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Optimization of the Effect of Cutting Parameters on the Cutting Force in the Gradual Turning 

Process by Taguchi Method 

Oğur İYNEN1, Abidin ŞAHİNOĞLU2, Mustafa ÖZDEMİR3*, Volkan YILMAZ4 

ABSTRACT: In this experimental study, AISI 4140 steel was subjected to machining experiments on 

the CNC lathe. The effect of cutting forces (radial force (Fx), tangential force (Fy) and feed force (Fz)) 

depending on the cutting parameters were investigated experimentally. As cutting parameters, three 

different cutting speeds (V) (100 m min-1, 140 m min-1 and 180 m min-1), feed rates (f) (0.08 mm rev-1, 

0.12 mm rev-1 and 0.16 mm rev-1) and cutting depths (a) (0.5 mm, 0.9 mm and 1.3 mm) were 

preferred. The experimental design was made according to the Taguchi L9 vertical array. The effects 

of cutting parameters on cutting forces and contribution rates were analyzed by analysis of variance 

(ANOVA). The effect levels of cutting parameters on cutting forces were determined using the S/N 

ratio. Optimum cutting parameters are defined. After ANOVA analysis, it was determined that the feed 

rate was effective on the radial force and tangential force, while the depth of cut was effective on the 

feed force. According to the verification experiments, it was seen that the optimization was 

successfully applied.  
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INTRODUCTION  

AISI 4140 steel is one of the most commercially used cast steels. This material has 

approximately 10% usage in the machining industry. Also, this steel is a chrome-molybdenum steel, 

which is a low alloy steel. This material is also called medium carbon steel, alloy steel, low alloy 

structural steel and forged quality steel. AISI 4140 steels; Crankshaft, axle shaft, sleeve, automobile 

and aircraft construction, gear and wheel construction, machine tool, bolts, nuts etc. it has widespread 

use in parts (Demir, 2004; Höke et al., 2014, Kesti, 2009, Karayel and Nalbant, 2014). When the 

literature studies are examined, it is revealed that many studies have been carried out on stainless 

steels. Neşeli et al. turned AISI 4140 steel using carbide inserts under dry cutting conditions. 

According to the results of the analysis, it was seen that the a was the most effective parameter on all 

cutting force components (Neşeli et al., 2012). In the experimental study conducted by Özel et al., The 

effect of V, f, tool nose radius and workpiece hardness on surface roughness and cutting force were 

investigated experimentally in AISI H13 steel finishing turning (Özel et al., 2005). Panzera et al. 

investigated the effect of cutting parameters (V, f and a) of AISI 4340 steel on dry turning with coated 

carbide insert. In addition, the effects of cutting parameters on cutting force were investigated using 

ANOVA analysis results (Panzera et al., 2012). Jayant and Kumar used hardened steel AISI 4140 in 

their experimental study. The most appropriate cutting parameters were determined in the data 

obtained by using ANOVA and Taguchi Method (Jayant and Kumar, 2008). Yallese et al. have defined 

statistical models of cutting forces in machining AISI H11 hot work tool steel (50 HRC) material in 

dry cutting conditions. They created mathematical models with multiple linear regression and 

Response Surface Methodology (RSM) and determined the most effective cutting parameters on 

cutting forces (Aouici et al., 2010). Suresh et al. investigated the effect of cutting parameters (V, f, a 

and cutting time) on cutting forces, tool wear and surface roughness using the RSM method in turning 

of AISI 4340 hardened steel (Suresh et al., 2012). Abou-El-Hosseinb et al. conducted an experimental 

study to estimate the forces that occurred during the machining of AISI P20 tool steel.  They evaluated 

the effects of four input parameters on the cutting force with RSM (Hosseinb et al., 2007). Aouici et al. 

