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Abstract 
 
Specific Cutting energy consumption is one of the vital quality indices during 

machining which can be accomplished by three different toolpath pattern 

such as Raster, Trochoidal and Hybrid toolpath strategies. The input factors 

selected are cutting speed, tool path and feed rate and the output responses 

measured are specific cutting energy, surface roughness and resultant cutting 

force. The Taguchi (L9) orthogonal array was designed and the experiments 

were carried out using 3-Axis vertical milling machine. Grey relational 

analysis was adopted to find out the optimum milling factors which were 

obtained as: Speed of cutting of 80 meters per minute, Rate of Feed of 0.05 

millimeters/tooth for the trochoidal toolpath. The surface roughness was 

minimized from 0.8791 to 0.614 followed by cutting force which was 

minimized from 491.43 to 443.21 and specific cutting energy decreased from 

9.2637 to 7.3214. Overall confirmation experiments certainly showed that 

multiple objective optimization substantially prompted. 
 

Keywords: Slot milling, Tool path, Specific cutting energy, Cutting force, 

Grey relational analysis and Surface roughness 
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1 Introduction 
 

Sustainability study in manufacturing process is increased in recent 

years. Reduction of energy consumption is one of the important tasks during 

milling of Die and mould manufacturing product. End milling is a machining 

technique that is extensively used to manufacture various mechanical 

components which are widely used in many industries. It is an operation 

which employs an end mill cutter for face milling, edge milling and slot 

milling. This versatile process has many applications such as a simple face 

milling or a complex machining of flat or free-form sculptured surfaces 

accomplished by three different tool path patterns.  

 

2 Literature Study 
 

The Specific Cutting Energy consumption is an intensive quality that 

describes the cutting resistance accessible by a given raw material. To 

produce the desired contour geometry of the raw material, the path that is 

followed by the tool during the machining of the component is called 

toolpath. To machine the AISI D3 material, various tool path strategies can 

be used. The roughness of the surface, force due to cutting as well as the 

specific cutting energy is influenced by the cutting toolpath pattern used for 

the machining [1-2].Cevdet Gologlu et.al. have investigated the results due to 

machining path procedure on the roughness of the surface of DIN 1.2738 

mould steel in pocket milling operations with help of Taguchi method [3]. 

For Raster direction and true spiral cutter path strategies feed rate was 

obtained as the most influence factors. For back and forth cutter path 

strategies depth of cut was derived as the factor which affects output 

parameters the most.P.E.Romero et.al. Studied the effect due to toolpath 

strategy as well as pocket orientation on the machining time, roughness of 

the surface, cutting force and. It was observed that contour parallel strategy 

achieved lower transversal, longitudinal roughness component of the surface 

and force due to machining [4]. Although research has been carried out to 

determine the impact of cutter strategies on output parameters in pocket 

milling, no major studies have been conducted to investigate the effect of 

cutter strategies in slot milling. The input process parameter must be 

optimized so as to acquire the desired surface roughness, force due to cutting 

as well as specific machining energy. The identification of optimized process 

parameters by trial and error experimentation is a very time consuming and 

costly process. Hence, a more effective method must be used for the 

optimization. The process of Taguchi and investigation by Grey Relation are 

frequently employed to solve the optimization problem. 

Jayakrishnan et.al utilized Taguchi-Grey relational investigation in order 

to obtain optimum values for the multi response end milling features during 

the end milling of Aluminium alloy and toolpath strategy was observed to be  
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the most significant (70.58%) process parameter on roughness on the surface 

