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   Abstract: With the widespread application of Inconel alloys in 

manufacturing industries especially in the automobile as well as 

aerospace industries leads to manufacturers to pay more attention 

towards the understanding of machinability aspects of these 

alloys. Attributable to the need for large-scale manufacturing of 

Inconel machined components, the optimization of machining 

process variables become crucial to produce quality products 

economically by means of enhancing process performance.  In 

common, several process parameters namely depth of cut, feed 

rate, and spindle speed influence the performance of turning 

operation in their own way. Concurrently, in the machining of 

Inconel alloys, the important performance indices are Material 

Removal Rate (MRR), surface roughness, and cutting force. This 

work deals with the assessment of process performance of Inconel 

825 alloy amid turning operation.  For the optimization of 

multiple responses, grey relation analysis has been employed that 

transforms the multiple responses into a corresponding single 

response known as overall grey relation index (OGI). Based on 

OGI, as a function of selected process variables, formulation of a 

non-linear regression model has been done and considered as the 

fitness function. To conclude, two evolutionary techniques, 

Teaching-Learning-Based Optimization, well famous as TLBO, 

and JAYA algorithm have been considered for optimization. 

Index Terms: Inconel 825, Optimization, JAYA, TLBO, Turning. 

I. INTRODUCTION 

The aerospace machinery mainly operates with high 

velocity at unfavorable atmospheric conditions having an 

extremely high temperature and pressure. The nickel-based 

superalloys find their extensive importance and applications 

under such conditions due to their extraordinary mechanical 

properties. These materials are capable to retain their strength 

and fatigue-resistance properties even at elevated 

temperature. Meanwhile, these materials fall in the category 

of  
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difficult to-cut-materials as they possess hard abrasive 

inter-metallic compounds besides having high shear strength, 

a high degree of work hardening, high chemical affinity, low 

thermal conductivity [1], [33]. Inconel 825 is the most 

extensively used nickel-based superalloys in several sectors 

viz. nuclear, aerospace, and chemical plants due to their 

admirable mechanical and chemical properties at higher 

temperatures. However, it is difficult to machine due to 

aforesaid reasons. Furthermore, it comprises extremely 

abrasive carbide particles that liable to adhere to the tool 

surface and deteriorates the quality of the surface finish. 

Consequently, it is indispensable to evaluate the 

machinability aspects of the Inconel alloys. It has been found 

that enormous work has been done for Inconel alloys, 

particularly for Inconel 718 but less work has been focused 

on the machining of Inconel 825. Choudhury and Baradie 

[3] have studied the effect of cutting tools mainly coated and 

uncoated on the surface roughness during the machining of 

nickel base alloys. The quality of surface finish achieved with 

the uncoated carbide tools was superior to the quality of 

surface finish achieved with the coated carbide tools. Jindal 

et al. [4] examined the influence of certain coatings on the 

tool life. Carbide tools coated with titanium carbonitride 

(TiCN), titanium aluminium nitride (TiAlN), and titanium 

nitride (TiN) has been used for machining of Inconel 718 

alloy. TiAlN coated tools yield enhanced tool life. 

Arunachalam et al. [5] performed machining operation on 

Inconel 718 by means of coated carbide tools in dry and wet 

environmental condition and calculated the surface integrity. 

To achieve superior outcomes, this study suggests preferring 

the negative rake type insert in dry condition whereas the 

positive rake type inserts in wet machining. Ezugwu and 

Bonney [6] scrutinized the influence of coolant pressure 

during machining of Inconel 718 using coated carbide tool. 

The study revealed that high coolant pressure provides 

efficient cooling and lubrication that result in a reduction in 

cutting force. Nose wear is a leading tool failure mode during 

machining of Inconel 718.  Altin et al. [7] performed wet 

machining on Inconel 718 and evaluated the effect of cutting 

speed on tool wear and tool life during the work. The notch 

wear and flank wear have been identified as major tool failure 

when the machining was done with round type insert.  
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However, when the same operation was performed with the 

square type insert, the major toll failures occurred during the 

machining were flank wear and crater wear. Devillez et al. 

