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Abstract— Present paper presents a study that investigates the 

effect of the end milling machining parameters on the surface 

roughness of the EN 31 steel. Nine experimental runs based 

on an orthogonal array of Taguchi method are performed and 

it is subsequently applied to determine an optimal end milling 

parameter combination. Surface roughness is selected as the 

quality target. The end milling machining parameters 

considered are rotational speed, feed rate and depth of cut. 

The feed rate is found to be the most dominant parameter for 

surface roughness of EN 31 steel. Present study shows that 

high spindle speed with small feed rate produce better surface 

finish and the effect of depth of cut is found to be negligible. 

Taguchi method is used to obtain the optimal combination of 

end milling parameters.  
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I. INTRODUCTION 

A surface can be described in simple term to be the outermost 

layer of an entity. An interface can be defined to be the 

transition layer between two or more entities that differ either 

chemically or physically or in both aspects[1]. According to 

Hudson, surface or interface exits in any system that show 

sudden change of system properties like density, crystal 

structure and orientation, chemical composition, and Ferro-

magnetic or paramagnetic ordering. Surface roughness 

generated after machining is important, as it determines the 

functional behavior and reliability of the components such as 

wear resistance and fatigue life when they are put to use. 

End milling process is widely used in industry 

because of its versatility and efficiency. Application of end 

milling can be found in many industries ranging from large 

aerospace manufacturers to small tool and die shops. Reason 

for this popularity include the fact that it may be used for the 

rough and finish machining of such features such as slots, 

pockets, peripheries, and faces of machine components. End 

milling is the operation of machining horizontal or vertical 

surfaces by using an end mill. The operation is usually 

performed on vertical milling machine. The principle of end 

milling in shown in Fig.1. 

EN 31 steel has a wide applications in 

manufacturing taps, gauges, swaging dies, ejector pins, ball 

and roller bearings, which are often made by several cutting 

and finishing process. It is a good quality steel for wear 

resisting machine parts which are subjected to abrasion, wear 

and high surface loading. It is basically known as bearing 

steel and is used for bearing production in industrial sectors. 

Since EN31 steel has high strength, hardness and good 

corrosion resistance, its machinability becomes difficult and 

requires high speed machining. It is a high carbon alloy steel 

which achieves a high degree of hardness with compressive 

strength and abrasion resistance and it is widely used in roller 

component such as brake, cylindrical, conical and needle 

rollers due to its exceptional thermal resistance and ability to 

retain mechanical properties at elevated service temperatures 

over 800 °C [2]. End milling machining produces excellent 

results in machining EN31 steel and also produces good 

surface finish. However it isnecessary to select the proper 

combination of end milling operation parameters to obtain the 

desired result. 

 
Fig. 1: Principle of end milling operation 

Taguchi method is a robust optimization technique 

that can be applied for optimization of process parameters to 

obtain optimum condition with lowest cost and minimum 

number of experiments which leads to production of high-

quality products. Owing to the advantages of the Taguchi 

method, researchers have extensively used this method to 

plan experiments for the purpose of optimization of process 

and design parameters [3]. Rao et al. [4] applied Taguchi 

method to find the optimal cutting parameters for surface 

roughness in WEDM machining of Aluminum BIS-24345. 

Another Taguchi method-based study was conducted by 

Kaladhar et al. [5] to investigate the effect of cutting 

parameters on surface finish to obtain optimal setting of the 

cutting parameters. It appears from the literature presented 

above that a little amount of work has been done to 

investigate the effect of end milling machining parameters on 

surface roughness of EN31 steel. The use of EN 31 Steel is 

growing rapidly and it subsumes several parts which were 

traditionally been manufactured by mild steel. Consequently, 

the machining activity on EN31 steel is also increasing. 

Keeping this in view, the present work is aimed to investigate 

the effect of three End milling machining parameters (spindle 

speed, feed rate and depth of cut) on surface roughness during 

End milling of EN 31 steel. The objectives of the study are to 

determine (i) optimum levels of the End milling parameters 

that yield optimum performance characteristics i.e. Surface 

roughness, (ii) the End milling parameters that significantly 

affect surface roughness, and (iii) the most influential End 

milling parameters for surface roughness. Taguchi L9 design 

is utilized for experimental planning for this purpose. The 
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Taguchi method is then applied to examine how the input 

factors influence the quality targets of surface roughness. An 

optimal parameter combination was then obtained. 

Additionally, the ANOVA is performed to investigate the 

more influencing parameters for surface roughness 

II. EXPERIMENTAL PROCEDURE 

The experimental studies were performed on a vertical 

milling machine. This machine can be used to cut work-piece 

in accordance with the predetermined locus (experimental 

setup is shown in Fig.2). The experiments were conducted 

with three controllable 3-level factors and one response 

variables. Nine experimental runs based on the orthogonal 

array L9 were performed. Table 2 shows three controlled 

factors, i.e. spindle speed (i.e. A(rpm)), feed rate (i.e. 

