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Abstract
Surface grinding is the most common process used in the 
manufacturing sector to produce smooth finish on flat surfaces. 
Surface quality and metal removal rate are the two important 
performance characteristics to be considered in the grinding 
process. The main purpose of this work is to study the effects of 
abrasive tools on EN24 steel surface by using three parameters 
(Grinding wheel speed, table speed & Depth of cut).  This study 
was conducted by using surface grinding machine. In this work, 
empirical models were developed for surface roughness and metal 
removal rate by considering wheel speed, table speed and depth of 
cut as control factors using response surface methodology. In this 
Response surface methodology (RSM) was applied to determine 
the optimum machining parameters leading to minimum surface 
roughness and maximum metal removal rate in Surface grinding 
process. 

Keywords
CNC Grinding, EN24 steel, Surface Roughness, Material removal 
Rate, Design Expert 6.0 Central Composite Design, Response 
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I. Introduction 
Grinding is a finishing process used to improve surface finish, 
abrade hard materials, and tighten the tolerance on flat and 
cylindrical surfaces by removing a small amount of material. 
In grinding, an abrasive material rubs against the metal part and 
removes tiny pieces of material. Basically grinding is nothing 
but removal of metal at a much faster rate than was earlier done 
with single edge tools such as chisels. Apart from being used as 
material removal process, it is also used to sharpen the cutting 
edges of cutting tools and sharp objects such as knives, although 
the underlying process of material removal is the same, but with 
a different purpose to produce a sharp edge rather than to reduce 
size.
The surface roughness and material removal rate have been 
identified as quality attributes and are assumed to be directly 
related to performance of mechanical pieces, productivity and 
production costs. For these reasons there has been research 
and development with the objective of optimizing cutting 
conditions, to obtain a desired machinability. V.S.R.Murthy et.al 
[1] found the abrasive wear behavior of SiC whisker-reinforced 
borosilicate and magnesium aluminosilicate (MAS). Composites 
are investigated under different conditions. Kassim S. Al-Rubaie 
et.al [2] In this paper the two-body abrasive wear behaviour of 
aluminium matrix composites reinforced with silicon carbide 
particles has been investigated. A.Barbacki et.al [3] This paper 
presents results of investigations concerning the surface layer 
alterations in hardened steels induced by turning with alumina 
and CBN edges and grounding with CBN grinders. Xipeng Xu 
et.al [4] In this paper the present investigation was dedicated to 
elucidate abrasive-wear mechanisms during surface grinding of 
a titanium alloy (TC4) and a nickel-based super alloy (K417) by 

using silicon carbide (SiC), alumina (Al2O3), and cubic boron 
nitride (CBN) wheels. Anne Venu Gopalet.al  [5] In this paper 
they studied the Efficient grinding of structural ceramics requires 
judicious selection of operating parameters to maximize removal 
rate while controlling surface integrity. K.M. Shorowordi et.al [6] 
studied the tribo-surface characteristics of two aluminium metal 
matrix composites (Al-MMC) of compositions Al–13 vol%B4C 
and Al–13vol%SiC sliding against a commercial phenolic brake 
pad have been investigated under dry conditions. S.Y. Luoa et.al  
[7] The purpose of this paper is to investigate the effect of the 
diamond grain size, the wheel rotation speed, the table rotation 
speed, and the applied pressure in the vertical flat grinding on the 
surface roughness of silicon wafers using Taguchi orthogonal array 
design. Jianyi Chen et.al  [8] In their research an investigation was 
undertaken to explore the grinding characteristics and removal 
mechanisms in high speed grinding of three engineering ceramics-
alumina, silicon nitride, and zirconia by using brazed diamond 
wheels of two different grit sizes. S.A. Kori et.al [9] In the 
present study, the effect of minor additions of copper (Cu) on the 
elevated temperature wear behaviour of A356 (Al–7Si–0.3Mg) 
alloy have been investigated using a high temperature pin-on-
disc wear testing machine. M.Janardhan et.al [10] through this 
paper they want to prove that cylindrical grinding is one of the 
important metal cutting processes used extensively in the finishing 
operations. Metal removal rate and surface finish are the important 
output responses in the production with respect to quantity and 
quality respectively. Sanjay Agarwal et.al [11] studied the quality 
of the surface produced during ceramic grinding is important as 
it influences the performance of the finished part to great extent. 
K.Kadirgama et.al  [12] studied the quality of the surface produced 
during carbon steel is important as it influences the performance 
of the finished part to a great extent. This paper discusses the 
optimization of cylindrical grinding when grinding carbon steel 
(AISI 1042) and effect of three variables (work speed, diameter 
of work piece and depth of cut) towards surface roughness with 
aluminum oxide as grinding wheel.
It can be observed from the above review of literatures that the 
surface roughness and material removal rate is strongly dependent 
on wheel speed, table speed and depth of cut. Therefore this 
paper focuses on the effect CNC Grinding parameters on surface 
roughness and material removal rate are reported using Response 
surface methodology.