[8] studied the machinability aspects of cutting force and 

wear in dry machining of Inconel 718. Coated carbide tool 

reduces the cutting force compared to the uncoated tool. 

Flank wear, notch wear, and chipping of cutting edge are 

major tool failure criteria while machining with Inconel 718. 

Zhang et al. [9] focused on cutting force and tool life during 

end milling of Inconel 718 in dry and Minimum Quantity 

Cooling Lubrication (MCQL) using coated carbide tool. 

Progression of tool wear is responsible for an increase in 

cutting force. Moreover, the study concluded that MCQL 

reduces the cutting force significantly due to the reduction in 

friction. Maiyar et al. [10] optimized machining parameters 

(cutting speed, feed rate and depth of cut) for end milling of 

Inconel 718 using Taguchi based grey relation analysis. 

Surface roughness and Material Removal Rate (MRR) were 

investigated as machinability criteria. Machinability criteria 

significantly affected by cutting velocity. Ozel et al. [11] 

have validated the experimental results with 3-D finite 

element results for dry machining of Inconel 718. Modified 

J-C model can predict the machining forces better than J-C 

model. Predicted cutting temperature by modified J - C 

model is lower than experimentally measured one. Thakur et 

al. [2] have studied the wear and chip characteristics in dry 

turning of Inconel 825. In dry machining condition, PVD 

coated carbide tool perform better than an uncoated tool. 

Vajeeha et al. [12] optimized the cutting parameters for end 

milling of Nimonic 75. Depth of cut, feed rate, and speed 

have been taken as variable parameters. The response surface 

methodology (RSM) has been employed for data analyzation. 

Surface roughness and MRR were taken as decision 

parameters. Multi-response equation shows that at high feed 

rate, excellent outcomes can be achieved with a high depth of 

cut and low cutting speed. Patil and Sadaiah [13] performed 

turning on Nimonic 80A and optimized the cutting 

parameters viz. depth of cut, cutting velocity, and feed for the 

operation. A focus has been spotted over the flank wear and 

surface roughness. The study tells that the feed rate is the 

utmost influencing aspect for surface roughness whereas in 

case of flank wear, the cutting speed influences it the most. 

Munde and Pansare [14] conducted dry turning of Inconel 

825 using PVD and CVD coated carbide tools. The effect of 

spindle speed and feed was investigated. PVD coated tool has 

significantly less flank wear than CVD coated tool. Flank 

wear increases when the spindle speed increases. Altin [15] 

optimized the machining parameters using Taguchi L18 

orthogonal array in dry machining of a nickel-based 

superalloy. The feed is the dominating factor during dry 

machining for component force. It is evident from the 

literature that most of the work mainly focus in order to 

investigate the effect of machining variables on different 

output responses like MRR, Ra, and extent of tool wear have 

also been examined. Efforts have been made to establish 

mathematical relations among machining variables in 

relation to machining performance outputs.  Attempts have 

also been made to evaluate the optimal machining 

environment towards maximizing machining performance 

yield. Aforementioned literature highlights that significant 

work has been done to investigate the effect of machining 

variables in the machining of Inconel alloys but less attempt 

has been made in the process parameter optimization.  It has 

been also found from the literature that Taguchi method has 

been utilized largely for parametric optimization since this 

method adopted Orthogonal Array (OA) design of 

experiment utilizing a minimum number of experimental 

runs with less experimentation cost and time. The advantage 

of Taguchi philosophy [17]-[19] is that the method predicts 

the optimal combination of process parameters within a 

discrete domain. However, when the issue of solving 

multi-response problems appears, it miserably fails there. To 

eliminate this drawback, grey relation theory [19], [20], 

desirability function [21], utility concept [22], TOPSIS [23], 

MOORA [24] etc. have been integrated with Taguchi’s 

philosophy. The purpose of aforesaid approaches is to 

combine (aggregate) multi-performance characteristics 

(multi-responses) into a single performance index that can be 

optimized by Taguchi method with ease. Therefore, the 

following optimization modules viz. grey-Taguchi, 

desirability-Taguchi, Utility-Taguchi, TOPSIS based 

Taguchi, MOORA based Taguchi has been immensely 

popularized for concurrent optimization of 

multi-characteristics of product/process in the field of 

manufacturing/production engineering. During the actual 

manufacturing operation, many conflicting responses (in 

terms of output characteristics) due to the nonlinear 

characteristics of inputs responses affect the optimal solution. 

