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1. Introduction 

42CrMo4 steel is alloy structural steels which are 

suitable for hardening in terms of carbon content and show 

high toughness under certain loads at the end of the tem-

pering process. Therefore, machining is more difficult 

compared to alloy steels. The most important feature is that 

it can form a rigid martensitic structure after quenching 

due to Cr and Mo alloy elements it contains and it allows 

having mechanical properties such as strength, ductility 

and toughness, simultaneously. For all these reasons, 

42CrMo4 steel is alloy structural steels that are always 

widely used. Among its main usage areas, they are used in 

the automobile and aircraft construction and the manufac-

turing of parts and gear wheels with high ductility such as 

crankshaft, axle shaft and housing, grooved shaft and etc. 

[1-3]. 

When examining the studies in literature, many 

studies are found. In their study, Özel et al., examined ex-

perimentally the impacts of cutting-edge geometry, work-

piece hardness, feed rate and cutting speed on surface 

roughness and cutting forces in the finish hard turning of 

AISI H13 steel [7]. Panzera et al., investigated the effect of 

cutting parameters on cutting force in dry turning of AISI 

4340 steel by using coated carbide tips. In addition, the 

effects of cutting parameters on cutting force were investi-

gated with the results of Variance (ANOVA) analysis [8]. 

Singh and Rao investigated the surface roughness behav-

iour of tool geometry and cutting conditions in finish hard 

turning process for AISI 52100 (58 HRC) material. They 

used ANOVA in the analysis [9]. Jayant and Kumar used 

hardened steel AISI 4140 carbide as the test material. They 

found the most appropriate cutting parameters by evaluat-

ing the data with the help of ANOVA and Taguchi Method 

[10]. Derakhshan and Akbari investigated the effect of 

workpiece hardness and cutting speed of AISI 4140 mate-

rial on surface roughness in the process of machining with 

CBN tool in hard turning process [11]. Chavoshi and Taj-

dari observed the change of Ra value by machining 

AISI 4140 steel with hard turning process with CBN cut-

ting edge with hardness and cutting speed variables [12]. 

Yallese et al., determined the statistical models of cutting 

forces in dry turning process of AISI H11 hot working tool 

steel (50 HRC). They formed the mathematical models 

with multiple linear regression and Response Surface 

Methodology (RSM) and determined the most effective 

cutting parameters on cutting forces [13]. Suresh et al. in-

vestigate the effect of cutting parameters (cutting speed, 

feed rate, depth of cut and cutting time) in turning of AISI 

4340 hardened steel on cutting forces, tool wear and sur-

face roughness by using RSM [14]. Abou-El-Hosseinb et 

al., conducted an experimental study for the estimation of 

forces occurring during the machining of AISI P20 tool 

steel. They evaluated the effects of four input parameters 

on cutting force by using RSM [15]. Yang et al., investi-

gated the test results obtained by using cutting parameters 

such as cutting speed, feed rate, and depth of cut for finish 

turning of Titanium alloy (TC 11) material with RSM [16]. 

Asiltürk and Akkuş investigated the effect of cutting pa-

rameters on surface roughness (Ra and Rz) in hard turning 

processes by using Taguchi method [17]. Günay and Yücel 

conducted the optimization of surface roughness values 

obtained in machining of high alloy casting materials (50 

HRC and 62 HRC) under cutting conditions (cutting speed, 

feed rate and depth of cut). Optimal conditions were de-

termined using S/N ratio [18]. Bouacha et al., conducted a 

study on the statistically analysis of surface roughness and 

cutting forces using RSM in hard turning of AISI 52100 

bearing steel. The effect of cutting forces and cutting pa-

rameters affecting surface roughness was analysed by 

ANOVA [19]. Lalwani et al., conducted an experimental 

study on the effect of cutting parameters (cutting speed, 

feed rate and depth of cut) on cutting forces and surface 

roughness in finish hard turning of MDN250 steel [20]. In 

their study, Agrawal et al., studies the estimation of surface 

roughness during hard turning of AISI 4340 steel [21]. 

In this study, the effect of cutting parameters on 

surface roughness and cutting forces were investigated 

during the machining of high hardness 42CrMo4 alloy 

structural steel with ceramic insert having different tip ra-

diuses. During the experiments, the interactions between 

the cutting parameters and the effects of the parameters on 

cutting force (Fx, Fy and Fz) and surface roughness (Ra, 

Rz and Rt) were focused. In this research, optimization of 

cutting parameters (cutting speed, feedrate, cutting depth 

and tool radius) was made by using Taguchi L18 compo-

site orthogonal array. Using Taguchi method, optimum 

surface roughness and cutting forces values were deter-

mined and the relationship between the parameters was 

investigated. In addition, the effects of control factors on 

surface roughness and cutting forces were determined by 

ANOVA. Finally, the validity of the optimization was test-

ed by validation tests and the results of the experiments 

were evaluated. 
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2. Material and method 

For the hard finish turning processes of hardened 

42CrMo4 (52 HRC) material in CNC lathe machine, three 

cutting speeds (200, 250 and 300 m/min), three feed rates 

(0.05, 0.1, and 0.15 mm/rev), three depths of chip (0.1, 

0.25 and 0.4 mm), and two tool tip radii (0.8 and 1.2 mm) 

were used. An experimental study was conducted to inves-

tigate  

the effect of machining parameters on surface roughness 

Ra, Rz and Rt and cutting forces Fx, Fy and Fz. Hard finish 

turning tests were carried out on GOODWAY GS-260/Y 

brand CNC turning lathe with maximum speed of 

4500 rpm. In the machining tests, 42CrMo4 (52 HRC) 

material hardened to the core in the dimensions of 

Ø80x560 mm was used. Table 1 shows the chemical com-

position of the test material used. 

