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Abstract 

Carbon steel is the steel with carbon content up to 2.1 
percentage by weight. As the carbon percentage rises steel has the 
ability to become harder and stronger by heat treating and called 
by names mild carbon steel, high carbon steel, high tensile steel 
etc. Carbon steel can be used in various fields for various 
purposes while low carbon steel is used for making fences, the 
mild carbon steel is best suited and used for constructional 
purposes. High carbon steel is used for wires, cast iron pots and 
pans. As carbon steel is such a widely used material, its 
machining process is an important thing to consider in a 
manufacturing industry. Milling of high carbon steel using CNC 
machining with the optimized process parameters is a 
challenging one. The main process parameters for the milling 
process are the cutting speed, axial and radial depth of cut and 
feed rate. Researchers have already been used optimization 
techniques such as Response surface method, Genetic algorithm 
etc. Few studies like Taguchi analysis have been seen in 
literature. Present study is an attempt to recommend optimum 
process parameters for the CNC milling of carbon steel using 
Taguchi analysis and compare the same with the 
recommendation by RSM in literature. It is seen that 
recommendation for optimum value of major process 
parameters,  by both methods are same.   

Keywords—Taguchi method; RSM, Optimization; Milling; 

Power consumption; MRR. 

I.  INTRODUCTION  

Reduction in environmental impacts of production to 

maximum is one of most relevant challenges in modern 

manufacturing. Manufacturing industries always seek to 

change their technologies in order to adopt a greener approach. 

But it is not possible for every process, especially in the case 

of milling.  The approach of maintaining the same production 

system while simply optimizing its process parameters could 

be applied easily. 

     Selection of suitable cutting parameters, is an important 

task in an effective milling operation. Usually, the desired 

cutting parameters are set by experience or based on the data 

in a handbook. However, this does not ensure that the selected 

cutting parameters have optimal or near optimal cutting 

performance, for a particular machine and environment.  

Regarding the modelling of the effect of process parameters, 

many authors have developed studies based on different 

materials and have used different metrics to evaluate the 

power consumption [5], [6]. From these studies, to select the 

cutting parameters properly, several mathematical models 

based on statistical regression techniques or neural computing 

have been constructed to establish the relationship between the 

cutting performance and the cutting parameters. 

     Response surface Methodology is one such statistical 

technique, used to establish optimum cutting process 

parameters for a milling operation, in the referred  literature 

[1]. In this paper, an alternative approach based on the 

Taguchi method is used to determine the desired cutting 

parameters. Taguchi method is a powerful tool for the design 

of high quality systems. It provides a simple, efficient and 

systematic approach to optimize designs for performance, 

quality, and cost. Similar approach has also been used for 

studying the optimization of cutting fluid parameters [2], 

surface roughness [4], power consumption and tool life [3]. 

The methodology is valuable when the design parameters are 

qualitative and discrete. Taguchi analysis enables to minimize 

the number of experiments to be conducted to set optimum 

process parameters. This paper describe the procedure of 

Taguchi analysis to optimize process parameters   to attain 

minimum power consumption in a milling operation.  

II. MILLING 

     Milling is a cutting process that uses a milling cutter to 

remove material from the surface of a work piece. The milling 

cutter is a rotary cutting tool, often with multiple cutting 

points. As the milling cutter enters the work piece, the cutting 

edges (flutes or teeth) of the tool repeatedly cut into and exit 

from the material, shaving off chips (swarf) from the work 

piece with each pass.  
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The cutting action is shear deformation; material is pushed off 

the work piece in tiny clumps that hang together to a greater or 

lesser extent (depending on the material) to form chips. This 

makes metal cutting somewhat different (in its mechanics) 

from slicing softer materials with a blade. There are two major 

classes of milling process: 

 

      In face milling (Fig.1), the cutting action occurs primarily 

at the end corners of the milling cutter. Face milling is used to 

cut flat surfaces (faces) into the work piece, or to cut flat-

bottomed cavities. 