II. Workpiece Material
Workpiece material: EN 24 steel• 
Workpiece dimensions: 75mm x 38mm x 20mm.• 
Physical properties: Hardness-201BHN, Density- 7.85 gm/• 
cc, Tensile Strength-620 Mpa.
Total specimen 15  pieces.• 

It combines high tensile strength, shock resistance, good ductility 
and resistance to wear. EN24 is available from stock in round bar, 
flat bar and plate.  It is used in construction of aircrafts and heavy 
vehicle for crankshaft, gear shaft, cam shaft, propeller shaft etc. 
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Table 1: Composition of EN 24 Steel
C Mn Si S P Cr Ni Mo Fe

0.35-0.45

0.45-0.70

0.10-0.35

0.04

0.04

0.9-1.4

1.30-1.80

0.20-0.40

94.82-96.62

III. Response Surface Methodology (RSM)
Response Surface Methodology (RSM) is a collection of statistical 
and mathematical techniques which is useful for developing, 
improving and optimizing processes. It also has important 
applications in the design, development and formulation of new 
products, as well as in the improvement of existing product designs. 
The field of RSM consists of the experimental strategy for exploring 
the space of the process or independent variables, empirical statistic 
modelling to develop an appropriate approximating relationship 
between the yield and process variables, and optimization methods 
for finding the levels or values of the process variables that produce 
desirable values of the responses [13]. 

 

Run experiment According to design plan 

Design plan (RSM) 

Experiment result obtained 

Perform analysis base on RSM 

Confirmation Run 

End 

Flowchart Outlining the Analysis Steps Undertaken

IV. Experimental Details 
The experimental investigation presented here was carried out 
on a CNC Grinding machine (Brand: Chevalier, Model: Smart-
H1224II). The work material selected for the study was EN24 
steel. The chemical composition of the work piece material is 
given in Table 1. The dimension of the work piece used in the 
experiment was 75mm x 38mm x 20mm. The Grinding Wheel 
is made up of Al2O3 (A60L5V) Grinding wheel size: 350mm 
OD X 40mm width X 127 mm ID.A schematic diagram of the 
experimental set-up used in this study is shown in Fig. 1. The 
responses considered in this study are surface roughness and 
material removal rate. The surface roughness was evaluated using 
Surftest SJ-301 surface roughness tester. Material removal rate is 
used to evaluate a machining performance. Material removal rate 
is expressed as the amount of material removed under a period of 
machining time and is calculated using the equation. 

where:
Wb =weight of workpiece material before machining (g)
Wa = weight of workpiece material after machining (g)
tm = machining times (min).
This deals with the result and analysis of the experimental data 

was obtained from the study. The parameters that were studied i.e 
wheel Speed, Table Speed and Depth of cut. The effects of these 
parameters were studied for surface Roughness (Ra) and Material 
Removal Rate (MRR).
In this study, randomizations of the run order and analysis 
sequences were carried out according to the run order by Design 
Expert 6.0 software. Half factorial design of three factors with 
two levels each was conducted which consist of 10 runs plus five 
center points, which resulted in a total number of 15 trials. Tables 
2 show Factor and level for Surface grinding of EN24. 