Table 1 

Chemical and mechanical properties of test material 42CrMo4 steel 

Fe Co Nb Si Cr Ni Ti Al Cu 

96.948 0.009 0.005 0.290 0.953 0.164 0.002 0.012 0.181 

P V Mn Pb W C Mo S  

0.008 0.006 0.788 0.001 0.002 0.424 0.187 0.022  

Mechanical Properties 

Yield Strength, N/mm² Tensile Strength, N/mm² Rupture Strength, N/mm² Poisson Ratio 

1058.95 1159.19 798.23 0.29 

 

In the study, Kennanetal TNGA 160408 and 

TNGA 160412 KY1615 type uncoated ceramic tips were 

preferred. Cutting tool catalogue was used to determine the 

cutting parameters of the tools. Prior to the experiment, 

cuttings were made in the catalogue values so that a pre-

liminary assessment opportunity was obtained. Coolant 

was not used in the study. Fig. 1 The system used in 

turning tests.  

 

Fig. 1 The system for optimization of cutting parameters 

Taguchi method is an effective analysis method 

used to optimize the machining parameters affecting the 

production process. With the experimental design made by 

using this method, the number of experiments is signifi-

cantly reduced and the time losses are minimized. In the 

study, the experimental design was made with Taguchi 

method and surface roughness Ra, Rz and Rt and cutting 

forces Fx, Fy and Fz were taken as a basis for quality fea-

tures. Control factors were determined as cutting speed 

(m/min), feed rate (mm/rev), depth of cut (mm) and tool 

tip radius (mm). As control factors, Taquchi L18 (2x1, 

3x3) mixed orthogonal array was used. Table 2 shows con-

trol factors and their levels. 

Table 2 

Control factors for design of experimentation 

Parameters Level 1  Level 2 Level 3 

Cutting speed, V 200 250 300 

Feed rate, f 0,05 0,1 0,15 

Depth of cut, a 0,1 0,25 0,4 

Tool nose radius, R 0,8 1,2  

 

 

Since conducting a total of 27x2=54 experiments 

with full factorial design would cause loss in terms of cost 

and time, L18 (2x1, 3x3) mixed orthogonal array was made 

with Taguchi method in order to eliminate these problems. 

When the time and material costs of these tests are evalu-

ated, the method developed by Taguchi responds to the 

need by reducing the number of experiments [22]. 

In the study, Taguchi method was used as 

experimental design and analysis method. A statistical 

performance measure known as the S/N ratio is used to 

analyse the test results. The results obtained from the tests 

are evaluated by converting them to the signal to noise 

ratio (S/N). In S/N ratio, S and N refer to the signal factor 

and noise factor, respectively. The signal factor refers to 

the real value taken from the system and the noise factor 

refer to the factors that cannot be included in the test 

design but affect the test results. In the calculation of S/N 

ratios, the methods of “the nominal is the best”, “the larger 

is better”, and “the smaller is better” are used depending on 

the characteristic type. 

Since surface roughness value was desired to be 

the smallest in the determination of S/N values in this 

study, the formula corresponding to the principle of “the 

smaller is better” given in Eq.(1) was used [23-25]. 
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In order to determine the effect of control factors 

on cutting forces and surface roughness values, ANOVA 

analysis was applied to the test results at confidence 

interval of 95%. Taguchi method and ANOVA analysis 

were performed using Minitab16 program. The 

experimental design was made by using Taguchi L18 

mixed orthogonal array with main machining parameters in 

Table 3. Table 3 shows the Taguchi L18 experiment design 

prepared with Minitab 16 software. 

The average surface roughness Ra, Rz and Rt 

values were measured using the Mahr MarSurf PS10 brand 

and model surface roughness measuring device in 

accordance with ISO 4287 standard. In the measurement of 

cutting forces generated during the machining of 42CrMo4 

material, a KİSTLER 9129AA-Kistler TYPE 5070 

piezoelectric-based dynamometer which can 
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simultaneously measure three force components Fx, Fy, Fz 

was used. After the measurements, surface roughness and 

cutting force values were obtained by taking arithmetic 

mean of the values. 

3. Results and analysis  

In Taguchi mixed orthogonal array, S/N ratios are 

used to determine the optimum levels of control factors. 

Table 3 and Table 4 show the surface roughness and 

cutting force values obtained during the machining of 

42CrMo4 material on the CNC turning lathe and S/N ratios 

obtained with the function of “the smaller is better”, 

respectively. 

