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Abstract: In this study, a Response surface methodology (RSM) is used for the prediction of surface roughness in a

computer numerically controlled (CNC) machine. Experimental investigation was conducted on the CNC machine to

obtain the data used for the prediction of surface roughness on AISI 1040 steel. The parameters used in the experiment

were cutting speed, feed, depth of cut and tool nose radius. Each of the other parameters such as work piece material,

work piece diameter, work piece length and approach angle were taken as constant. This study shows that feed is the

dominant factor determining the surface finish followed by nose radius and cutting speed. Finally, the depth of cut has

no significant effect on the surface roughness in the studied range, which could be used to improve the productivity.

Mathematical models for the surface roughness were developed by using the response surface methodology (RSM).
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I. INTRODUCTION

Turning is the primary operation in most of the production
processes in the industry. The turning operation produces
the components, which have critical features that require
specific surface finish. The operators working on CNC
machine use their own experience and machining guidelines
in order to achieve the best possible surface finish.
Unfortunately, surface roughness can be difficult to notice
visually and chatter can be obscured by other noises. Due to
inadequate knowledge of the complexity and factors
affecting on the surface finish in turning operation, an
improper decision may cause high production costs and low
machining quality. The proper selection of cutting tools and
process parameters for achieving high cutting performance
in a turning operation is a critical task. Hence a proper
estimation of surface roughness has been focus on study for
several years. It is necessary to employ theoretical models
making it feasible to do predictions in function of operating
conditions.

Statistical design of experiments refers to the process of
planning the experiments so that appropriate data can be
analysed by statistical methods, resulting in valid and
objective conclusions [1]. Thiele and Melkote [2] had used
a three-factor complete factorial design to determine the
effects of work piece hardness and cutting tool edge
geometry on surface roughness and machining forces in the
finish hard turning of AISI 52100 steel. Mital and Mehta [3]
have conducted a survey of surface prediction models
developed and factors influencing the surface roughness.
They have developed the surface finish models for
aluminium alloy 390, ductile cast iron, medium carbon
leaded steel, medium carbon alloy steel 4130 and inconel
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718 for a wide range of machining conditions defined by
cutting speed, feed and tool nose radius. Sundram and

Lambert [4, 5] have developed the mathematical models
for predicting the surface roughness of AISI 4140 steel
during the fine turning operation using both TiC coated and
uncoated tungsten carbide throw away tools. The
parameters considered were cutting speed, feed, depth of
cut, time of cut, nose radius and types of the tool. Noordin
et al. [6] studied the application of response surface
methodology in describing the performance of coated
carbide tools when turning AISI 1045 steel. The factors
investigated were cutting speed, feed and side cutting edge
angle. The response variables were surface finish and
tangential force. ANOVA revealed that feed is the main
factor influencing the response variables investigated.
Suresh et al. [7] have developed a surface roughness
prediction model for turning mild steel using a response
surface methodology to produce the factor effects of the
individual process parameters. Surface roughness prediction
model has been optimized by using genetic algorithms
(GAs). The Taguchi method was used in references [8, 17,
20] to find the optimal cutting parameters for turning
operations. Choudhury and Baradie [9] had used RSM and
23 factorial design for predicting surface roughness when
turning high-strength steel. Munoz and Cassier [10] have
developed mathematical model of surface roughness for
different types of steel such as AISI 1020, AISI 1045 and
AISI-4140. They found that surface finish improves by
increasing cutting speed and tool nose radius and by
decreasing the feed rate. The depth of cut does not seem to
have a significant influence on surface finish. Feng [11]
found that feed rate, tool nose radius, work material, speed
and the tool point angle have a significant impact on the

© 2019, IJREAM All Rights Reserved.