Fig. 1: Surface Grinding Machine

Table 2: Factor and Their Levels for Surface Grinding of EN24

Factor Name Units
Levels of factor
Low(-1) High(+1)

A Wheel 
speed RPM 400 1100

B Table 
Speed m/min 3 15

C Depth of 
cut µm 3 18

V. Experimental Results With Al2O3 Wheel
The experimental results of surface finishing of EN24 with Al2O3 
wheel are shown in Table 3. The results are keyed in the Design 
Expert software for further analysis according to the steps outlined 
for two levels half factorial design. Without performing and 
transformation on the responses, the revealed design status was 
evaluated, and all the information was used for further analysis. 

Table 3: Experimental observations for Al2O3 wheel

Run 
No.

Wheel 
speed
(N)
(RPM)

Table 
Speed
(V)
(m/min)

Depth 
of cut
(d)
(µm)

 Ra
(µm)

MRR
(g/min)

1 550 12 11.5 1.29 15.22
2 825 12 11.5 1.11 22.75
3 825 15 11.5 1.14 28.42
4 825 12 11.5 1.12 22.74
5 1100 6 15.0 1.37 19.94
6 825 12 6.5 1.12 12.82
7 642 15 15.0 1.28 28.56
8 825 12 16.5 1.22 30.24
9 1100 15 8.0 1.32 26.24
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10 1100 12 11.5 1.35 30.05
11 825 12 11.5 1.19 22.78
12 642 6 8.0 1.24 7.20
13 825 12 11.5 1.10 22.75
14 825 12 11.5 1.09 22.72
15 825 6 11.5 1.13 11.24

A. Effect of Process Parameters on Surface Roughness 
(Ra)
Design expert 6.0 software has been used to compute the values as 
shown in Table 3 Based on ANOVA Table 4 summarizes the effects 
of process variables and the interactions for second order quadratic 
model for Ra. This model was developed for 95% confidence level. 
The model F value of 19.72 implied that the model is significant, 
with a negligible influence of noise. By checking F values and 
P values, it is seen that the factor A (wheel speed) has a most 
significant effect on Ra. The P value of this factor is 99%, which 
shows its strong influence with a contribution of 0.7%. The value 
of “Prob>F” less than 0.05 indicates that the model terms A and A2 
are significant. Values greater than 0.1000 indicate the model terms 
are not significant. The lack of fit F value of 0.62 implies that 

Table 4: ANOVA for Response surface Quadratic model of Ra

Source Sum of 
Squares df Mean 

square
F 
value

P-value 
Prob>F

Model 0.12 5 0.024 19.72 .0001
A 0.009055 1 0.009055 7.29 .0244
B 0.000066 1 0.000066 0.053 .8228
C 0.000239 1 0.000239 0.19 0.6712
A2 0.100 1 0.100 80.45 <0.0001
BC 0.00333 1 0.00333 2.68 0.1359
Residual 0.011 9 0.001241
 
Lack of 
Fit

0.00489 5 0.000978 0.62 0.6948

Cor. 
Total 1.27 26

Std. 
Dev. 0.035 R-Squared 0.9164

Mean 1.20 Adj 
R-Squared 0.8699

C.V 2.92 Pred 
R-Squared 0.8967

PRESS 0.037 Adeq 
Precision 12.878

it is not significant compared to pure error. The “Pred. R-squared” 
of 0.9164 is in reasonable agreement with the “Adj. R-squared” 
of 0.8699. This model can be used to navigate the design space. 
The developed statistical model for Ra in coded form is
Surface Roughness= +3.10854-0.0043 x Wheel speed-0.031132 x 
Table speed-0.021674 x Depth of cut+ 0.0000026x Wheel speed2+ 
0.00265x Table speed x Depth of cut                  
 

 
                     (a)  

                 (b)