The S/N response table is used to analyse the 

effect of each control factor on surface roughness. Table 3 

shows the S/N response table obtained as a result of the 

analysis. It shows the optimum levels of control factors for 

optimum surface roughness values determined by using 

Taguchi technique. The best level for control factors was 

found based on the highest S/N ratio in all levels of those 

control factors. Accordingly, the levels and S/N ratios of 

the factors giving the best Ra value were determined as 

factor V (Level 3, S/N=9.488), factor f (Level 1, 

S/N=13.124), factor a (Level 1, S/N=8.167), and factor R 

(Level 2, S/N=9.395). In other words, the optimum Ra 

value was obtained with 300 m/min cutting speed (V3), 

0.05 mm/rev feed rate (f1), 0.1 mm depth of cut (a1) and 

1.2 mm tool tip radius (R2) (Fig. 2, a). When Table 5 is 

examined, the most effective control factors on Ra were 

determined in significance order as feed rate, tool tip 

radius, cutting speed, and depth of cut. 

Table 3 

L18 (2x1 3x3) mixed orthogonal array, experimental results and their S/N ratios for Ra, Rz and Rt 

Trial 

Number 

Main machining parameters Measured surface roughness values S/N ratio 

V, m/min f, mm/rev a, mm R, mm Ra, µm Rz, µm Rt, µm Ra, dB Rz, dB Rt, dB 

1 200 0,15 0,4 0,8 1,245 5,077 5,359 -1,9034 -14,1121 -14,5817 

2 200 0,1 0,25 0,8 0,619 3,077 3,294 4,1662 -9,7625 -10,3545 

3 200 0,05 0,1 0,8 0,245 1,869 2,049 12,2167 -5,4322 -6,2308 

4 250 0,15 0,4 0,8 0,966 4,264 4,319 0,3005 -12,5963 -12,7077 

5 250 0,1 0,25 0,8 0,457 2,352 2,477 6,8017 -7,4287 -7,8785 

6 250 0,05 0,1 0,8 0,237 1,598 1,704 12,5050 -4,0715 -4,6294 

7 300 0,1 0,4 0,8 0,421 2,51 2,707 7,5144 -7,9935 -8,6498 

8 300 0,05 0,25 0,8 0,184 1,309 1,458 14,7036 -2,3388 -3,2752 

9 300 0,15 0,1 0,8 0,893 4,097 4,197 0,9830 -12,2493 -12,4588 

10 200 0,05 0,4 1,2 0,201 1,599 2,144 13,9361 -4,0770 -6,6245 

11 200 0,15 0,25 1,2 0,532 2,313 2,447 5,4818 -7,2835 -7,7727 

12 200 0,1 0,1 1,2 0,56 2,669 2,794 5,0362 -8,5270 -8,9245 

13 250 0,1 0,4 1,2 0,292 1,908 1,96 10,6923 -5,6116 -5,8451 

14 250 0,05 0,25 1,2 0,276 1,665 1,84 11,1818 -4,4283 -5,2964 

15 250 0,15 0,1 1,2 0,596 2,51 2,606 4,4951 -7,9935 -8,3195 

16 300 0,05 0,4 1,2 0,195 1,273 1,397 14,1993 -2,0966 -2,9039 

17 300 0,15 0,25 1,2 0,515 2,514 2,652 5,7639 -8,0073 -8,4715 

18 300 0,1 0,1 1,2 0,205 1,442 1,599 13,7649 -3,1793 -4,0770 

Table 4 

L18 (2x1 3x3) mixed orthogonal array, experimental results and their S/N ratios for Cutting Force 

Trial 

Number 

Main machining parameters Measured cutting force values S/N ratio 

V, m/min f , mm/rev a, mm R, mm Fx, N Fy, N Fz, N Fx, dB Fy, dB Fz, dB 

1 200 0,15 0,4 0,8 199,40 225,60 157,50 -45,9945 -47,0668 -43,9456 

2 200 0,1 0,25 0,8 112,90 107,90 86,44 -41,0539 -40,6604 -38,7343 

3 200 0,05 0,1 0,8 27,92 24,55 35,75 -28,9183 -27,8010 -31,0655 

4 250 0,15 0,4 0,8 223,90 230,90 187,40 -47,0011 -47,2685 -45,4554 

5 250 0,1 0,25 0,8 123,10 116,60 108,20 -41,8052 -41,3340 -40,6845 

6 250 0,05 0,1 0,8 30,00 24,56 35,54 -29,5424 -27,8011 -31,0143 

7 300 0,1 0,4 0,8 137,10 163,60 139,10 -42,7407 -44,2757 -42,8665 

8 300 0,05 0,25 0,8 62,58 65,92 69,76 -35,9287 -36,3803 -36,8721 

9 300 0,15 0,1 0,8 60,90 69,29 42,24 -35,6923 -36,8134 -32,5145 

10 200 0,05 0,4 1,2 84,56 91,71 76,62 -38,5433 -39,2483 -37,6868 

11 200 0,15 0,25 1,2 129,70 151,70 81,47 -42,2588 -43,6197 -38,2200 

12 200 0,1 0,1 1,2 69,41 70,83 44,23 -36,8284 -37,0043 -32,9143 

13 250 0,1 0,4 1,2 128,00 161,20 99,83 -42,1442 -44,1473 -39,9852 

14 250 0,05 0,25 1,2 64,63 67,13 55,53 -36,2087 -36,5383 -34,8906 

15 250 0,15 0,1 1,2 69,01 76,73 44,76 -36,7782 -37,6993 -33,0178 

16 300 0,05 0,4 1,2 87,95 94,26 78,13 -38,8847 -39,4865 -37,8564 

17 300 0,15 0,25 1,2 117,00 139,00 74,56 -41,3637 -42,8603 -37,4501 

18 300 0,1 0,1 1,2 42,39 44,36 36,24 -32,5453 -32,9398 -31,1838 
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Table 5 

