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Abstract 

Last decade witnessed rapid increase in development of 

advanced materials for high performance applications. While 

these materials solve a great deal of technological issue, they 

also pose considerable challenge in machining due to poor 

machinability characteristics. Many strategies have been 

devised, where environmental friendly machining techniques 

have been given major emphasis and minimum quantity 

lubrication (MQL) technique or oil mist lubrication (OML) 

technique is one of them. In recent time, oil mist lubrication 

system has been evolved for helping the machining process 

more efficiently in the manufacturing industries but cost 

comes as a hurdle for its wider area of application. To tackle 

this problem, the present study deals with the fabrication of a 

low cost oil mist lubrication system which can match the 

quality and efficiency of machining of the existing OML 

system. To test the quality of the fabricated setup, turning of 

EN-24 steel in different cutting environments has been done. 

The effect of addition of silicon dioxide (SiO2) and aluminium 

oxide (Al2O3) powder with average size of around 1 µm has 

been investigated during turning of EN-24 steel with the help 

Taguchi-based design of experiment. A comparative attempt 

was also made to determine optimal cutting condition using 

MOORA technique, TOPSIS method and Grey Relational 

analysis (GRA) based multi objective optimization 

techniques. The study, therefore, not only show the efficiency 

of the fabricated OML setup but also clearly established 

promising potential of Al2O3 powder under MQL environment 

during machining EN-24 steel 

 

Keywords: Minimum Quantity Lubrication, Low Cost OML 

System, EN-24, MOORA, TOPSIS, GRA. 

 

Introduction 

These days, the assembling organizations inferable from an 

ever increasing number of stringent ecological concerns and 

guidelines over tainting and contamination are investigating 

new answers for diminish or even totally dispose of the 

utilization of ordinary cutting liquids for progressively 

effective and less dirtying greasing up or potentially cooling 

methodologies. Dry machining has been acknowledged as an 

elective arrangement ready to ensure a higher manageability 

and lower conservative effect of the assembling procedure, in 

any case, definitely, a decrease of the machined surface 

quality and increment of the apparatus wear must be 

acknowledged. A fascinating innovation, these days 

progressively utilized additionally in mechanical applications, 

is the Minimum Quantity Lubrication (MQL)- helped 

machining, which, as an outcome of the extremely low stream 

rate of the utilized cutting oil (of the request of 0.2 l/h), is 

named close dry machining. A few research works have 

exhibited its advantages in improving the cutting exhibitions 

regarding both device wear obstruction and surface honesty as 

for dry cutting [1-3] just as in maintaining a strategic distance 

from not just the expenses related with the cutting liquid 

transfer yet in addition the costs identified with the machine 

device cleaning [4]. By and by, while machining hard to-cut 

combinations, for example, titanium, cobalt or nickel 

composites, where high dimensional exactness and machined 

surface quality are compulsory, the traditional flood 

procedures still speak to the best arrangement since they 

permit a productive cooling of the cutting zone restricting the 

thermally-initiated device wear systems mindful of the front 

line change [5-6]. To improve the cooling impact of the MQL 

procedures two methodologies have been as of late proposed: 

one makes utilization of low-temperature liquids, for example, 

Liquid Nitrogen (LN2), Carbon Dioxide (CO2) or cooled air, 

to give a half and half innovation in which the apparatus flank 

face is greased up and the rake one cooled at the same time 

(systems named as Minimum Quantity Cooling Lubrication 

(MQCL) [7]), while alternate goes for improving the oil heat 

exchange attributes on account of explicit added substances. 

The last arrangement, named Solid Lubricant (SL)- helped 

MQL procedure, is these days accepting more extensive 

consideration since it permits an uncommon improvement of 

the liquid exhibitions by controlling both the warmth age and 

the rubbing between the device and work piece without 

noteworthy increment of the procedure costs, and, in the 

meantime, it additionally keeps away from those issues 

identified with the utilization of cryogenic temperatures as 

happens when utilizing the previously mentioned half and half 

systems. Different models can be found concerning the 

ointment type, particles measurements and fixation, created 

based on the metal composite to be machined and the 

exceptional machining activity. The exhibitions of SL-helped 

MQL while including particles of MoS2, WS2, CaF2, TiN, 
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graphite were tried [8-10], demonstrating that they could 

additionally improve the grease film made between the 

contact surfaces through the option of different added 

substances described by different capacities, for example, 

hostile to wear, against rubbing and hostile to consumption 

capacities. The utilization of lamellar powders, for example, 

boron nitride or graphite, which would in general hold fast to 

the apparatus surfaces making a layer parallel to the chip 

stream bearing, decided the development of a defensive layer 

proficient to limit erosion, in this way diminishing the cutting 

powers, the produced temperatures and, thusly, likewise the 

instrument wear [11-12]. Likewise, the cutting temperatures 

impact the strong ointment decision: underneath 500°C, 

graphite, progress metal dichalcogenides (for example 

molybdenum and tungsten disulfides) and polymers can speak 

to the best arrangement, then again, fluorides, oxides and 

sulfates (for example CaF2, ZnO, CuO, CaSO4, and so forth.) 

