
IJRMET Vol. 6, IssuE 1, NoV 2015-ApRIl 2016  ISSN : 2249-5762 (Online)  |  ISSN : 2249-5770 (Print)

w w w . i j r m e t . c o m 40   InternatIonal Journal of research In MechanIcal engIneerIng & technology

Evaluation of Shear Energy in Turning 
Process Using DOE Approach

1A.Kannan, 2N.Prasanna Venkateshvaralu
1,2Dept. of Mechanical Engineering, SVS College of Engineering, Coimbatore, Tamilnadu, India

Abstract
Machining involves considerable plastic deformation in the 
primary shear zone due to shear energy. Rise in temperature, 
cutting force, tool wear in shear zone of machining leads to 
highly inferior quality of finished product. Especially in turning 
operations where product quality and physical dimensions seems 
to be meticulous, friction between the tool chip interface is a 
significant noise factor which directly affects the cutting tool 
and work piece. This study is aimed to find out the optimal 
parametric combination of machining variables in turning of 
6063 aluminium alloy to yield the minimum shear and frictional 
energy with the minimum surface roughness using RSM. The 
DoE based approach is used to fix the number of experiments. The 
significance of the factors on the overall quality characteristics 
of the cutting process is evaluated quantitatively using analysis 
of variance (ANOVA). Optimal results are verified through 
confirmation experiments. This study results give an idea about 
that, a proper selection of the machining parameters produces 
lower cutting forces with a good surface finish, minimum shear 
and frictional energy.
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I. Introduction
Machining processes can either form components into a desired 
shape by adding material or by removing material. This research 
work focused on machining concerned with the material removal 
process. The machining process, although apparently simple, 
is a complex manufacturing operation. The specific process 
considered in this study is the turning process. Many parameters 
in metal cutting, including cutting force, temperature, tool wear, 
friction between the tool face and chip, machining power, surface 
finishing, shear energy, frictional energy and machined surface 
integrity, are related to the chip formation process. Traditionally, 
most investigations of metal cutting have focused on continuous 
smooth flow accompanying stable chip formation. The continuous 
chip is ideal for analysis because it is relatively stable, allowing 
many conditions to be simplified. However, in actual automatic 
machining, a continuous chip interferes with the machining 
process and may cause unpredictable flaws and damage on the 
machined surface, cutting tool, or machine tools or even operator 
injury [1]. The Aluminium 6063 is a ductile material which 
finds applications in aircraft and other aerospace structure, boat 
building, ship building, architectural, building products, door 
and window frames, electrical components, railings, furniture, 
channels, pipe and tube for irrigation purpose. Most of these 
applications are in the components having irregular complicated 
shapes and are produced by a turning process. It is known that 
minor changes in the chip formation mechanics may lead to 
problems like high cutting forces, short tool life, poor surface 
topography and surface integrity during or after machining. A 
significant aspect of the machining mechanics is the specific 
cutting energy in shear deformation during machining. This 

research work aims to optimize the shear energy of the work 
material in shear zone [2]. Machining involves a large amount of 
plastic deformation, it is unlikely that more than 10% of the work 
done is stored as elastic energy; the remaining 90% is converted 
to heat the chip, the tool and the work material. Shear energy 
is the energy consumed in unit volume of material removal. 
Shear energy is an important parameter that is directly related 
to cutting temperature, tool vibration, cutting forces, tool wear 
and surface roughness of the finished product [2].  It is known 
that, the total shear energy is a sum of a energies consumed in 
primary, secondary, and tertiary deformation zones in machining 
[3]. In this work an attempt has been made to find the shear 
energy consumed in the deformation on shear plan during the 
machining of Aluminium 6063. The DoE based approach is 
used to conclude the number of experiments under user defined 
mode in RSM which leads to 27 experiments for 3 factors and 
3 levels [4]. RSM is used for optimizing the cutting conditions 
to consume minimum shear energy which gives good results 
in machining.

II. Experimental Work

A. Experimental set-up
A Kistler force three component dynamometer (Type 9215A1, 
calibrated range: Fx.0±5000 N,Fy.0±5000 N, and Fz.0±3000 
N) in conjunction with three Kistler charge amplifiers (Type 
5070), used  to convert the dynamometer output signal into a 
voltage signal appropriate for the data acquisition system, and 
a computer is used to measure and record the cutting forces. 
The instrument shown in fig. 1 is a Kistler three component 
dynamometer [5].