Response table for signal to noise ratios for Ra 

Factors Level 1 Level 2 Level 3 Delta(δ) Rank 

V  6,489 7,663 9,488 2,999 3 

f  13,124 7,996 2,520 10,604 1 

a  8,167 8,016 7,457 0,710 4 

R  6,365 9,395  3,029 2 

Table 6 

Response table for signal to noise ratios for Rz 

Factors Level 1 Level 2 Level 3 Delta(δ) Rank 

V  -8,199 -7,022 -5,977 2,222 3 

f  -3,741 -7,084 -10,374 6,633 1 

a  -6,909 -6,542 -7,748 1,206 4 

R  -8,443 -5,689  2,753 2 

Table 7 

Response table for signal to noise ratios for Rt 

Factors Level 1 Level 2 Level 3 Delta(δ) Rank 

V  -9,081 -7,446 -6,639 2,442 3 

f  -4,827 -7,622 -10,719 5,892 1 

a  -7,440 -7,175 -8,552 1,377 4 

R  -8,974 -6,471  2,503 2 

Table 8 

Response table for signal to noise ratios for Fx 

Factors Level 1 Level 2 Level 3 Delta(δ) Rank 

V  -38,93 -38,91 -37,86 1,07 3 

f  -34,67 -39,52 -41,51 6,84 2 

a  -33,38 -39,77 -42,55 9,17 1 

R  -38,74 -38,4  0,35 4 

Table 9 

Response table for signal to noise ratios for Fy 

Factors Level 1 Level 2 Level 3 Delta(δ) Rank 

V  -39,23 -39,13 -38,74 0,44 4 

f  -34,54 -40,06 -42,55 8,01 2 

a  -33,34 -40,23 -43,58 10,24 1 

R  -38,82 -39,28  0,46 3 

Table 10 

Response table for signal to noise ratios for Fz 

Factors Level 1 Level 2 Level 3 Delta(δ) Rank 

V  -37,09 -37,51 -36,46 1,05 4 

f  -34,90 -37,73 -38,43 3,54 2 

a  -31,95 -37,81 -41,30 9,35 1 

R  -38,13 -35,91  2,22 3 

 

The effect of the control parameters on Rz and Rt 

was determined according to the S/N ratios. Tables 6 and 7 

show the effect level of each factor on Rz and Rt. (Fig. 2, 

b) and (Fig. 2, c) show that 3rd level of cutting speed, 1st 

level of feed rate, 2nd level of depth of cut and tool tip 

radius are  

 

effective on Rz and Rt. When the effectiveness factors of 

the control factors on Rz and Rt were examined, it was 

determined that the most effective factor was feed rate, 

which was followed by tool tip radius, cutting speed and 

depth of cut, respectively. 

 

                                   a                                                                  b                                                                c 

Fig. 2 Main effect plots for S/N ratio for surface roughness (a=Ra, b=Rz; c=Rt) 
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Fig. 3 shows the surface graphs showing the 

effects of the machining parameters f, R, a and V on 

surface roughness. By increasing f, the most effective 

parameter on surface roughness, the amount of chips that 

need to be removed by the cutter in one cycle increases.  

Thus, the surface quality deteriorates. In order to obtain 

low surface roughness in finishing processes, the most 

effective method is to reduce f [26, 27]. In this context, the 

increase in Ra, Rz and Rt values on the surface with the 

increase of f is an expected result (Figs. 3, a – c). 

Therefore, it was determined that there was a direct 

correlation between surface roughness and f. This result 

supports the evaluation made according to S/N ratios and is 

in parallel with the theoretical formula Ra=0.321f2/R 

pointing out that the surface roughness value will increase 

proportionally with the square of “f”.  

It is seen that Ra, Rz and Rt tend to decrease with 

the increasing tool radius R (Figs. 3, a – c). This result can 

be explained by chip formation depending on uncut chip 

thickness decreasing with the increase of R. Based on the 

increase in cutting tool radius, it was emphasized that the 

uncut chip thickness would decrease along the cutting edge 

due to the increase in cutting tool radius [26]. It was 

determined that the cutting speed was not as effective as 

feed rate and tool tip radius on surface roughness. (Figs. 3, 

d – f) show that there was a decrease in surface roughness 

values with the decreased depth of cut. 

 

                                 a                                                                  b                                                             c 

 

                                 d                                                                  e                                                             f 

Fig. 3 Effect of machining parameters on Ra, Rz and Rt  

The effects of control factors on cutting forces Fx, 

Fy, and Fz were determined with S/N ratios in Table 4. 

Table 8 and Table 10 show the individual effects of the 

levels of these control factors on cutting forces. When 

examining Table 8 and Table 10, it was determined that 3rd 

level of cutting force V3, 2nd level of tool tip radius R2, and 

1st level of the feeding rate f1 and depth of cut a1 were 

effective on Fx and Fz forces V3-R2-f1-a1. 3rd level of 

cutting speed and 1st level of feeding rate, depth of cut and 

tool tip radius factors were found to be effective on Fy 

force V3-f1-a1-R1 (Table 9).  