turned out to be great contender to work at higher 

temperatures [13-14]. So as to improve the constrained 

cooling limit of the MQL method, the utilization of liquids 

advanced with nanometer-sized strong particles or strands, to 

be specific metallic or fired added substances, was tried, 

which demonstrated to assume an imperative job in changing 

the warm transport properties of the base liquid [15]: for 

instance, the utilization of Al2O3 nanoparticles at 4.3 vol.% 

expanded the warm conductivity of the unadulterated liquids 

by 30% [16], with a further increment at expanding the 

nanoparticles focus and liquid temperature [17]. 

Cooling procedures dependent on the sole utilization of 

unadulterated water as coolant are delegated Minimal 

Quantitative Cooling (MQC) methods, with the opportunity to 

improve their low greasing up attributes by including 

nanoparticles of TiO2 [18] and Al2O3 [19], where an 

expansion of the apparatus wear obstruction was found. Be 

that as it may, based on the previously mentioned writing 

survey, the utilization of SL-helped MQL and MQC in 

machining hard to-cut combinations hasn't been explored yet, 

hence the point of the paper is to assess the impacts of these 

insignificant methodologies amid getting done with turning of 

the hard to-cut titanium compound Ti6Al4V, for lessening 

however much as could reasonably be expected the cutting 

liquid utilization, and, in the meantime, guaranteeing 

apparatus life and machined surface quality practically 

identical to those realistic with the traditional flood procedure. 

The high ointment limit of the PTFE and graphite particles, 

because of the improvement of a slight film between the 

device and the workpiece material, makes them the most 

reasonable possibility to be connected as strong grease added 

substances [20-21]. Moreover, PTFE and graphite are a lot 

less expensive than different added substances that can be 

possibly utilized.  

From the above-stated literature review it is concluded that 

work has been done on both low & medium carbon steels, 

Aluminium alloy & metal matrix composites, but less 

attention has been given in the investigation of  Nickel 

chromium Molybdenum steels concerning different 

nanolubricants especially Al2O3 (aluminium oxide) & SiO2 

(silicon di oxide) nano-particle along with different 

conventional cutting oil, vegetative oil & emulsified oils. In 

recent time, oil mist lubrication system has been evolved for 

helping the machining process more efficiently in the 

manufacturing industries but cost comes as a hurdle for its 

wider area of application. To tackle this problem, the present 

study deals with the fabrication of a low cost oil mist 

lubrication system which can match the quality and efficiency 

of machining of the existing OML system. To test the quality 

of the fabricated setup, turning of EN-24 steel in different 

cutting environments has been done. Hence, it is decided to 

work on the optimization of machining of i.e. EN-24 Nickel-

Chromium-Molybdenum steel in different lubricating 

environments after comparing the machining parameters 

namely (cutting speed, feed-rate & depth of cut) with the out-

responses obtained after machining (i.e. Cutting temperature, 

Chip thickness & surface roughness). 

 

Experiment Methodology 
The experiment involved turning process to be carried out on 

a cylindrical job of EN-24 steel. The workpiece considered 

had the initial diameter of 20 mm and length of 40 mm. All 

the turning experiments were carried out on a CNC lathe 

machine (Make: MTAB Ltd., Bangalore, India; Model: 

Flexturn), shown in Fig. 1 

 

 
 

Figure 1:  Experimental setup for carrying out the turning 

experiments 

 

Selection of work piece and tool material 

The machining operations are carried out on Nickel-

Chromium-Molybdenum steel (EN-24) having the chemical 

composition as shown in Table 1 and physical characteristics 

as shown in Table 2. 
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              Table 1: Chemical composition of EN-24  

 

Elements Wt. % 

Ferrous, Fe 61.82-53.82 

Carbon, C 0.36 -0.44 

Silicon, Si 2.0 

Manganese, Mn 0.75 

Sulphur, S 0.045 

Phosphorous, P 0.03 

Chromium, Cr 18.0 

Molybdenum, Mo 3.0 

Nickel, Ni 14.0 

                            

Table 2: Mechanical properties of EN-24  

 

Density 7850 Kg/m3 

Poisson's Ratio 0.27 – 0.30 

Elastic Modulus  210 GPa 

Yield Strength  470 MPa 

Tensile Strength 745 MPa 

Vickers Hardness 228 

 

The machining is carried out using uncoated cemented carbide 

tool inserts of P30 grade having the insert designation as 

VNMG 120408. The tool holder used was of ISO SSBR 

2020K12 designation (make: Kennametal, India). 

 

Selection of cutting environment & Preparation of cutting 

fluid 

The experiments are performed under different lubricating 

conditions, carried out in oil-mist lubrication (OML) 

environment with variation in nanoparticles types. 