Fig. 1: Kistler Three Component Dynamometer

Kirloskar Turnmaster-35 all geared lathe shown in fig. 2 is 
used in this research work. Distance between centres (max) is 
800mm. Height of center is 175mm. The capacity of the motor 
is 3H.P/2.2kW [5].
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Fig. 2: Kirloskar Turn master

B. Work Material and Tool Material
The work piece material used for the test is Aluminium 6063. 
A cylindrical bar of Aluminium alloy (320mm long 60 mm 
diameter) is used for the tests. Tungsten carbide inserts are used 
for the turning tests. These inserts are manufactured by Sandvik. 
Uncoated carbide inserts as per ISO specification THN SNMG 
08 are clamped onto a tool holder with a designation of DBSNR 
2020K 12 for turning operation. The parameter levels are chosen 
within the intervals based on the recommendations by the cutting 
tool manufacturer. [5].

C. Estimation of Shear Energy in Machining Process
The total energy per unit volume of chip removal is composed of 
shear energy (us), frictional energy (uf), surface energy (ua) and 
the momentum energy (um). The surface energy per unit volume 
and momentum energy per unit volume are usually considered 
negligible in comparison to the other two components. However 
in high speed, very high speed and ultra high speed machining 
momentum energy may not be negligible. Knowledge of shear 
angle is required to perform estimation of the shear energy per unit 
volume, the frictional energy per unit volume. The cutting ratio (r) 
is estimated by measuring the chip thickness. It is determined that 
the cutting ratio does not depend on the material of the cutting tools 
or the cutting depth and it depends only on the geometry of the 
cutting tools. For the tool with a 5.5° rake angle the cutting ratio 
(r) is estimated to be 0.5, which results in a shear angle φ=28°. 
For the tool with 0° rake angle the cutting ratio (r) is estimated 
to be 0.4 and a shear angle φ =22°.

1. Chip Thickness Ratio and Shear Angle
A measure of the ease of metal removal or machinability is 
expressed by chip thickness ratio. During machining, s surface 
layer of constant thickness is removed by the relative movement of 
the tool and work piece. Some indication of the ease or difficulty 
of machining process can be obtained by comparing the chip 
thickness (t2) to the original depth of cut (t1).
The ratio of t1 to t2 is defined as chip thickness ratio (r). r= t1/t2. The 
value of the shear angle depends upon the cutting conditions, tool 
geometry, tool material and work piece material. If shear angle is 
large the plane of shear will be shorter, the chip is thinner; hence 
less force is required to remove the chip. If the shear angle is small, 
the plane of shear will be larger, the chip is thicker and therefore 
higher force is required to remove the chip. The shear angle (φ) 
is determined from the chip thickness ratio (r) using the following 
expression, where α is the rake angle of the tool. The closer the 
shear angle approaches 45°, the better the machinability.                  
 tan φ = [rcosα / 1-rsinα]

2. Velocity Relationships in Machining
There are three velocities in metal cutting process, namely (a) 
velocity of chip (Vf) which is defined as the velocity with which 
the chip moves over the rake face of the cutting tool. (b) Velocity 
of shear (Vs) is the velocity with which the work piece metal shears 
along the shear plane. (c) Cutting velocity (Vc) is the velocity of 
tool relative to the work piece. Here cutting velocity Vc and rake 
angle α are always known. Vf and Vs can be calculated with the 
help of following relations,

 Vf = Vc[sin φ /cos(φ -α)]
 Vs = Vc[cosα/cos(φ -α)]

3. Forces on the Chip
The forces exerted by the work piece on the chip are:
FC – Compressive force on the shear plane, 
FS – Shear force on the shear plane, 

The forces exerted by the tool on the chips are:
N – Normal force at the rake face of tool
F – Frictional force along the rake face of tool

The forces acting on the tool and measured by dynamometer 
are:
Ft = Tangential force or cutting force
Ff = Feed force

