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Abstract

Power consumption in turning EN-31 steel (a material that is most extensively used in automotive industry) with tungsten
carbide tool under different cutting conditions was experimentally investigated. The experimental runs were planned ac-
cording to 24+8 added centre point factorial design of experiments, replicated thrice. The data collected was statistically
analyzed using Analysis of Variance technique and first order and second order power consumption prediction models were
developed by using response surface methodology (RSM). It is concluded that second-order model is more accurate than the
first-order model and fit well with the experimental data. The model can be used in the automotive industries for deciding
the cutting parameters for minimum power consumption and hence maximum productivity.
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1. Introduction

Turning is a very important machining process in which a single
point cutting tool removes unwanted material from the surface of
a rotating cylindrical work piece. The cutting tool is fed linearly
in a direction parallel to the axis of rotation. Turning is carried
on lathe that provides the power to turn the work piece at a given
rotational speed and feed to the cutting tool at specified rate and
depth of cut. Therefore three cutting parameters namely cutting
speed, feed rate and depth of cut need to be optimized in a turn-
ing operation. Turning operation is one of the most important op-
erations used for machine elements construction in manufacturing
industries i.e. aerospace, automotive and shipping. Turning pro-
duces three cutting force components as shown in fig.1a,(the main
cutting force i.e. thrust force, (F), which acts in the cutting speed
direction, feed force, (Fx), which acts in the feed rate direction and
the radial force, (Fy), which acts in radial direction and which is
normal to the cutting speed). Out of three force components the
cutting force (main force) constitutes about 70% to 80% of the
total force ‘F’ and is used to calculate the power ‘P’ required to
perform the machining operation [1, 2, 3].

Power is the product of main cutting force and the cutting
velocity and is a better criterion for design and selection of any
machine tools. Power consumption may be used for monitoring
the tool conditions. The objective of using response surface meth-
odology (RSM) is not only to investigate the response over the
entire factor space, but also to locate the region of intrest where
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the response reaches its optimum or near optimal values [4].

It has long been recognized that, in order to optimize the
economic performance of machining operations, reliable quanti-
tative technological performance data and equations are required
for the wide spectrum of machining operations, tools and work
piece materials used in practice [4]. It has also been recognized
that improving the technological performance measures such as
the chip formation, forces, power, and tool life, improves the eco-
nomic performance of machining operations as assessed by the
time per component, cost per component or other suitable meas-
ures [5]. WUSM [6] first pioneered the use of R.S.M. in tool life
testing. The number of experiments required to develop a surface
response equation can be reduced markedly by using factorial de-
sign of experiments as compared to the traditional one variable at
a time approach. Chou and Song [7] have investigated the effect of
tool nose radius on finish hard turning with ceramic tools. In this
study, surface finish and tool wear were studied at different metal
cutting conditions. Results show that large tool nose radii not only
give a finer surface finish, but also result in considerable tool wear
compared to small nose radius tools. Specific cutting energy also
increases slightly with tool nose radius. Larger nose radius tools
generate shallower white layers when cutting with worn tools. For
new tools, small tool nose radius results in larger uncut chip thick-
ness, and thus, induces deeper white layers. However effective
rake angle has been kept constant in the study reported by Chou
et al [7]. In these studies, only one parameter of the tool geometry
has been studied, whereas more than one parameter is found to
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be significant and they may also have interaction effect on the
response parameters.

Modeling and optimization are necessary for the control of
the hard turning process to achieve improved product quality, high
productivity and low cost. Suresh et al [8] have developed a sur-
face roughness prediction model for turning mild steel using a re-
sponse surface methodology. Surface roughness prediction model
has also been optimized by using genetic algorithms. Similarly
surface roughness prediction models for dry and wet turning of
EN-31 steel with tungsten carbide tool have been developed and
reported by Abhang and Hameedullah [9]. Second degree model
were found to be more significant than the first degree model. The
interaction effects of response parameters were also found to be
significant.

