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1. INTRODUCTION 

Hard turning finds a broad range of applications in 

automobile, bearing, and tool and dies industries. One of the 

prime challenges during hard turning process is the high heat 

generation at the cutting zone due to high friction at 

tool-workpiece and chip-tool interfaces. It causes earlier tool 

wear which leads to deteriorating the surface quality of the 

finished goods. In the metal cutting industries, the cutting 

fluids are commonly employed to lessen the friction at 

tool-chip and tool-workpiece interfaces. The cutting fluids 

improve the surface quality, tool life, dimensional accuracy 

and shearing mechanisms [1]. Apart from the benefits, the 

cutting fluids have lots of harmful effects. Most of the cutting 

fluids used during the machining process contain hazardous 

chemical constituents. These cutting fluids are often 

produced airborne mist on the shop floor cause the air 

pollution and can affect the operator’s health.  In addition, the 

cutting fluids are very difficult to dispose of and costly to 

recycle [2]. Since the adverse effects are related to the use of 

cutting fluids and inflexible environmental legislations, 

numerous studies have been conducted to decreasing the 

utilization of cutting fluids [1–4]. The use of minimum 

quantity lubrication (MQL) can be alternate to flooded 

cooling. In MQL the small amount of cutting fluids along 

with compressed air is supplied to the cutting zone [5]. Many 

researchers have investigated the performance of providing 

minimum quantity lubrication during machining. Dhar et al. 

reported that tool wear and surface roughness are decreased 

with MQL during the machining of AISI 4340 steel [6]. 

Choudhury et al. examined that cutting forces are reduced 

from 5 % to 20% by the use of MQL supply during the 

machining [7].  Kumar and Ramamurthy reported the 

machining performance during MQL supply is depends on 

nozzle pressure, the number of pulses, and the amount of 

fluid in every pulse [8]. Khan et al. reported that surface 

quality and tool life are improved during turning of AISI 

9310 steel with vegetable oil based MQL supply based. It is 

due to decreased in cutting temperature [9]. Ekinovic et al. 

investigated that cutting forces are reduced to 16% with MQL 

based machining of Aluminium bronze. The reduction in 

cutting forces leads to less power consumption [10]. Naigade 

et al. observed superior surface quality during MQL based 

hard turning of AISI 4340 steel. The results indicate that 

cutting forces are highly influenced by the depth of cut [11].  

Lawal et al. reported that tool wear and thrust force are 

reduced during vegetable oil based MQL assisted machining 

of AISI 9310 steel [12]. Kumar et al. investigated that surface 

quality is improved by 7 % to 10 % with MQL assisted hard 

turning when compared to flooded coolants [13].  

 

Although, many predictive models and optimization studies 

were available for MQL assisted hard turning. However, the 

cutting speed, feed rate and environmental conditions (dry, 

wet and MQL) are relevant parameters during hard turning 

and very few optimization studies were available using 

Taguchi-Grey analysis. Therefore, in this study, the 

performance of MQL assisted hard turning of AISI 4340 steel 

regarding cutting force and temperature are analyzed. The 

comparison of the outcomes is made with dry and wet 

conditions of machining. Further, ANOVA for cutting force 

and temperature are carried out to study the significance of 

the process parameters. Finally, an optimum cutting 

condition which gives low values of chip-tool interface 

temperature and cutting force are suggested. 

 

2. EXPERIMENTAL DETAILS 

In this study, the heat-treatable AISI 4340 steel is chosen as 

workpiece material. AISI 4340 steel has a broad range of 

applications in manufacturing sectors such as aerospace, 

automobile and general engineering industries.  For the 

experimentations, the 65 mm diameter and 350 mm length of 

the workpiece is selected to maintain the L/D ratio not more 
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than ten as per ISO 3685 standards 1993 [14].  The chemical 

composition of AISI 4340 steel is given in Table 1. Before 

machining the workpiece materials are heat-treated 

(through-hardened) to attain the hardness 45±2 HRC. The 

hardness was measured at three locations by Rockwell 

hardness tester. The average of three hardness values was 

taken. The cutting tool inserts material chosen for this study 

is grade K5625 having 65% CBN content having nose radius 

1.2 mm with ISO geometry SNGA 431S0425MT of 

Kennametal. The inserts were mounted on an 

MSSNR2525M12 (ISO) tool holder.  The water soluble 

based cutting fluid was used during experimentations. 

 

Table 1. Chemical composition of AISI 4340 steel 
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Several parameters influence the performance of hard 

turning. The main relevant parameters are the cutting 

conditions, cutting tool materials and cutting tool geometry. 

Therefore, in this research work, cutting speed and feed rate 

is selected as input variables. The levels of the input variables 

are selected based on the previous research papers and 

machining data handbook. The dry, wet and MQL are chosen 

as environmental conditions. The cutting force and 

temperature are selected as the performance parameters. The 

process variables with their ranges are given in Table 2. 

