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Abstract

Nowadays, in order to reach minimum production cost in machining operations,
various optimization methods have been proposed. Since turning operation has
different parameters affecting the workpiece quality, it was selected as a
complicated manufacturing method in this paper. To reach sufficient quality, all
influencing parameters such as cutting speed, federate, depth of cut and tool
rake angle were selected as input parameters. Furthermore, both surface
roughness and tool life were considered as the objectives. Also, ST37 steel and
M1 high speed steel (HSS) were selected as workpiece material and tool,
respectively. Subsequently, grey relational analysis was performed to elicit
optimal values for the mentioned input data. To achieve this goal, first, degree
of freedom was calculated for the system and the same experiments were
performed based on the target values and number of considered levels, leading
to calculating grey relational generating, grey relational coefficient and grey
relational grade. As the next step, the grey relational graph was sketched for
each level. Finally, optimum values of the parameters were obtained for better
surface roughness and tool life. It was shown that the presented method in the
turning operation of ST37 led to high surface quality and tool life.

1. Introduction

ambient temperature, machine age and type of
used material. Due to the constraints of full
elimination of effects of uncontrollable

Material removal from rotating wokpiece by
applying forces is known as turning operation
[I]. In turning operation, significant
controllable parameters on the surface
roughness and tool wear can be listed as
follows: tool geometry, cooling system, depth
of cut, spindle rotational speed, cutting speed,
cutting tool geometry and federate [1]. There
are also uncontrollable parameters such as
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parameters and their negligible effectiveness,
optimization is taken into consideration for
controllable parameters in order to obtain more
efficient parameters [1].

Nowadays, various optimization methods
have been proposed in order to obtain
minimum production cost in manufacturing
operations, especially machining operations.
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Since turning operation has different
parameters affecting the workpiece quality and
tool wear, it was selected as a complicated
manufacturing method in this paper.
Optimization of turning parameters by Taguchi
method was reported in 1998 [2]. Sori et al.
utilized micro-genetic algorithm method for
optimizing the turning operation. Surface
roughness and tool wear were selected as
output parameters [3]. Davim investigated
optimization of turning parameters through the
orthogonal arrays [4].

A plan of experiments based on Taguchi
technique was performed on machining with
the cutting conditions prefixed in workpieces.
An orthogonal array and analysis of variance
were employed to investigate cutting
characteristics of MMC (A356/20/SiCp-T6)
using PCD cutting tools[4]. The objective was
to optimize tool wear, power consumption of
machining operation and surface roughness in
the workpiece. To have sufficient quality, all
influencing parameters such as cutting
velocity, fedrate and cutting time were selected
as input parameters. Lin used a combination of
Taguchi method and grey relational analysis
for optimization of the turning operation [5].
Mana and Bhattacharyya studied machining
conditions of Al/Sic alloy in order to reach
minimum surface roughness [6].

The corresponding L,7 orthogonal array was

selected prior to investigating degree of
freedom for the system and number of levels
for the tests. Also,Analysis of Variance was
utilized to optimize height of surface

roughness R, andR,. Nalbat et al. utilized

Taguchi method in order to minimize surface
roughness values in' turning operation [7].
Golkarpoor et al. studied cutting forces, cutting
temperature and surface roughness as input
parameters in turning operation of St37 steel in
order to determine tool life cycle [8].
Mahdavinezhad et al. considered effect of
cutting speed on the tool wear ratio and
material removal rate in the turning operation
of St37 steel.

Turning operation was performed in two
conditions of with and without lubricant [9].
Using grey analysis, the problem with multiple
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objectives was changed to the problem with
one objective which led to easier data analyses
and inferences. Due to different restrictions
and amounts associated with optimization
parameters, a rather challenging comparison is
expected. Hence, normalization is necessary to
accomplish a valid comparison between the
parameters. After normalizing the data, which
was done in the stage of generating grey
relational to obtain grey relational coefficient
and grey relational grade, the final decision
from plotted grey graph can be made. In this
work, due to high effect-of the cutting tool
angles on the turning operation, the tool rake
angle was studied using grey method for the
first time. Furthermore, in order to determine
effect percentage of the parameters in the
optimum condition as well as effect of input
parameters on the output ones, some new
equations were recommended.