              (c)
Fig. 2: Main Factors plot on Ra using Al2O3 wheel (a) Varied 
Wheel speed from 400-1100RPM at Table speed = 9m/min and 
Depth of cut = 12µm  (b) Varied Table speed from 3-15m/min 
at Wheel speed = 750RPM and Depth of cut = 12µm (c) Varied 
Depth of cut 6-18µm at Wheel speed = 750RPM and table speed 
= 9m/min.
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Fig.3a-b shows the three-dimensional interaction response 
surface and contour plot for the response Ra in terms of depth 
of cut and table speed at a wheel speed=750RPM. Contour plot 
plays a very important role in the study of response surface. By 
generating contour plot using design expert 6.0 software for the 
response surface analysis, it is easy to characterize the shape of 
the surface and locate the optimum with reasonable precision. 
From the examination of the contour plot and response surface, it 
is observed that Ra increases from 1.08µm to 1.14µm with depth 
of cut 6.5-16.5µm with decrease of table speed from 15-8.5m/
min. Fig. 5.2d-f displays the normal probability plot of residuals 
and residual versus predicted plots for Ra. It is observed that the 
residuals generally fall on a straight line implying that the errors 
are normally distributed. Furthermore, this supports adequacy of 
least squares fit. 0.9999 is in reasonable agreement with the “Adj. 
R-squared” of 1.0000.

             (a)

             (b)

        (c)

   (d)

   (e)

   (f)
Fig. 3: Estimated Contour and Response Surface for Ra using 
Al2O3 Wheel (a) Contour Plot (b,c) Interaction Plot at Wheel Speed 
= 750RPM (d) Normal Probability Plot Residuals (e) Actual Vs 
Predicted Values (f) Residuals Vs Run.

B. Effect of Process Parameters on Material Removal 
Rate (MRR)
The model F value of 164016.26 implied that the model is 
significant, with a negligible influence of noise. By checking F 
values and P values, it is seen that the factor A (wheel speed) 
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and B (Table speed) has a most significant effect on MRR. The P 
value of this factor is 99%, which shows its strong influence with 
a contribution of 4.35% and 16.98%. The value of “Prob>F” less 
than 0.05 indicates that the model terms A, B, C, A2, B2,C2, AB, 
AC and BC are significant. Values greater than 0.1000 indicate 
the model terms are not significant. The lack of fit F value of 
1.22 implies that it is not significant compared to pure error. The 
“Pred. R-squared” of 

Table 5: ANOVA for Response Surface Quadratic Model of Ra

Source Sum of 
Squares df Mean 

square F value P-value 
Prob>F

Model 724.34 9 80.48 164016.26 < 
0.0001

A 31.58 1 31.58 64352.85 < 
0.0001

B 123.00 1 123.00 250663.80 < 
0.0001

C 15.72 1 15.72 32040.97 < 
0.0001

A2 0.023 1 0.023 46.58 0.0010
B2 0.0042 1 0.0042 8.61 0.0325

C2 2.73 1 2.73 5553.94 < 
0.0001

AB 3.06 1 3.06 6229.31 < 
0.0001

AC 3.89 1 3.89 7923.30 < 
0.0001

BC 9.54 1 9.54 19435.24 < 
0.0001

Residual 0.00245 5 0.00049
 
Lack of 
Fit

0.00057 1 0.00057 1.22 0.3313

Cor. 
Total 724.34 14

Std. Dev. 0.022 R-Squared 1.0000

Mean 21.53 Adj 
R-Squared 1.0000

C.V 0.10 Pred 
R-Squared 0.9999

PRESS 0.11 Adeq 
Precision 1311.987

This model can be used to navigate the design space. The developed 
statistical model for MRR in coded form is
Final equation for MRR in terms of actual factors is

Metal Removal Rate =+11.68699-0.015343xWheel speed-
1.38686xTable speed-1.19097xDepth of cut-0.0000013 x 
Wheelspeed2-0.00221xTablespeed2-0.048332 x Depth of 
cut2+0.0015xWheel speedxTable speed+0.00227xWheel 
speedxDepth of cut +0.18078xTable speedxDepth of cut      
      

   (a)

   (b)