Here cutting force and feed force only we directly measure during 
the machining operation with the help of dynamometer. From 
the known value of these two forces we can find the shear force 
acting along the shear plane and frictional force between the tool 
chip interfaces by using the following relationships, The shear 
energy and frictional energy per unit volume can be obtained in 
the following way
  Fs = [Ft.cosφ – Ff.sinφ]
  
  F = [Ff.cosα + Ft.sinα]

uf = [F.Vf / Vc.b.t]  us = [Fs.Vs / Vc.b.t]

Where,
  Fs  – shear force
  F   – frictional force
  Vf  – chip velocity
  Vs  – shear velocity
  Vc  – cutting velocity
  b   – width of cut, (10.5 mm)
  d – depth of cut

4. Model Calculation for Shear Energy
Experiment Number: 26

Cutting speed,  (Vc) = 200m/min
Feed rate  = 0.1mm/rev
Depth of cut  = 0.5mm
Feed force, (Ff)  = 129.5147N
Cutting force, (Ft) = 208.9603N
Rake angle, (α)  = 0°
Chip thickness ratio, (r) = 0.4
Shear angle, (φ)  = 22°
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Step 1: Finding shear velocity, (Vs)
Vs = Vc [cosα/cos(φ-α)]
     = 200 [cos0/cos(22-0)]
     = 200×1.0785
Vs = 215.706m/min

Step 2: Finding chip velocity, (Vf)
Vf = Vc[sinφ/cos(φ-α)]
     = 200[sin22/cos(22-0)
     = 200×0.40402
Vf = 80.80m/min

Step 3: Finding shear force, (Fs)
Fs = [Ft.cosφ – Ff.sinφ]
     = [208.9603×cos22 – 129.51474×sin22]
    = [193.774 – 48.5170]
Fs = 145.257N

Step 4: Finding frictional force, (F)
F = [Ff.cosα + Ft.sinα]
   = [129.5147×cos0 + 208.9603×sin0]
F = 129.5147N

Step 5: Finding shear energy, (us)
us  = [Fs.Vs / Vc.b.t]
     = [145.257×215.706 / 200×0.0105×0.0005]
     = [31332.80644 / 0.00105]
us = 29.840MJ

Step 6: Finding frictional energy, (uf)
uf = [F.Vf / Vc.b.t]
    = [129.51474×80.80 / 200×0.0105×0.0005]
    = [10464.79099 / 0.00105]
uf = 9.966MJ

D. Design of Experiment
Commercial statistical analysis software “Design Expert 9” is 
employed for design of experiment. In Design Expert, RSM is 
used to find a combination of factors which gives the optimal 
response. RSM is actually a collection of mathematical and 
statistical technique that is useful for the modeling and analysis 
of problems in which a response of interest is influenced by several 
variables and the objectives is to optimize the response. Three 
process parameters at three levels led to a total of 27 tests for 
turning operation. Three levels were specified for each of the 
factors as indicated in Table 1. Three trials are conducted for 
each combination for turning operation resulting that 81 tests are 
conducted. Table 2 presents the experimental details and their 
results.