The ultimate goal of the current paper was to
investigate simultaneous effects of different
turning parameters on surface roughness of the
manufactured St37 steel workpieces as well as
high steel speed (HSS) cutting tool wear. Here,
the grey method was selected to extract
optimal values of the cutting speed, depth of
cut, federate and tool rake angle that led to the
minimum surface roughness and tool wear.
First, degrees of freedom of the system were
calculated. Then, based on these data and the
number of levels, the corresponding
orthogonal arrays were obtained for the tests.
After the grey relational coefficient and grade
were calculated, grey relational graph was
depicted.

Finally, minimum values of the surface
roughness of the machined parts as well as
cutting tool wear were selected based on the
graph. In this paper, the tool life was defined
as the volume of the workpiece that had to be
removed in order to reach special (the 1.5
times) enhancement of the surface quality.
Surface roughness is defined according to the
customers' demand and turning operation
conditions, i.e. roughing or finishing. A
roughness tester (model MarSurf TS1) was
used to measure surface roughness of the
manufactured workpieces. The results showed
that optimal values of each input parameter
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were elicited after grey relational analysis was
verified by the experimental tests.

2. Experimental setup

The workpiece used in this study had effective
length of 400 mm and diameter of 45 mm [3].
Chemical composition (weight percent) of
St37 steel is given in Table 1 [10].

Table 1. Chemical composition of the St37 steel
[10].

Element Weight %
C 0.09-0.15
Mn 0.35-0.65
Si 0.17-0.35
S (Max) 0.040
P (Max) 0.040
Cr (Max) 0.30
Ni (Max) 0.30
Cu (Max) 0.30

Also, orthogonal cutting was done by high

speed steel tool with clearance angle of 6°.
M1 is a high speed steel in Molybdenum
series. Table 2 lists equivalents of this steel in
different standards.

Table 2. Equivalents of M1 high speed steel in
different standards.

Standard Steel name
DIN DIN 1.3346
BS BM 1
AISI Ml

M1 has good. red-hardness, high wear
resistance and _cutting ability. After heat
treatment, its hardness can reach 63-65 HRC.
Chemical composition (weight percent) of M1
high speed steel is given in Table 3 [11].

Table 3. Chemical composition of the M1 high
speed steel [11].
Element Weight %

C 0.8
\\ 1.5
Mo 8
Cr 4
\% 1

Optimizing turning operation of . . .
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To increase life of high speed steel, tools are
sometimes coated. One such coating is TiN.
Titanium nitride is a golden colour ceramic
with coating applied by physical vapor
deposition (PVD). High hardness combined
with low friction properties ensures
considerably longer life for tool or
alternatively better cutting performance from
tools which have not been coated. TiN coating
is mainly used in drills and taps. Thickness of
TiN coating layer over the surface of tool is
about 500 pm [11]. Figure 1 shows geometry
of the cutting tool-and related parameters and
Table 4 demonstrates the amount of these
parameters [12].

= |

Fig. 1. Geometry of cutting tool.

Table 4. Amount of tool parameters [12].
Specification = Dimension(in mm)
ISO Standard d t r
SNGN 120708 12.7 794 0.8

Tool holder was selected according to the ISO
standard in the CSRNR 2525 M12-4 type.
Figure 2 depicts geometry of the holder and
Table 5 lists values for these parameters [12].

b 7
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b

Fig. 2. Tool's geometrical parameters [12].
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Table 5. Amount of tool holder parameters [12].

