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Abstract- In the present study, an attempt has been made to evaluate the performance of multilayer coated carbide inserts during 
dry turning of hardened EN24 steel (47 HRC). The effect of machining parameters (depth of cut, feed and cutting speed) on 
surface roughness parameters (Ra and Rz) were investigated by applying ANOVA. The experiments were planned based on 
Taguchi’s L27 Orthogonal array design. Results showed that surface roughness parameters (Ra and Rz) are mainly influenced by 
feed and cutting speed, whereas depth of cut exhibits minimum influence on surface roughness (Rz) and neglegible influence in 
case of surface roughness (Ra). The experimental data were further anlyzed to predict the optimal range of surface roughness 
parameters (Ra and Rz). Finally, second order regression models were carried out to find out the relationship between the 
machining parameters and surface roughness parameters. 
 

Keywords- EN24 steel, Surface roughness, Taguchi design, ANOVA. 
 
 
 

I. INTRODUCTION 
HE achivement of high quality, in terms of 
workpiece dimensional accuracy, surface finish, high 
production rate, less wear on the cutting tools, 

economy of machining in terms of cost saving and increase 
the performance of the product with reduced enviornmental 
impact are the main and effective challenges of modern metal 
cutting and machining industries [1,2,3]. Traditionally, 
hardened steels are machined by grinding process due to their 
high strength and wear resistance properties but grinding 
operations are time consuming and limited to the range of 
geometries to be produced. In recent years, machining the 
hardened steel in turning which uses a single point cutting 
tool has replaced grinding to some extent for such application. 
This leads to reduced the number of setup changes, product 
cost and ideal time without compromising on surface quality 
to maintain the competiveness [4,5]. The improve 
technological process, proper tool selection, determination of 
optimum machining parameters (cutting speed, feed, depth of 
cut) or tool geometry (nose radius, rake angle, edge geometry, 
etc.) are necessary in order to obtain the desired surface finish 
comparable to grinding [6,7]. 

In order to decide the surface quality the statistical design 
of experiments (DOE) and statistical/mathematical model are 
used quite extensively. Statistical design of experiment refers 
to the process of planning the experimental so that the 
appropriate data can be analyzed by statistical methods, 
resulting in valid and objective conclusion [8]. Design and 
methods such as factorial design, Taguchi design and 
response surface methodology (RSM) are now widely used in 
place of one factor at a time experimental approach which is 
time consuming and exobitant in cost [9]. These methods 
have been used by some researchers for surface roughness [1], 
[4], [10]-[13], [15], [16], [19], [19]-[21], statistical method 
has been used for machinability [10]. Davim and Figueira 
[10] to investigate the machinability of cold work tool steel 
D2 heat treated to a hardness of 60 HRC. They concluded that 
with an appropriate choice of cutting parameters it is possible 
to obtain a surface roughness with Ra < 0.8 µm. This implies 
that hard machining is an alternative competitive process, 
which allows eliminating cylindrical grinding operation 
solutions. Sahin and Motorcu [11] developed the surface 
roughness model using response surface methodology in 
turning AISI 1050 hardened steels by CBN cutting tools 
under different conditions. Feed rate was found out to be the 
most significant factor on the surface roughness. Asiltürk and 
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Akkus [12] carried out hard turning experiment on hardened 
AISI 4140 steel (51HRC) with coated carbide insert using 
Taguchi orthogonal array for surface roughness. Results of 
this study indicate that the feed rate has the most significant 
effect on Ra and Rz. In addition, the effects of two factor 
interactions of the feed rate-cutting speed and depth of cut-
cutting speed appear to be important. A. Bhattacharya et al. 
[13] have investigated the effect of cutting parameters on 
surface finish and power consumption during high speed 
machining of AISI 1045 steel using Taguchi design and 
ANOVA. The result showed a significant effect of cutting 
speed on surface roughness and power consumption, while 
the other parameters have not substantially affected the 
response. 

In their experimental research work, Benga and Abrão [14] 
underlined that feed rate is most significant factor affecting 
surface finish than cutting speed for both CBN and ceramic 
inserts. Latter Ozel et al. [15] conducted a set of ANOVA and 
performed a detailed experimental investigation on the surface 
roughness and cutting forces in the finish hard turning of AISI 
H13 steel. Their results indicated that the effects of workpiece 
hardness, cutting edge geometry, feed rate and cutting speed 
on surface roughness are statistically significant. Singh and 
Rao [16] reported that the feed is the dominant factor 
determining the surface finish followed by nose radius and 
cutting velocity in finish hard turning of bearing steel (AISI 
52100) using mixed ceramic inserts having different nose 
radius and different effective rake angles. The effect of the 
effective rake angle on the surface finish is less. But, the 
interaction effects of nose radius and effective rake angle are 
found to be also significant. 