and machining time [5]. Ajith Arul Daniel et.al used Taguchi-Grey 

Relational Analysis along with artificial neural network to optimize the 

process parameters during the milling of hybrid aluminium MMCs and it was 

found that rate of feed was the maximum significant machining factor when 

it comes to surface roughness and force due to cutting [6].B. Rajeswari et.al 

used RSM-response surface methodology to generate the structure for 

machining runs and then utilized the investigation by grey relation to find the 

optimum machining characteristics. Spindle speed was identified as the most 

influencing parameter [7]. L.B. Abahang et.al used investigation by grey 

relation to derive optimum values for factors like feed rate, speed due to 

cutting, and concentration by solid-liquid lubricants as well as tool nose 

radius in turning operation [8]. Lin Tang et.al optimized roughness on the 

surface, MRR as well as the rate of tool electrode degradation during the 

machining done by release of green electricity of Ti-6Al-4V on water from 

taps using Taguchi based Grey relational analysis. The taguchi process along 

with Grey Relational analysis method was observed to be an efficient 

combination of multi objective optimization [9]. 

G. Manimaran et.al utilized the investigation by Grey Relation in order 

to obtain the optimum values of experimental factors in grinding operation 

[10]. Y.F. Hsiao et.al optimized the factors during the welding as a result of 

plasma arc operation by incorporating Taguchi process as well as with 

investigation by Grey Relation [11].  M.Y. Lin et.al used the Grey-Taguchi 

method to obtain the optimum values of process factors of Ti-6Al-4V alloy 

during Micro-EDM [12]. C.L. Lin et.al used the investigation by Grey 

Relation in tandem with the process of Taguchi to obtain optimum values of 

multi-fulfillment attributes during turning operation [13].Bhaskar Goel et.al 

used Taguchi-Investigation by Grey Relation to optimize input factors like 

workpiece rotational velocity, rate of feed of the tool, cutting depth, top rake 

angle as well as tool overhang during the turning of mono-crystalline 

germanium [14]. Grey relational analysis was used by G. Kibria et.al during 

the micro-turning process of Alumina ceramics [15]. K. Palanikumar et.al 

utilized investigation by Grey Relation to obtain the optimum values of 

experimental factors of glass fiber-reinforced polymer during drilling 

operation [16]. Emel Kuram et.al used Taguchi method to design the 

orthogonal array and then optimize the process parameters using Grey 

relational analysis during micro-milling of Al7075. Feed per tooth and 

velocity of spindle were discovered as the highest influential parameters [17]. 

These studies show that Taguchi method and investigation by Grey Relation 

can be successfully utilized in various manufacturing processes so as to 

perform multi response optimization. In this research, an attempt is made to 

determine the optimized values of experimental factors during the slot 

machining operation carried out on AISI D3 steel material.  
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The effect of toolpath (Raster, Trochoidal, and Hybrid) on the roughness 

of the machined surface, specific cutting energy and cutting force was 

studied.The layout of the paper is organized into various sections in which 

introduction section elaborates the necessity of research work related to 

sustainability requirements for manufacturing process. Second section deals 

with gaps defined from literature survey followed by section three that deals 

with the experimental design matrix which was established by the selection 

of process parameter, raw materials , tool section and simulation of toolpath 

pattern and section four elaborates the optimization studies in order to 

determine the optimized input factors to minimize the output quality indices. 

The final section describes the conclusions derived from the investigations. 

 

3 Experimental Procedures 
 

3.1 Selection of Raw Material  
 

The substance chosen with respect to workpiece is AISI D3 steel. The 

dimensions of the workpiece are 75mm x 75mm x 15mm. AISI D3 steel has 

high compositions of carbon and chromium as well as possesses huge 

resistance to degradation. This makes it an ideal material for machining. The 

chemical components of AISI D3 Steel material are shown in Table 1. 
Table 1: Composition (%) of AISI D3 Steel 

 
 
3.2 Tool Details 
 

The Titanium Carbo Nitride (R390-11 T3 08M-PM 1030) insert grade 

from Sandvik Coromant was used as the tool. The insert width is 6.8mm and 

the thickness is 3.5814mm.  The coating on the insert is PVD (TiAl)N. The 

angle of major cutting-edge of the tool is 90 degrees. Nine such inserts were 

used in total to perform the experiments. The R390-012A16-11L tool holder 

from Sandvik Coromant was used to hold the inserts. 