Table 1: Factors and Levels

Factor Name
Levels

Level 1 Level 2 Level 3

Speed(N) m/min A 100 150 200

Depth of cut(d)mm B 0.25 0.5 1

Feed rate(f)mm/rev C 0.05 0.075 0.1

Table 2: Orthogonal Array and Their Results
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1 100 0.05 0.25 1.024 51.59 30.49 15.03 4.69
2 100 0.05 0.5 1.064 134.74 95.11 18.23 7.31
3 100 0.05 1 1.035 184.69 198.78 10.2 7.64
4 100 0.075 0.25 1.194 88.27 29.93 26.53 6.21
5 100 0.075 0.5 1.234 163.99 99.35 23.13 7.39
6 100 0.075 1 1.205 217.86 201.08 13.76 7.73
7 100 0.1 0.25 1.314 161.87 70.32 50.56 11.3
8 100 0.1 0.5 1.354 243.06 135.91 36.29 10.4
9 100 0.1 1 1.325 291.45 241.48 18.6 8.36
10 150 0.05 0.25 1.137 56.15 45.53 3.429 1.69
11 150 0.05 0.5 1.77 146.74 110.01 19.61 8.47
12 150 0.05 1 1.147 186.74 228.35 10.55 8.56
13 150 0.075 0.25 1.307 98.72 46.73 10.88 7.43
14 150 0.075 0.5 1.347 179.91 112.32 26.53 8.64
15 150 0.075 1 1.317 220.87 218.02 14.55 7.96
16 150 0.1 0.25 1.427 172.32 87.12 51.90 14.0
17 150 0.1 0.5 1.467 253.51 152.71 34.5 11.7
18 150 0.1 1 1.437 295.47 270.08 19.41 10.3
19 200 0.05 0.25 0.954 21 21.22 4.65 3.26
20 200 0.05 0.5 0.994 102.19 86.81 13.37 6.68
21 200 0.05 1 0.965 150.59 192.38 7.904 7.40
22 200 0.075 0.25 1.124 41.56 40.36 9.396 6.00
23 200 0.075 0.5 1.164 135.36 89.12 18.91 6.85
24 200 0.075 1 1.135 183.76 194.68 10.66 7.49
25 200 0.1 0.25 1.244 127.77 63.92 38.08 9.83
26 200 0.1 0.5 1.284 208.96 129.51 29.84 9.96
27 200 0.1 1 1.355 241.78 241.21 13.21 8.97

III. Mathematical Modeling
The second order response surface equations have been fitted using 
Design Experts Software for the response variable shear energy 
(us). The equations can be given in terms of the coded and actual 
values of the independent variables as the following,

Final equation in terms of coded factor
Shear Energy = 21.05 – 3.44*A+9.72*B - 5.09*C - 
0.57*AB+2.17*AC - 7.26*BC - 1.36*A2+4.82*B2 -5.06*C2

The equation in terms of coded factors can be used to make 
predictions about the response for given levels of each factor. By 
default, the high levels of the factors are coded as +1 and the low 
levels of the factors are coded as -1. The coded equation is useful 
for identifying the relative impact of the factors by comparing the 
factor coefficients.

Final equation in terms of actual factor
Shear Energy = -2.72221+0.055410*speed-215.47033*feed 
rate+72.07888*depth of  cut-0.45216*speed*feed 
rate+0.11579*speed*depth of cut-773.87333*feed rate*depth 
of cut-(5.42409*10 -004)*speed2+7704.49778*feed rate2-
35.98273*depth of cut2

The equation in terms of actual factors can be used to make 
predictions about the response for given levels of each factor. Here, 
the levels should be specified in the original units for each factor. 
This equation should not be used to determine the relative impact 
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of each factor because the coefficients are scaled to accommodate 
the units of each factor and the intercept is not at the center of the 
design space. The R-Squared value of the above developed model 
is found to be 0.8930 which enable good prediction accuracy.

IV. Results and Discussions
The purpose of the analysis of variance (ANOVA) is to investigate 
which turning parameters significantly affect the performance 
characteristics. Usually, the change of the turning parameter 
has a significant effect on the performance characteristics when 
the F value is large. The percentage contribution indicates the 
relative power of a factor to reduce the variation. For a factor 
with a high percentage contribution, there is a great influence 
on the performance. The percentage contributions of the cutting 
parameters on the shear energy are shown in Table 3. The feed 
rate is found to be the major factor affecting the shear energy 
(39.22%), whereas the feed rate and depth of cut interaction 
(15.38%) and depth of cut alone influences (10.94%) are found 
to be the second and third ranking factors respectively. The Model 
F-value of 15.76 implies the model is significant. Values of “Prob > 
F” less than 0.0500 indicate model terms are significant. The “Pred 
R-Squared” of 0.7578 is in reasonable agreement with the “Adj 
R-Squared” of 0.8363; i.e. the difference is less than 0.2. “Adeq 
Precision” measures the signal to noise ratio. A ratio greater than 4 
is desirable. Here the ratio of 14.337 indicates an adequate signal. 
The estimated response surface for the shear energy components 
are illustrated in fig. 3 to 5. From the response surface plots, in 
figure 3 depth of cut is kept constant as 0.58mm while the other 
two variables are varying within its ranges.  It is noted that feed 
rate increases shear energy also increases drastically. The main 
factor which affects the shear energy is feed rate. The factor cutting 
speed is the less influence for shear energy