experimentally examined the effect of V, f, a and workpiece hardness on surface roughness and cutting 

force components in hard turning operations. The mathematical model of the cutting force and surface 

roughness components has been developed using RSM (Aouici et al., 2012). Statistical analysis of 

surface roughness and cutting forces were carried out by RSM in hard turning of AISI 52100 bearing 

steel by Bouacha et al. The effect of cutting parameters on cutting forces and surface roughness was 

analyzed by ANOVA (Bouacha et al., 2010). An experimental study on the impact of cutting 

parameters (V, f and a) on hard turning of MDN250 steel on cutting forces and surface roughness has 

been conducted by Lalwani et al. (Lalwani et al., 2008). Rao et al. examined the effects of cutting 

parameters (V, f and a) on cutting force and surface roughness when machining AISI 1050 steel 

material with ceramic coated tools. In the design of the experiment, he used Taguchi L27 and ANOVA 

analysis. According to the experimental results obtained, the f has been shown to affect both the 

cutting force and the surface roughness value (Rao et al., 2013). In this experimental study, the effect 

of V, f and a parameters on AISI 4140 material on cutting forces were analyzed using the Taguchi 

method. The studies on AISI 4140 in the literature are especially finishing turning studies. No work on 

the machinability of this material with TCMT 16T304 NN LT 1000 cutting tool at high feed and 

depths of cut is available. In addition, in the AISI 4140 material, a large part of the sawdust is used for 

rough turning. However, there are few studies on cutting parameters and insert selection in the rough 
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turning of this material. This experimental study was carried out to overcome these shortcomings in 

the literature. 

MATERIALS AND METHODS 

Materials 

In this experimental study, the effect of three different V (100 m min-1, 140 m min-1 and 180 m 

min-1), three different f (0.08 mm rev-1, 0.12 mm rev-1 and 0.16 mm rev-1) and three different a (0.5 

mm, 0.9 mm ve 1.3 mm) on cutting forces (Fx, Fy and Fz) in the CNC turning machine of AISI 4140 

steel was investigated. The chemical composition of the material used in the experimental study is 

shown in Table 1. It is of great importance to determine how much cutting parameters have an impact 

on which cutting force on the lathe. Because the cutting force on each axis causes a different wear 

mechanism. Also, the cutting force on each axis has a different effect on the workpiece. Therefore, it is 

necessary to measure the cutting forces by keeping them separate from each other. Therefore, in 

studies in the literature, similarly, three different cutting forces are measured in turning experiments. It 

is possible to calculate the total cutting forces. However, the calculation of these forces separately 

gives more detailed information about the manufacturing process. 

Table 1. Chemical composition of AISI 4140 steel used in the experiments. 

Experimental procedure  

The experimental study was done on GOODWAY GS-260Y (15 kW motor power) model CNC 

lathe. In turning experiments, TTJNL 2525 M16 type tool holder and TCMT 16T304 NN LT 1000 

cutting tools produced by LAMINA Technology company were used. The material used in the 

experiments is 80 mm in diameter and 160 mm in length. For each experiment, a 15 mm material was 

removed on the workpiece. Dry cutting conditions were preferred in the machining test. Figure 1 

shows the experimental setup, where the experimental work is done. The cutting force measurements 

were measured with the Swiss-made KISTLER TYPE 9129AA model dynamometer connected to the 

CNC machine tool and KISTLER TYPE 5070 amplifier. 

 
Figure 1. Experimental setup and cutting force measuring device 

Constituent Percentage present (%) 

C 0.41 

Mn 0.83 

Si 0.21 

Cr 0.9 

S 0.026 

P 0.029 

Mo 0.18 
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Taguchi experiment design method is an experiment design method that minimizes the number 

of experiments that makes experimental studies shorter and easier. The Taguchi method is an 

experimental design method developed by Dr. Genichi Taguchi. Due to its benefits, this method has 

been widely used in the European and American industry after 1980s.Thanks to this method, it can be 

done with fewer experiments than the full factorial method, which is the optimization of long and 

expensive experiments. It is a method that can determine the effectiveness of the parameters in 

experimental studies, as well as reducing the experiment time and reducing the cost of the experiment. 

