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Abstract. 060A4 steel (Chinese standard) is a steel with good machinability, which is very 

popularly used in mechanical engineering. Therefore, the study of solutions for improvement of 

quality and productivity when machining this steel type has great technical and economic 

significance. In this study, the multi-objective optimization process has been performed when 

milling this steel type on a vertical milling machine. The cutting tool is a face milling cutter made of 

High Speed Steel (HSS) material. The effect of spindle speed, feed rate, and cutting depth on 

surface roughness has been found. The combination of the Taguchi method and PSI method has 

been applied to determine the optimal value of three input parameters to simultaneously ensure the 

two criteria of the minimum surface roughness and the maximum Material Removal Rate (MRR). 

The works which will be done by the authors of this article in the near future has also been 

presented in the last part of this study. 

1. Introduction 

When milling the plane with a face milling cutter, the 

productivity is much higher than other milling methods 

because the face milling cutter has many teeth involved 

in cutting and it is possible to choose a milling cutter 

with a large diameter [1]. Surface roughness of the 

workpiece, and MRR are two of the parameters that are 

of special interest because the surface roughness is a 

parameter reflecting the surface quality, and the MRR is 

a parameter reflecting the machining productivity. 

Because of that, there has been a large number of studies 

looking for solutions to improve the surface quality and 

machining productivity, namely reducing surface 

roughness and increasing MRR. Among them, many 

authors have chosen the Taguchi method to design 

experiments. 

A. A. Tharke [2] has designed the experimental matrix 

by the Taguchi method when milling 1040 MS steel. The 

surface roughness has been chosen by him as the output 

parameter. He has used signal-to-noise (S/N) ratio 

analysis to determine the value of cutting parameters, 

including cutting velocity, feed rate, and cutting depth, 

to ensure the minimum surface roughness. 

M. Prakash et al. [3], when conducting the experiment of 

milling OHNS steel, have also designed the experimental 

matrix by Taguchi method. The three parameters have 

been also chosen by them as input parameters including 

cutting velocity, feed rate and cutting depth. The S/N 

ratio analysis has also been used by them to determine 

the values of input parameters to ensure the minimum 

surface roughness. 

Manoj Kumar et al. [4] have also used the Taguchi 

method to design the experiments when milling D2 steel. 

The parameters have been chosen by them as input 

parameters also including cutting velocity, feed rate, and 

cutting depth. Then the S/N ratio analysis method has 

been also chosen by them to determine two optimal sets 

of input parameters, one to ensure the minimum surface 

roughness and the other to ensure the maximum MRR. 

Many studies have also applied the Taguchi method to 

design experiments and S/N ratio analysis method to 

determine two sets of parameters of cutting parameters 

for the purpose of simultaneously ensuring the two 

separate criteria of the minimum surface roughness and 

the maximum MRR, such as the study of P. V. Krishna et 

al. [5] when milling 6016 aluminum alloy, the study of 

S. S. Panshetty et al. [6] when milling 7076 aluminum 

alloy, the study of H. Shagwira et al. [7] when milling 

Polypropylene + 5wt.% Quarry Dust Composites, the 

study of D. P. Vanish et al. [8] when milling Titanium 

alloy, etc. 

From a number of the above studies, it is shown that the 

experimental design by Taguchi method and S/N ratio 

analysis has been successful in a number of milling 

process optimization studies. However, the above studies 

also show a drawback that if only designing the 

experiment by Taguchi method and analyzing the results 
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by S/N ratio, it is possible to achieve only one objective 

of milling process (either the minimum surface 

roughness or the maximum MRR). Therefore the 

combination of Taguchi + S/N ratio analysis will not 

solve the multi-objective problem. In order to solve the 

multi-objective optimization problem, it is necessary to 

combine Taguchi with a certain mathematical method. 