Conventional cutting oil used as the base fluid for all three 

conditions. Concentration of nanoparticles inclusion were kept 

constant under the cutting conditions to establish the 

comparative study among them on the basis of variation in 

machinability characteristics. Aluminium oxide & Silicon 

dioxide has taken to prepare nanofluids which has to be 

applied on to the cutting zone. Al2O3 particles is mixed with 

the water soluble cutting oil whereas the SiO2 particle is 

mixed with emulsified vegetable oil thoroughly with the help 

of stirrer machine to minimize the chances of particle 

settlement at the base and to maintain proper suspension 

behavior of it [22]. Three different types of environments is 

used for investigation and those are: 

 

1. Oil Mist Lubrication 

2. Conventional cutting fluid with 5 volume % inclusion of 

Al2O3 nanoparticles (OML assisted). 

3. Emulsified vegetable cutting fluid with 5 volume % 

inclusion of SiO2 nanoparticles (OML assisted). 

 

 

Table 3: Properties of Aluminium oxide (Al2O3) 

 

Molecular formula Al2O3 

Molar mass 101.96 g/mol 

Appearance White solid 

Density 3.95 g/cm3 

Melting point 2072°C 

Solubility in water Insoluble 

Crystal structure Various 

Particle size <50 nm (avg. size) 

 

Table 4: Properties of Silicon dioxide (SiO2) 

 

Molecular formula  

Molar mass  

Appearance  

Density  

Melting point  

Solubility in water  

Crystal structure  

Particle size  

 

Table 5: Factors & their levels 

 

Factors Code Unit Level 1 Level 2 Level 3 

Cutting 

Speed 
A m/min 50 60 90 

Feed B mm/rev 0.06 0.09 0.12 

Depth 

of Cut 
C mm 0.25 0.50 0.75 

 

Setup for Oil-Mist Lubrication (OML) 

The cutting fluid needed to be supplied using minimum 

quantity lubrication technique. Therefore, an OML setup was 

developed for creating the required oil-mist to be supplied 

onto the cutting zone. The setup used for OML application is 

shown in Figure 2 and the conditions under which OML is 

carried out is shown in Table 6. 

 

 
 

Figure 2: Fabricated cheap OML set up 

 

 

 

Table 6: Conditions under which Minimum quantity 

lubrication is carried out 

 

MQL Flow Rate 5ml/hr 

Air pressure 3-6 bar 

MQL distance from the contact zone (d) 20 mm 
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Horizontal angle to the work piece (α) α=15° 

 

The oil mist lubricator functions in the following manner. 

1. Highly compressed air with typical air pressure of 3-6 bar 

is supplied into the air filter via a solenoid valve. 

2. The air filter removes any impurity or contaminations that 

may have come along with the supplied air so as to keep 

the equipment clean and dirt free. 

3. In the meantime, cutting fluid from the oil reservoir is 

supplied to the mixing chamber via an oil control valve. 

Oil control valve helps to control the flow rate of oil to be 

supplied. 

4. In the mixing chamber, the compressed air from the filter 

via air control valve and the cutting fluid get mixed to 

form an aerosol known as oil-mist. 

5. This oil mist is then supplied to the cutting zone through 

a very small holed (< 2 mm) nozzle. 

 

Development of OML Setup 

Based on the existing conventional flood lubrication system 

employed in the metal cutting process, fabrication of OML 

set-up has been carried out. This setup possesses a quality of 

optimizing cutting fluid in metal machining operation & 

assistance of nanoparticle makes it more viable in terms of 

heat dissipation capacity resulting better surface finish & less 

tool wear rate [22]. 

 

 
Figure 3: Block-diagram of fabricated OML setup 

 

Multi objective optimization on the basis of the ratio 

analysis method (MOORA) 

The MOORA method (Multi objective optimization on the 

basis of the ratio analysis) has been used to disregard 

unsuitable substitutions by selecting the most appropriates an 

also by collation the selection parameter. It is a decision 

making method, where the objectives were restrained for 

every pronouncement of outcomes from a set of available 

alternatives. The MOORA method can be functional in 

numerous forms of complex multi objective optimization 

problems. In MOORA method the recital of the diverse output 

responses is arranged in a decision matrix as specified in 

Equation (i) [23, 24]. 

 

   (i) 

 

Where, xij is the performance measure of the ith alternative on 

jth attribute, m is the number of alternatives, and n is the 

number of attributes. 

A ratio system will be formed by normalizing the data of 

decision matrix which can be calculated by using the equation 

(ii). 

 

 (j = 1, 2, …… n)   (ii) 

 

Where,  represents the normalized value x which is a 

dimensionless number which lies between 0 and 1 ith 

alternative on jth attribute. 