S. Khalilpourazary, et al.

Designation Dimension(mm)
CSRNR/L A I I3 b h
2525M12-4 27 150 343 25 25

The lathe machine model used here was D
TN50 manufactured in the Machine Sazi plant,
Iran. In order to increase accuracy, a new
insert of tool was used for each test. The
spindle speed was obtained via KIMO
Tachometer CT100. In this paper, tool life was
defined as the volume of the workpiece that
had to be removed in order to reach a special
(the 1.5 times) enhancement of the surface
quality. Then, calculation of this volume was
done in the inverted value that helped to have
better and more adequate selections according
to Eq. (1.1) [3, 13].

1 1

—= (1.1)
v 7[><D><a7><L><103

where vV is removed volume, D is diameter of
the workpiece, d is depth of cut and L is
workpiece length, surface quality of which
increases 1.5 times by  machining.
Furthermore, the spindle speed was calculated
by Eq. (1.2) in all the work steps [14].

1000 x V/ (1.2)

D
where V is cutting speed (in m/s, D is
workpiece diameter in mm and N represents
frequency of revolution in rev/min. The
roughness tester was portable (model MarSurf
TS1) with the capacity to

measure R, R.and R, for different

N =

surfaces and was manufactured in Mahr plant,
Germany. Prob of the roughness tester moved
on the work piece surface and the data were
sent to a computer. When the data were put in
the computer, the surface roughness profile
was drawn and values of its R,roughness
were determined. Evaluation or cut off length
for the manufactured work piece was equal to
7 mm according to the ISO 4288 standard.

Figure 3 demonstrates the roughness tester
(model MarSurf TS1).
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:: . o/
Fig. 3. The roughness tester model MarSurf TS1.
3. Levels of the experiment

Grey analysis method was introduced for the
first time by J..Deng in 1982 [15]. Unlike
difficulties and infeasibility of other methods,
this method ‘can be applied for the systems
with multiple objectives [16]. In grey analysis,
each test has input parameters divided to levels
according  to the application conditions or
effectiveness. In this paper, the experiments
were performed for the first three parameters
(i.e. cutting speed, federate and depth of cut) at
three different levels and for the tool rake
angle at two different levels (see Table 6).

Table 6. Parameters and related levels [3].

Test levels

Parameters

1 2 3
Cutting speed(m/min) 17 25 33
Federate (mm/rev) 0.09 0.13 0.17
Depth of cut (mm) 0.2 04 0.6
Rake angle (Degree) 0 14

In the next step, the machine set up was done
via all the data provided in Table 6.

4. Orthogonal array

These arrays are m X n matrixes with rows as
the number of tests and columns as the input
parameters. The matrix is built in the way that
repeating tests are identified while the
experiments are carried out to satisfy the
minimum number of tests such that final target
can be achieved. Total degree of freedom for
the proposed system is calculated as follows
[17]:
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FD =1+% ( degree of freedomxlevel), (3.1)

Then, the obtained value for degree of freedom
is:

FD=1+2+2+2+1)=8

Since degree of freedom for this system is 8§,
the array L;gcan be used due to capability of

the array in designing specific type of the
experiment. Table 7 shows the obtained values
of the surface roughness and tool wear for each
run using Eq (1.1) and roughness tester (model
MarSurf TS1). It is worth noting that setup of
different tests should be run in a non-repeating
fashion and that setup of each test should be
done at three times for the purpose of
increasing accuracy and decreasing various
types of errors.

Table 7. Experimental layouts using orthogonal
array and measured results [3].
Orthogonal array

Test results

-

@) @) =]

= ~ =
~ s = Qo oo —
R EEESSEEE EY 3
=g SR ESEL 23 =
B2 283" 8R 28 =
2o 23 o 8w = o

o =1 o a

a = 2

—_
—_
—_
—_

1 6.53 41.176

2 1 2 2 1 7.15 37.703
3 1 3 3 1 8.1 35.295
4 2 1 1 1 7.21 44.539
5 2 2 2 1 7.05 33.087
6 2 3 3 1 6.81 29.277
7 3 1 2 1 5.79 48.179
8 3 2 3 1 6.02 43.096
9 3 3 1 1 5.71 36.868
10 1 1 3 2 5.53 53.57
11 1 2 1 2 5.49 20.607
12 1 3 2 2 6.02 75.449
13 2 1 2 2 3.21 45.714
14 2 2 3 2 4.1 37.7