    

3.3 Generation of Tool Path 
 

MASTERCAM X6 software was utilized to perform the toolpath 

simulation and generate its NC codes for the experiments to be performed in 

the CNC machine Three different toolpaths were selected for the study.  
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Raster toolpath in which cutting will be performed at forward direction 

and ideal during backward direction, Trochoidal cutting pattern which is a 

nonlinear toolpath where tool will perform simultaneous cutting motion both 

circularly and linearly and hybrid toolpath in which the tool will be used to 

travel in linear and semi-circular manner as shown in Fig. 1. The parameters 

for each experiment were fed into the software and NC codes for all the nine 

experiments were generated. 

 
Fig 1: Tool path Simulation using  Mastercam X6 a) Raster b) Trochoidal c) Hybrid 

 

3.4 Machine Details 
 

 The workpieces were machined using a CNC 828D SIEMENS VMC 

MACHINE (GAURAV – BMV 35 T12). It is a 3-axis VMC machine which 

is built with a Sinumerik controller. The power limit of the motor on the 

spindle is 3.7kW. The table has a cross section of 350 x 600 mm. The 

maximum safe load on the table is 350kg. The highest velocity of the spindle 

is 8000 rpm and the highest rate of feed is 10000 mm/minute. The 

experiments were performed under dry conditions. Compressed air was used 

to remove the chips formed during machining. The flowchart of experimental 

setup is shown in Fig 2 and machined specimen obtained by various tool 

paths is shown in  Fig 3 (a-c) respectively. 

 
Fig. 2: Experimental Setup flow chart 
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Fig. 3: Machined specimen (a) Raster (b) Trochoidal (c) Hybrid 

 

3.5 Design of Experiment 
 

The input parameters selected are machining velocity, rate of feed as 

well as tool path. The input factors and their levels as represented in table 2. 

The measured output parameters are Average Roughness of the Surface (Ra), 

Force due to machining (Fc) and Specific Machining Energy (Es). The 3 

factors 3 Level L9 orthogonal array was selected to generate the design of 

experiment. The software used to generate the L9 orthogonal array was 

Minitab 16. Table 3 shows the Design of Experiments. 

 
Table 2: Input factors details 

Parameter Level 1 Level 2 Level 3 

Cutting speed (m/min) 40 60 80 

Feed rate (mm/tooth) 0.05 0.1 0.15 

Tool path Raster Trochoidal Hybrid 

 
Table 3: Taguchi DOE using L9 Orthogonal Array 

 

Exp No Tool path Cutting speed Feed rate 

`  m/min mm/tooth 

1 Raster 40 0.05 

2 Raster 60 0.1 

3 Raster 80 0.15 

4 Trochoidal 40 0.1 

5 Trochoidal 60 0.15 

6 Trochoidal 80 0.05 

7 Hybrid 40 0.15 

8 Hybrid 60 0.05 

9 Hybrid 80 0.1 
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3.6 Measurement of Output Characteristics 
 

The floor surface roughness, cutting force due to machining as well as 

specific cutting energy are the output characteristics selected for this 

investigation. Surfcom 1400G Surface Roughness Tester of Carl Zeiss make 

was implemented to obtain the roughness of the surface of the machined 

workpieces as shown in Fig 4. Sampling length and Cut off length is 0.8mm 

and 4 mm respectively. Roughness for each workpiece was taken on 3 

different positions while the mean of these three iterations was taken to be 

the roughness value for each workpiece [20]. The KISTLER multi-

component dynamometer (9257 B) was integrated into the system in order to 

cutting force signals. Dynamometer measured the machining force along the 

tangential, radial and axial directions (Fx, Fy and Fz). Dyno Ware version 

software used to process the derived cutting force signals and the Fc was 

calculated using the following equation [18,19]. 