observed surface roughness using the fractional factorial
experimentation approach. Paulo Davim [12] found that the
cutting speed has greater influence on the roughness
followed by the feed and depth of cut has no significant
influence on surface roughness. Lee et al. [13, 15] have
developed a system for measuring surface roughness of
turned parts through computer vision system. Sahin and
Motorcu [14] used 2° factorial design for the development
of surface roughness model for turning of mild steel with
coated carbide tools. Ozel T. et al. [16, 18, 26] have used
models for predicting the surface roughness with ceramic
wiper inserts. Paulo Davim et al. [19, 21] used ANN to
develop the surface roughness model for different cutting
conditions. Petropoulos et al. [22] had used multi regression
analysis and ANOVA for statistical study of surface
roughness in turning of PEEK composite. Galanis and
Manolakos [23] used 2° full factorial design for AISI 316L
steel with three variables named feed, speed and depth of
cut for application of femoral head. Tsourveloudis NC [24]
used response surface methodology (RSM) and fuzzy logic
system through the Adaptive Neuro-Fuzzy Inference System
(ANFIS) for Ti6Al4 V titanium alloy. Asilturk and Cunkas
[25] have developed artificial neural networks (ANN) and
multiple regression approaches used for the surface
roughness of AISI 1040 steel. Stavropoulos et al. [27, 28]
have used machining technologies for micro cutting
processes. Makadia and Nanavati [29, 30,31] used RSM for
optimization of machining parameters for AISI 410 steel,
Mild Steel and Aluminium. Neseli S et al. [32] used
optimization of tool geometry parameters for turning
operations based on RSM for AISI 1040 steel. Kini and
Chincholkar [33] have used two level full factorial design to
study the effect of machining parameters on surface
roughness and material removal rate in finish turning of
glass fibre reinforced polymers. Davidson MJ et al. [34]
used RSM to study the effect of main flow forming
parameters such as the speed of the mandrel, the
longitudinal feed and amount of coolant used on surface
roughness of flow formed AA6061 tube. Lalwani DI et al.
[35] used RSM for investigations of cutting parameters
influence on cutting forces and surfaces finish in hard
turning of MDN250 steel. Gaitonde VN et al. [36] used (3°)
full factorial design for the analysis of machinability during
hard turning of cold work tool steel (AISI D2) using
Response Surface Methodology. Ramesh S et al. [37] used
Taguchi method to study the effect of cutting parameters on
the surface roughness in turning of titanium alloy using
RSM.

The aim of the present study has been, therefore to develop
the surface roughness prediction model of AISI 1040 steel
with the aid of statistical method using coated carbide
cutting tools under various cutting conditions. By using
response surface methodology and (3) full factorial design
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of experiment, first and second-order models have been
developed with 95% confidence level.

Il. METHODOLOGY

Since there are a large number of variables controlling the
process, some mathematical models are required to
represent the process. However, these models are to be
developed using only the significant parameters influencing
the process rather than including the all parameters. In order
to achieve this, statistical analysis of the experimental
results will have to be processed using the analysis of the
variance (ANOVA). ANOVA is a computational technique
that enables the estimation of the relative contributions of
each of the control factors to the overall measured response.
In the present work, only the significant parameters will be
used to develop mathematical models using response
methodology. These models would be of great use during
the optimization of the process variables. RSM
methodology is practical, economical and relatively easy for
use. The experimental data was utilized to build
mathematical model for first and second-order model by
regression method. The purpose of developing the
mathematical models is to understand the combined effect
of the involved parameters and to facilitate the optimization
of the machining process.

Response surface methodology is a collection of
mathematical and statistical techniques that are useful for
the modeling and analysis of problems in which response of
interest is influenced by several variables and the objective
is to optimize the response. The following relationship is
used for representing the mathematical models.

y= G{v,f,d,?‘] + = (1)

Where ¥ is the turning response, & is the response function
and 1w f. d and v are the cutting speed, feed, depth of
cut and nose radius and ‘" is the error which is normally
distributed with zero mean according to the observed
response. Taylor’s tool life equation in metal cutting and a
functional relationship between surface roughness and the
independent variables under investigation could be
postulated:

R, =Cv"f™df ric 2)

Where R is the surface roughness ( um), v, f. d.and r are
the cutting speed (m/min), feed (mm/rev), depth of cut
(mm) and tool nose radius(mm) respectively and ¢, n, m, p
and g are constants and = is a random error. Eg. (2) can be
written as a linear combination of the following form in
order to facilitate the determination of constants and
parameters, the mathematical models were literalized by
performing logarithmic transformation.

InRy=InC4+naViminf+pmdtginr+
Ine

®)
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Which may represent the following linear mathematical
model:

1= Bpxg+ Byx; + Boxg + Baxa + Baxy (4)

where 7j is the true response of the surface roughness on
logarithmic  scale, =x; =1 (a dummy variable)
x,.x5.x5 and x, are logarithmic transformations of speed,
feed rate, tool nose radius and depth of cut. The linear
model of Eq. (4) in terms of the estimated response can be
written as:

¥i= y—& =byxo+ byxy + byxy + byxy + byxy (5)

where ¥; is the estimated response of the surface roughness
on a logarithmic scale and y is the measured response on a
logarithmic scale. In this equation ‘" is the experimentally
random error and the b values are the estimates of the
parameters. If this model is not sufficient to represent the
process, then the second order model will be developed.