15 2 3 1 2 3.55 55.698
16 3 1 3 2 2.48 70.872
17 3 2 1 2 2.25 81.907
18 3 3 2 2 2.54 61.977
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5. Generating grey relational

Normalization is necessary to achieve valid
comparison between the parameters. Egs. (5.1-
3) introduce relations of different possibilities
with the normalization process. If target value
of original sequence is infinite, a characteristic
of ‘‘the-larger-the-better’” can be expected.
The original sequence can be normalized as
follows [17]:

X/ (k) — min X7 (k)
max X (k) =min X2 (k)

X (k)y=1- (5.1)

Since smaller values are desirable, the original
sequence can be normalized as follows:

maXXl-O(k) - X,Q (k) (5.2)
maXXl-O(k) —minX,-O(k)’

Xi (k)=1~

In case there is a definite target value to be
achieved, the original sequence can be
normalized as follows:

: X0)- x| 2
X' (k)=1-

max X (k) - X0’

where, X l* (k) is the wvalue after grey
relational generation (data pre-processing),
max X iO (k) is the largest value of X,Q (k)
min Xlo(k) is the smallest value of X,Q (k)

and X0 is the desirable value [17, 18].

X l* (k) 1s the result of grey analysis for the ith
response in  the  kth  test  while

X ; (k) represents the parameter value before
analysis [18, 19]. Eq. (5.2) can be used to
obtain the minimum value of R,. Moreover,

Eq. (5.1) can be used for finding maximum
value of the tool life.
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6. Grey relational coefficient

Grey relational coefficient has a value between
zero and one and indicates the distance from
ideal value. Grey relational coefficient is
calculated using the following formula [19,
20]:

Si(k) =

Amin +§-Amax
Agi (k) +&.Apax

(6.1)

where A . represents minimum deviation of
data values, A,y is maximum deviation of
data values, A(; (k) shows deviation value for

the reference data and &;(k) is grey

coefficient. Each parameter in Eq. (6.1) is
separately calculated using the following
equations [20]:

Boi () = X500 = X7 (k) (62)

A pax = max maXHXE)k (k)— X;k (k)

» (6.3)

A i = min minHX(}“ k) - X[ (k)

) (6.4)

It should be noticed that value of the grey
coefficient is restricted to the range [0, 1] and,
according to [21], optimal grey coefficients are
usually selected as average(0.5).

7. Grey relational grade

Grey relational grade is a parameter obtained
after grey relational coefficient. This parameter
is determined using Eqs. (7.1-2) when effects
of all parameters are assumed to be equal as
follows [22, 23]:

1 m
yi =— Zwig;(k), (7.1)
m k=1
m
Za),- = 1, (7.2)
i=1
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where ;is weighted value or importance of
each parameter. When all the parameters have
the same level of effectiveness,w;can be

neglected. Also, fl] is the grey relational

coefficient and y; is grey relational grade.

Table 8 lists the related grey relational grade
for each grey relational coefficient.

Table 8. Grey relational coefficient and grey
relational grade.

Grey relational coefficient

Grey
Run Surface Tool relational

roughness (LL1M) life grade

1 0.406 0.429 0.418
2 0.374 0.409 0.392
3 0.333 0.397 0.365
4 0.371 0.451 0.411
5 0.379 0.386 0.382
6 0.391 0.368 0.379
7 0.452 0.476 0.464
8 0.437 0.441 0.439
9 0.458 0.405 0.432
10 0.471 0.520 0.496
11 0.474 0.333 0.404
12 0.437 0.826 0.631
13 0.753 0.459 0.606
14 0.613 0.409 0.511
15 0.692 0.539 0.616
16 0.927 0.735 0.831
17 1.000 1.000 1.000
18 0.910 0.606 0.758