The present study is to investigate the influence of 
machining parameters under the surface roughness in dry 
turning of hardened EN24 steel with CVD 
(TiN+TiCN+Al2O3+ZrCN) multilayer coated carbide tool and 
determine the optimal levels of machining parameters for 
optimizing the surface roughness parameters (Ra and Rz) by 
employing Taguchi’s orthogonal array design and utilizing 
analysis of variance (ANOVA). The relationship between the 
machining parameters (depth of cut, feed and cutting speed) 
and the performance measures i.e. surface roughness 
parameters (Ra and Rz) have been developed by using 
multiple second order regression models.  

II. EXPERIMENTAL DETAILS 
The work material was EN24 steel in the form of round 

bars with 60mm diameter and 120mm long were heat treated 
(quenching and tempering) to reach hardness of 47 HRC. 
EN24 is high tensile strength general engineering steel used in 
automotive and aircraft components, axles, arbors, extrusion 
liners, magneto drive coupling, shaft & wheels, pinions, etc. 
The chemical compositions of EN24 steel is given in Table I. 
The cutting tool was CVD (TiN/TiCN/Al2O3/ZrCN) 
multilayer coated carbide with an ISO designation of 
CNMG120408TN7015. TN7015 is a thick alumina-coated 

carbide grade with a moderately hard, deformation resistant 
substrate and it is CVD coated with TiCN under layer, 
followed by Al2O3 intermediate layer and ZrCN outer layer. 
The inserts were clamped on to tool holder with a designation 
of PCLNR2525M12. Combination of the insert and tool 
holder resulted in 60 clearance angle, 60 negative rake angle 
and 950 major cutting edge angle.  

The experiment has been conducted to analyze the effect of 
depth of cut, cutting speed and feed on surface roughness (Ra 
and Rz). The experiments were carried out with three 
parameters at three levels each, as shown in Table II and 
experiments were planned according to Taguchi’s L27 (313) 
Orthogonal array with 26 degree of freedom. The turning 
experiments were carried out in order to obtain experimental 
data in the dry condition on CNC lathe machine (Jobber XL, 
AMS India) which has a maximum spindle speed of 3500 rpm 
and a maximum power of 16kW. In attempts to evaluate the 
effects of machining parameters on surface roughness criteria 
(Ra and Rz) in hard turning by using experimental data, the 
working range was decided on the basis of data given in the 
hand book [17]. The surface roughness of the turned surface 
has measured using a portable Mitutoyo surface roughness 
tester (Taylor Hobson, Surtronic 25) in terms of arithmetic 
average roughness (Ra) and average maximum height of the 
roughness profile (Rz). Typically, grinding or honing surface-
finishing processes yield surfaces with a Ra in the range of 
0.1–1.6μm. We used 1.6μm as the control criterion for finish 
hard turning [18]. 

TABLE I 
CHEMICAL COMPOSITION OF EN24 STEEL IN PERCENTAGE (%) 

C Mn Cr Mo Ni Si Fe 
0.39 0.77 1.1 0.17 1.55 0.38 Balance 

 

 
Fig. 1 View of cutting Zone 
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TABLE II 
MACHINING PARAMETERS AND LEVELS 

Parameters Unit Levels 
1 2 3 

Depth of Cut (D) Mm 0.3 0.4 0.5 
Feed (F) mm/rev 0.1 0.15 0.2 
Cutting speed(V) m/min 90 120 150 

III. RESULTS AND DISCUSSIONS 
The plan of the experiment has been developed for 

assessing the influence of the cutting speed (V), feed (F) and 
depth of cut (D) on the surface roughness parameters (Ra and 
Rz). Table III illustrates the experimental results for surface 
roughness parameters. Minimal values of surface roughness 
criteria (Ra and Rz) were obtained at F = 0.1 mm/rev, V = 
150 m/min and D = 0.4 mm (test number 12). Maximal values 
of surface roughness criteria (Ra and Rz) were registered at F 
= 0.2 mm/rev, V = 90 m/min and D = 0.4 mm (test number 
16). 