While preparing the experimental work plan, the parameters to be used in the experiments and their 

levels are determined. Then, the system is created by selecting the orthogonal arrays suitable for their 

degrees of freedom. In the interpretation of the experimental studies, it is converted to the performance 

characteristic known as S/N (signal / noise) ratio. The most commonly used performance 

characteristics are the smallest (the smallest, the best), the biggest best (The biggest, the best) and the 

nominal best (Nominal best).  In this study, in determining S/N values, since the cutting force values 

are desired to be the smallest, the formula corresponding to the “smallest best” principle given in 

Equation 1 is used (Ross, 1988; Gür et al., 2019; Savaş et al., 2016; Özdemir, 2019). 
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In the study, three different V (100 m min-1, 140 m min-1 ve 180 m min-1), three different f (0.08 

mm rev-1, 0.12 mm rev-1 ve 0.16 mm rev-1) and three different depths of cut (0.5 mm, 0.9 mm ve 1.3 

mm) were taken as cutting parameters. While 27 (3x3x3) experiments should be done with the 

classical method, 9 experiments were designed by using Taguchi L9 vertical array. Each experiment 

was repeated 3 times and the arithmetic mean of the values was taken (Table 2).  

In the experimental study, 3 different cutting speeds, 3 different feed rates and 3 different depths 

of cut were preferred. Therefore, 27 different experiments are required in full factorial experimental 

design. Taguchi L9 experiment design was preferred to reduce the number of experiments, reduce the 

time of the experiment and reduce the costs of the experiment. L9 experiment design was decided by 

examining the literature studies. Minitab 16.0 software was used in the experimental design and 

statistical analysis according to the Taguchi method. 

Table 2. Control factors and their levels 

Factors Symbol Unit Level 1 Level 2 Level 3 

Cutting speed V m min-1 100 140 180 

Feed rate f mm rev-1 0.08 0.12 0.16 

Depth of cut a mm 0.5 0.9 1.3 

RESULTS AND DISCUSSION 

Table 3 shows the cutting force values obtained from the experiments performed according to 

the Taguchi L9 vertical array and the S/N ratios of these values. Minitab 16.0 statistical software 

program was used to analyze the effects of cutting parameters on cutting forces. S/N ratio and variance 

analysis (ANOVA) were created at 95% confidence level. The level with the highest value in S/N ratio 

for each control factor means the best level for that factor. The lowest forces (53.95 N, 207.5 N and 

162 N) corresponding to the values (S/N = -34.6398, S/N = -46.3404 and S/N = -44.1903) for Fx, Fy, 

Fz respectively has been identified. The cutting parameters giving the lowest cutting force value on Fx; 

It was observed that the V of 180 m min-1, the f of 0.08 mm rev-1 and the 0.9 mm a (V3-f1-a3).  For Fy 
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and Fz, 140 m min-1 V, 0.08 mm rev-1 f and 0.9 mm a (V2-f1-a2) are the cutting parameters 

corresponding to the lowest forces. 

Table 3. L9 orthogonal array, experimental results and their S/N ratios for cutting forces 

Number of 

Experiments 

Machining 

Parameters 
Measured cutting forces S/N Ratios 

V f a Fx (N) Fy (N) Fz (N) Fx (dB) Fy (dB) Fz (dB) 

1 100 0.08 0.5 61.92 248.7 202.1 -35.8366 -47.9135 -46.1113 

2 100 0.12 0.9 86.18 306.1 226.2 -38.7081 -49.7173 -47.0899 

3 100 0.16 1.3 114.10 549.9 391.5 -41.1457 -54.8057 -51.8546 

4 140 0.08 0.9 55.91 207.5 162.0 -34.9498 -46.3404 -44.1903 

5 140 0.12 1.3 86.25 415.4 300.7 -38.7152 -52.3693 -49.5627 

6 140 0.16 0.5 101.40 392.5 248.7 -40.1208 -51.8768 -47.9135 

7 180 0.08 1.3 53.95 270.7 198.2 -34.6398 -48.6498 -45.9421 

8 180 0.12 0.5 76.74 300.5 202.9 -37.7004 -49.5569 -46.1456 

9 180 0.16 0.9 94.46 340.7 206.1 -39.5050 -50.6474 -46.2816 

The S/N response table is used to analyze the effect of each control factor on cutting forces. In 