After that, the normalized value will be added for 

maximization problem or subtracted in case of minimization 

problems. In some cases, some of the attributes have more 

importance than others, and to deliver even more importance 

to these attributes, they are multiplied by their corresponding 

weight. After the consideration of weight, the equation will 

be: 

 

   (iii) 

 

where, g is the maximized number of attribute, (n-g) is the 

attributes to be minimized and  is the weight of jth attribute. 

 is the normalized assessment value of the ith alternative 

relating to all the attributes. After calculation of normalized 

assessment value, ranking of  is done from highest to lowest 

value to know the best alternate among the entire attributes. 

Thus, highest  value is the best alternative among all since 

ranking of the  is the final preference. [23, 24]. 

 

Grey Relational Analysis 

The grey relational analysis is actually a measurement of the 

absolute value of data difference between the sequences, and 

can be used to estimate the correlation between the sequences. 

The following sections present the procedure for grey 

relational analysis that has been used [25, 28]. 

 

Data pre-processing 

Data pre-processing is used to transmute the given data 

sequence into dimensionless data categorization and it 

encompasses the transfer of the original sequence to a 

comparable sequence. Let the original reference sequence and 

comparability arrangement be represented as   and 

, i = 1, 2,…, m; t = 1, 2,…n respectively, where m is 

the total number of experiment to be considered, and n is the 

total number of observation data. Data pre-processing 

translates the original sequence to an equivalent sequence. 

Several approaches of pre-processing data can be used in Grey 

relation analysis, depending on the features of the original 

sequence [28]. For “Larger the better”, if the target value of 

original sequence is infinitely large then the normalized 

experimental results can be expressed as- 

 

   (iv) 

 

For “Smaller the better”, when the target value of original 

sequence is infinitely small then the normalized results is 

expressed as- 

 

   (v) 
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For “Nominal the best”, if a defined target value j exists, when 

the target value is closer to desired value the normalization is 

done as- 

 

      (vi) 

Grey relational coefficients and Grey relational grades 

After the data pre-processing, a grey relational coefficient is 

calculated by means of the pre-processed sequences. The grey 

relational coefficient can be calculated as- 

 

 and 0 <  1

      (vii) 

 

After calculation of the grey relational coefficients, grey 

relational grade is calculated using the following equation- 

 
  

where  = 1    (viii) 

 

The grey relational grade  represents the degree of 

correlation between the reference and comparability 

sequences. In case of two indistinguishable sequences, the 

grey relational grade is equal to 1. The grey relational grade 

also specifies the degree of influence applied by the 

comparability sequence on the reference sequence. 

Subsequently, if a particular comparative sequence is more 

significant to the reference sequence than other comparability 

sequences, the grey relational grade for that comparability 

sequence and the reference sequence will surpass as compared 

to other grey relational grades [25, 28].  

 

TOPSIS Method  

TOPSIS Method (Technique for order of preference by 

similarity to ideal solution) is used for estimating the 

substitutions before the multiple attribute decision making; 

based on the fact that the chosen substitute should have the 

shortest distance from the positive ideal solution and the 

farthest distance from negative ideal solution. Positive ideal 

solution defines the best performance values established by 

any substitute for each attribute whereas negative ideal 

solution can be demarcated as worst performance values [26-

28]. Following are the steps involved in TOPSIS: 

 

Step 1: Formation of decision Matrix: 

 

  (ix) 

 

Here, Ai (i=1,2, ......., m) represents the possible alternatives; xj 

(j=1,2, ........, n) represents the attributes relating to alternative 

performance, j=1,2, .........., n and xij is the performance of Ai 

with respect to attribute xj 

 

Step 2: Normalization of matrix: 

 

     (x) 

 

Here, rij represents the normalized performance of Ai with 

respect to attribute xj. 

 

Step 3: Weighted Decision matrix: 

 

    (xi) 

 

   (xii) 

 

Here,  

 

Step 4: Determine the positive ideal and negative ideal 

solutions: 

 

a) The positive ideal solution: 

 

      (xiii) 

      (xiv) 

 

Here, 

 

: Associated with the beneficial 

attributes 

: Associated with non-beneficial 

attributes 

 

Step 5: Determine the distance measures. The separation of 

each alternative from the ideal solution is given by n- 

dimensional Euclidean distance from the following equations: 

 

  (xv) 

  (xvi) 

 

Step 6: Calculate the Overall performance coefficient closest 

to the ideal solution: 

 

  (xvii) 

Result and discussion 
Samples are prepared by using Taguchi’s experimental design 

which is shown in Table 7, 8, 9. The experiments are 

performed under three different cutting conditions i.e. mist 

lubrication, MQL enriched SiO2 particles and MQL enriched 

Al2O3 particles. As per design of experiment, 9 experimental 
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runs are carried out in for each condition. The analysis of the 

results of the above mentioned cutting conditions is being 

done on basis of surface finish, chip thickness & temperature 

of the work piece.  