B(mm/min)) and depth of cut (i.e. C(mm)) with three levels 

for each factor. Table 3 shows the nine cutting experimental 

runs according to the selected orthogonal table. Small values 

of surface roughness were considered. The surface roughness 

of the work-piece was measured using surface roughness 

testing machine. 

 
The material of the work-piece is EN 31 steel having 

the chemical composition as shown in Table 1. The end 

milling operation was done by using solid carbide tool. 

 
Table 1: Chemical composition of EN 31 

The machining parameters and their levels used in present 

study are shown in Table 2. 

 
Table 2: Machining parameters and their levels 

The Taguchi method provides an effective 

experimental design with reduced number of experiments for 

conducting experiments and subsequent data analysis. Due to 

the advantages offered by this method, researchers have used 

this method in the milling operations [6, 7, 8, 9, 10, 11]. In 

the present study, the Taguchi design of experiments was 

used to investigate the effect of the machining parameters on 

surface roughness (Ra) generated by end milling cutter on 

vertical milling machine. The lower-the-better criterion for 

Ra was chosen to calculate the S/N ratio, since low value of 

surface roughness is required. The S/N ratio was calculated 

by using Eqn. (1). 

 

 
Table 3: Orthogonal array L9 (33) of the experimental runs 

III. RESULTS AND DISCUSSIONS 

Effect of End milling machining parameter on surface 

roughness of EN 31 steel was successfully investigated. 

Measured values of surface roughnessand corresponding 

signal-to-noise (S/N) ratio as per the Taguchi’s L9 orthogonal 

array is shown in Table3. Table 4 shows the mean S/N ratio 

at each level of the machining parameters. The analysis of 

variance (ANOVA) was conducted to study the significance 

of machining parameters on surface roughness based on their 

F-value at 5% level of significance. Fig.3 shows the normal 

probability plot of the residuals for the surface roughness and 

it reveals that the residuals either fall on a straight line or are 

very close to the line implying that the errors are distributed 

normally. 

 
Table 3: Experimental results and corresponding S/N ratio 

 
Table 4: Response table mean S/N ratio for surface 

roughness 

The ANOVA results are shown in Table 5. It can be 

seen from Table 5 that the spindle speed and feedrate 

significantly affects the surface roughness as F calculated 

value is more than the tabulated F value (F0.05, (2,2) = 19.00) 

whereas, depth of cut does not have significant effect on 

surface roughness. However, based on the percentage 

contribution of the machining parameters shown in Table 5, 

it is found that percentage contribution of feed is maximum 

(59.84%) followed by spindle speed (29.58%) and depth of 

cut (9.162%). 
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Fig. 3: Normal probability plot 

Fig.4 depicts the main effect plot for S/N ratio. It can 

be seen that the surface roughness decreases with the decrease 

in feed rate, increase in spindle speed and increase in depth 

of cut. However, it is seen that the effect of depth of cut is 

very small on the surface roughness. Based on the results 

shown in Table 4, Table 5andFig.4, it can be seen that the 

optimal combination of the machining parameters for surface 

roughnessis A3B1C3, i.e., at spindle speed (A) at 3000 rpm, 

feed rate (B) at 500 mm/min, and depth of cut (C) at 0.15 mm. 

 
Table 5: Analysis of Variance for SN ratios 

 

 
Fig. 5: Surface roughness test result at optimum parameter 

combination 

Since the optimum parameter combination is not 

lying in the L9 OA. Hence another experiment was performed 

on the optimum combination setting. Fig.5show the result 

obtained on optimum combination and the best surface 

roughness therefore achieved is a minimum of 1.184µm 

IV. CONCLUSIONS 

In this paper, effect of machining parameters of end milling 

using end milling cutter on surface roughness of EN 31 

steelusing solid carbide tool was investigated. 

Experimentation was done as per Taguchi’s L9 orthogonal 

array. Optimal combination of machining parameters and 

their levels for minimum surface roughness was obtained and 

significance of the machining parameters was determined 

using ANOVA. Based on the results of the present study 

following conclusions are drawn: 

Optimal combination of the machining parameters 

for surface roughnessis A3B1C3, i.e., at spindle speed (A) at 

3000 rpm, feed rate (B) at 500 mm/min, and depth of cut (C) 

at 0.15 mm.fig: 4 shows the result of this combination and the 

surface roughness therefore achieved is a minimum of 

1.184µm 

Feed rate contributes maximum (59.84%)followed 

by spindle speed (29.58%) and depth of cut (9.162%) to 

minimize the surface roughness. 
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