Figure 2-Figure 4, as a result of the analysis obtained, S/N effect levels of cutting parameters to cutting 

forces are given. It shows the optimum levels of control factors for optimum cutting force values.  The 

best level for the control factors is shown according to the largest S/N ratio in all levels of that control 

factor. According to this analysis, the levels and S/N ratios of the cutting parameters that give the 

optimum Fx, Fy and Fz values are factor V (Level 3; S/N = -37.28; -49.62; -46.12), factor f (Level 1; 

S/N = -35.14; -47.63; -45.41) and factor a (Level 2; S/N = -37.72; -48.90; -45.85) determined as.  In 

other words, as seen in Figure 2, the optimum Fx value was obtained at a V of 180 m min-1 (V3), f of 

0.08 mm rev-1 (f1) and a (a2) of 0.9 mm.  While the most effective control factors on Fx in order of 

importance are the f, V and a, while the most effective control factors on Fy and Fz are determined as 

the f, a and V (Figure 3 and Figure 4). 

180140100

-36,0

-37,2

-38,4

-39,6

-40,8

0,160,120,08

1,30,90,5

-36,0

-37,2

-38,4

-39,6

-40,8

V

O
r
ta

la
m

a
 S

/N
 o

r
a
n

la
r
ı

f

a

Signal-to-noise: Smaller is better
 

Figure 2. Main Impact Graph for S/N Ratios, (Fx) 
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Figure 3. Main Impact Graph for S/N Ratios, (Fy) 
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Figure 4. Main Impact Graph for S/N Ratios, (Fz) 

The surface graph in Figure 5 shows the effects of cutting parameters on Fx, Fy and Fz. As seen 

in the graphs in Figures 5a, 5b, 5d, 5e, 5g and 5h, the cutting force decreases with increasing V. The 

reason for the decrease in cutting force values due to the increase in V is the increase in temperature in 

the cutting zone with increasing V. Depending on the increasing temperature, thermal softening occurs 

and plastic deformation is easier to machining. Therefore, cutting forces are decreasing (Taşlıyan et al., 
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2007; Meddour et al., 2018; Özçatalbaş, 2002; Kurt and Şeker, 2005; Çakır, 1999; Akkurt, 2004). The 

amount of reduction in cutting force may differ depending on the material type, machining conditions 

and V range studied. As seen in Figures 5c, 5f and 5ı, as the f increases, the cutting force values 

increase. It is observed that there is a direct proportional relationship between increasing f values and 

Fx, Fy, Fz. Depending on the f and the increase in a, the increase on Fx, Fy and Fz is an expected 

condition. In order to reduce the cutting forces, the f value must be reduced. Low a and low f values 

are preferred especially in finish turning operations. Thus, a better surface quality is obtained.  
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Figure 5. Effect of cutting parameters on Fx, Fy and Fz 

Variance analysis (ANOVA) was performed to explain the effect amounts of cutting parameters 

used in the experimental design on cutting forces (Fx, Fy and Fz). The effect quantities of cutting 

parameters used in experimental design on cutting forces (Fx, Fy and Fz) were analyzed with variance 

analysis (ANOVA). The ANOVA values obtained show the effect rate of factors V, f and a on the 

cutting force. Table 4-Table 6 shows the ANOVA results performed in the 95% confidence interval of 

Fx, Fy and Fz. When Table 4a is examined, it is seen that the a is not effective on the cutting force in 

terms of p <0.05 significance value. The f and the V are significant in the 95% confidence interval.  As 

can be seen in Table 4a, the effect of the f on the Fx force is 93.42% and the effect of the V is 5.73%. 

So the most effective factor on Fx is the f, followed by V. When Table 4b is examined, it is seen that 

V, f and a are significant in terms of p <0.05 significance value. When the contribution rates of cutting 

parameters on Fy are examined, it is seen that the most effect is the f with 67.57%, this is the a with 

28.17%, and finally the V with the effect rate of 4.11%. According to Table 4c, when the factors on the 

Fy value are listed according to the degree of effect, it is seen that there is the f, a and V. The effect 

rates of cutting parameters on Fz force are; a is 41.32%, f is 40.04% and V is 17.94%. 