 

 

Table 7:  Taguchi design of L9 with input and output values for mist lubrication 

 

Run No. A B C Surface Roughness (µm ) Chip Thickness (mm) Temp. (0C) 

1 50 0.06 0.25 3.76 0.25 47.78 

2 50 0.09 0.50 3.52 0.22 43.11 

3 50 0.12 0.75 3.32 0.36 42.11 

4 60 0.06 0.50 3.82 0.19 44.11 

5 60 0.09 0.75 2.96 0.26 44.78 

6 60 0.12 0.25 3.42 0.30 45.11 

7 90 0.06 0.75 2.62 0.30 41.11 

8 90 0.09 0.25 2.42 0.26 43.11 

9 90 0.12 0.50 2.86 0.30 36.78 

 

Table 8:  Taguchi design of L9 with input and output values for MQL+SiO2 

 

Run No. A B C Surface Roughness (µm ) Chip Thickness (mm) Temp. (0C) 

1 50 0.06 0.25 3.58 0.32 48.33 

2 50 0.09 0.50 3.64 0.26 47.00 

3 50 0.12 0.75 3.38 0.39 44.67 

4 60 0.06 0.50 3.48 0.19 45.67 

5 60 0.09 0.75 3.58 0.28 48.33 

6 60 0.12 0.25 3.04 0.33 45.00 

7 90 0.06 0.75 2.64 0.25 44.00 

8 90 0.09 0.25 2.48 0.26 45.67 

9 90 0.12 0.50 2.18 0.25 39.33 

 

Table 9:  Taguchi design of L9 with input and output values MQL+ Al2O3 

 

Run No. A B C Surface Roughness (µm ) Chip Thickness (mm) Temp. (0C) 

1 50 0.06 0.25 1.98 0.17 44.44 

2 50 0.09 0.50 1.78 0.17 41.78 

3 50 0.12 0.75 1.64 0.17 38.78 

4 60 0.06 0.50 2.04 0.16 42.78 

5 60 0.09 0.75 2.28 0.16 41.44 

6 60 0.12 0.25 1.38 0.17 37.78 

7 90 0.06 0.75 1.88 0.14 41.78 

8 90 0.09 0.25 1.34 0.15 39.78 

9 90 0.12 0.50 0.78 0.15 35.44 

 

Optimization using MOORA technique, Grey relational 

analysis and TOPSIS method  

First, MOORA optimization method is applied to find out the 

optimal parameters for turning of EN-24 under mist 

lubrication, MQL+SiO2 and MQL+Al2O3. The normalization 

of the output responses is done conferring to Equation (ii). 

After that the normalized assessment values were calculated. 

Equal percentage of weight is considered for surface 

roughness, chip thickness, temperature and the sum of all the 

weights will be 1. The MOORA overall assessment value is 

calculated using equation (iii) and ranked according to the 

highest value of the overall assessment value. Table 10, 11, 12 

shows the value overall assessment value and their ranking 

according to the highest value.  

Second, Grey relational analysis was done to find out the 

optimal parameters for turning of En-24 under mist 

lubrication, MQL+SiO2 and MQL+Al2O3. Thus, the data 

sequences have a “smaller-the-better characteristic” for all 

output responses therefore, Eq. (v) was employed for data pre-

processing. The distinctive coefficient ζ can be substituted for 

the grey relational coefficient in Eq. (vii). If all the process 

parameters have equivalent weighting, ζ is set to be 0.5. This 

investigation employs the response table of the Taguchi 

method to calculate the average Grey relational grades for 

each factor level, as illustrated in Table 10, 11, 12. 

Third, TOPSIS method was used. The output responses have 

been normalized into a single dimensionless scale in between 

0 to 1. Here, each response parameters have been supposed to 

equally important so they have been assigned equal priority 

weight. Positive ideal solution and negative ideal solution 

expressed in order to evaluate separation distance. Finally, 

overall performance index (OPI) for each turning environment 
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has been computed by TOPSIS shown in Table 10, 11, 12.

 

Table 10:  Overall Assessment Value, Grey Relational Grade and Overall performance coefficient mist lubrication 

 

Run. No. 
MOORA Grey Relational Analysis TOPSIS 

Overall Assessment Value, yi Rank Grey Relational Grade Overall performance coefficient, C+ 

1 -0.0949 3 0.4183 0.4151 

2 -0.0760 2 0.5453 0.5838 

3 -0.1370 9 0.4262 0.2337 

4 -0.0591 1 0.5873 0.5642 

5 -0.1158 4 0.5133 0.5744 

6 -0.1185 6 0.4140 0.3161 

7 -0.1334 8 0.5944 0.5424 

8 -0.1318 7 0.6702 0.6611 

9 -0.1173 5 0.6823 0.5146 

 

Table 11:  Overall Assessment Value, Grey Relational Grade and Overall performance coefficient MQL+SiO2 

 

Run. No. 
MOORA Grey Relational Analysis TOPSIS 

Overall Assessment Value, yi Rank Grey Relational Grade Overall performance coefficient, C+ 