   (c)
Fig. 4: Main factors plot on MRR using Al2O3 wheel (a) Varied 
Wheel speed from 400-1100RPM at Table speed = 9m/min and 
Depth of cut = 12µm  (b) Varied Table speed from 3-15m/min 
at Wheel speed = 750RPM and Depth of cut = 12µm (c) Varied 
Depth of cut 6-18µm at Wheel speed = 750RPM and table speed 
= 9m/min.
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Fig.5a-b shows the three-dimensional interaction response 
surface and contour plot for the response MRR in terms of table 
speed and wheel speed at a depth of cut=12µm. Contour plot 
plays a very important role in the study of response surface. By 
generating contour plot using Design expert 6.0 software for the 
response surface analysis, it is easy to characterize the shape of 
the surface and locate the optimum with reasonable precision. 
From the examination of the contour plot and response surface, 
it is observed that MRR increases from 11.62g/min to 33.08g/min 
with increase in wheel speed from 550- 1100RPM with increase of 
table speed from 6-15m/min. Fig. 5 shows the three-dimensional 
interaction response surface and contour plot for the response 
MRR in terms of wheel speed and depth of cut at table speed of 
9m/min. It is depicted that the estimated contour and response 
surface plot; it is observed that MRR (11.62g/min-27.72g/min) 
increases with increase of wheel speed and depth of cut. Fig. 
5 g-h shows the three-dimensional interaction response surface 
and contour plot for the response MRR in terms of table speed 
and depth of cut at wheel speed of 750RPM. It is depicted that 
the estimated contour and response surface plot; it is observed 
that MRR (11.62g/min-27.72g/min) increases with increase of 
table speed and depth of cut. In addition, Fig. 5 j-k displays the 
normal probability plot of residuals and residual versus predicted 
plots for MRR. It is observed that the residuals generally fall on 
a straight line implying that the errors are normally distributed. 
Furthermore, this supports adequacy of least squares

          (a)

   (b)

              (c)

            (d)

   (e)

           (g)
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              (h)

   (i)

 
              (j)

              (k)

   (l)    
Fig. 5:  Estimated Contour and Response Surface for MRR using 
Al2O3 Wheel (a,d,g) Contour Plot (b,c) Interaction Plot at Depth 
of cut=12µm (e,f) Interaction Plot at Table Speed= 9m/min (h,i) 
Interaction Plot at Wheel Speed = 750RPM (j) Normal Probability 
Plot Residuals (k) Actual Vs Predicted Values (l) Residuals Vs 
Run.

C. Confirmation Experiment Using Al2O3 wheel
The observed MRR and surface roughness of the experimental 
results are 31.82g/min and 1.2µm respectively. Table 6 shows 
the error percentage for experimental validation of the developed 
models for the responses with optimal parametric setting 
during Surface Grinding of EN24 using Al2O3 wheel. From the 
analysis of Table 7, it can be observed that the calculated error 
is small. The error between experimental and predicted values 
for MRR and surface roughness lies within 4.96% and 4.30%, 
respectively. Obviously, this confirms excellent reproducibility 
of the experimental conclusions.

Table 6: Multi-Optimal Parametric Settings for MRR and Surface 
Roughness

Parameters Units Optimal parameter      
settings

Wheel speed RPM 850
Table speed m/min 15
Depth of cut µm 11.94

Table 7: Experimental Validations of Developed Models With 
Optimal Parameter Settings
Responses Predicted Experimental Error 

(%)
Desirability

MRR
(g/min)

30.24 31.82 4.96 0.890

Surface 
roughness
(µm)

1.148 1.20 4.30 0.888

VI. Conclusion
In this study, the surface roughness and MRR in Surface finishing 
process of EN24 steel using Al2O3 was modeled and analyzed 
through RSM. Wheel speed, Table speed and Depth of cut have 
been employed to carry out the experimental study. Summarizing 
the main features, the following conclusions could be drawn

The predicted values match the experimental values reasonably 1. 
well, with R2 of 0.9164 for Surface Roughness, R2 of 1.000 
for MRR.
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The error between experimental and predicted values at the 2. 
optimal combination of parameter settings for MRR and Ra 
lie within 4.96% and 4.30%, respectively.
From the multi-response optimization, the optimal combination 3. 
of parameter settings are wheel speed of 850RPM, Table speed 
of 15m/min and Depth of cut of 11.94µm for achieving the 
required maximum MRR and minimum surface roughness.
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