Fc=                                                                          (1) 

The Specific cutting energy was computed with the force due to machining 

by implementing the equation 

Es=                                                                                                   (2) 

Where 

Fc = Cutting Force 

f= feed rate (mm/min) 

 Depth of cut (mm) 

The measured output responses can be seen in table 4 

 

 
Fig. 4: Surface Roughness Tester 
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Table 4: Output Characteristics 

Exp. No. Surface Roughness 

(Ra) 

Cutting Force (Fc) Specific Cutting 

Energy (Es) 

 µm N J/  

1 0.8791 491.4396 9.2637 

2 0.9693 692.6315 4.3534 

3 0.4838 880.7644 2.7671 

4 1.2800 676.6165 6.3772 

5 1.0636 758.4625 3.1781 

6 0.7444 415.9997 3.9208 

7 0.9622 862.3594 5.4185 

8 0.3399 516.303 6.4903 

9 1.0021 715.6114 3.3723 

 

4 Results and Discussion 
 

4.1 GRA-Grey Relational Analysis 
 
4.1.1 Calculation of Signal to Noise ratio 
 

The fraction between signal and noise (S/N ratio), where the desirable 

output is represented by signal and undesirable variation is represented by 

noise, is used to evaluate the output quality indices of a control variable. The 

S/N ratio can be evaluated using two cases “smaller the better” and “larger 

the better”. As the roughness on the surface, force due to machining as well 

as the specific cutting energy have to be minimized, this study utilizes only 

the lesser the preferable case.  

The smaller the better S/N ratio equation is provided by  

S/N ratio = -10log ( )                                                                      (3)   

 

The larger the better S/N ratio equation is provided by 

S/N ratio = -10log ( )                                                                          (4) 

 

The S/N ratios were computed when it comes to each output 

characteristic and were recorded in table 5. 
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Table 5: S/N Ratios 

Exp. 

No 

Surface Roughness 

(Ra) 

Cutting Force 

(Fc) 

Specific Cutting 

Energy (Es) 

1 1.1192 -53.8294 -19.3357 

2 0.2708 -56.8100 -12.7766 

3 6.3067 -58.8972 -8.8405 

4 -2.1442 -56.6069 -16.0925 

5 -0.5356 -57.5987 -10.0435 

6 2.5639 -52.3819 -11.8676 

7 0.3347 -58.7138 -14.6776 

8 9.3730 -54.2581 -16.2453 

9 -0.0182 -57.0935 -10.5586 

 

4.1.2 Normalization of S/N ratio 
 

The S/N ratios were then normalised into values ranging from zero to 

one. This is done to remove the variability between the responses. The 

normalisation for the lesser the preferable case is done with the help of the 

following formula [17]. 

(k) =                                                                     (5) 

The normalisation for greater the more preferable is given by the 

subsequent formula 

(k) =                                                                  (6) 

The S/N ratios of all the output responses were normalised and were 

tabulated in table 6. 

 
Table 6: Normalized S/N ratios 

Exp. No 

Surface 

Roughness Cutting Force Specific cutting energy 

1 0.2834 0.7778 0.0000 

2 0.2097 0.3203 0.6250 

3 0.7338 0.0000 1.0000 

4 0.0000 0.3515 0.3090 

5 0.1397 0.1993 0.8854 

6 0.4088 1.0000 0.7116 

7 0.2152 0.0282 0.4438 

8 1.0000 0.7120 0.2945 

9 0.1846 0.2768 0.8363 
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4.1.3 Calculation of GRC and GRG 
 

From the normalized S/N ratios the coefficient due to grey relation is 

computed with the help of the following formula 

 =                 (7) 