The objective function may be a multimodal type (having 

more than one local minimum or local maximum); at the 

same time, the primary objective may be to assess the global 

optimal values in the specific provided search area/space. 

The conventional approaches are incompetent in handling 

such problems; therefore, advanced optimization algorithms 

have been recommended to find out the possible 

answer/solution. These algorithms yield answer proximate to 

the global optimum quickly with minimum computational 

struggle. Now, researchers and industrialists in several areas 

like pattern recognition, scheduling, industrial planning, 

decision-making, etc. to interpret several optimization 

problems are using many evolutionary methods. These 

evolutionary optimization methods are fundamentally 

nature-based and genetic algorithm. It has been highlighted 

from the literature that many attempts have been made to 

assess the favorable machining conditions in several 

machining processes in order to enhance machining 

outcomes by the application of evolutionary algorithms.  

However, aforementioned evolutionary algorithms work 

under an outfit of assigned data of algorithm-oriented 

parameters. Hence, it is important to have specific control 

over these parameters. In order to avoid this, TLBO has been 

proposed by [25], [26] first parameter less algorithm which 

gained more attention in the field of optimization. 

Encouraged by the accomplishment and  application 

capability of TLBO algorithm;  
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Rao [27] proposed one more parameter less algorithm known 

as JAYA for finding the solutions of both constraint and 

unconstraint optimization problems. With the possibility of 

exploring JAYA algorithm, this study evaluates the optimal 

machining conditions for Inconel 825. This algorithm is 

different as compared to the other advanced algorithms. It is 

quite easy and simple in use as does not require any algorithm 

oriented parameters to begin [10], [28]-[33]. In this work, 

investigations on some machining aspects of Inconel 825 has 

been carried out in the current work which highlights a 

multi-objective extended optimization methodology 

implemented in the machining of Inconel 825. 

II. EXPERIMENTATION 

Inconel 825 has been used as workpiece material. The total 

length of the material is 500 mm. The diameter and the 

cutting length have been taken 45 mm and 20 mm 

respectively. Table 1 lists the chemical configuration 

(percentage by weight) of the material. 

A. Workpiece material 

Inconel 825 has been used as workpiece material. The total 

length of the material is 500 mm. The diameter and the 

cutting length have been taken 45 mm and 20 mm 

respectively. Table 1 lists the chemical configuration 

(percentage by weight) of the material. 

 
Table 1.Inconel 825 configuration (percentage by weight) 

Element Contents (%) Elements Content (%) 

(C) 0.03 (Mn) 0.12 

(Si) 0.35 (S) 0.02 

(P) 0.01 (Cr) 22.70 

(Ni) 39.01 (Mo) 2.78 

(Cu) 2.78 (Al) 0.05 

(Ti) 0.65 (V) 0.06 

(Co) 0.034 (W) 0.4 

(Fe) 30.99   

B. Cutting tool 

Single point turning insert TNMG160408 (KYOCERA 

made) has been used for the machining operation. Fig. 1 

shows the insert and inserts holder used during machining. 

The experimental setup has been illustrated in Fig. 2. 

 

(a) 

 
(b) 

 
Fig. 1. (a).Insert and (b).the type of insert holder used for 

holding the cutting tool 
 

 
Fig. 2. Experimental setup 

C. Design of experiments (DOE) 

The design of experiments play a crucial role in 

experimentation and for that three cutting parameters namely 

feed, depth of cut (DOC), and spindle speed (SS) has been 

selected as input variables at three different levels listed in 

Table 2. Table 2 also lists the experimental trails, prepared on 

the basis of Taguchi’s L9 orthogonal array. 

 
Table 2. Input parameters, their levels, and Taguchi’s L9 

based experimental trails 

S.no. 