      

 
 

 
Fig. 1 Face milling Fig. 2  Peripheral milling 

 
     

 In peripheral milling (Fig.2), the cutting action occurs 

primarily along the circumference of the cutter, so that the 

cross section of the milled surface ends up receiving the shape 

of the cutter. In this case the blades of the cutter can be seen as 

scooping out material from the work. Most of the milling 

machines are constructed of column and knee structure and 

they are classified into two main types namely Horizontal 

Milling (Fig.3) and Machine Vertical Milling Machine (Fig.4). 

The name Horizontal or Vertical is given to the machine by 

virtue of its spindle axis. Horizontal machines can be further 

classified into Plain, Horizontal and Universal Milling 

Machine.  

 

 
Fig.3 Horizontal milling machine 
Image courtesy : www.uotechno logy.edu 

 

 
 

Fig.4 Vertical milling machine  
Image courtesy : www.uotechno logy.edu 

 

 

III. CNC MILLING 

CNC milling devices are the most widely used type of CNC 

machine. Typically, they are grouped by the number of axes 

on which they operate, which are labeled with various letters. 

X and Y designate horizontal movement of the work-piece 

(forward-and-back and side-to side on a flat plane). Z 

represents vertical, or up-and-down, movement, while W 

represents diagonal movement across a vertical plane. Most 

machines offer from 3 to 5 axes, providing performance along 

at least the X, Y and Z axes. Advanced machines, such as 5-

axis milling centers, require CAM programming for optimal 

performance due to the incredibly complex geometries 

involved in the machining process.  

 

   CNC machining centers are used to produce a wide range 

of components, and tooling costs involved have continued to 

become more affordable. CNC milling centers are ideal 

solutions to everything ranging from prototyping and short-run 

production of complex parts to the fabrication of unique 

precision components. 

 

       Virtually every type of material that can be drilled or cut 

can be machined by a CNC mill, although most of the work 

performed is done in metal. As with drilling and cutting, the 

proper machine tools must be selected for each material in 

order to avert potential problems. The hardness of the work-

piece material, as well as t he rotation of the cutting tool must 

all be factored before beginning the machining process. 

 

IV. CARBON STEEL 

There are four types of carbon steel based on the amount of 

carbon present in the alloy. Lower carbon steels are softer and 

more easily formed, and steels with a higher carbon content 

are harder and stronger, but less ductile, and they become 
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more difficult to machine and weld. Composition and 

properties of carbon steels are presented below.  

 

• Low Carbon Steel:  Composition of 0.05% to 0.25% Carbon 

and up to 0.4% manganese. Also known as mild steel, it is a 

low-cost material that is easy to shape. While not as hard as 

higher carbon steels, carburizing can increase its surface 

hardness. 

 

• Carbon Steel: Composition of 0.29% to 0.54%carbon, with 

0.60% to 1.65% manganese.  Medium carbon steel is ductile 

and strong, with long-wearing properties. 

 

• High Carbon Steel: Composition of 0.55 to 0.9% carbon, 

with 0.30 to 0.90% manganese. It is very strong and holds 

shape memory well, making it ideal for springs and wire. 

I. EXPERIMENTAL DATA 

Experimental data are taker from the literature [1]. It  is 

obtained for CNC milling of carbon steel. The machine tool 

used for the experimental activity was a high performance 

five-axis milling machine.  Various process parameters and 

their level are given in Table I. For each test a length of 

material of 100 mm was machined with the cutting parameters 

defined in Table II. 

 
TABLE I. 

 

L
ev

el
s Process Parameters 

Cutting  

speed(m/min) 

Feed per 

tooth(mm/tooth) 

Radial 

engagement(mm) 

Depth of 

cut(mm) 

1 60 0.075 0.8 6 

2 70 0.080 0.9 7 

3 80 0.100 1.0 8 

4 90 0.115 1.1 9 

5 100 0.130 1.2 10 

 

During each test, the total electrical power consumed by 

the machine tool was acquired using three current gauges and 

voltage meters whose signal was acquired with an NI-DAQ 

simultaneous sampling card, NI-9215, at the frequency of 10 

kHz/channel. The signals were post-processed using a Matlab® 

routine in order to acquire the instantaneous power during 

each test. 