Some methods have been very successful in solving the 

multi-objective optimization problem when it is 

combined with Taguchi method such as: Taguchi-Dear 

combination [9], Taguchi-Topsis [10-16], Taguchi-Vikor 

[17-19], Taguchi-Moora [20, 21], etc. PSI (Preference 

selection index) is also a method for multi-objective 

optimization and has been successfully used in 

combination with the Taguchi method in a number of 

studies such as: Multi-objective optimization in the 

design of production system [22]; Optimizing the criteria 

of computer software for human resource management 

[23]; Determining the best factors in choosing the 

location for sale of used computers (rental price, 

location, number of customers, ..) [24] etc. However, so 

far, there have been no studies combining the Taguchi 

and PSI in solving the multi-objective optimization 

problem of the milling process. 

From the above analysis, in this study, the Taguchi 

method will be applied to design the experimental matrix 

when milling 060A4 steel. PSI method will be applied to 

solve the multi-objective optimization problem. The 

objective of this study is to determine the value of 

spindle speed, feed rate and cutting depth to 

simultaneously ensure the two criteria, including the 

minimum surface roughness and the maximum MRR  

2. PSI method  

PSI is a multi-objective optimization method is first 

introduced in 2010. This is an approach based on the 

concept of "overall preference value of attributes". The 

outstanding feature of this method is the optimization of 

the objectives without assigning weights to the criteria. 

This method is performed according to the following 

steps [25]: 

Step 1: Determine the objectives. 

Step 2: Create a decision matrix based on the available 

information. 

Step 3: Normalize the attributes. 

               for benefitical type 

(1) 

               for non-benefitical type 

(2) 

Where:i is the ordinal number of the row in the matrix 

 (i = 1 ÷ n), j is the ordinal number of the column in the 

matrix (j = 1 ÷ m), xij is the value of the criterion in row i 

and column j. 

Bước 4: Calculate the average values of normalized data. 

 

(3) 

Step 5: Determine the preferred values from the average 

values. 

 

(4) 

Step 6: Determine the deviation in the preferred value. 

 (5) 

Step 7: Determine the overall preferred value for the 

criteria. 

 

(6) 

Step 8: Calculate the preference selection index (PSI) of 

each solution. 

 

(7) 

Step 9: Rank the solutions. Which solution that has the 

largest value of i is the best solution. 

3. Experimental process 

 060A4 steel has been used during the experiment. When 

analyzing the spectrum, the chemical composition of 

some elements of steel has been determined as shown in 

Table 1. This steel type has good machinability, low cost 

and it is the most popular steel type for manufacturing all 

kinds of common parts such as bearings, shafts, gears, 

grips [26]. 

Table 1. Chemical composition of 060A4 steel 

Composition (%) 

C Si Mn Cr Ni Mo V Ti B Cu 

0.4
3 

0.2
4 

0.6
6 

0.2
2 

0.1
4 

0.0
3 

0.0
2 

0,00
2 

0.000
7 

0.2
1 

 

A JLVH320B vertical milling machine has been used to 

conduct the experiments (figure 1). The feed rate of 

machine is calculated as the displacement of platform 

per a unit of time. The value of this parameter can be 

arbitrarily (steplessly) adjusted because it is controlled 

by the hydraulic pump system. The value of this 

parameter is selected through the rotation of crown in 

conjunction with the chronograph. The cutting depth is 

adjusted by the vertical vernier of machine, for each 

stroke of vernier, the cutting tool will move by 0.02 mm. 

The milling machine has 24 values for the number of 

revolutions of the spindle. The adjustment of this value 

is made by means of grips. 
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Fig. 1.JLVH320B vertical milling machine 

 

The cutting tool material used in the experiment is HSS. 

This cutting tool has relatively high heat resistance, low 

cost, and good cutting performance, so it is widely used 

in milling [27]. The chip has been inserted into the body 

of the milling cutter with a diameter of 120 mm. 

The parameters including spindle speed, feed rate, and 

cutting depth have been selected as the three input 

parameters of the experimental process. These three 

parameters can all be adjusted quickly by the worker and 

have also been selected as the experimental input 

parameters in many studies [28]. The values of these 

parameters are chosen to be suitable when milling 

060A4 steel with HSS cutting tools as well as suitable for 

the ability of their value adjustment of the experimental 

machine. Based on those bases, the values of cutting 

parameters are shown in Table 2.  
 