When S/N values giving the effect of Fx average 

by factors in (Fig. 4, a) were examined, the most effective 

parameter on Fx was found to be depth of cut. Changes in 

other factors (from big to small) are listed as feeding rate, 

cutting speed, and tool tip radius. When (Fig. 4, b) and 

(Fig. 4, c) were examined, it was determined that feeding 

rate was the most effective on Fy and Fz forces and the 

impact level of the other parameters were listed from big to 

small as feeding rate, tool tip radius and cutting speed. 

When (Fig. 4) was examined, depth of cut and feeding rate 

were determined to be the most effective factors on Fx, Fy, 

and Fz. 

ANOVA was used to determine the effects of 

cutting parameters on cutting forces Fx, Fy and Fz used in 

the experimental design. Table 11 shows the results of 

ANOVA performed at confidence interval of 95 % for Fx, 

Fy, and Fz. When Table 11 was examined, it was 

determined that a and f factors were significant and R and 

V were insignificant on Fx and Fy according to the 

significance value of p<0.05. It was determined that a, f, 

and R were significant and V was not significant on Fz. It 

was determined that a, the most effective factor on Fx, Fy 

and Fz, gave contributions of 53.48%, 56.63%, and 

63.47%, respectively. The second most effective factor f 

affected Fx by 33.21%, Fy by 36.18%, and Fz by 14.22%. 

The effect of the third most effective control factor R on 

Fx, Fy and Fz was determined as 3.88%, 1.52 % and 

12.40%, respectively. Lastly, parameter V which had the 

least effect among the control factors affected Fx by 

2.28%, Fy by 1.21% and lastly Fz by 0.45%. When 

examining (Fig. 5), it was seen that the low effect of V and 

R on Fx, Fy and Fz confirmed the ANOVA tables. 

ANOVA was used to determine the effects of 

control factors on Ra, Rz and Rt. Table 12 shows the 

results of ANOVA performed at the confidence interval of 
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95% for Ra, Rz and Rt. When examining Table 12, it was 

seen that while the parameters V and a were not effective 

on surface roughness in terms of significance value of 

p<0.05, f, R and R*f interaction was significant. The 

contribution rates in Table 11 show the significance level 

of control parameters on Ra, Rz, and Rt. It was determined 

that f was the most effective factor on Ra, Rz and Rt with 

the contribution rates of 62.36%, 55.33% and 50.36%, 

respectively. It was determined that R which is the second 

most effective control factor contributed to Ra by 12.58%, 

Rz by 19.16% and Rt by 18.58%. The changes in other 

factors were listed as V and a (from big to small). While 

the contribution rates of V on Ra, Rz and Rt were 5.25%, 

5.04% and 7.02%, respectively, the factor a which had the 

lowest effect affected Ra by 1.83%, Rz by 2.52%, and Rt 

by 3.64%. The contribution rates of R*f interaction on Ra, 

Rz, and Rt were determined as 8.49%, 9.67% and 10.76%. 

 

                                   a                                                                  b                                                                c 

Fig. 4 Main effect plots for S/N ratio for cutting force components (a=Fx; b= Fy; c=Fz) 

Table 11 

Analysis of variance for cutting force components  

Source DF Seq SS Adj SS Adj MS F P % Cont. 

a) Analysis of variance for Fx (Radial force) 

R 1 1904,5 340,5 340,5 2,17 0,215 3,88 

V 1 1120,8 362,3 362,3 2,30 0,204 2,28 

f 1 16300,2 8768,1 8768,1 55,77 0,002 33,21 

a 1 26252,9 12693,8 12693,8 80,73 0,001 53,48 

V*V 1 587,8 271,8 271,8 1,73 0,259 1,20 

f*f 1 129,4 4,3 4,3 0,03 0,876 0,26 

a*a 1 97,6 234,5 234,5 1,49 0,289 0,20 

R*V 1 156,3 0,0 0,0 0,00 0,992 0,32 

R*f 1 25,8 356,4 356,4 2,27 0,207 0,05 

R*a 1 998,4 222,5 222,5 1,42 0,300 2,03 

V*f 1 26,2 20,3 20,3 0,13 0,738 0,05 

V*a 1 197,8 197,8 197,8 1,26 0,325 0,40 

f*a 1 662,2 662,2 662,2 4,21 0,109 1,35 

Residual Error 4 628,9 628,9 157,2   1,28 

Total 17 49088,8     100 

R-Sq = 98,72%  R-Sq(adj) = 94,55% 

 



 

 

237 

Source DF Seq SS Adj SS Adj MS F P % Cont. 

b) Analysis of variance for Fy (Tangential force) 