8. Grey relational grade for each level

Egs. (8.1-2) can be used to determine grey
relational grade for each level. It is obvious
that grey relational grade for each level is the
average amount of all grades [23]:

_ 1k

A==—3y,, (8.1)
ki:lyl

=" (8.2)
n

where A indicates grey grade for each level,
k is a constant coefficient, m represents the
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number of tests and n is the number of levels.
Table 9 represents a column listing Max-Min
values for the grey grade data obtained from
the maximum and minimum values of grey
grade for each level. These values indicate
robustness of each parameter. When it is high
for a parameter, the corresponding parameter is
unstable and vice versa [24, 25].

Table 9. Grey relational grade for each level.

Optimizing turning operation of . . .

Levels Max-
1 2 3 Min

Parameters

Cuttingspeed 451 0484 0654 0203
(m/min)

Federate
(mmrev) 0.538  0.521 0.530 0.016
Depth of cut 0.547 0539  0.504 0.043
(mm)
Rake angle 0.409  0.650 0.241
(Degree)

9. Grey relational graph

Grey Relational Graph is the graph of the table
containing levels and grey relational grade for
each level. This graph is easily drawn by
connecting the table points to each other. In
this study, grey graph for each devel is drawn
according to the obtained tables. We also
integrated all four graphs. into one for better
comparison (see Fig. 4).The amount of the
slope in Fig. 4 indicates the sensitivity of that
the parameter (e.g.as 'slopedecreases, the
effectiveness of the parameter decreases as
well).

0.70

0.65 /‘ >
0.60
/ —+— Cuttingspeed, m/min
055 « -

W/I —n— Feedrate, mm/rev
0.50 4
,,V 4~ Depthof cut, mm

045 / —®— Rakeangle, degree
0.40

Grey relational grade

1 2 3
Machining parameters levels

Fig. 4. Effect of machining parameter levels on the

multi-performance.
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10. Parameters effectiveness for when
optimum condition occurs

The effectiveness of each parameter on test
results is exploited by Eq. (10.1) and general
optimum condition is calculated by Eq. (10.2).

a; =| ————|x100, (10.1)
>N Aij
i=1

NZ,'J' = (Maxij —Minij), (10.2)

where, ¢; shows the ith parameter effectiveness

with jth level in percent and N Zl] indicates

the Max-Min value of grey relational degree
for each level. The effectiveness values of
internal parameters are listed in Table 10.

Table 10. Percentage of parameters influence in
optimum condition.

Parameters Optimum parameter
Cutting Speed(m/min) 40.33
Federate (mm/rev) 3.22
Depth of Cut (mm) 8.55
Rake angle (Degree) 47.89

11. Effectiveness value of each parameter

Calculating influence of each parameter can be
done by Egs. (11.1-4).

B=1¢
—Kizlflj, (11.1)
p=" (11.2)
n
NB:
B; =| ———[x100, (11.3)
Y NBijj
i=1
NE,'J' =(Maxl~j —Minij), (11.4)

where B is grey grade for each parameter, fl]

is grey relational coefficient, k is equation
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coefficient, m is the number of tests with level

value of n, B; is the ith parameter's

effectiveness percent for jth level and N El] is

the Max-Min value of grey relational
coefficient for each level. Table 11 lists
effectiveness values of internal parameters on
the results.

Table 11. Effectiveness values of internal
parameters.

S. Khalilpourazary, et al.

Parameters Tool life  Surface quality
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and had the highest effect on test results
whereas the federate had the least effect on the
results. The results for presented the optimum
condition were compared with the optimum
test values obtained from the manufactured
work pieces (i.e. minimum surface roughness
and maximum tool wear), as shown in Table
12. Optimal test values were obtained
according to the values presented in Tables 6
and 7 and surface roughness quantities of the
manufactured work pieces.

Table 12. Optimum values for all input parameters.