     The machine tool used for the experimental activity was a 

high performance five-axis milling machine. The acquisition 

of the power consumption was designed to make it possible to 

obtain as much information as possible regarding the power 

consumption of the machine components. For each test the 

data acquisition started with the tool standing still and the 

machine in idle state. Then the spindle was powered up and 

the quantity of energy needed for the operation was recorded. 

Stand-by power consumption of the machine in a stable state 

is measured. 

       

 
 
 

 

TABLE II. 
 

R
u
n 

Process Parameters 

Cutting  

speed(m/min) 

Radial 

engagement(mm) 

Feed per 

tooth(mm/tooth) 

Depth 

of 

cut(mm

) 

1 70 0.9 0.085 9 

2 90 0.9 0.085 9 

3 70 1.1 0.085 9 

4 90 1.1 0.085 9 

5 70 0.9 0.115 9 

6 90 0.9 0.115 9 

7 70 1.1 0.115 9 

8 90 1.1 0.115 9 

9 70 0.9 0.085 11 

10 90 0.9 0.085 11 

11 70 1.1 0.085 11 

12 90 1.1 0.085 11 

13 70 0.9 0.115 11 

14 90 0.9 0.115 11 

15 70 1.1 0.115 11 

16 90 1.1 0.115 11 

17 60 1.0 0.100 10 

18 100 1.0 0.100 10 

19 80 0.8 0.100 10 

20 80 1.2 0.100 10 

21 80 1.0 0.070 10 

22 80 1.0 0.130 10 

23 80 1.0 0.100 8 

24 80 1.0 0.100 12 

25 80 1.0 0.100 10 

26 80 1.0 0.100 10 

27 80 1.0 0.100 10 

28 80 1.0 0.100 10 

29 80 1.0 0.100 10 

30 80 1.0 0.100 10 

31 80 1.0 0.100 10 

 

 

   For the present study, the results are expressed in terms of  

(1) E: energy (j) needed for the operation by the spindle and 

axis only, (2) Es: specific energy (j/mm3), referring to the 

energy needed by the axis and spindle to re move 1 mm3 of 

material, (3) Etot: total energy (j), considering all the 

consumption sources of the machine as a whole and (4) Es tot: 

total specific energy (j/mm3), referring to the total energy 

consumed to remove 1 mm3 of material. The results are 

summarized in Table III. 
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TABLE III. 

 

Run 

Response Factors 

E (J) Es (J/mm3) E tot (J) 
Es tot 

(J/mm3) 

1 6663 8.23 34245 48.5 

2 4444 4.44 24462 30.2 

3 8019 8.10 40159 40.6 

4 5736 5.79 30675 31.0 

5 5990 7.40 29713 36.7 

6 4299 5.31 22829 28.2 

7 5856 5.92 26154 26.4 

8 4948 5.00 23411 23.6 

9 7508 7.58 39593 40.0 

10 5244 5.30 30215 30.5 

11 9084 7.51 41240 34.1 

12 9451 7.81 46807 38.7 

13 6239 6.30 29961 30.3 

14 4603 4.65 23052 23.3 

15 7753 6.41 31499 26.0 

16 5468 4.52 23910 19.8 

17 6960 6.96 39790 39.8 

18 4350 4.35 24583 24.6 

19 4692 5.86 29517 36.9 

20 6404 5.34 31226 26.0 

21 6494 6.49 41502 41.5 

22 4981 4.98 24985 25.0 

23 4332 5.68 28004 35.0 

24 5834 4.86 29695 24.7 

25 4728 4.73 29547 29.5 

26 5062 5.06 29876 29.9 

27 4900 4.90 29710 29.7 

28 5269 5.27 30123 30.1 

29 5122 5.12 29926 29.9 

30 5215 5.22 30048 30.0 

31 5701 5.70 30542 30.5 

 