R 1 967,9 3,8 3,8 0,20 0,675 1,52 

V 1 765,8 83,4 83,4 4,51 0,101 1,21 

f 1 22977,5 13499,6 13499,6 729,48 0,000 36,18 

a 1 35966,4 19317,8 19317,8 1043,88 0,000 56,63 

V*V 1 309,2 51,6 51,6 2,79 0,170 0,49 

f*f 1 127,1 34,9 34,9 1,88 0,242 0,20 

a*a 1 9,9 24,5 24,5 1,32 0,314 0,02 

R*V 1 42,6 98,5 98,5 5,32 0,082 0,07 

R*f 1 104,3 74,4 74,4 4,02 0,115 0,16 

R*a 1 659,5 34,8 34,8 1,88 0,242 1,04 

V*f 1 46,0 39,4 39,4 2,13 0,218 0,07 

V*a 1 129,9 129,9 129,9 7,02 0,057 0,20 

f*a 1 1333,0 1333,0 1333,0 72,03 0,001 2,10 

Residual Error 4 74,0 74,0 18,5   0,12 

Total 17 63513,1     100 

R-Sq = 99,88 %  R-Sq(adj) = 99,50 % 

c) Analysis of variance for Fz (Axial (feed) force) 

R 1 4066,8 1548,8 1548,8 14,37 0,019 12,40 

V 1 146,9 11,1 11,1 0,10 0,764 0,45 

f 1 4665,0 1643,2 1643,2 15,25 0,017 14,22 

a 1 20818,3 11255,1 11255,1 104,45 0,001 63,47 

V*V 1 548,2 319,6 319,6 2,97 0,160 1,67 

f*f 1 219,1 2,6 2,6 0,02 0,884 0,67 

a*a 1 17,9 0,1 0,1 0,00 0,977 0,05 

R*V 1 19,3 13,2 13,2 0,12 0,744 0,06 

R*f 1 0,3 94,3 94,3 0,88 0,402 0,00 

R*a 1 1458,5 706,1 706,1 6,55 0,063 4,45 

V*f 1 5,2 7,3 7,3 0,07 0,807 0,02 

V*a 1 97,3 97,3 97,3 0,90 0,396 0,30 

f*a 1 307,4 307,4 307,4 2,85 0,167 0,94 

Residual Error 4 431,0 431,0 107,8   1,31 

Total 17 32801,1     100 

R-Sq = 98,69 %  R-Sq(adj) = 94,42 % 

Table 12 

Analysis of variance for surface roughness components 

Source DF Seq SS Adj SS Adj MS F P % Cont. 

a) Analysis of variance for Ra 

R 1 0,19950 0,11306 0,113063 7,72 0,050 12,85 

V 1 0,08151 0,06086 0,060860 4,16 0,111 5,25 

f 1 0,96844 0,53690 0,536902 36,68 0,004 62,37 

a 1 0,02842 0,00767 0,007666 0,52 0,509 1,83 

V*V 1 0,00077 0,00112 0,001115 0,08 0,796 0,05 

f*f 1 0,02651 0,03464 0,034638 2,37 0,199 1,71 

a*a 1 0,02200 0,00037 0,000371 0,03 0,881 1,42 

R*V 1 0,00452 0,00250 0,002498 0,17 0,701 0,29 

R*f 1 0,13176 0,12356 0,123560 8,44 0,044 8,49 

R*a 1 0,01885 0,00480 0,004803 0,33 0,597 1,21 

V*f 1 0,00788 0,00743 0,007429 0,51 0,516 0,51 

V*a 1 0,00331 0,00331 0,003312 0,23 0,659 0,21 

f*a 1 0,00060 0,00060 0,000605 0,04 0,849 0,04 

Residual Error 4 0,05855 0,05855 0,014639   3,77 

Total 17 1,55265     100,00 

R-Sq = 96,23 %  R-Sq(adj) = 83,97 % 

b) Analysis of variance for Rz 

R 1 3,7904 1,9391 1,93905 10,79 0,030 19,16 

V 1 0,9971 0,6437 0,64372 3,58 0,131 5,04 

f 1 10,9481 6,3266 6,32665 35,20 0,004 55,33 

a 1 0,4986 0,0292 0,02917 0,16 0,708 2,52 

V*V 1 0,0371 0,0604 0,06043 0,34 0,593 0,19 

f*f 1 0,1310 0,1861 0,18611 1,04 0,366 0,66 

a*a 1 0,5271 0,0213 0,02128 0,12 0,748 2,66 

R*V 1 0,0475 0,0097 0,00975 0,05 0,827 0,24 

R*f 1 1,9139 1,7805 1,78050 9,91 0,035 9,67 

R*a 1 0,0720 0,0235 0,02351 0,13 0,736 0,36 
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Source DF Seq SS Adj SS Adj MS F P % Cont. 