 

Table 2.  Process variable with ranges  

  

 
Figure 1:  Line diagram of set-up for providing minimum 

quantity of lubrication 

 

The high rigidity of machine tool is the prime requirement for 

hard turning process. Therefore, highly rigid HMT made 

lathe is selected for experimentations. The main component 

of cutting force generated on tool point in the hard turning 

was recorded online using a high-precision lathe tool 

dynamometer (Make DKM 2010 of TeLC, Germany, 

software XKM 2000). The measurement system built with 

strain gauge sensors with minimal deflection, range 2000N, 

resolution 1 N, data acquisition rate adjustable 5 – 100 SPS. 

The cutting temperature was measured by using IR 

thermometer (make: HTC-IRX-66, range -30
o
C to 1550

o
C 

and an optical resolution of 30:1).   

 

For supplying the minimum quantity of cutting fluid during 

machining the set-up is designed as represented by line 

diagram as shown in Fig. (1) The setup is designed for 

supplying the cutting fluid at a flow rate of 100 ml– 200 

ml/hr.   

 

3. DESIGN OF EXPERIMENTS 

3.1 Taguchi’s design of experiments 

The Taguchi technique from the design of experiments was 

selected to optimize the process parameters. Taguchi method 

is a valuable tool for developing the high-quality system. 

Taguchi uses of orthogonal arrays to conduct small, 

fractional factorial experiments equal to larger, full factorial 

experiment [15]. The L9 orthogonal array was chosen for 

performing the experimentations. The design matrix as per L9 

orthogonal array is shown in Table 3. 

 

Table 3a. Orthogonal array L9 

 

3.2 Grey relational analysis 

The hard turning process is very complicated than traditional 

turning process due to the several process variables involved. 

The grey relational analysis (GRA) provides a solution to 

multi-objective problems. The GRA is useful to find the 

optimal setting of different process variables by relating the 

entire range of performance parameter values into a single 

value [16]. The initial step in GRA is to convert the 

performance of all alternatives into a similarity arrangement 

between [0, 1], this act is known as normalization. The next 

step is to define the reference (ideal) order and the calculation 

of grey relational coefficient (GRC) among actual sequence 

and ideal sequence. After, then grey relational grade (GRD) 

is computed between the ideal sequence and every 

comparability sequences from GRC. The highest GRD is the 

best choice. For larger-the-better condition, the actual series 

(experimental results) is normalized by using Eq. (1); 
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Where, xi(k) is the actual series, yi(k) series after 

normalization, max xi(k) and min xi(k) indicate the highest 

and lowest value of xi(k). For smaller-the-better condition, 

the actual series is normalized by applying Eq. (2); 
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Factors Symbol Units Level 

   1 2 3 

Environments A  Dry Wet MQL 

Cutting speed B m/min 100 125 150 

Feed Rate C (mm/rev) 0.1 0.15 0.2 

Run 

No. 

Environments 

 

Cutting  

speed 

Feed  

rate 

1 Dry 100 0.1 

2 Dry 125 0.15 

3 Dry 150 0.2 

4 wet 100 0.15 

5 wet 125 0.2 

6 wet 150 0.1 

7 MQL 100 0.2 

8 MQL 125 0.1 

9 MQL 150 0.15 
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After the normalization of data then grey relational coefficient 

(GRC) is calculated. The GRC is indicating the correlation 

among actual and ideal normalized values. The ideal sequence 

is represented by yo(k) and it is taken as 1. The GRC is 

calculated from the ideal sequence yo(k) and the actual 

sequence yi(k). GRC show the correlation between ideal and 

actual sequence. The larger the GRC closer the yi(k) and yo(k) 

are. The GRC is calculated by using Eq. (3), 

 

max
maxmin


 


ij
i                       (3) 

 

In above Eq. (3), ζi is represented the coefficient of grey 

relational between yi(k) and yo(k); ∆ij=│yo(k) – yi(k)│ 

deviation sequences; Δmin = minimum from Δi(k);  Δmax = 

maximum from Δi(k);  δ is the distinctive coefficient, δ ϵ [0,1]. 

The role of the distinctive coefficient is to increase or decrease 

the range of the GRC. The range of distinctive coefficient δ is 

chosen between [0,1]. Usually, δ =0.5 is used because it offers 

reasonable distinctive outcome and constancy [17]. The next 

step after calculating the GRC is to calculate the Grey relational 

grade (GRD) by using following Eq. (4), 
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In Eq. (4), 𝛶i is the GRD between yij and yoj. The GRD 

designate the degree of resemblance between the actual and the 

ideal series. The higher value of GRD indicates that 

corresponding cutting parameter is closer to optimal. In other 

words, optimization of the complex multi responses problems 

is transformed into optimization of a single GRD. The values of 

GRD are fallen within [0, 1]. 

 

4. RESULTS AND DISCUSSION 

In this research work the performance of hard turning was 

analyzed under different environmental conditions (dry, wet 

and MQL). The cutting speed and feed rate are chosen as 

process variables. The Taguchi design approach was used to 

perform the experiments. The cutting force and chip-tool 

interface are to analyze the machining performance. The 

experimental outcomes are represented given in Table 3. 