II. DATA ANALYSIS AND  OPTIMIZATION 

 

            The data obtained from the machining experiment is 

analyzed using statistical method like Grey Relational 

Analysis (GRA) and Analysis of Variance (ANOVA) in 

connection with the Taguchi analysis. ANOVA has been 

carried out to find out the contribution of each process 

parameters on the response characteristics. GRA has been 

started with finding out the normalized values of response 

characteristics.  Followed with that, Grey relational coefficient 

(GRC) of each process parameter has been found. Grey 

relation Grades (GRGs) are then found from GRCs. After 

finding out GRGs ranking of process parameters has been 

carried out as shown in Table V.  
 
 

 TABLE IV. 
 

Sl. 
No 

Normalized values for response factors 

For 

energy 

For specific 

energy 

For total 

energy 

For total specific 

energy 

1 0.5411 0.0000 0.5239 0.0000 

2 0.9719 0.9768 0.9319 0.6376 

3 0.2780 0.0335 0.2773 0.2753 

4 0.7211 0.6289 0.6728 0.6098 

5 0.6718 0.2139 0.7129 0.4111 

6 1.0000 0.7526 1.0000 0.7073 

7 0.6978 0.5954 0.8613 0.7700 

8 0.8740 0.8325 0.9757 0.8676 

9 0.3771 0.1675 0.3009 0.2962 

10 0.8166 0.7552 0.6920 0.6272 

11 0.0712 0.1856 0.2322 0.5017 

12 0.0000 0.1082 0.0000 0.3415 

13 0.6234 0.4974 0.7026 0.6341 

14 0.9410 0.9227 0.9907 0.8780 

15 0.3296 0.4691 0.6384 0.7840 

16 0.7731 0.9562 0.9549 1.0000 

17 0.4835 0.3273 0.2926 0.3031 

18 0.9901 1.0000 0.9268 0.8328 

19 0.9237 0.6108 0.7211 0.4042 

20 0.5914 0.7448 0.6498 0.7840 

21 0.5740 0.4485 0.2212 0.2439 

22 0.8676 0.8376 0.9101 0.8188 

23 0.9936 0.6572 0.7842 0.4704 

24 0.7021 0.8686 0.7137 0.8293 

25 0.9167 0.9021 0.7198 0.6620 

26 0.8519 0.8170 0.7061 0.6481 

27 0.8833 0.8582 0.7130 0.6551 

28 0.8117 0.7629 0.6958 0.6411 

29 0.8403 0.8015 0.7040 0.6481 

30 0.8222 0.7758 0.6989 0.6446 

31 0.7279 0.6521 0.6783 0.6272 

 

Various equations used finding GRGs are as follows. 

  

𝑥𝑖0(𝑘) = (𝑥𝑖(𝑘)−min𝑥𝑖(𝑘)) / (max𝑥𝑖(𝑘)−min𝑥𝑖(𝑘)) (1) 

𝜑𝑖(𝑘) = (Δ𝑚𝑖𝑛+ 𝛿Δ𝑚𝑎𝑥) / (Δ𝑜(𝑘)+𝛿Δ𝑚𝑎𝑥) (2)   

𝛾𝑖 = 1 /𝑛 ∑ 𝜑𝑖(𝑘) (3) 
 

     

      
Where, 𝑥𝑖 0(𝑘) is the normalized value of a response 
characteristic. 𝜑𝑖(𝑘) is the Grey relational coefficient. Δ is the 
deviation of normalized values.  δ is the weightage coefficient 
which  is taken as 0.5 , when both the response characteristics 
have the same weightage. 𝛾𝑖 is the Grey relational Grade.  N 
is the Number of response factors and k varies from 1 to n. 
 