TABLE III 
ORTHOGONAL ARRAY L27 OF TAGUCHI EXPERIMENT DESIGN 

AND EXPERIMENTAL RESULTS 
Test No. D F V Ra(µm) Rz(µm) 
1 0.3 0.1 90 0.88 4.85 
2 0.3 0.1 120 0.72 4.775 
3 0.3 0.1 150 0.55 2.525 
4 0.3 0.15 90 1.8 7.35 
5 0.3 0.15 120 1.467 6.5 
6 0.3 0.15 150 1.3 6.375 
7 0.3 0.2 90 1.91 8.65 
8 0.3 0.2 120 1.55 6.825 
9 0.3 0.2 150 1.39 6.8 
10 0.4 0.1 90 0.65 2.825 
11 0.4 0.1 120 0.602 2.6 
12 0.4 0.1 150 0.42 1.825 
13 0.4 0.15 90 1.4 5.45 
14 0.4 0.15 120 1.04 4.525 
15 0.4 0.15 150 0.82 3.95 
16 0.4 0.2 90 2.36 9.9 
17 0.4 0.2 120 1.5 6.125 
18 0.4 0.2 150 0.795 4.05 
19 0.5 0.1 90 0.837 3.975 
20 0.5 0.1 120 0.615 3.325 
21 0.5 0.1 150 0.6 3.275 
22 0.5 0.15 90 1.24 5.475 
23 0.5 0.15 120 1.175 4.675 
24 0.5 0.15 150 0.71 3.6 
25 0.5 0.2 90 1.81 6.85 
26 0.5 0.2 120 1.635 7.2 
27 0.5 0.2 150 0.742 3.45 

A. Analysis of Variance (ANOVA) 
The experimental results are analyzed with analysis of 

variance (ANOVA), which is used for identifying the factors 
significantly affecting the performance measures. The results 
of the ANOVA with surface roughness Ra and Rz are shown 
in Table IV. This analysis was carried out for significance 
level of α=0.05, i.e. for a confidence level of 95%. The 
sources with a P-value less than 0.05 are considered to have a 
statistically significant contribution to the performance 
measures. The last column of the tables shows the percent 

contribution of significant source to the total variation and 
indicating the degree of influence on the result.  

From Table IV, it can be seen that, the F, V and D are 
significant sources on surface roughness parameters: 
arithmetic average roughness (Ra) and average maximum 
height of the roughness profile (Rz). The most significant 
parameter on the surface roughness criteria (Ra and Rz) is 
feed rate (F), which explains, respectively, 52.55% and 
48.52% contributions of the total variation. The next largest 
contribution on Ra and Rz comes from the cutting speed (V) 
with the contributions 25.85% and 20.42% respectively. 
However, depth of cut (D) has least effect (4.91% and 
16.25%) in producing roughness (Ra and Rz). The 
interactions (D×F), (F×V) and (D×V) are not statistical 
significant on surface roughness parameters. 

The error contribution is 4.1% and 5.51% for tool surface 
roughness parameters, Ra and Rz respectively. As the percent 
contribution due to error is very small it signifies that neither 
any important factor was omitted nor any high measurement 
error was involved. 

TABLE IV 
ANALYSIS OF VARIANCE FOR SURFACE ROUGHNESS (Ra) 

Source  DOF  SS MS F-value P C (%) 
(a) Analysis of variance for Ra 
D 2 0.32679  0.16340 4.81   0.043 4.91 
F 2 3.49684   1.74842 51.45   0.000 52.55 
V 2 1.72030   0.86015    25.31 0.000 25.85 
D×F 4 0.21598   0.05400 1.59 0.267 3.24 
F×V 4 0.48252   0.12063     3.55   0.060 7.25 
D×V 4 0.13935   0.03484     1.03   0.450 2.10 
Error 8 0.27186   0.03398   4.10 
Total 26 6.65364    100 
       
(b) Analysis of variance for Rz
D 2 16.8239 8.4120 11.80  0.004 16.25 
F 2 50.2453   25.1227 35.23   0.000 48.52 
V 2 21.1395   10.5697    14.82 0.002 20.42 
D×F 4 3.1026   0.7756 1.09 0.424 3.0 
F×V 4 5.5558   1.3889     1.95   0.196 5.36 
D×V 4 0.9763   0.2441     0.34   0.842 0.94 
Error 8 5.7046   0.7131   5.51 
Total 26 103.5481    100 
DOF= Degree of freedom, SS= Sum of squares, MS= Mean squares, C= Contribution. 