1 -0.1145 5 0.3716 0.2742 

2 -0.0881 2 0.4260 0.4400 

3 -0.1400 9 0.3901 0.1286 

4 -0.0624 1 0.5920 0.6162 

5 -0.0990 3 0.4030 0.4037 

6 -0.1294 8 0.4394 0.3384 

7 -0.1105 4 0.5752 0.6794 

8 -0.1256 7 0.5665 0.6504 

9 -0.1145 6 0.8780 0.7794 

 

Table 12:  Overall Assessment Value, Grey Relational Grade and Overall performance coefficient MQL+ Al2O3 

 

Run. No. 
MOORA Grey Relational Analysis TOPSIS 

Overall Assessment Value, yi Rank Grey Relational Grade Overall performance coefficient, C+ 

1 -0.1132 4 0.3504 0.1869 

2 -0.1180 6 0.3947 0.3214 

3 -0.1172 5 0.4641 0.4236 

4 -0.0968 3 0.3990 0.1710 

5 -0.0770 1 0.4109 0.1120 

6 -0.1289 8 0.5339 0.5898 

7 -0.0919 2 0.6069 0.3170 

8 -0.1249 7 0.5904 0.6212 

9 -0.1486 9 0.9058 0.9612 

 

Best experimental run 

A. MOORA technique: In the above table, it can be seen that 

by using the MOORA method, the overall assessment 

value is highest for a particular values of input parameter 

in experiment no. 4 for both mist lubrication, MQL+SiO2 

and experiment no. 5 for MQL+ Al2O3. Hence, 

experiment number 4 which is having the factor setting 

A2 B1 C2 for both mist lubrication, MQL+SiO2 and 

experiment number 5 with factor setting A2 B2 C3 for 

MQL+ Al2O3 is the optimal parameter combination for 

turning of EN-24. 

B. Grey relational analysis:  Figure 3, 4, 5 shows the main-

effect plot for the Grey relational grade value for mist 

lubrication, MQL+SiO2 and MQL+ Al2O3 respectively. 

Essentially, the smaller the Grey relational grade, the 

better is the multiple performance characteristics. In 

figure 3, the combination of A3 B2 C2 shows the smallest 

value of the mean-effect plot for the factors A, B, C, 

respectively for mist lubrication. Similarly, in figure 4 

and 5, the combination of A3 B3 C2 shows the smallest 

value of the mean-effect plot for the factors A, B, C, 

respectively for both MQL+SiO2 and MQL+Al2O3 

lubrication. Hence, these factor settings can be 
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recommended as is the optimal parameter combination 

for turning of EN-24 according to the grey relational 

analysis. 

 

 

 
 

Figure 3: Main-effect plot for SN ratio of Grey relational 

grade of mist lubrication 

 

Table 13:  Response Table for Signal to Noise Ratios for 

Grey relational grade of mist lubrication 

 

Level A B C 

1 6.748 5.570 6.235 

2 6.025 4.845 4.404 

3 3.772 6.129 5.906 

Delta 2.977 1.284 1.832 

Rank 1 2 3 

 

 
 

Figure 4: Main-effect plot for SN ratio of Grey relational 

grade of MQL+SiO2 

 

 

 

Table 14:  Response Table for Signal to Noise Ratios for 

Grey relational grade of MQL+SiO2 

 

Level A B C 

1 8.062   5.985   6.892 

2 6.530   6.747   4.365 

3 3.623   5.483   6.958 

Delta 4.439   1.264   2.593 

Rank 1 2 3 

 

 
 

Figure 5: Main-effect plot for SN ratio of Grey relational 

grade of MQL+Al2O3 

 

Table 15:  Response Table for Signal to Noise Ratios for 

Grey relational grade of MQL+Al2O3 

 

Level A B C 

1 7.950   7.142   6.379 

2 7.052   6.792   5.638 

3 3.258   4.326   6.244 

Delta 4.692   2.816   0.741 

Rank 1 2 3 

 

C. TOPSIS method: Figure 6, 7, 8 shows the main-effect 

plot for the Overall performance coefficient value for 

mist lubrication, MQL+SiO2 and MQL+ Al2O3 

respectively. In figure 6, 7, the combination of A3 B2 

C2 shows the smallest value of the mean-effect plot for 

the factors A, B, C, respectively for mist and 

MQL+SiO2 lubrication. Similarly, in figure 8, the 

combination of A3 B3 C1 shows the smallest value of 

the mean-effect plot for the factors A, B, C, 

respectively for MQL+Al2O3 lubrication. Hence, these 

factor settings can be recommended as is the optimal 

parameter combination for turning of EN-24 according 

to the TOPSIS method. 
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Figure 6: Main-effect plot for SN ratio of Overall 

performance coefficient of mist lubrication 

 