V*f 1 0,0040 0,0053 0,00526 0,03 0,872 0,02 

V*a 1 0,0492 0,0492 0,04923 0,27 0,628 0,25 

f*a 1 0,0509 0,0509 0,05095 0,28 0,623 0,26 

Residual Error 4 0,7189 0,7189 0,17973   3,63 

Total 17 19,7859     100,00 

R-Sq = 96,37 %  R-Sq(adj) = 84,56 % 

c) Analysis of variance for Rt 

R 1 3,6675 2,0538 2,05381 11,50 0,027 18,58 

V 1 1,3852 1,0185 1,01846 5,70 0,075 7,02 

f 1 10,0613 5,1737 5,17372 28,97 0,006 50,96 

a 1 0,7188 0,0003 0,00030 0,00 0,969 3,64 

V*V 1 0,1450 0,1591 0,15910 0,89 0,399 0,73 

f*f 1 0,1750 0,2523 0,25226 1,41 0,300 0,89 

a*a 1 0,5623 0,0265 0,02648 0,15 0,720 2,85 

R*V 1 0,0303 0,0111 0,01107 0,06 0,816 0,15 

R*f 1 2,1235 1,6090 1,60903 9,01 0,040 10,76 

R*a 1 0,0919 0,0915 0,09152 0,51 0,514 0,47 

V*f 1 0,0520 0,0524 0,05242 0,29 0,617 0,26 

V*a 1 0,0008 0,0008 0,00077 0,00 0,951 0,00 

f*a 1 0,0142 0,0142 0,01425 0,08 0,792 0,07 

Residual Error 4 0,7143 0,7143 0,17856   3,62 

Total 17 19,7421     100,00 

R-Sq = 96,38 %  R-Sq(adj) = 84,62 % 

 

Fig. 6 and Fig. 7 show the comparative graphs of 

the simulation Ra, Rz and Rt results and the Fx, Fy and Fz 

test results obtained by experimental and RSM. When the 

figures were examined, it was observed that the 

experimental and simulation results were compatible with 

each other. Fig. 5 shows the Fx, Fy, and Fz values 

increased with the increased feed rate and depth of cut. 

Along with the increasing feed rate, the increase of cutting 

force required for the chip formation due to increasing chip 

cross section and indirectly the increase of Fx, Fy and Fz 

are an expected result (Fig. 5, a, Fig. 5, b and Fig. 5, c). On  

the other hand, there was no significant increase in Fx, Fy 

and Fz values as tool tip radius increased. This result refers 

to the entering angle decreasing with the increase of the R, 

which is in parallel with the knowledge that the increase in 

R will mainly affect the Fx [28, 29]. In addition, it was 

observed that Fx, Fy and Fz did not tend to increase with 

the increase of cutting tool radius. The reason for this can 

be shows as the difference of cutting speed in the 

experiments carried out for the same feed rate. 

Furthermore, Table 8-Table 10 and Fig. 5 show that cutting 

speed did not significantly affect the cutting forces. 

 

 

                                 a                                                                  b                                                             c 

 

                                 d                                                                  e                                                             f 

Fig. 5 Effect of machining parameters on Fx, Fy and Fz

The relationship between the surface roughness 

and machining parameters such as cutting speed V, feed f, 

depth of cut a and tool nose radius R for second order re-

sponse surface model has been developed using RSM from 
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the observed data in uncoded units as follows. The predict-

ed actual uncoded factors, i.e., Ra, Rz and Rt was calculat-

ed using Eqs. (2) – (4) and cutting forces of Eqs. (5) – (7). 

2 –6

2 2

0,259923 – 0.00600782 15.0441 – 0.481891 0.787321 6.93077 10

40.964 0.468282 0.0143909 0,00320303 0,00160064
1,81880 –14,5249 – 0,954570 ,

Ra xV xf xa xR V x x

xf xa xVxf xVxa xVxR
xfxa xfxR xaxR

    

     


 
(2) 

5 2 2 24,33033 48,0013 – 4,84555 3,16553 5,10205 10 94,3329 3,54406
0121152 0,0123495 0,00316154 16,6940 – 55,1373  2,11180 ,

Rz xf xa xR x xV xf xa
xVxf xVxa xVxR xfxa xfxR xaxR

      
    

 
(3)

 

5 2

2 2

6,62202 – 0,0554358 35,8076 0,965708 3,29417 8, 27872 10

109,825 3,95328 0,0382273 0,00154242 0,00336987
8,82735 – 52,4152 – 4,16691 ,

Rt xV xf xa xR x xV

xf xa xVxf xVxa xVxR
xfxa xfxR xaxR

     

     


 
(4) 

2 2

2

264,939 1,46428 1288,07 288,160 100,724 – 0,00342159 455,069

372,038 0,751636 0,782788 0,00406410 1903,21 – 780,125 –
205,473 ,

Fx xV xf xa xR xV xf

xa xVxf xVxa xVxR xfxa xfxR
xaxR

       

    


 
(5) 

2 2

2

211,790 0,951326 1076,27 61,5001 132,504 – 0,00149141 –1291,25

120,139 –1,04867 0,634222 – 0,317814 2700,34 – 356,377 – 81,2911 ,

Fy xV xf xa xR xV xf

xa xVxf xVxa xVxR xfxa xfxR xaxR

      

  
 

(6)
 

2 2

2

 263,748 1,76771 339,740 369,074 101,800 – 0,00371018 – 352,846 –

7,59904 0,452394 0,549020 – 0,116455 1296,65 – 401,313 – 366,009 .