Spindle 

speed 

(RPM) 

Feed rate 

(mm/rev) 

Depth of 

cut (mm) 

Nose 

radius (r) 

1 247 0.111 0.4 0.4 

2 247 0.222 0.8 0.8 

3 247 0.333 1.2 1.2 

4 371 0.111 0.8 1.2 

5 371 0.222 1.2 0.4 

6 371 0.333 0.4 0.8 

7 557 0.111 1.2 0.8 

8 557 0.222 0.4 1.2 

9 557 0.333 0.8 0.4 
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D. Equipment 

Experiments have been performed on Banka 40, a hand 

controlled lathe machine. During machining operations, the 

cutting forces have been evaluated in different directions (Fx, 

Fy, and Fz) with the help of dynamometer (Kistler made, 

Type 9272).  The resultant cutting force has been assessed 

using the following equation: 

222
z

F
y

F
x

F
r

F ++=                                               (1) 

The calculation of Material removal rate (MRR) has been 

done by measuring the weight differences of each sample 

before and after the trail. For weight measurement, a high 

precision electrically operated digital balance meter (SAB 

E10) made by SCALE-TEC has been used. 

)/(
.

3 smm
t

ww
MRR

m

fi



−
=                                              (2) 

Here, Wi= Initial weight of the workpiece in gm, Wf = final 

weight of the workpiece in gm, ρ= density of the work 

material,. tm= machining time in the second. 

Computation of corresponding MRR values has also been 

accomplished. Talysurf (Taylor Hobson, Surtronic S128, 

UK) has been employed for surface roughness measurement. 

The measured cutting force, surface roughness parameter, 

and the material removal rate (MRR) have been presented in 

Table 3. 

 
Table 3. Experimental data 

S.no. Ra (µm) 
Resultant force 

(N) 

MRR 

mm3/sec 

1 0.78 168.067 13.0725123 

2 1.1 510.705 44.2260442 

3 0.76 987.164 76.9551708 

4 1.18 408.867 27.5184275 

5 1.16 739.97 126.662713 

6 0.98 357.426 40.4924939 

7 0.58 468.138 70.20007 

8 0.9 150.47 24.8947174 

9 1.56 500.391 161.337346 

 
The chip thickness ratio is defined as the ratio of chip 

thickness after machining to uncut chip thick-ness. It is very 

important machinability criteria as it is directly connected 

with machining forces and power consumption. In 
oblique machining the uncut chip thickness is a function of 

feed and approach angle. During the machining, the cutting 

insert is tightly held by the MCLNR2020K12 type tool 

holder, which has approach angle of 95°. 

III. PROPOSED OPTIMIZATION ROUTE: RESULTS 

AND DISCUSSION 

Single response optimization may not be lucrative all the 

time. As we know, its multi-performance features have 

always described the performance of a product or a process. 

Therefore, in this section, multi-response optimization has 

been discussed. To execute this, there will be the requirement 

of sui generis optimal process environment because some 

objective functions may have different optimal settings. 

Hence, the aggregation of multi-performance characteristics 

must be done so that an equivalent single objective function 

could be achieved. In this case, the equivalent single 

objective function is overall grey relation index (OGI) and to 

attain the optimal machining environment, the obtained OGI 

must be optimized. Here, the aggregation of 

multi-performance output characteristics (viz. cutting force, 

MRR, and Ra) has been accomplished by means of grey 

relation which yields an equivalent single performance index 

known as overall grey relation index (OGI). Fig. 2 depicts the 

optimization route.  

 

 
Fig. 3. Optimization flow chart 

To avoid conflict in criteria requirements, diverse units, and 

data variation range, the normalization (Table 4) of 

experimental data (Table 3) has been done. For MRR, higher 

is better criterion has been chosen, whereas for cutting force 

and surface roughness, lower is better criterion has been 

picked.  

The normalization has been accomplished by means of the 

following equations: 

For the Lower- is-Better (LB) criterion:  

)min()max(

)max(

xijx

xx
Y

ij

ijij

ij
−

−
=                                           (3) 

For the Higher- is-Better (HB) criterion:  

 
)min()max(

)min(

xijx

xx
Y

ij

ijij

ij
−

−
=                                          (4) 

Here, Xij represents experimental value. The maximum and 
minimum observed values are denoted by max Xij and min Xij 
respectively. However, the Xijvalue will be distinct for each 
experimental output responses. 