Table 16:  Response Table for Signal to Noise Ratios for 

Overall performance coefficient of MQL+SiO2 

 

Level A B C 

1 12.062   6.267   8.129 

2 7.165   6.249   4.500 

3 3.086   9.797   9.684 

Delta 8.975   3.548   5.183 

Rank        1 2 3 

 

 
 

Figure 7: Main-effect plot for SN ratio of Overall 

performance coefficient of MQL+SiO2 

 

Table 17:  Response Table for Signal to Noise Ratios for 

Overall performance coefficient of MQL+SiO2 

 

Level A B C 

1 12.062   6.267   8.129 

2 7.165   6.249   4.500 

3 3.086   9.797   9.684 

Delta 8.975   3.548   5.183 

Rank        1 2 3 

 

 
 

Figure 8: Main-effect plot for SN ratio of Overall 

performance coefficient of MQL+Al2O3 

 

Table 18:  Response Table for Signal to Noise Ratios for 

Overall performance coefficient of MQL+Al2O3 

 

Level A B C 

1 10.629   13.296    7.763 

2 12.981   11.003    8.514 

3 4.819    4.130   12.152 

Delta 8.161    9.165    4.389 

Rank        2 1 3 

 

Most influential factor 

Table 19, 20, 21 gives the results of the analysis of variance 

(ANOVA) calculated values from the Grey relational grade of 

mist, MQL+SiO2 and MQL+Al2O3 lubrication respectively. 

Table 22, 23, 24 gives the results of the analysis of variance 

(ANOVA) calculated values from the Overall performance 

coefficient mist, MQL+SiO2 and MQL+Al2O3 lubrication 

respectively.  

 

S = 0.5641   R-Sq = 97.3%   R-Sq(adj) = 89.1% 

 

Table 19:  ANOVA result for Grey relational grade of mist lubrication 

 

Source DF Adj SS Adj MS F-Value P-Value % Contribution 

A 2   14.4629   7.2314   22.73   0.042 62.05 

B 2    2.4874   1.2437    3.91   0.204 10.67 

C 2       5.7222   2.8611 8.99   0.100 24.55 

Error 2    0.6363   0.3182   2.73 

Total 8   23.3088     

 

S = 0.5715   R-Sq = 98.6%   R-Sq(adj) = 94.4% 

 

Table 20:  ANOVA result for Grey relational grade of MQL+SiO2 

 

Source DF Adj SS Adj MS F-Value P-Value % Contribution 

A 2   30.5021   15.2511   46.70   0.021 65.31 

B 2    2.4307    1.2154    3.72   0.212 5.20 
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C 2   13.1142   6.5571   20.08   0.047 28.08 

Error 2    0.6531    0.6531    0.3266  1.40 

Total 8   46.7002     

 

S = 0.4849   R-Sq = 99.1%   R-Sq(adj) = 96.4% 

 

Table 21:  ANOVA result for Grey relational grade of MQL+Al2O3 

 

Source DF Adj SS Adj MS F-Value P-Value % Contribution 

A 2   37.2207   18.6103   79.16   0.012 70.55 

B 2   14.1371   7.0686   30.07   0.032 26.79 

C 2    0.9334    0.4667    1.99   0.335 1.77 

Error 2    0.4702    0.2351   0.89 

Total 8   52.7614     

 

S = 0.8624   R-Sq = 97.9%   R-Sq(adj) = 91.5% 

 

Table 22:  ANOVA result for Overall performance coefficient of mist lubrication 

 

Source DF Adj SS Adj MS F-Value P-Value % Contribution 

A 2   17.543    8.7717   11.79   0.078 25.10 

B 2   40.865   20.4323   27.47   0.035 58.46 

C 2   10.004   5.0020    6.72   0.129 14.31 

Error 2    1.488    0.7438   2.13 

Total 8   69.899     

 

S = 1.768   R-Sq = 96.8%   R-Sq(adj) = 87.2% 

 

Table 23:  ANOVA result for Overall performance coefficient of MQL+SiO2 

 

Source DF Adj SS Adj MS F-Value P-Value % Contribution 

A 2     121.170 60.585   19.39   0.049 62.16 

B 2    25.052   12.526    4.01   0.200 12.85 

C 2    42.451   21.225    6.79   0.128 21.78 

Error 2     6.249    3.125   3.21 

Total 8   194.922     

 

S = 2.843   R-Sq = 94.5%   R-Sq(adj) = 77.8% 

 

Table 24:  ANOVA result for Overall performance coefficient of MQL+Al2O3 

 

Source DF Adj SS Adj MS F-Value P-Value % Contribution 

A 2   105.89   52.945   6.55   0.132 36.31 

B 2       136.50 68.250   8.44   0.106 46.81 

C 2    33.06    16.528   2.04   0.328 11.34 

Error 2    16.17    8.083   5.55 

Total 8   291.61     

 

According to Table 19, 20, 21, factor A, cutting speed is the 

most significant controlled parameters for all 3 lubrication 

technique followed by factor B, feed and factor C, depth of 

cut if the minimization of surface roughness, chip thickness 

and temperature are simultaneously considered. Similarly, 

from Table 22, 24, factor B, feed is the most significant 

controlled parameters for mist and MQL+Al2O3 lubrication 

followed by factor A, cutting speed and factor C, depth of cut. 