Fz xV xf xa xR xV xf

xa xVxf xVxa xVxR xfxa xfxR xaxR

     

   
 

(7) 

 

Optimal results of Ra, Rz, and Rt and Fx, Fy and 

Fz values were obtained in the experimental study 

conducted by using Taguchi optimization method and the 

percentage distribution of the parameters affecting the 

result was determined with ANOVA analysis. The final 

step of the optimization process is the conduction of the 

validation tests and testing the validity of the optimization 

process. As a result of the Taguchi optimization, the 

parameter group giving the optimal Ra, Rz, and Rt and Fx, 

Fy and Fz could sometimes be any of the current tests; 

whereas, it may sometimes be an experiment other than the 

tests. In the study, the validation tests were repeated 3 

times other than the current tests with the cutting 

parameters of  V2-f2-a2-R2 (V=250 m/min, f=0.1 mm/rev, 

a=0.25 mm and R=1.2 mm) for Ra, Rz, Rt  and V1-f2-a1-

R1(V=200 m/min, f=0.1 mm/rev, a=0.05 mm and 

R=0.8 mm) for Fx, Fy, and Fz and the arithmetic means 

were collected. As a result of validation tests, Table 13 

shows that high convergence values were obtained in the 

experimental results with the estimated results. In this 

context, it was noteworthy that the difference between the 

validation test results and those obtained from Taguchi 

approach was negligible. 

Table 13 

Comparison of the prediction model and experimental results 

Parameters Parameters Levels Values of Ra, μm Values of Rz, μm Values of Rt, μm 

V, m/min 250 Prediction Experimental Prediction Experimental Prediction Experimental 

f, mm/rev 0.1 

0.2928 0.3228 1.7344 1.8927 1.8016 1.9087 a, mm 0.25 

R, mm 1.2 

  Values of Fx, N Values of Fy, N Values of Fz, N 

V, m/min 250 

104.8719 99.1089 112.8485 115.8965 75.8351 79.3597 
f, mm/rev 0.1 

a, mm 0.25 

R, mm 1.2 

 

4. Conclusions  

In this study, the effects of different cutting speed, 

feed rate, depth of cut and tool tip radius on Ra, Rz and Rt 

and Fx, Fy and Fz in the turning of hardened 42CrMo4 

steel were investigated. The following results were 

obtained as a result of the study where Taguchi method 

was used in the optimization of machining parameters.  

 According to the results of variance analysis of S/N 

ratios, the significance rank of the variables that were 

effective on Ra, Rz and Rt was determined as f, R, V 

and ap. In the optimization made with the help of S/N 

analysis, it was observed that the optimum machining 

parameters giving the lowest Ra, Rz and Rt value 

(Ra=0.184 µm, Rz=1.273 µm and Rt=1.397 µm) were 

V3-f3-a2-R1 for Ra; whereas, they were V3-f1-a1-R2 

for Rz and Rt.  

 When ANOVA results were examined, it was 

determined that f was the most effective parameter on 

Ra, Rz and Rt with the rates of 62.37%, 55.33% and 

50.96% and then R contributed to Ra by 12.85%, Rz by 

19.16% and Rt by 18.58%. When the effect of cutting 

parameters on surface roughness was examined in 

terms of P significance value (p<0.05), it was 

determined that while V and a were not significant, f 

and R were significant.  
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 In cutting tests, the surface roughness values increased 

with the increasing f, whereas, it decreased as R 

increased. It was found that there was a direct 

correlation between the feed rate and the surface 

roughness.  

 When S/N ratios of cutting parameters on Fx, Fy and Fz 

were examined, it was determined that the most 

effective parameter was a, the second one was f 

followed by V and R. Optimum machining parameters 

were V3-f1-a1-R2 for Fx and Fz cutting forces and V3-

f1-a1-R1 for Fy.  

 It was determined that as f and a increased, Fx, Fy and 

Fz increased, they tended to decreased with the 

increase of V but they did not show any change with 

the increase of R. 

 As a result of ANOVA analysis, it was determined that 

a and f contributed by 53.48% and 33.21% on Fx, 

56.63%, 36.18 and 63.47%, 14.22% on Fy and Fz, 

respectively. R and V were effective by the rates of 

3.88% and 2.28% on Fx, 1.52% and 1.21% on Fy, and 

12.40 and 0.45% on Fz.  

 As a result of the validation tests, when the estimated 

results and experimental results were compared, high 

convergence values were obtained with the rates of 

90.7% in Ra, 91.63% in Rz, 94.38% in Rt, 94.50% in 

Fx, 97.37% in Fy and 95.55% in Fz. 
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M. Özdemir, M.T. Kaya, H.K. Akyildiz 

 

ANALYSIS OF SURFACE ROUGHNESS AND 

CUTTING FORCES IN HARD TURNING OF 42CrMo4 

STEEL USING TAGUCHI AND RSM METHOD 

S u m m a r  y 

In this study, cutting speed V, feed rate f, depth of 

cut a and tool radius R of surface roughness R of hardened 

42CrMo4 (52 HRC) material with ceramic insert having 

different Ra, Rz and Rt) and cutting forces (Radial force Fx 

effect) tangential force Fy and feed force Fz were investi-

gated experimentally. For the experimental design, 

Taguchi's mixed-level parameter design (L18) was used 

(2x1.3x3). Signal-to-noise ratio S/N was used to evaluate 

the test results. Using the Taguchi method, cutting parame-

ters and cutting forces giving optimum surface roughness 

were determined. Regression analysis is applied to predict 

surface roughness and cutting forces. ANOVA was used to 

determine the effects of machining parameters on surface 

roughness and cutting forces. According to ANOVA anal-

ysis, the most important cutting parameters were found to 

be the cutting depth between feed rate and cutting forces 

for surface roughness. Verification experiments were per-

formed and it was observed that optimization was applied 

successfully. 

 

Keywords: machining, taguchi method, analysis of 

variance, cutting parameters. 
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