 

Table 3b. Machining results for each run 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The grey relational model is prepared from the results 

obtained. The experimental data first converted between 

(0,1),  this is known as normalization. Normalization of 

chip-tool interface temperature and cutting force is carried 

out by using Eq.(2). The normalized data is represented in 

Table 4. The next step is to calculate the grey relational 

coefficient (GRC) from the normalized data. The estimated 

value of GRC shows the correlation between the ideal and 

actual (experimental) data.  

 

The Eq. (3) is used to derive the GRC. The calculated GRC is 

represented in Table 5. Then the last step is to calculate the 

grey relational grade (GRD). For the calculation of GRD, the 

significance of all performance characteristics was assumed 

to be equal. The weights of the two performance 

characteristics were all the same (1/2). The GRD can be 

calculated by using Eq. (4). The calculated GRD for each run 

is given in Table (5). Based on the calculated GRD the rank is 

prepared to recognize the excellent input arrangement. It is 

observed that run no 8 has highest GRD of 0.948. Higher 

GRD signifies the input parameters corresponding to run no 8 

provide superior performance.  

  

Table 4 . Linear normalization of the responses  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5.  Grey relational coefficient and grade 

Run 

No. 

Grey relational 

coefficient 

Grey 

relational 

grade 

Rank  

Cutting 

Force 

(N) 

Temperature 

(
o
C) 

1. 0.424 0.402 0.413 7 

2. 0.405 0.370 0.387 8 

3. 0.333 0.333 0.333 9 

4. 0.518 0.540 0.529 5 

5. 0.419 0.487 0.453 6 

6. 0.730 0.506 0.618 4 

7. 0.510 0.773 0.641 3 

8. 0.897 1 0.948 1 

9. 1 0.868 0.934 2 

 

To analyze the significance of the process parameters, the 

analysis of variance (ANOVA) was performed. The ANOVA 

for Grey relational grade (GRD) represented in Table 6.  

 

The ANOVA for grey relational grade (GRD) shows the 

percentage contribution of each factor. From the ANOVA 

table, it has been observed that cutting environments is the 

primary important factor which influences the machining 

performance.  From the grey relational grade, response table 

is generated to identify the optimum combinations of the 

parameters. The response for a grey relational grade is given 

in Table 7. 

Run  

No. 

 

Cutting  

force 

 (N) 

Chip-tool 

 interface 

 temperature (
o
C) 

1 167 415 

2 171 432 

3 190 456 

4 152 365 

5 168 381 

6 132 375 

7 153 321 

8 123 298 

9 119 310 

Run  

No. 

Cutting  

force 

 (N) 

Chip-tool 

 Interface 

 temperature (
o
C) 

1 0.323 0.259 

2 0.267 0.151 

3 0 0 

4 0.535 0.575 

5 0.309 0.474 

6 0.816 0.512 

7 0.521 0.854 

8 0.943 1 

9 1 0.924 
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Table 6. Analysis of Variance for Means for GRD 

 

 

Table 7. Response table for Grey reasoning grade 

Level A B C 

1 0.3777 0.5277 0.6597 

2 0.5333 0.5960 0.6167 

3 0.8410 0.6283 0.4757 

Delta 0.4633 0.1007 0.1840 

Rank 1 3 2 

 

The optimal levels of the input parameters which maximize 

the machining performance are MQL as cutting environment 

with 150 m/min of cutting speed and with 0.1 mm/rev of feed 

rate during the hard turning. Main effects plot for means of 

GRD is shown in Fig 2.  It has been observed from the plot 

that high cutting speed with low feed rate and MQL as cutting 

environment maximize the grey relational grades which in 

turn maximize the machining performance. 

 

 
Figure 2:  Main effects plot for mean of GRD 

 

5. PREDICTION AND VALIDATION OF THE 

OPTIMUM RESULT 

After selecting the optimal level of a process variable, the 

next step is to predict the machining performance using 

optimal level of the process variable. A verification test is 

carried out to analyze performance. The outcome of the grey 

relational analysis is utilized to validate the experiment 

results. The Eq.(5) used to estimate the predicted mean 

(μpredicted) of GRD using optimum level of process 

variables.     

         
meanmmmpredicted CBA  3133                   (5)       

                        

Where A3m, B3m, and C1m are the mean of the optimal level 

of the process variables and μmean is the total mean of GRD. 

At optimal level of input variables, the μpredicted = 0.961. 

The validation of the test is carried out at same experimental 

setup. The experimental value of GFRD at optimal values of 

parameters = 0.923. Therefore, the optimal values of process 

parameters are 150 m/min cutting speed, 0.1 mm/rev of feed 

rate and minimum quantity of cutting fluid.  The low values 

of cutting force and chip-tool interface temperature are 

obtained at optimal process parameters. 

 

6. CONCLUSION 

In this research work, the tests are performed to analyze the 

effects of cutting environments on machining performance 

during hard turning of AISI 4340 steel. The Taguchi based 

grey relational technique is selected for optimization of the 

process variables. The optimized results indicate that 

superior machining performance was obtained with high 

cutting speed, low feed rate and with a minimum quantity of 

cutting fluids supplied as cutting environments.   
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