 

a) b) c) 

d) e) f) 

g) h) ı) 
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Table 4. ANOVA Results for Taguchi L9 Experiment Design 

a- Anova Results for Fx 

Factor DF Seq SS Adj SS Adj MS F P % contr. 

V 2 2.4644 2.4644 1.2322 42.58 0.023 5.73 

f 2 40.1570 40.1570 20.0785 693.83 0.001 93.42 

a 2 0.3050 0.3050 0.1525 5.27 0.159 0.71 

Error 2 0.0579 0.0579 0.0289   0.13 

Total 8 42.9843     100.00 

S= 0.1701 R2=% 99.9 R2(pred)=% 99. 5 

b- Anova Results for Fy 

V 2 2.1397 2.1397 1.0698 26.25 0.037 4.11 

f 2 35.2042 35.2042 17.6021 431.84 0.002 67.57 

a 2 14.6787 14.6787 7.3394 180.06 0.006 28.17 

Error 2 0.0815 0.0815 0.0408   0.16 

Total 8 52.1041     100.00 

S=0.2019 R2=% 99.8 R2(pred)=% 99.4 

c- Anova Results for Fz 

V 2 7.4521 7.4521 3.7261 25.54 0.038 17.94 

f 2 16.6324 16.6324 8.3162 57.01 0.017 40.04 

a 2 17.1645 17.1645 8.5822 58.83 0.017 41.32 

Error 2 0.2918 0.2918 0.1459   0.70 

Total 8 41.5407     100.00 

S=0.3819 R2=% 99.3 R2(pred)=% 97.2 

In the experiments performed after the design of the Taguchi L9 experiment, the effect of cutting 

parameters on the cutting force was analyzed.  At the final stage of the Taguchi design, optimization 

experiments were carried out. In this experimental study, optimum cutting parameters were 

determined. Then, 3 optimization tests were carried out to ensure the accuracy of the experiments. In 

accordance with the standards of turning tests, the tests were repeated 3 times. After this optimization, 

180 m min-1 V, 0.08 mm rev-1 f and 0.9 mm a factors are seen as the most suitable parameter for 

cutting forces. Verification experiments were carried out using parameter levels V3-f1-a2.As a result 

of the experiments, Fx value was reached with 96.7%, Fy 97.5% and Fz with 96.9% estimated values. 

Table 5. Optimization test results for cutting forces 

Factor  Level Fx (N) Fy (N) Fz (N) 

V3 180 Prediction Experimental Prediction Experimental Prediction Experimental 

f1 0.08 
48.74 50.37 157.26 161.16 112.73 109.25 

a2 0.9 

CONCLUSION 

Findings obtained as a result of the experimental study examining the effect of AISI 4140 

material on V, f and a parameters on cutting forces (Fx, Fy and Fz) are stated below. As a result of the 

experiments, it was observed that the lowest cutting force on Fx was 53.95 N, the V of 180 m min-1, 

the f of 0.08 mm rev-1 and the a of 1.3 mm. In Fy and Fz values, 140 m min-1 V, 0.08 mm rev-1 f and 

0.9 mm a factors, respectively; It was observed that it corresponds to the force values of 207 N and 

162 N. 

As the V increases, Fx, Fy and Fz are decreasing, Fx, Fy, Fz increase with increasing the f and a. 

It was observed that there is an inverse proportional relationship between the V and f on cutting forces. 
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One of the most effective parameters on Fx and Fy is the f. The effect rate of the f on Fx and Fy, 

respectively; 93.42% and 67.57%. On Fz, the a effect rate was found to be 41.32%. The second 

effective parameters on Fx, Fy and Fz are 5.73% V, 28.17% a and 40.04% f, respectively. The factors 

that have the least effect on cutting forces (Fx, Fy and Fz) and contribution rates were seen as 0.71% a, 

4.11% f and 17.94% V. 

Optimum cutting parameters according to S/N ratios; 180 m min-1 V, 0.05 mm rev-1 f and 0.09 

mm a (V3-f1-a2). As a result of the verification experiments, Fx, Fy and Fz values were estimated at 

96.7%, 97.5% and 96.9% proximity rates, respectively. 
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