Anirban Bhattacharya et al [10] have investigated the effect
of cutting parameters on surface finish and power consumption
during high speed machining of AISI irons steel using Taguchi
design and ANOVA. In this study, combined technique of orthog-
onal array and analysis of variance was employed to investigate
the contribution and effect of cutting speed, feed rate and depth
of cut (only three factors) on three surface roughness parameters
and power consumption were studied at different metal cutting
conditions. The results showed a significant effect of cutting speed
on surface roughness and power consumption, while the other pa-
rameters have not substantially affected the response. Sood et al
[11] studied the specific energy where the power of machining is
one of the parameter affecting the specific energy. Noodin et al
[15] studied the application of response surface methodology in
describing the performance of coated carbide tools when turning
AISI1045 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 most
significant factor influencing the response variables investigated.
There have been plenty of recent applications of Taguchi tech-
niques to materials processing for process optimization [16-17].
Statistical methods and Taguchi’s technique were used for inves-
tigating machinability and optimizing power consumption [16].
Faleh et al [17] have reported that the power consumption is one
of the most important parameters for online monitoring of tool
conditions [17]. The study revealed that when cutting fluid is used,
cryogenic environment is the most significant factor in minimiz-
ing power consumption followed by cutting speed and depth of
cut [17]. The effects of feed rate and tool nose radius were found
to be insignificant compared to other factors. Lin [18] has for-
mulated the experimental results of surface roughness and cutting
forces by regression analysis, and modeled the effects of them in
his study using S5SC steel. Similar investigations have been re-
ported by Risbood [19].

In the present work experimental investigations were con-
ducted by turning EN-31 steel with tungsten carbide tool at dif-
ferent conditions of cutting speed, feed rate, depth of cut and tool
nose radius. The cutting forces were measured and power con-
sumption calculated. An attempt has been made to develop the
first order and second order power prediction models with respect
to various combinations of design variables (cutting speed, feed
rate, depth of cut and tool nose radius) by response surface meth-
odology with the factorial design of experiments and analysis of
variance (ANOVA) applied to the uncoded data.

2. Power Model
The equation for the power is:
P=F.*V (1)

Where P is the power in watt, V is the cutting speed in m/
min and F. is the main cutting force in N. The power is dissi-
pated mainly in the shear zone (due to the energy required to shear
the material) and on the rake face of the tool (due to tool-chip
interface friction). The sharpness of the tool tip also influences
forces and power. Because it rubs against the machined surface
and makes the deformation zone ahead of the tool larger the worn
out tools require higher forces and power.

The proposed relationship between the machining responses
(power) and machining independent variables can be represented
in linear form:

Therefore,

Power = a*(cutting speed) + b*(feed rate) +
+ C*(depth of cut) + d*(tool nose radius) + e 2)

Where, power is in watt (w) a, b, ¢, d and e are the constants.
Eq. (2) can be written in the following form.

Therefore
Y=@ (v fdr)+e 3)
Y= BOXO + B1X1+ B2X2+ B3X2+ BzX3+ B4X4 “)

Where, Y is the power, X, = 1 (dummy variables), X; = cut-
ting speed, X, = feed rate, X; = depth of cut and X, = tool nose
radius, B = C and P, B, B; and P, are the model parameters.

The relationship between the metal cutting power and ma-
chining independent variables represented in the following equa-
tion. The equation is,

P=CV:F’DcR¢ (5)

Where C is constant, and a, b, ¢ and d are the exponents. Eq.
(5) can be represented in linear mathematical form as follows:

Lnp=Inc+alnv+b Inf+clnd +d Inr (6)

The constants and exponents c, a, b, ¢ and d can be deter-
mined by the method of least squares. The first order linear model
developed from the equation can be represented as follows:

Y] =Y-€= b0X0+b1X1+b2X2+b3X3+b4X4 (7)

Where, Y, is the estimated response based on first order
equation, Y is the measured machining power through cutting
force (main force) on a logarithmic scale, xo =1 is a dummy vari-
able. X, X», X; and X, are logarithmic transformations of cutting
speed, feed rate, depth of cut and tool nose radius, respectively, €
is the experimental error; and b values are the estimates of cor-
responding parameters. If this model is not sufficient to represent
the process, and then the second order model will be developed.
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The general second order model is developed below.

