT, IFW, and ZFF generated by RSM regression
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are 0.9619, 0.9430, 0.9126, 0.9097, and 0.9023 respectively
which are adequate. In all five residuals plot, the squared
dots are indicating experimental data in which they are very
closely aligned with the red residual line. In Fig, 12, 14, 16,
18, and 20 represent the relations between parameters and
responses of the generated models. The generated models
are utilized to study the effect of speed and feed rate with
responses.

The MOGA, MOPSO, and MONSG?2 optimisation meth-
ods generated Figs. 21, 22, 23, a to d represent the Pareto
plot of response MRR versus other responses SR, ITT, IFW,
FF. The plots of Pareto indicating the closeness of generated
value with recorded value. Among three MATLAB tech-
niques the lowest SR of 2.4 pm is generated by MOGA at
224 rpm speed, 0.159 mm/rev feed, for M1 cast composite
and NC2 coolant. The 32.59 °C lowest tip temperature is
observed at 247.6 rpm speed, 0.159 mm/rev feed, for M3
cast composite and NC2 coolant by MOGA. The lowest
0.0032 mm insert flank wear is observed at 224 rpm speed and
0.159 mm/rev feed for M2 cast composite and NC1 coolant
by MOPSO. The lowest 1.25 kgf feed force is observed at
247.6 rpm speed, 0.159 mm/rev feed, for M1 cast compos-
ite, and NC2 coolant by MOGA. The MOGA dominates in
generating better results compared to other techniques.

9 Conclusion

The research focused on the development of LM 25 cast
composites in three different combinations, the nano TiO,
nano ZrQO;, and fixed quantity of bagasse ash are used for
all cast composite. The mechanical properties are studied for
the prepared composite. The soyabean-based nano coolant
is prepared by using nTiO;, nMOS;, and nZnO and used
in the turning process in MAC condition. The uncoated and
PVD-coated TiCN, Al,O3-coated carbide inserts are used in
turning operations. The surface roughness, MRR, insert tip
temperature, insert flank wear (Vy,), and feed force are studied
as responses. The RSM- BBD design is used to obtain test
combinations, and to generate the fit models. The DFA is
used for parameters optimisation. The MOGA, MOPSO, and
MONSG2 MATLAB algorithms are used as soft optimisation
techniques.
The conclusion of the research is:

e Prepared three composites providing improvement in
mechanical properties compared to a base alloy. The LM
25 84% + 5% nTiO3 + 3% nZrO, + 8% bagasse ash combi-
nation of reinforcement exhibits 96.20 HV microhardness
with an improvement in hardness by 38.76 HV compared
to the base alloy. The percentage increase in the hardness
value improves the machining capabilities.

The above combination of reinforcement exhibits 148 MPa
tensile strength with an improvement of 18 MPa tensile
strength compared to the base alloy. The fracture risk of
material can be improved due to an increase in tensile
strength of LM 25 Cast composite.

The compression strength is 539.1 MPa with an improve-
ment of 325.5 MPa. The improvement in compressive
strength withstands the deformation of LM 25 Cast com-
posite.

The two different coating combinations are utilised in
the research, from which the TiCN-coated inserts exhibit
reduced tool wear compared to other coated and uncoated
inserts. This coating of inserts helps in reduction of the
temperature at contact zone.

In the research the soybean cooking oil is used as a base
oil to prepare nano coolant. The 1 wt % nTiO,, 1.5 wt %
nMoS; concentrations with soybean oil performed well by
reducing roughness and insert flank wear. The use of this
nano coolant, minimizes the friction at the contact zone
and dissipates heat at a faster rate. The surface roughness,
tool wear, and temperature will be reduced with an increase
in the volume of material removal in the cutting process.
The regression equations developed by RSM-BBD for
all the responses show the significant characteristics.
Providing adequate correlation between responses and
parameters. The R? values of all responses are 0.9619,
0.9430, 0.9126, 0.9097, and 0.9023, which leads to ade-
quate results. The developed regression models exhibit
significant results.

The optimal settings obtained from DFA are
S3FR2CH2CE3, which is the highest speed 775-rpm,
medium feed 0.299 mm/rev, M2 cast composite, with
three nano particle concentration coolants. The responses
are 6.391 pwm roughness, 4609.55 mm3/min MRR, 86.5
insert temperature, 0.2255 mm insert flank wear (Vyp),
and 2.8 kgf force. These optimal settings lead to better
responses.

The soft computing optimisation methods like MOGA,
MOPSO, and MONSG?2 are applied to investigate the
responses. The higher the better MRR versus all four lower
the better SR, FW, ITT, and ZF responses are studied
through the Pareto front plot. Among three MATLAB tech-
niques the lowest SR of 2.4 pm is generated by MOGA at
224 rpm speed, 0.159 mm/rev feed, for M1 cast composite
and NC2 coolant.

The 32.59 °C lowest tip temperature is observed at
247.6 rpm speed, 0.159 mm/rev feed for M3 cast com-
posite and NC2 coolant by MOGA. The MOGA generates
best parametric combinations to reduce insert tip temper-
ature.

The lowest 0.0032 mm insert flank wear is observed at
224 rpm speed and 0.159 mm/rev feed for M2 cast compos-
ite and NC1 coolant by MOPSO. The MOPSO provides
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best combination of input factors for lesser insert wear
with long insert life. The lowest 1.25 kgf feed force is
observed at 247.6 rpm speed, 0.159 mm/rev feed, for M1
cast composite, and NC2 coolant by MOGA. The MOGA
dominates in generating better parameters for cutting force
compared to other techniques.

10 Future scope

The LM 25 cast composites developed in this research are
widely used in the sectors where the lightweight, corrosion-
resistant cast composites are already common like, marine,
automotive parts, and aerospace. The promising mechanical
properties are obtained from the reinforcements of a combi-
nation of nano TiO», nano ZrO,, and bagasse ash with LM
25. The better improvement in hardness, tensile and com-
pression strength leads to the production of components like
clutches, brake, valve bodies, and suspension brackets, where
hardness and compressive strength are required.

The variation of base material LM25, selected nano mate-
rial and variation in bagasse ash can be developed to study the
mechanical properties, wear and other related properties to
meet the industrial applications. The different nano materials
with base material can also be developed for the future study
to check the improvement in material properties. Further
work can extend the machining studies to high-speed CNC
environments, different tool geometries and coatings, and
real production cycles to validate tool-life and energy-saving
benefits under factory conditions. The different techniques
are utilized to optimise accurately the input parameters for
the industrial need.
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