Y= yvy—=¢

=bpxp+ byx, + boxy + boxg + byxg+ byyxt +
bagx3 + bagx3 + bagxl +byaxyx; + bogxoxg +
bygxixy + bogxoxy + bygxaxg + bygxaxy

(6)

where ¥ is the estimated response on a logarithmic scale
and b values, i.e. by, by, by, by By, are to be estimated by
the method of least squares. In present study, the parameter
of Egs. 5 and 6 have been estimated by using a Minitab-14
computer package.

11l. EXPERIMENTATION

The design of experiments has a major effect on the number
of experiments needed. Therefore it is essential to have a
proper design of experiments. A full factorial design was
selected in this work so that all the interactions between the
independent variables can be investigated, though it was
required to conduct large number of experiments. In this
study, four cutting parameters namely cutting speed, feed,
depth of cut and nose radius are selected for the
experimentation. The ranges of each parameter were set at
three different levels based on industrial practice (Table 1).
Based on (3%) full factorial designs, a total number of 81
experiments are carried out. Due to large number of
experiments, result table is not shown. The variables were
coded by taking into account the capacity and the limiting
cutting conditions of the CNC machine. The coded values
of the variables to be used in Egs. (5) and (6) were obtained
from the following transforming equations:

o = Inv—In 250 7

17 Inz50-In 220 (7)
In f—Iln 0.15

X3 = (8)

2 7 n015—1In 0.10
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_ Inr-Inos 9
3 " Inoa-lno04 ()
Ind-In 0.6

- In0.6—In 0.3 (10)

Xa
Where x, is the coded value of is cutting speed (v), x; is
the coded value of feed (f), x5 is the coded value of nose
radius (r) and x is the coded value of depth of cut (d).

All the experiments were carried out on Jobber X, model
made by Ace designer CNC lathe machine with variable
spindle speed 50-3500 rpm and 7.5 KW motor drive was
used for machining tests. Surface finish of the work piece
material was measured by Surf test model No. SJ-400
(Mitutoyo make).The surface roughness was measured at
three equally spaced locations around the circumference of
the work pieces to obtain the statistically significant data for
the test. In the present work, the work piece material was
the AISI 1040 steel. This material is used for the
manufacturing of the gear box shaft. Mechanical property of
the material is given in Table 2. In this study, ceramic
inserts  (supplied by Ceratizit) with 1SO code
(TNMG160404 EN-TMF, TNMG 160408 EN-TM and
TNMG 160412 EN-TM) and different nose radius (60°
triangular shaped inserts) were used. The inserts were
mounted on a commercial tool holder having the following
geometry: rake angle = - 6°, Clearance angle = 6° side
cutting angle = 60°.

IV. RESULT AND DISCUSSION

In this paper, experimental work was conducted to
determine the effect of tool geometry and the cutting
parameters on the surface finish during the turning of AISI
1040 steel. The tool geometry was the tool nose radius and
the cutting parameters used in this experiment were feed,
cutting speed and depth of cut. ANOVA was performed to
find the statistical significance of the process parameters
and their interactions. Though, the experiments were
conducted using full factorial design, replication of the
experiments with each combination could not be carried out
due to the limitations of experimental resources.
Accordingly, it was assumed that the four and three factor
interactions were not present and the corresponding sum of
square and degree of freedom were taken as residual to
conduct the ANOVA.

4.1 FIRST ORDER MODEL

In order to understand the turning process, the experimental
results were used to develop the mathematical models using
response surface methodology (RSM). In this work, a
commercially available software package was used for the
computation work. The proposed first order model
developed from the above functional relationship using
RSM method is as follows:
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¥, =1.35404 — 0,20852 x, + 0.46574 x, —
0.50963 x; + 0.03944 x,

(11)
Ro = 2.63574 — 0.006930621 + 9.31481f —
1.27407» + 0.1314814

(12)
Eqg. (12) is derived from the Eq. (11) by substituting the
coded variables of x,, x; x;and x, in terms of [nw,
Inf, Inrand Ind,

The result shows that the feed has the most significant effect
on the surface roughness, followed by the nose radius and
finally cutting speed. Simply, this equation indicates that the
surface roughness decreases with increasing nose radius and
cutting speed and surfaces roughness increases with
increasing feed rate. This can also be seen in the graph of
main effect plot for roughness of Fig.1.