Table 2. Cutting parameters 

Parameter Symbol Unit 
Value at level 

1 2 3 

Spindle speed n rev/min 70 105 126 

Feed rate Vf mm/min 538 788 1152 

Depth of cut ap mm 0.4 0.6 0.8 

 

Taguchi method has been applied to design the 

experimental matrix. With the three input parameters and 

the three values for each, there are two options of the 

number of experiments, option 1 is nine experiments, 

and option 2 is 27 experiments. The essence of the 

option with 27 experiments is to repeat three times of the 

option with nine experiments. The purpose of choosing a 

matrix with 27 experiments is to reduce random error 

during the experiment. Howerver it is also because of the 

large number of experiments, it affects the time and cost 

of the experimental process. Therefore, in this study, the 

matrix with number of experiments equal to 9 has been 

chosen as shown in Table 3. 

 

In order to reduce random errors during the experiment, 

the surface roughness has been measured at least three 

times for each sample; the roughness value at each 

experiment is the average value of measurements. For 

the MRR, this value is calculated in accordance with the 

formula (8), so it is not affected by the experimental 

process. 

Table 3. Experimental matrix 

No. 
Code value Actual value 

n f ap n (rev/min) f (mm/min) ap (mm) 

1 1 1 1 538 70 0.4 

2 1 2 2 538 100 0.6 

3 1 3 3 538 130 0.8 

4 2 1 2 788 70 0.6 

5 2 2 3 788 100 0.8 

6 2 3 1 788 130 0.4 

7 3 1 3 1152 70 0.8 

8 3 2 1 1152 100 0.4 

9 3 3 2 1152 130 0.6 

 

Where f, ap, bware feed rate, cutting depth and cutting 

width, respectively. Because the milling cutter diameter 

is 120 mm, while the workpiece width is only 40 mm, 

the milling width is equal to the workpiece width, that is, 

bw = 40 mm  

MRR = f  ap. bw (mm3/min) (8) 

4. Results and discussion 

The experiments have been conducted in the order as 

shown in Table 3, the results are presented in Table 4. In 

Figure 2, the Pareto chart shows the effect of input 

parameters on surface roughness, with the chosen 

significance level is 0.05 [29, 30]. Since the curve 

showing the effect of feed rate on surface roughness has 

passed the limiting curve in the Pareto chart (the limit 

value is 2.571), we can confirm that the feed rate has a 

great effect on the roughness. Meanwhile, spindle speed 

and cutting depth have an insignificant effect on surface 

roughness. However, if considered in detail, it is found 

that the cutting depth has an effect on the surface 

roughness being greater than the effect of spindle speed. 

Table 4. Experimental results 

No 
n 

(rev/min) 

f 

(mm/min) 
ap (mm) 

Ra 

(mm) 

MRR 

(mm3/min) 

1 538 70 0.4 0.51 1120 

2 538 100 0.6 0.73 2400 

3 538 130 0.8 0.59 4160 

4 788 70 0.6 0.38 1680 

5 788 100 0.8 0.42 3200 

6 788 130 0.4 0.76 2080 

7 1152 70 0.8 0.39 2240 

8 1152 100 0.4 0.62 1600 

9 1152 130 0.6 0.64 3120 
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Fig. 2. Pareto chart on the effect of input parameters on surface 

roughness 

 

With the data available in Table 4, it is shown that in 

experiment #4, the surface roughness has the smallest 

value. However, also in this experiment, the MRR value 

is also quite small; it is only larger than the MRR in 

experiments #1 and #8. Thus, experiment #4 is surely 

not the best of the nine conducted experiments. In 

experiment #3, the MRR value is the largest. However, 

the surface roughness in this experiment is still larger 

than the surface roughness in experiments #1, #4, #5 and 

#7. Therefore, we cannot say that the experiment #3 is 

the best one. In order to have a solid basis for asserting 

which experiment is the best, it is necessary to draw 

conclusions on a solid mathematical basis. That is the 

reason why we need to solve the multi-objective 

optimization problem. This content will be presented in 

the next part of this article. 

5. Multi-objective optimization of milling 
process 

Step 1: The objectives of this study are determination of 

the best solution in the solutions as listed in Table 4. At 

that solution (experiment), Ra is considered "minimum" 

and MRR is considered "largest". 