Yz =Y - €= boX0+b1X1+b2X2+b3X3+b4X4+b12X1X2+
+b23X:X3 D 14X XaH DX X b 13X X5+
Jr]-’334X3X4+b11X12er227§22+]333X32H)44X42 (8)

Where Y, is the estimate response based on second order
equation. The parameters by, b;, b, bs, bs, b12, bas and by, are to be
calculated by the method of least squares

The basic formula is,

b=(X"X)". X".Y )

Where, the calculation matrix X and the variance matrix
(XT.X)!, Hence the b values can be determined by using eq. (9).
The variables coded by taking into account the capacity and the
limiting cutting conditions of the lathe machine. The coded values
of variables to be used in eq. (7) were obtained from the following
transforming equations.

X=Inv-In189/In189-1n39,

X,=Inf-1n0.15/In0.15-1n0.06 (10)
X; = Ind-In0.6/1n0.6-1n0.2,
X4 =Inr-In1.2/In1.2-1n0.4 1n

Where X is coded value of cutting speed (V), X is the coded
value of feed rate (F), X; is the coded value of depth gent (D) and
X, is the coded value of tool nose radius (R).

3. Experimental Conditions

The material used for the experiments is grade EN-31 steel, which
is popularly used in automotive type applications, like axle, bear-
ings, spindle and molding dies etc. Its chemical composition is
given in tablel.The workpiece is of 500mm length and 50mm in
diameter. The lathe used for machining operations is HMT heavy
duty lathe (LTM20) machine. The cutting tool holder used for
turning operation is WIDAX SCLCR 12, T3 and diamond shape
carbide inserts (CNMA 120404, CNMA 120408, CNMA 120412),
(0 = 6% vp = -6° As = -6°, Kr = 95, ¢, = 80° r = 0.4, 0.8 and
1.2mm). The levels of cutting conditions i.e. cutting speed, feed
rate, depth of cut and tool nose radius are listed in table 2. To
elaborate the plan of experiments the method of factorial design
with eight aided centre points with coded design used as shown in

Fy

Y

Figure 1a. Cutting forces acting on tool

table 3 [12], [13]. Similarly table 4 shows the experimental cutting
conditions together with the actual values of cutting parameters
and measured cutting force with the calculated power using equa-
tion 1. On line measurement of cutting force is carried out using
lathe tool dynamometer (strain gauge type three components lathe
tool dynamometer as shown in figure 1b and figure lc.

Figure 1c. Lathe tool dynamometer

Table 1. Chemical compositions of steel alloy (EN-31) Work

piece.
Composition C Si Mn Cr Co S P
0.95- 0.10- 0.30- 1.0-
0,
Wt. % 12 035 075 16 0.025 0.040 0.04
Table 2. Levels of independent variables.
Depth of Nose
Levels (sll;zf;lll) (m}:::;:lev) Cut Radius  code
(mm) (mm)
High 189 m/min 0- lfe\r/nm/ 0.6 mm 1.2 mm +1
medium 112 m/min O.IE)e‘rInm/ 0.4 mm 0.8 mm 0
Low 039 m/min 0.06 0.2 mm 0.4 mm -1

rev.
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Table 3. Design matrix.

Exp. Run X X X3 Xy Response Fz (N)
1 -1 -1 -1 -1 68.87
2 -1 -1 -1 +1 76.82
3 -1 -1 +1 -1 166.77
4 -1 -1 +1 +1 186.58
5 -1 +1 -1 -1 49.05
6 -1 +1 -1 +1 157.15
7 -1 +1 +1 -1 264.87
8 -1 +1 +1 +1 323.93
9 +1 -1 -1 -1 39.24
10 +1 -1 -1 +1 97.39
11 +1 -1 +1 -1 166.77
12 +1 -1 +1 +1 209.23
13 +1 +1 -1 -1 127.53
14 +1 +1 -1 +1 143.53
15 +1 +1 +1 -1 2943
16 +1 +1 +1 +1 329.98
17 0 0 0 0 176.58
18 0 0 0 0 186.39
19 0 0 0 0 166.87
20 0 0 0 0 147.16
21 0 0 0 0 183.51
22 0 0 0 0 157.12
23 0 0 0 0 186.49
24 0 0 0 0 177.48

Table 4. Experiment conditions, Cutting force and calculated
power using eq. (1).