Also, regression coefficients for the surface roughness for
first order model is shown in Table 3. From table it is
obvious that feed, nose radius and cutting speed play an
important role for the first order model and the ‘p’ factor is
less than 0.01 which means that the confidence level is over
99%. And ‘p’ factor for the depth of cut is 0.321 which
means that the depth of cut has no significant effect on the
surface roughness. The multiple regression coefficient of
the first order model was found to be 0.8050. This shows
that the first order can explain the variation to the extent of
80.50 %.

4.2 SECOND ORDER MODEL

In order to see whether a second order model can represent
better than the first order or not, a second order model was
developed. The second order surface roughness model thus
developed is given as below:

Ra =1.358 - 0.0777109v + 12.557f - 3.18000r -
0.821605d+ 0.000135Vv> + 41.8519f + 1.78935r2 +
0.137860d%0.0175926vf + 0.00506944vr +
0.00274691vd - 14.791fr-0.72222fd - 0.00925926rd

(13)

The result shows that feed has the most significant effect on
the surface roughness, followed by nose radius and cutting
speed. It has been seen that the ‘p’ values for the model is
less than 0.05 which indicates that model is significant and
the terms in the model have a significant effect on the
response. In the same way, some square terms like (¢%) and
interaction terms (v = f), (¥ = d), (f =d) and (* =d) have
not significant effect on the response (Table 4).

By selecting the backward elimination procedure to
automatically reduce the terms that are not significant, the
result for the reduced quadratic model for surface roughness
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is shown in Table 5. The result indicated that the model is
still significant. However, the main effect of feed (f7,
cutting speed (17}, nose radius (r) and second order effect of
v, f2.r? and two level interaction of (v =r) and (f =)
are the significant model terms. The interaction term (v = f)
is added to support hierarchy

Eqg. 14 shows the final quadratic model for the surface
roughness after backward elimination procedure. Finally,
the multiple regression co efficient of the second order
model was found to be 0.9596. This means that second
order can explain the variation to the extent of 95.96%.
Since the difference between first order and second order is
15.46 %, so it can be concluded that second order is
adequate to represent the turning process for turning of AlSI
1040 steel.

Re = 115007 — 0.0760628 v +12.9907 f —
3.18565 » +0.000135391 v? + 41.8519f% +
1.78935 +* — 0.0175926 v f +
000506944 v+ —
147917 fr
(14)

The 3 D surface graphs for the surface roughness are shown
in Figs. 2, 3 and 4. It can be observed from Fig.2 that for a
given cutting speed and depth of cut the surface roughness
sharply decreases with increasing nose radius and increases
with increasing feed rate. It can be observed from Fig. 3 that
the depth of cut has not much significant effect on the
surface roughness. From Fig.4, it can be seen that surface
roughness decreases with increasing nose radius and with
increasing cutting speed. Finally, the minimum surface
roughness results with the combination of low feed rate,
high nose radius and high cutting speed.

4.3 VRRIFICATION TEST

In order to verify the accuracy of the model developed, four
confirmation run experiments were performed given in
Table 6. The test conditions for the confirmation test were
so chosen that they be within the range of the levels defined
previously. The predicted values and the associated
experimental values were compared. The error percentage is
within permissible limits. So, the response equation for the
surface roughness predicted through RSM can be use to
successfully predict the surface roughness values for any
combination of the feed rate, tool nose radius, cutting speed
and depth of cut within the range of the experimentation
performed.

V. CONCLUSION

This paper presents the finding of experimental
investigations in to the effect of cutting speed, feed, tool
nose radius and depth of cut on the surface roughness when
turning AISI 1040 steel.
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1. The results revealed that the feed is the most significant
factor affecting the surface roughness with 51.32%
contribution of model.

2. Tool nose radius and cutting speed are significant factors
on the surface roughness with 16.23% and 7.18%
contribution of model.