From the coefficient of the grey relation, the GRG is then computed by 

taking the mean of the obtained coefficient of the grey relation. The grey 

relational grades are then ranked from the highest value to the lowest value 

and the experiment which has the highest rank is considered as the optimum 

experiment. The calculated Grey Relational Coefficient, Grade of Grey 

Relation as well as the arrangement is demonstrated in table 7. and Fig 5 

Histogram plots represents the rank order of the grade of grey relation and 

rank, optimum cutting conditions obtained were: Toolpath – Trochoidal, 

Velocity of machining – 80 meters per minute and rate of feed – 0.05 

millimeters per tooth. After the optimum combination of process variable is 

confirmed by GRA,the final step is to prediction and verify the multiple 

response quality indices done by confirmation experiment. The estimated 

GRG can be found using equation (8): 

               (8) 

Where σt- Total Average of the GRG, 

σm- Mean of the GRG at the optimum level,  

n- No. of the machining Variable. 

 
Table 7: Grey Relational Grade (GRG) and their Ranking 

 

Exp. 

No. 

Grey Relational Coefficient GRG  

RANK 

Surface 

Roughness 

Cutting 

Force 

Specific 

cutting energy 

1 0.4110 0.6924 0.3333 0.4789 6 

2 0.3875 0.4239 0.5714 0.4609 7 

3 0.6525 0.3333 1.0000 0.6620 3 

4 0.3333 0.4354 0.4198 0.3962 9 

5 0.3676 0.3844 0.8135 0.5218 4 

6 0.4582 1.0000 0.6342 0.6975 1 

7 0.3892 0.3397 0.4734 0.4008 8 

8 1.0000 0.6345 0.4148 0.6831 2 

9 0.3801 0.4088 0.7533 0.5141 5 
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Fig 5: Experimental No vs GRG 

 

4.2 Average GRG Grade Table  
 

Table 8 shows the Average of the grade due to grey relation of the input 

parameters at levels 1, Level 2 and Level 3 respectively. As seen from the 

tabulation, it is observed that machining cutting speed has the highest 

influence succeeded by toolpath and then feed rate. 

 
Table 8: Average Grey Relational table 

Input 

parameters 

Average GRG 
Max – Min 

Level 1 Level 2 Level 3 

Toolpath 0.5339 0.5385 0.5326 0.0058 

Cutting Speed 0.4253 0.5553 0.6245 0.1992 

Feed Rate 0.6198 0.4571 0.5282 0.1628 

 

4.3 Confirmation Test  
 

The optimum parameters which were derived from Grey Relational 

Analysis were utilized to compute the confirmation test. The experiment was 

performed by taking cutting speed as 80m/min, feed rate as 0.05mm/min and 

trochoidal toolpath. The comparison between the optimum parameters and 

the initial parameters was shown in table 9. 
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Table 9: Confirmation Test 

Response Initial 

parameters 

setting 

Optimum 

parameters 

(Prediction) 

Optimum 

parameters 

(Experiment) 

Level A2B2 C2 A2 B3 C1 A2B3C1 

Surface Roughness 

(µm) 

0.8791  0.614 

Cutting Force (N) 491.43  443.21 

Specific cutting 

energy  

9.2637  7.3214 

Grey Relational 

Grade 

0.4789 0.832 0.887 

 

5 Conclusions 
 

Taguchi based Investigation of Grey Relation analysis was utilized to 

optimize the experimental factors of slot milling operation in AISI D3 steel. 

From the investigation, optimized values of experimental factors were 

obtained as cutting speed of 80 m/min, Rate of Feed of 0.05mm/tooth as well 

as trochoidal toolpath are optimized process parameter during slot milling of 

AISID3 material. The cutting speed was found to be highest influential factor 

succeeded by rate of feed as well as toolpath. The results of confirmation test 

of surface roughness was minimized from 0.8791 to 0.614 followed by 

cutting force which was minimized from 491.43 to 443.21 and specific 

cutting energy decreased from 9.2637 to 7.3214. Overall confirmation 

experiments certainly showed that multiple objective optimization 

substantially prompted. 
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