B. Main effect of Plots 
Fig. 2 shows the main effect plot for surface roughness, Ra. 

In the plots, the x-axis indicates the value of each process 
parameter at two level and y-axis the response value. 
Horizontal line indicates the mean value of the response. The 
main effects plots are used to determine the optimal design 
conditions to obtain the optimum value of surface finish. The 
results show that with the increase in feed there is a 
continuous increase in surface roughness value. Here also, the 
main effect plot shows the decrease in roughness with 
increased cutting speed. Similar conclusions can be found in 
the literature [19], [20] and [21]. According to this main effect 
plot, the optimal conditions for surface roughness are: feed at 
level-1(0.10mm/rev) and cutting speed at level-3 (150m/min). 
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Fig. 3 shows the main effect plot for surface roughness, Rz. 
Surface roughness increases with increased feed. Further, the 
surface finish improves with increasing the cutting speed. 
Therefore, to obtain a low value of surface should be set at 
high cutting speed (150m/min), low feed (0.10mm/rev) and 
depth of cut at 0.4mm. 

 

 
Fig. 2 Main effects plot for surface roughness (Ra) 

 
Fig. 3 Main effects plot for surface roughness (Rz) 

C. Prediction of Optimal Design 
When surface roughness (Ra) is considered from Table VI, 

an estimated average when the two most significant factors 
are at their better level is 
µ܉܀ =  Fതଵ  Vഥଷ െ TഥR  (from Table III, TഥR = 1.1303) 
         = (0.6527 + 0.8141) – 1.1303 = 0.3365 

CI = ට
Fవఱ%.భ,ీOF ౨౨౨ൈV౨౨౨

ŋ
 

Where ŋୣ= 
ଵ ା ୈOF ୟୱୱ୭ୡ୧ୟ୲ୣୢ ୲୭ ୲୦ୟ୲ ୪ୣ୴ୣ୪

= ଶ
ଵାଶାଶ

 = 5.4 
F95%.1, 8 = 5.32 and Verror= 0.03398 (from Table IV) 

Thus, CI =ටହ.ଷଶ ൈ.ଷଷଽ଼ 
ହ.ସ

 = 0.1829 

Finally, the estimated average with the confidence interval at 
95% confidence (when the two most significant factors are at 
their better level) is  

(0.3365-0.1829) ≤ µ(0.1829+0.3365) ≥ ܉܀ 
0.1536 ≤ µ0.5195 ≥܉܀ 

Similarly, when surface roughness (Rz) is concerned, 
estimated average is at F1V3 level. Then, 
µܢ܀ =  Fതଵ  Vഥଷ െ TഥR  (from Table III, TഥR = 5.101) 
      = (3.331 + 3.983) – 5.101 = 2.213 
F95%.1, 8 = 5.32, ŋeff = 5.4, Verror= 0.7131 (from Table IV) 

Thus, CI =ටହ.ଷଶ ൈ.ଵଷଵ
ହ.ସ

 = 0.838 

Finally, the estimated average with the confidence interval at 
95% confidence (when the two most significant factors are at 
their better level) is  
(2.213-0.838) ≤ µ(0.838+2.213) ≥ ܢ܀ 
1.375 ≤ µ3.051 ≥ܢ܀ 

TABLE V 
MEAN VALUES OF SURFACE ROUGHNESS (Ra &Rz) AT DIFFERENT 

LEVELS 
Level  Roughness Ra (µm) Roughness Rz (µm) 

Dഥ Fത Vഥ Dഥ Fത Vഥ 
1 1.2852 0.6527   1.4319 6.211   3.331   6.147 
2 1.0652   1.2169   1.1449 4.444   5.322   5.172 
3 1.0404   1.5213   0.8141 4.647   6.650   3.983 
Delta  0.2448   0.8687   0.6178 1.767   3.319   2.164 
Rank  3 1 2 3 1 2 
Bold values indicate the levels of significant parameters for which the best 
result obtained and the optimal design is calculated. 
 