3. Depth of cut has no significant effect on the surface
roughness. It can be used to improve productivity.

4. Second order surface roughness model (with backward
elimination) has been found to represent the turning process
very well. This model would be helpful in selecting the
cutting conditions and tool geometry for required surface
roughness. This can also be used for optimization of the
turning process.
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Physical density 7.85 g/cm®
Mechanical hardness, Rockwell B 92
Tensile strength, ultimate 600 MPa
Tensile strength, yield 350 MPa
% of elongation 20

Table 3 Estimated Regression Coefficients for Roughness (First order)

Term Coef SE Coef T P

Constant 1.35494 0.03226 42.007 0.000
Cutting speed (V) -0.20852 0.03950 -5.278 0.000
Feed (f) 0.46574 0.03950 11.790 0.000
Nose radius(r) -0.50963 0.03950 -12.901 0.000
Depth of cut (d) 0.03944 0.03950 0.998 0.321

S$=0.290297 PRESS =7.35914

R-Sq = 81.48% R-Sq (pred) = 78.72% R-Sq (adj) = 80.50%

Table 4 Estimated Regression Coefficients for Roughness (Second order)

Term

Coef SE Coef T

(%)
contribution

Constant
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Cutting speed(V) -0.20852 0.01778 -11.726 0.000 7.18

Feed(f) 0.46574 0.01778 26.190 0.000 51.32
Nose radius(r) -0.50963 0.01778 -28.658 0.000 16.23
Depth of cut(d) 0.03944 0.01778 2.218 0.030 0.99
Cutting speed(v)*Cutting speed(v) 0.12185 0.03080 3.956 0.000 1.98
Feed(f)*Feed(f) 0.10463 0.03080 3.397 0.001 6.10
Nose radius(r)*Nose radius(r) 0.28630 0.03080 9.295 0.000 347
Depth of cut(d)*Depth of cut(d) 0.01241 0.03080 0.403 0.688 0.47
Cutting speed(v)*Feed(f) -0.02639 0.02178 -1.212 0.230 0.71
Cutting speed (v)*Nose radius (r) 0.06083 0.02178 2.793 0.007 1.32
Cutting speed(v)*Depth of cut(d) 0.02472 0.02178 1.135 0.260 0.75
Feed(f)*Nose radius(r) -0.29583 0.02178 -13.583 0.000 1.56
Feed(f)*Depth of cut(d) 0.01083 0.02178 0.497 0.621 0.45
Nose radius(r)*Depth of cut(d) -0.00111 0.02178 -0.051 0.959 0.32
Error 7.15

S$=0.130677 PRESS = 1.68446

R-Sq = 96.74% R-Sq (pred) = 95.13% R-Sq (adj) = 96.05%
Table 5 Estimated Regression Coefficients for Roughness (Second order/backward elimination)

Term Coef SE Coef T P

Constant 1.01309 0.03885 26.076 0.000
Cutting speed (V) -0.20852 0.03885 -11.594 0.000
Feed (f) 0.46574 0.01798 25.896 0.000
Nose radius (r) -0.50963 0.01798 -28.337 0.000
Cutting speed (v)*Cutting speed (V) 0.12185 0.03115 3.912 0.000
Feed (f) *Feed (f) 0.10463 0.03115 3.359 0.001
Nose radius (r)*Nose radius (r) 0.28630 0.03115 9.191 0.000
Cutting speed (v) *Feed (f) -0.02639 0.02203 -1.198 0.235
Cutting speed (v) *Nose radius (r) 0.06083 0.02203 2.762 0.007
Feed (f)*Nose radius (r) -0.29583 0.02203 -13.431 0.000

$=0.132160 PRESS = 1.59571
R-Sq = 96.41% R-Sq (pred) = 95.38% R-Sq (adj) = 95.96%

Table 6 Verification test

Sr. No. Speed Feed Nose radius Depth of cut Experimental Predicted Error
v) ® (r) (d) (Ra) (Ra) (%)
1 220 0.12 0.4 0.5 1.82 1.7650 3.0
2 260 0.15 0.8 0.7 0.99 0.9570 3.3
3 275 0.18 1.2 0.8 0.93 0.8776 5.6
4 280 0.14 0.8 0.8 0.88 0.8426 4.2
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Main Effects Plot for Roughness (Ra)
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Fig. 1 Main Effects Plot for Roughness (Ra)

Surface Plot of Roughness (Ra) vs Feed (B), Nose radius (C)
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Fig. 2 3 D surface graph Nose radius Vs Feed

Surface Plot of Roughness (Ra) vs Depth of cut (D), Nose radius (C)
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Fig. 3 3 D surface graph Nose radius Vs Depth of cut
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Surface Plot of Roughness (Ra) vs Cutting speed (A), Nose radius (C)
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Fig. 4 3 D surface graph Nose radius Vs cutting speed
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