Pre-
v F Resp(fnse Power dicted.  Predicted.
Exp. D R Main Power  Power by
Run n?/ mm/ mm mm force (N) calculated By first  second or-
minrev Fc (watt) order der mode
model
1 39 006 02 04 68.87 2685.93 1020.72 2777.22
2 39 006 02 12 76.82 299598  2921.52  5350.564
3 39 006 0.6 4 166.77 6504.03 677592  5171.516
4 39 006 06 1.2 186.58 7276.62  8676.72 7744.86
5 39 015 02 04 49.05 1912.95 2906.3 2497.77
6 39 015 02 12 157.15 6128.85 5807.1 4165.57
7 39 015 06 04 26487 10329.93  9661.5 11999.51
8 39 015 06 1.2 32393 1263327 115623  13667.31
9 189  0.06 02 04 39.24 7416.36  7270.72 8360.22
10 189 006 02 12 97.39 18406.71 29171.52  16177.56
11 189 006 06 04 166.77  31519.53 3302592  32954.52
12 189  0.06 0.6 1.2 20923 3935547 34926.72 40771.86
13 189  0.15 02 04 127.53  24103.17 30156.3 2332227
14 189  0.15 02 12 143.53  27127.17  32057.1  30234.07
15 189 015 06 04 2943 55622.7  35911.5  55024.01
16 189 0.15 0.6 12 32998  62366.22 378123  61935.81
17 112 010 04 08 176.58 19776.96  18906.2  19206.82
18 112 010 04 08 186.39  20875.68  18906.2  19206.82
19 112 010 04 08 166.87 18689.44  18906.2  19206.82
20 112 010 04 08 147.16  16481.92  18906.2  19206.82
21 112 010 04 08 183.51  20553.12  18906.2  19206.82
22 112 010 04 08 157.12 17597.44  18906.2  19206.82
23 112 010 04 08 186.49  20886.88  18906.2 19206.82
24 112 010 04 08 177.48 19877.76  18906.2  19206.82

4. Results and Discussions

After completing the experiments an analysis of variance (ANO-
VA) was conducted to discern whether differences in cutting power
between various runs were statistically significant. Table 5 presents
ANOVAS results for experimental data generated during turning of
alloy steel work piece. Value of “probability > F” less than 0.0500
indicate model terms are significant. This is desirable as it indicates
that the terms in the model have significant effect on the response.
The power consumption equation of first order model is
P=-11556 + 175V + 32062F + 14388D + 2376R (12)

The table 5 shows the 95% confidence interval for the ex-
periments. The analysis of variance of first order- model is shown
in table 5. For the linear model, the p-value for lack of fit is 0.61
(>0.05) is not significant with the lack of fit and the f-statistic is
0.75 (>0.05).This implies that the model could fit and it is ade-
quate. As well as the multiple regression coefficient of the first or-
der model is 96.98%, it is above 80%. This result shows that feed
rate has the most significant effect on the power, followed by depth
of cut, tool nose radius and cutting speed. The equation shows that
the power increases with increase in feed rate, depth of cut and
tool nose radius. Eq.12 is utilized to calculate power counter at the
selected depth of cut and tool nose radius. Figures 2a-2¢ show the
cutting power counter with selected cutting parameters. The power
reaches the highest value where the value of cutting speed, feed
rate, depth of cut and tool nose radius at their maximum value (fig-
ure 2c¢). The lowest power is obtained when all the factors value at
their minimum value (figure 2a). From this counter plot, the safety
zone of power can be selected for any experiment.