D. Correlation  
Multiple second order regression model have been 

implemented at 95% confidence level to obtain the correlation 
between the machining parameters (depth of cut , feed and 
cutting speed) and the measured surface roughness 
parameters, Ra and Rz. The obtained equation was as follows: 
 
Ra= - 1.9366 – 6.0036D + 43.7467F + 0.0206V + 9.7611D2 
– 51.9556F2 – 0.000V2 – 9.4167D×F – 0.0135D×V – 
0.1309F×V     (R2 = 90.97%) 
 
Rz = - 7.312 – 76.889D + 149.861F + 0.047V + 98.472D2 – 
132.778F2 – 0.000V2 – 74.167D×F – 0.012D×V – 0.393F×V         
(R2 = 90.82%) 
 

The layer value of R2 is always desirable. This confirms the 
suitability of the multiple regression equation and correctness 
of the calculated constants. To test statistical significance of 
2nd order model, analysis of variance table is constructed and 
shown in Tables VI and VII for both surface roughness 
parameters Ra & Rz respectively. F-ratio is also the important 
index to check the adequacy of model, where calculated F-
value should be greater than F-table value. From Table VI and 
Table VII, second order model is found to be statistically 
significant as P-value (probability of significance) is less than 
0.05 and F calculated value is greater than F-table value 
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(2.49). It is revealed that terms mentioned in the model have 
significant effects on the responses.   

 
TABLE VI 

ANALYSIS OF VARIANCE FOR SURFACE ROUGHNESS (Ra) 2nd 
ORDER MODEL 

Source DF Seq SS    Adj SS     Adj MS    F P Remarks 
Regression 9 6.05270   6.052697   0.672522  19.02 0.000 Significant 
Linear 3 5.38266   0.621567   0.207189  5.86   0.006  
Square 3 0.16127 0.161269 0.053756  1.52   0.245  
Interaction 3 0.50877   0.508765   0.169588  4.80   0.013  
Residual Error  17 0.60095   0.600946   0.035350    
Total 26 6.65364      

TABLE VII 
ANALYSIS OF VARIANCE FOR SURFACE ROUGHNESS (Rz) 2nd 

ORDER MODEL 
Source DF Seq SS    Adj SS    Adj MS     F P Remarks 
Regression 9 94.045   94.0453   10.44948   18.69   0.000 Significant 
Linear 3 81.661   12.3422   4.11408    7.36   0.002  
Square 3 6.548    6.5478 2.18260    3.90   0.027  
Interaction 3 5.837    5.8366    1.94552    3.48   0.039  
Residual Error  17 9.503    9.5028    0.55899    
Total 26 103.548      
 

 
Fig. 4 Normal probability plot of surface roughness (Ra)  

 
Fig. 5 Normal probability plot of surface roughness (Rz)  

 

Inspection of some diagnostic plots of the model was done 
to test the statistical validity of the models. The residuals 
could be said to follow a straight line in normal plot of 
residuals implying that the errors were distributed normally, 
shown in Fig. 4 and Fig. 5 for roughness parameters Ra and 
Rz respectively. From figure it can be concluded that all the 
values are with in the CI level of 95%. Hence, these values 
yield better results in future prediction.  

IV. CONCLUSIONS 
The following conclusions are derived during turning of 
hardened EN24 steel with CVD multilayer coated carbide 
insert. Also doing experimentation the effect of various 
machining parameters on surface roughness are studied. 

1. Taguchi orthogonal array design have introduced to 
evaluate the effect of machining parameters on the surface 
roughness. Also the optimal machining conditions have 
been determined to minimize the surface roughness during 
turning operation. 

2. The research finding along with the various mathematical 
analysis will provide the effective guidline to select 
machining parameters for achieving desired surface 
roughness during turning operation of hardened steel using 
coated carbide insert.   

3. Feed was found to be most significant parameter for the 
workpiece surface roughness, Ra and Rz with a percent 
contribution of 52.55% and 48.52 respectively. Cutting 
speed was found to be the next significant parameter for Ra 
and Rz with contribution of 25.85% and 20.42% 
respectively. Depth of cut was found to be a significant 
parameter for Rz with contribution of 16.25% whereas, 
depth of cut a negligible influence in case of Ra. 

4. The surface roughness is within recommended range of 
hard turning i.e. Ra value within 1.6 µm for multilayer 
ZrCN coated carbide inserts. From the study, it is evident 
that, the multilayer coated carbide inserts have performed 
well at a combination of cutting speed (150 m/min), feed 
(0.10 mm/rev) and depth of cut (0.4 mm). 

5. The predicted optimal range of workpiece surface 
roughness parameters, Ra and Rz are 0.1536 ≤ µ0.5195 ≥܉܀ 
and 1.375 ≤ µ3.051 ≥ܢ܀ respectively. 

6. The regression models of workpiece surface parameters, Ra 
and Rz presented high determination of coefficient (R2 = 
0.9097 and 0.9082) close to unity) explaining 90.97% and 
90.82% of the validity in the response which indicates the 
goodness of fit for the model and high significance of 
model. 
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