Table 23 shows factor A, cutting speed is the most significant 

controlled parameters followed by factor C, depth of cut and 

factor B, feed. 

 

Confirmation experiment 

The confirmation experiments were conducted using the 

optimum combination of the machining parameters obtain 

from Taguchi analysis. These confirmation experiments were 

used to predict and validate the improvement in the quality 

characteristics for machining of EN-24. The final phase is to 

verify the predicted results by conducting the confirmation 

test. The estimated grey relational grade and overall 

performance coefficient can be determined by using the 

optimum parameters as 
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  (xviii) 

 

where a2m and b1m are the individual mean values of the grey 

relational analysis and overall performance coefficient with 

optimum level values of each parameters and μmean is the 

overall mean of grey relational analysis and overall 

performance coefficient. 

        

Table 25:  Confirmatory test results 

 

Lubrication Type Optimization technique Optimal setting Predicted S/N ratio Experimental S/N ratio 

Mist Lubrication Grey Relational Analysis A3 B2 C2 0.7521 0.7023 

TOPSIS A3 B2 C2 0.7543 0.6911 

MQL+SiO2 Grey Relational Analysis A3 B3 C2 0.8551 0.8180 

TOPSIS A3 B2 C2 0.7725 0.6994 

MQL+Al2O3 Grey Relational Analysis A3 B3 C2 0.8674 0.8126 

TOPSIS A3 B3 C1 0.9341 0.9058 

 

From the confirmation experiment performed with the same 

experimental setup, It may be noted that there is good 

agreement between the estimated value and the experimental 

value for both approach. Hence, all the parameter setting of 

can be treated as optimal.  

 

Conclusion 
The research work was carried out to study the effect of 

cutting parameters on the surface roughness, chip thickness 

and temperature for EN-24 steel under different lubricating 

condition. A comparative analysis has been done based on 

Taguchi’s approach with MOORA Technique, Grey 

Relational Analysis and TOPSIS Method, which was used to 

determine the optimal settings of the process parameters for a 

multi-characteristic problem. Based on the experiments 

performed on CNC turning machine the following conclusions 

have been drawn: 

1. The optimal setting of input parameters for turning using 

MOORA Technique, Grey Relational Analysis and 

TOPSIS Method is as follows: 

 

Table 26:  Optimal cut parameters using three optimization methods 

 

Lubrication Type Algorithm Optimal setting Cutting Speed Feed Depth of Cut 

Mist Lubrication MOORA Technique A2 B1 C2 60 m/min 0.06 mm/rev 0.50 mm 

Grey Relational Analysis A3 B2 C2 90 m/min 0.09 mm/rev 0.50 mm 

TOPSIS Method A3 B2 C2 90 m/min 0.09 mm/rev 0.50 mm 

MQL+SiO2 MOORA Technique A2 B1 C2 60 m/min 0.06 mm/rev 0.50 mm 

Grey Relational Analysis A3 B3 C2 90 m/min 0.12 mm/rev 0.50 mm 

TOPSIS Method A3 B2 C2 90 m/min 0.09 mm/rev 0.50 mm 

MQL+Al2O3 MOORA Technique A2 B2 C3 60 m/min 0.09 mm/rev 0.75 mm 

Grey Relational Analysis A3 B3 C2 90 m/min 0.12mm/rev 0.50 mm 

TOPSIS Method A3 B3 C1 90 m/min 0.12 mm/rev 0.25 mm 

 

2. The percentage contributions of each parameter for 

turning process using MOORA Technique, Grey 

Relational Analysis and TOPSIS Method under different 

lubrication condition is as follows: 

 

 

Table 8:  Parameters and their % contribution 

 

Lubrication Type Algorithm Cutting Speed (A) Feed ( B) Depth of Cut (C) 

Mist Lubrication Grey Relational Analysis 62.05 10.67 24.55 

 TOPSIS Method 65.31 5.20 28.08 

MQL+SiO2 Grey Relational Analysis 70.55 26.79 1.77 

 TOPSIS Method 25.10 58.46 14.31 

MQL+Al2O3 Grey Relational Analysis 62.16 12.85 21.78 

 TOPSIS Method 36.31 46.81 11.34 

         

The unique feature of MOORA Technique, Grey Relational 

Analysis and TOPSIS Method is characterization of a single 

composite optimal setting of process parameters that in due 

course leads to mutual and simultaneous optimization of all 

the quality characteristics, leading to establishment of a cost-

effective solution for commercial machining of EN-24 steel in 

CNC turning. 
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