Δ𝑜(𝑘) = | 𝑥0(𝑘)−𝑥𝑖(𝑘) | (4) 

International Journal of Applied Engineering Research ISSN 0973-4562 Volume 13, Number 3 (2018) Spl. 
© Research India Publications.  http://www.ripublication.com

131



Δ𝑚𝑎𝑥 = max|𝑥0(𝑘)−𝑥𝑖(𝑘)| (5) 

Δ𝑚𝑖𝑛 = min|𝑥0(𝑘)−𝑥𝑖(𝑘)| (6) 

    Ranks are provided according to the decreasing order 

of grey grades for all experiments.1st rank corresponds to 

highest value of grey grade among 31 values.GRG values 

and ranks are displayed in Table V. 

 

TABLE V. GRGs and Rank 

Sl. No 

GREY RELATIONAL COEFFICIENTS 

for 

energy 

for 

specific 

energy 

for 

total 

energy 

for 

total 

specific 

energy 

GRG Rank 

1 0.5215 0.3333 0.5122 0.3333 0.5668 27 

2 0.9467 0.9557 0.8801 0.5798 1.1208 4 

3 0.4091 0.3409 0.4089 0.4083 0.5224 30 

4 0.6419 0.5740 0.6044 0.5616 0.7940 21 

5 0.6037 0.3888 0.6352 0.4592 0.6956 24 

6 1.0000 0.6690 1.0000 0.6308 1.0999 5 

7 0.6233 0.5527 0.7829 0.6850 0.8813 14 

8 0.7988 0.7490 0.9537 0.7906 1.0974 6 

9 0.4453 0.3752 0.4170 0.4153 0.5509 28 

10 0.7316 0.6713 0.6188 0.5729 0.8648 17 

11 0.3500 0.3804 0.3944 0.5009 0.5419 29 

12 0.3333 0.3593 0.3333 0.4316 0.4858 31 

13 0.5704 0.4987 0.6270 0.5775 0.7579 22 

14 0.8944 0.8661 0.9817 0.8039 1.1821 2 

15 0.4272 0.4850 0.5803 0.6983 0.7303 23 

16 0.6879 0.9194 0.9173 1.0000 1.1749 3 

17 0.4919 0.4264 0.4141 0.4178 0.5834 26 

18 0.9806 1.0000 0.8724 0.7493 1.2008 1 

19 0.8676 0.5623 0.6419 0.4563 0.8427 18 

20 0.5503 0.6621 0.5881 0.6983 0.8329 19 

21 0.5399 0.4755 0.3910 0.3981 0.6015 25 

22 0.7907 0.7549 0.8476 0.7340 1.0424 7 

23 0.9874 0.5933 0.6985 0.4856 0.9216 11 

24 0.6266 0.7918 0.6359 0.7455 0.9333 10 

25 0.8572 0.8362 0.6409 0.5967 0.9770 8 

26 0.7715 0.7321 0.6298 0.5869 0.9068 12 

27 0.8108 0.7791 0.6353 0.5918 0.9390 9 

28 0.7265 0.6783 0.6217 0.5822 0.8696 16 

29 0.7579 0.7159 0.6282 0.5869 0.8963 13 

30 0.7377 0.6904 0.6242 0.5845 0.8789 15 

31 0.6476 0.5897 0.6085 0.5729 0.8062 20 

 

The mean effect plots of machining parameters, cutting 
speed, radial engagement, depth of cut, feed per  tooth are 
presented in Fig. 5 to 8.  

 
 
 
 
 
 

 
 
 
 
 
 
 

 
 
 
 
 

Fig. 5   Mean effect plot for cutting speed 

Fig. 6   Mean effect plot for radial engagement 

 

Fig. 7   Mean effect plot for depth of cut 
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    The purpose of analysis of variance (ANOVA) is to 
investigate which of the process parameters are 
significantly affect the performance characteristics.  
This is accomplished by separating the total variability of 

the grey relational grades, which is measured by the sum 
of the squared deviation from the total mean of the grey 
relational grade into contributions by each machining 
parameter and the error. 