Table 3: ANOVA Results for Shear Energy
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Model 3801.88 9 422.431 15.75 1.37E-06 89.29

A-Speed 209.5962 1 209.596 7.819 0.012402 4.922

B-Feed 1669.998 1 1669.99 62.30 4.38E-07 39.2241

C-Depth 466.189 1 466.189 17.39 0.000641 10.94

AB 3.833412 1 3.83341 0.143 0.709988 0.090

AC 58.66023 1 58.6602 2.188 0.157347 1.377

BC 655.0249 1 655.024 24.43 0.000123 15.38

A^2 11.03278 1 11.0327 0.411 0.52972 0.259

B^2 139.1233 1 139.123 5.190 0.035915 3.267

C^2 117.0483 1 117.048 4.366 0.051991 2.74917

Residual 455.6906 17 26.8053 10.7030

Cor Total 4257.577 26

Std. Dev. 5.177386 R-Squared 0.8929

Mean 20.36052 Adj R-Squared 0.8363

C.V. % 25.42856 Pred R-Squared 0.7577

PRESS 1031.277 Adeq Precision 14.336

Fig. 3:

Fig. 4:

Fig. 5:
Fig. (3- 5): Estimated Response Surface of Shear Energy

In fig. 4 feed rates is kept constant as 0.075mm while the other two 
variables are varying within its ranges. It is noted that at minimum 
depth of cut and increase in speed shear energy also increases 
gradually. In fig. 5 speeds is kept constant as 150m/min while the 
other two variables are varying within its ranges. It is noted that 
feed rate increases shear energy also increases drastically. The 
main factor which affects the shear energy is feed rate. The factor 
cutting speed is the less influence for shear energy.

V. Optimization of Shear Energy
This involves an optimality search model for the various process 
variables conditions for maximizing the responses after designing 
of experiments and determination of the mathematical model with 
best fits. The optimization is done numerically and the desirability 



IJRMET Vol. 6, IssuE 1, NoV 2015-ApRIl 2016  ISSN : 2249-5762 (Online)  |  ISSN : 2249-5770 (Print)

w w w . i j r m e t . c o m 44   InternatIonal Journal of research In MechanIcal engIneerIng & technology

and response cubes are plotted.
The optimum condition is listed in Table 4 the optimal levels for 
turning 6063 Auminium Alloy in centre lathe to obtain minimum 
shear energy is possible at a cutting speed of 199.8 m/min depth 
of cut of 0.251mm and feed rate of 0.052 mm/rev. 

Table 4: Optimum Cutting Parameters for the Shear Energy

Speed
(m/min)

Feed 
(mm/rev)

Depth
(mm)

Shear 
Energy Desirability

199.805 0.052 0.251 3.270 1

V. Conclusion
Reliable shear energy model have been plotted versus cutting 
parameters to enhance the efficiency of the turning of aluminium 
6063 alloy. The following conclusions and recommendations 
could be made from the test results using fig. 6

Design-Expert® Software
Factor Coding: Actual
Shear Energy (MJ)
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3.4295
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Fig. 6: Numerical Optimization Plot

The surface and generated profile show that shear energy can • 
be minimized using these set of parameters which significantly 
improve the surface finish and reduce power consumption.
The optimal control variables have been found using one of • 
the new optimization techniques namely Response surface 
Methodology. 
In fig. 6, the flag shows the minimum shear energy, which • 
is 3.27 MJ is possible during the machining at the optimum 
cutting conditions.
When turning is performed at a cutting speed of 199.8 m/• 
min, depth of cut of 0.251 mm and feed rate of 0.052 mm/
rev minimum surface roughness of the turned profile as well 
as minimum shear energy and minimum cutting force can 
be achieved.
From the ANOVA results the feed rate is the dominant • 
parameter for shear energy followed by feed rate, depth of 
cut interaction and depth of cut alone influences to some 
extent.

Hence, this article represents not only the use of RSM for analyzing 
the cause and effect of process parameters on responses, but also 
on optimization of the process parameters themselves in order to 
realize optimal responses.
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