Table 5. Analysis of variance of first-order model (second block).

Source DF SS MS F-value P-value
Model 4 516679645 129169911 42.99 0.000
Residual error 7 210323394 3004628 - -
Lack-fit 4 10481121 2620280 0.75 0.621
Pure error 3 10551273 3517091 - -

Total

1 537712038 - - -

The second order model was postulated in obtaining the rela-
tionship between the cutting power and the machining independ-
ent variables. The model was based on the Box-Behnkn design
method. The developed second order mathematical model is given
in equation 13.

P=7305-122*V - 81591*F20290*D + 2267*R +
+ 1129*VF + 198120*FD + 43.7*VR -
- 12577*FR + 370*VD - 691*DR (13)
The table 6 shows the 95% confidence interval for the experi-
ments. The analysis of variance of second- order model as shown
in tab. 6.For the second order model, the P-value for lack of fit is
0.159 (>0.05) is not significant with the lack of fit and the F-statis-
tic is 2.254 (>0.05). This implies that the model could fit and it is
adequate. The second order model is more precise than first order
model, because the predicted result is much more accurate than
the first order model. As well as the multiple regression coefficient

119



L. B. Abhang and M. Hameedullah / Journal of Engineering Science and Technology Review 3 (1) (2010) 116-122

of the second order model is higher than the first order model, i.e.
99.00 % (0.99). The fit summery recommends that the (linear mod-
el) first order model as well as interaction model (second order) are
statistically significant for analysis of cutting power.

Table 6. Analysis of variance of second- order model (Whole

block).
Source DF SS MS F P
Model 10 5365001231 536500123 130.36 0.000
Residual error 13 53501680 4115514 - -
Lack-fit 6 35170430 5861738 2.254 0.159
Pure error 7 18331250 2618750 - -
Total 23 5418502911 - - -

Eq.13 is used to develop the counter plot as shown in figure
3ato figure 3c. Figures 3a-3¢ shows that when the feed rate, cutting
speed, depth of cut and tool nose radius are at their lowest value,
the power consumption is the lowest and vice versa. From the
counter plots we can see that the cutting conditions for the lowest
power consumption are cutting speed 39m/min, feed rate 0.06mm/
rev, depth of cut 0.2mm and tool nose radius 0.4mm.

Contour Plot of P{wats) va F{mm/rev], V{m/ min}

Figure 2a. Power counters in the cutting speed feed rate plane for depth of cut
0.2mm and tool nose radius 0.4mm

Contour Flot of P{watt]) we Flmm/rev], ¥[m/ min}

1] [t} [1
W i

Figure 2b. Power counters in the cutting v feed rate plane for depth of cut
0.4mm and tool nose radius 0.8mm

Contour Plot of Plwakt) va F{mm/rev]), V{m/min]

!
V[ i

Figure 2¢c. Power counters in the cutting speed feed 0.6mm and tool nose
radius 1.2mm

Contour Plot of P{watt) vs F{men/rev), Vim/mir)

T 100 125 i) 175
V' min}

Figure 3a. Power counters in the cutting speed rate plane for depth of cut feed
rate plane for depth of cut 0.2mm and tool nose radius 0.4mm

(Comtear Pl of P watt) v F(mmyrew], Vim/min)

i rev}
ESESEEEEERE

-]

- I - ]
iomjmin)

Figure 3b. Power counters in the cutting speed-feed rate plane for depth of cut
0.4mm and tool nose radius 0.8mm

Contour Plot of P{wakt) vs Flee/ rev), Vim/nin)
%

50 75 i) s

wous
Vi mmin}

Figure 3c. Power counters in the cutting speed feed rate plane for depth of cut
0.6mm and tool nose radius 1.2mm

It can be seen from figure 4a that the regression model is rea-
sonably well fitted with the observed values. In addition, figure 4b
illustrates that there is no noticeable pattern or unusual structure.
This implies that the proposed second order model is adequate to
illustrate the pattern of the power.