 
 
 

 
 
 
 

The ANOVA test establishes the relative significance of the 

individual factors and their interaction effects. ANOVA is 

imitated with finding degree of freedom (DOF) for each 

process parameters. It is a measure of the amount of 

information that can be uniquely determined from a given set 

of data. DOF for data concerning a factor equals one less than 

the number of levels. After that Sum of squares of each 

process parameter, Total sum of squares (SST)  and sum of 

square error (SSE)  have been found as per the equations 7 to 

9. After that variance of each factors and F ratio has been 

found using equations 10 and 11. Followed with that 

percentage contribution of each process parameters have been 

found using the equation 12. Tabulation of ANOVA results 

are presented in Table VI.  

 

Sum of squares 

due to factor A 

=     [ No: of experiments at level A1     

   x (mA1-m)2 ] + 

  [ No: of experiments at levelA2   

 x (mA2-m)2  ] + 

  [ No: of experiments at level   

   A3 x (mA3-m)2 ] + 

  [ No: of experiments at level  

   A4 x (mA4-m)2  ] + 

    [  No: of experiments at level  

    A5 x (mA5-m)2 ]                   

(7) 

Total Sum of 

squares, SST 

=  ∑(𝛾𝑗−𝛾𝑚)2                                     (8) 

Sum of squares = SST – SSF                            (9) 

of error SSE 

where, mA1, mA2 & mA3 are grey relational grades at 

level 1, level 2 & level 3 respectively, m is the  mean 

grey relational grade. 

 

Variance for each factors measure the distribution of the data 

about the mean of the data .  

 

Variance for each factor = (Sum of squares of   

                                             corresponding factor)/DOF     (11) 

 

F ratio of each factor (F), is the ratio of variance due to the 

effect of a factor and variance due to the error term. This ratio 

is used to measure the significance of the factor under 

investigation on the performance characteristics with respect 

to the variance of all the factors included in the error term. 

 

F ratio for each factor    =  Variance of the factor/Error  

                                             Variance                                (12) 

 

Contribution of  factors  = (sum of squares of each  

                                       factor/total sum of squares) / 100 

                                                                                             (13) 

 

TABLE VI. Results by ANOVA 

Source DOF 

Sum of 

squares variance F ratio 

% 

contribution 

Cutting speed 4 0.6377 0.1594 4.5687 48.82 

Radial 

engagement 4 0.0611 0.0153 0.4378 4.68 

Feed per 

tooth 4 0.4147 0.1037 2.9712 31.75 

Depth of cut 4 0.0530 0.0132 0.3796 1.06 

Error 4 0.1396 0.0349 1 10.69 

Total 4 1.3060  9.3573 100 

 

VII. RESULTS AND CONCLUSION 

 

 Present study analyzed the effects of CNC Milling Machine 

process parameters such as cutting speed, feed rate, radial 

engagement and depth of cut,  on power consumption during 

machining carbon steel. Based on the study optimized process 

parameters  has been identified, using the Taguchi based Grey 

Relational Analysis (GRA) and ANOVA. Optimum 

combination of process parameters identified as in this study 

are  Cutting speed of 100m/min (level 5), feed per tooth 

0.100mm/tooth (level 3), radial engagement 1.0mm(level 3) 

and depth of cut 10mm(level 5). It is seen that Out of 4 

parameters3 parameters are found matching with the RSM 

values in the referred literature. The percentage contribution of 

contribution of cutting speed, feed per tooth, radial 

engagement  and depth of cut are  48.82,31.75%, 4.68  and  

4.06 respectively for the minimum power consumption for the 

milling operations.   From this  study  also  cutting speed is 

seen as the  most significant process parameter in the CNC 

milling  machining of carbon steel.  

Fig. 8    Mean effect plot for feed per tooth 
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       From these studies It can be concluded that 

recommendation of Taguchi analysis is equally strong to 

recommend optimum process parameters in the CNC Milling 

operations  like RSM recommendations . 
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