% %
Cutting speed(m/min) 40.24 43.72
Federate (mm/rev) 6.18 4.13
Depth of cut (mm) 11.14 5.95
Rake angle (Degree) 42.45 46.20

12. Parameters' effectiveness graph

This graph is drawn by the data obtained from
Table 11. The graph for each parameter is
drawn and, as shown in Fig. 5, all four graphs
are integrated into one (see Fig. 5).

50

4 —

40 f——m
-
X 35
5 30—+ Cuttingspeed, m/min
e S —
& —=- Feedrate, mm/rev
e e —

15 — Depthof cut,mm

10 4 B — ~* Rakeangle, degree

Tool life Surface roughness
Experimentalresults

Fig. 5. Effectiveness of internal parameters.
13. Results and discussion

It can be concluded from Table 8 that the test
number 17 had a higher grey degree when
compared with other tests and was closer to the
test number 1, which can be evidence for the
ideal form of grey relational grade. So, the
17th setup was the optimum one for the level
arrangement and led to the best results while
the third one was the worst. According to
Table 9, it can be inferred that tool rake angle
was unstable due to rather high amount of the
Max-Min values and federate was stable since
the related Max-Min was low, implying that
variance of the tool rake angle was important
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Parameters ?OI::;:;:::: Op:ilsr:um
Cutting speed (m/min) 33 33
Federate (mm/rev) 0.09 0.13
Depth of cut (mm) 0.2 0.2
Rake angle (Degree) 14 14

Also, ‘the weakest results for the surface
quality and tool life are summarized in Table
13.

Table 13. The worst values of parameters.

Weakest Weakest test
Parameters

condition response
Cutting speed (m/min) 17 17
Federate (mm/rev) 0.13 0.17
Depth of cut (mm) 0.6 0.6
Rake angle (Degree) 0 0

In this study, results obtained by the grey
relational method showed that:

1- According to the grey graph in Fig. 4, when
the cutting speed was enhanced from 17 m/min
to 33 m/min, test results and objectives
improved.

2- Increasing depth of cut from 0.2 mm to 0.6
mm led to poor results.

3- Increasing the tool rake angle from 0 to 14
degree gave appropriate and better results.

4- Test results were deteriorated when the
federate increased from 0.09 mm/rev to 0.13
mm/rev while this trend completely changed
from 0.13 mm/rev to 0.17 mm/rev and the
results were improved.

5- It can be inferred from Table 10 that the tool
rake angle with the value of 47.89% and
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federate with the value of 3.22% had the
maximum and minimum effectiveness for
general conditions of the test, respectively.

6- According to the data listed in Table 11, the
tool rake angle had superior influence on
surface roughness (46.2%) while federate had
the least effect on the surface roughness
(4.13%).

7- Data in Table 11 reported the same issue
mentioned in 6. Influence of the rake angle
was 42.45% and that of the federate was
6.18%, indicating the highest and lowest
effects on tool life, respectively.

8- From Fig. 5, it can be concluded that the
tool rake angle and cutting speed had higher
influence on objectives than depth of cut and
federate.

9- After grey relational analysis was
accomplished, optimal value of each input
parameter was compared with its counterpart
obtained from the experimental tests (see
Table 12). Optimum test parameters were
identified from the measurement of surface
roughness using MarSurf TS1roughness tester
and the tool life was calculated using Eq. (1.1).

14. Conclusions

In this study, cutting speed, federate, depth of
cut and tool rake angle ‘were considered as
internal parameters for optimizing ST37 steel
turning process by grey relational analysis.

Also, the corresponding ;gorthogonal array

was selected prior to investigating degree of
freedom for the system and the number of
levels for the tests. Following grey relational
generation and calculating grey relational
coefficient and grade, grey graph was drawn
based on the grey grade for each level. Finally,
using the grey graph, the optimal amount of
each parameter was exploited for better surface
roughness and tool life. Since tool rake angle
and federate had the maximum and minimum
effects on the surface roughness and tool life,
respectively, it was shown that performance
characteristics of the turning process of ST37
improved using the method recommended by
this study.
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