The check of the normality assumptions of the data is then
conducted; it can be seen in figure 4c that all the points on the
normal plot come to close to forming a straight line. This implies
that the data are fairly normal and there is a no deviation from the
normality. This shows the effectiveness of the developed model.
Notice that the residuals are falling on a straight line, which means
that the errors are normally distributed.

Exponential model can be obtained for power by applying
logarithmic transformation to eq. 2 as:

Lnp = Inc + alnv + binf + cInd + dInr + Ing

(14
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The transformed equation of power prediction in terms of
metal cutting parameters (cutting speed, feed rate and depth of
cut) and tool nose radius is as follows:

Lnp=7.32 + 1.08*V + 0.708*F + 0.882*D + 0.31*R (15)

P=1510204 (VI,OS* l:0.78* DO.SBZ *RO.SIO) (16)

The eq. 16 is derived from the eq. 12, by substituting the
coded values of cutting speed, feed rate, depth of cut and tool nose
radius in terms of Inv, Inf, Ind and Inr. In eq.16 cutting speed, feed
rate, depth of cut and tool nose radius are expressed in logarithmic
transformation. Since all the four parameters are under the same
logarithmic scale, the factor with highest value of coefficient pos-
sesses the most dominating effect over the response.

The main and interaction effect plot for power has been
shown in figure 5 and figure 6. The plots show the variation of
individual and interaction responses with the four parameters i.e.
cutting speed, feed rate, depth of cut and tool nose radius separate-
ly. In the plots, x-axis shows the value of each parameter at three
levels and y-axis the response values. Horizontal line in the plot
shows the mean value of the response. Figure 5 shows the main
effect plot for power showing the effect of cutting speed, feed rate,
depth of cut and tool nose radius. The results show that decreasing
cutting speed, feed rate, depth of cut and tool nose radius, there is
continuous decrease in power consumption i.e. smaller values of
cutting parameters and tool nose radius produces smaller power
consumption and larger values of cutting parameters there is re-
quired larger power for machining EN-31 steel.

Interaction plot figure 6 shows the variation of power due to
interaction between cutting speed and feed rate (v*f), feed rate and
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Figure 4b. Residual vs. fitted values
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Figure 7a. Residual 3D plot of power when feed rate 0.06mm/rev and tool
nose radius 0.4mm

Fr T

-

Figure 7b. 3D plot of power when feed rate 0. 10 mm/rev and tool nose radius
0.8mm



L. B. Abhang and M. Hameedullah / Journal of Engineering Science and Technology Review 3 (1) (2010) 116-122

Figure 7c. 3D plot of power when feed rate 0.15mm/rev and tool nose radius
1.2mm

depth of cut (f*d) and cutting speed and depth of cut (v*d). Figure 7
(a, b, c) show the three dimensional plot for metal cutting power.

5. Conclusion

1) Response surface method is found to be a successful technique
to perform trend analysis of power consumption in metal cut-
ting with respect to various combinations of design variables
(metal cutting speed, feed rate, depth of cut and tool nose ra-
dius).

2) The first order, second order and exponential models are found
to be adequately representing metal cutting power with experi-
mental results. Second order model is more precise than the

first order model in predicting the power consumption during
machining.

3) A logarithmic data transformation can be applied to convert the
nonlinear form of equation into to the additive (linear) form.
This is one of most popularly used data transformation tech-
nique in empirical model building.

4) The models developed in the research produces smaller errors
and have satisfactory results. Therefore the proposed models
can be used to predict the corresponding power consumption in
metal cutting of EN-31 steel at different parameters in turning.

5) The smallest the values of the cutting speed, feed rate, depth of
cut and tool nose radius, the lowest is the metal cutting power
consumption. The counter plots show the safe zone for mini-
mum power consumption. Thus, from the model equations and
counter plots a designer can select the best combination of cut-
ting variables for achieving optimum or minimum metal cut-
ting power consumption during turning steel. This eventually
may reduce the machining time, operator efforts, cost and save
the cutting tools.
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