In order to determine the individual of the grey relational 

coefficient for the normalized output response (Table 4), the 

following equations have been used: 
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min max
x (k), x (k)

(k) max

 + 
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 + 
                       (5) 

0
x (k) = reference sequence and

0
x (k) =1, 

k 1,2,3,...,m=
 

ijj xkxk −= )()( 00
                                   (6) 

ijxkx −= )(minmin 0
                                     (7) 

ijxkx −= )(maxmax 0
                              (8) 

 = distinguishing co-efficient and 0 1   , generally  = 

0.5 
Finally, It is essential to aggregate all responses into a single 
response i.e. overall grey relation grade (OGRG). The OGI 
can be assessed as follows: 


=

=
m

i

ijj
k

R
1

1


                                            (9) 

j
R = grey relation grade (GRG) for

thj  the experimental 

value 

k = no. of performance characteristic      
 

Table 4. Normalized value and individual GRG and 

OGRG of experimental results 
S.N

o. 
N-Ra 

N-M

RR 
N-Fr G1 G2 G3 OGI 

1 0.8 1.0 0.0 0.7 1.0 0.3 0.7 

2 0.5 0.6 0.2 0.5 0.5 0.4 0.5 

3 0.8 0.0 0.4 0.7 0.3 0.5 0.5 

4 0.4 0.7 0.1 0.4 0.6 0.4 0.5 

5 0.4 0.3 0.8 0.5 0.4 0.7 0.5 

6 0.6 0.8 0.2 0.6 0.7 0.4 0.5 

7 1.0 0.6 0.4 1.0 0.6 0.4 0.7 

8 0.7 0.8 0.1 0.6 0.7 0.4 0.5 

9 0.0 0.2 1.0 0.3 0.4 1.0 0.6 

Implementation of JAYA has been done on the fitness 

function. The fitness function, also known as the objective 

function has been derived by means of non-regression 

analysis on OGI (where OGI has to be maximized).  
( 0.011) (0.111) ( 0.140)

OGI 0.731 V f d
− −

=                      (10) 

The model has been found adequate with R299.4% and the 

actual value of the overall grey relation index has been 

compared with the results derived from the mathematical 

model. Finally, this model has been considered as a fitness 

function for optimization by means of JAYA algorithm.  The 

optimal settings for maximizing MPCI has been attained as 

V= 247 RPM, f = 0.333 mm/rev, and d = 0.4 mm with closer 

to 0.7002 as a fitness function value (Table 5). With the same 

fitness function value, a similar kind of optimal settings has 

been achieved using TLBO algorithm (Table 5). The 

convergence plot for JAYA and TLBO algorithm has been 

depicted in Fig. 3.  From Fig. 3, it is clear that to converge a 

global optimum value, the Jaya algorithm consumes lesser 

time as compared to the TLBO algorithm. Therefore, the 

JAYA algorithm is superior to the TLBO algorithm in terms 

of convergence timing. 

 

 
(a) 

 

 
(b) 

Fig. 3. Convergence of overall grey relation index by (a). 

JAYA and (b). TLBO algorithm 
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Table 5. Optimal parametric combination obtained by 

JAYA and TLBO along with fitness value 

Algorithm Responses 

Optimal Parametric 

Combination Fitness 

value Spindle 

speed 
Feed 

Depth 

of cut 

TLBO OGI 247 0.333 0.4 0.70072 

JAYA OGI 247 0.333 0.4 0.70072 

IV. CONCLUSIONS 

The foregoing work recommends a unified optimization 

route integrating grey relation analysis, nonlinear regression, 

and JAYA optimization algorithm in order to assess the 

favorable machining condition during the turning of Inconel 

825 alloy. It has been identified that spindle speed of 247 

RPM, the feed rate of  0.333 mm/rev and depth of cut of = 0.4 

mm is the optimal parametric combination for attaining the 

most favorable output responses (process performance). It 

has also found that the optimal input parametric settings 

attained by means of JAYA and TLBO algorithms seem to be 

identical. Nevertheless, the JAYA algorithm consumes little 

convergence time. Therefore, its implementation is quicker in 

comparison to the TLBO algorithm. 
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