Step 2: Create a decision matrix based on the available 

information. From the data in Table 4, the last two 

columns in the table form a 9-row 2-column matrix, 

which is the matrix where we need to identify the row 

considered "best" in 9 rows. 

Step 3: The standardized value of the attributes were 

calculated by Eq. (1) and Eq. (2), and presented as in 

Table 5.  

Step 4: The average values of normalized data were 

calculated by Eq. (3). These values were also listed in 

Table 5.  

Step 5: Determine the preferred values from the average 

values by Eq. (4): Ra = 0.29858; MRR = 0.30843 

Step 6: Determine the deviation in the preferred value by 

Eq. (5): Ra = 0.70142; MRR = 0.69157 

Step 7: Determine the overall preferred value for the 

criteria by Eq. (6): wRa = 0.50354; wMRR = 0.49646. 

Step 8: Calculate the Preference selection index  (PSI) 

of each solution by Eq. (7). These calculated results were 

presents in Table 6. 

Step 9: Rank the solutions as presented in Table 6. 

 

 

 

 

 

 

Table 5. Standardzation value of the attributes 

No. 
Ra 

(mm) 

MRR 

(mm3/min) 
NRa NMRR 

1 0.51 1120 0.74510 0.26923 

2 0.73 2400 0.52055 0.57692 

3 0.59 4160 0.64407 1.00000 

4 0.38 1680 1.00000 0.40385 

5 0.42 3200 0.90476 0.76923 

6 0.76 2080 0.50000 0.50000 

7 0.39 2240 0.97436 0.53846 

8 0.62 1600 0.61290 0.38462 

9 0.64 3120 0.59375 0.75000 

Mean 0.718880 0.61538 

 

Table 6. Values of  in PSI and ranking 

No. 
Ra 

(µm) 

MRR 

(mm3/min) 
 Ranking 

1 0.51 1120 556.29201 9 

2 0.73 2400 1191.87158 4 

3 0.59 4160 2065.57069 1 

4 0.38 1680 834.24415 7 

5 0.42 3200 1588.88349 2 

6 0.76 2080 1033.01949 6 

7 0.39 2240 1112.26678 5 

8 0.62 1600 794.64819 8 

9 0.64 3120 1549.27747 3 

 

From the ranked results in Table 6, it shows that 

experiment # 3 is the best experiment of nine 

experiments, besides that experiment # 1 is the worst 

experiment. In experiment # 3, it is clear that MRR has 

the largest value in nine experiments (MRR = 4160 

mm3/min); Ra is 0.59 µm, smaller than the value of Ra in 

experiment # 2, # 6, #8 and # 9. Although Ra in 

experiment # 3 are not the minimum values in nine 

experiments, but for the purpose of multi-objective 

optimization, it can be confirmed that experiment # 3 is 

the “best” solution. 

6. Conclusion 

Equations An experimental process of milling 060A4 

steel with an HSS cutting tool has been conducted in this 

study. The experimental matrix has been built by the 

Taguchi method with a total of nine experiments, in 

which spindle speed, feed rate and cutting depth have 

been selected as variations during the experiment. The 

effect of input parameters on surface roughness has been 

found. The PSI method has been used to solve the multi-

objective optimization problem. A number of 

conclusions are drawm as follows: 

- Feed rate is a parameter having a great effect on 

surface roughness, while spindle speed and cutting depth 

have a negligible effect on surface roughness. 

- In order to simultaneously ensure the two criteria of 

milling process as the minimum surface roughness and 
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the maximum MRR, spindle speed, feed rate and cutting 

depth are 538 rev/min, 130 mm/min and 0.8 mm, 

respectively. 

- The PSI method has been first applied to solve the 

multi-objective optimization problem of the milling 

process in this study. This method also promises to be 

successful when applied to the multi-objective 

optimization in other machining processes. 

- Determining the value of parameters of cutting 

parameters, parameters of cutting tools, parameters of 

machining materials, etc., to simultaneously ensure two 

or more objectives of the milling process is the content 

of next study of the authors in this article. 
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