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Abstract. In this paper, a study on multi-objective optimization of the cylindrical grinding process is
presented. The experimental material used in this study is X12M steel. The two output parameters of the

grinding process considered in this study are surface roughness and material removal rate (MRR). The
cutting mode parameters including cutting speed, feed rate, and cutting depth have been selected as input

parameters of the experimental process. Experimental matrix by Taguchi method has been used to design
a matrix with 27 experiments. Analysis of experimental results by Pareto chart has determined the effect

of input parameters on output parameters. The Data Envelopment Analysis-based Ranking (DEAR)

method has been applied to determine the values of input parameters to simultaneously ensure the two
criteria of minimum surface roughness and maximum MRR. Finally, the development direction for

further studies has also been recommended in this study.
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1 Introduction

Grinding is a method known for a long time because
of its machining ability to ensure high accuracy and
surface gloss. It is the most commonly used method
for the final machining of critical surfaces [1,2].
Surface roughness directly effects on the workability
and durability of the product, so it is considered one of
the most important and popular parameters to evaluate
the grinding process. Besides, MRR is a direct
parameter to evaluate the productivity of the
machining process, so this parameter is also often
chosen as one of the criteria to evaluate the grinding
process [1-4]. The studies on the grinding process in
general and the external cylindrical grinding process,
in particular, to ensure the workpiece surface of the
machine with slight surface roughness and large MRR
have been performed by many authors. In those
studies, the authors have often determined the optimal

value of parameters of the machining process to ensure
the minimum surface roughness or the maximum
MRR. This problem is known as the optimization of
the grinding process.

When studying the optimization of the grinding
process, many authors have used the Taguchi method
to design the experimental matrix. The reason why the
Taguchi method is used a lot in designing
experimental matrices is that it will be found that the
Taguchi method has a much smaller number of
experiments when compared with some other matrix
design methods. An advantage that only Taguchi
method has is that it is capable of designing a matrix
with the first parameter being a qualitative parameter
(not a quantitative parameter) [5, 6].

For studying the optimization of the external
cylindrical grinding process, to ensure the minimum
surface roughness, the Taguchi method has been applied
to design the experimental matrix, followed by the
Signal-to-Noise ratio (S/N) to determine the optimal
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value of cutting speed, feed rate, and cutting depth when
grinding EN-19 steel [7], when grinding 304 stainless
steel [8], when grinding EN-31 steel and mild steel [9],
when grinding EN-19 [10]; to determine the optimal
value of cutting speed, feed rate, cutting depth and billet
hardness when grinding EN-19 steel [11]; to determine
the optimal value of cutting speed, workpiece speed,
grain size, cutting depth, coolant flow, and grinding
stroke number when grinding EN-47 steel [12]; to
determine grain size, cutting depth and type of coolant
when grinding Inconel 718 alloy [13]; to determine the
value of cutting speed, workpiece speed, cutting depth,
feed rate and grinding wheel material when grinding EN8
steel [14].

To ensure the minimum value of MRR, the Taguchi
method and S/N ratio analysis method have also been
applied to determine the optimal value of cutting speed
and feed rate when grinding EN-31 steel and mild steel
[9]; when grinding EN-19 steel [10], when grinding
IS319 Brass [15], when grinding AISI 316 steel [16]; to
determine the optimal value of cutting speed, workpiece
speed, grain size, cutting depth, coolant flow, and
grinding stroke number when grinding EN-47 steel [12];
when grinding EN21AM steel [17,18].

A number of above studies show that there are
many parameters affecting surface roughness and
MRR, in which the parameters of cutting parameters
often selected as the input parameters of the
experimental process when grinding. The machine
operator can easily adjust these parameters. However,
only conducting the experimental process by Taguchi
matrix and S/N ratio analysis can only guarantee a
certain goal in each study, either the minimum
roughness or the maximum MRR. In order to be able
to simultaneously ensure the two criteria of the
grinding process, inclusive of the minimum surface
roughness and the maximum MRR, it is necessary to
study the multi-objective optimization of the grinding
process.

X12M steel is representative of high alloy steel.
This type of steel has the characteristics of high
hardness after high treatment and high wear resistance.
This type of steel is often used to manufacture parts
and/or components such as transmission shafts, gears,
extrusion dies, and cutters in the logging and
woodworking industry. However, studies on the
determination of the optimal value of cutting
parameters for simultaneous assurance of the two
criteria inclusive of the minimum surface roughness
and the maximum MRR have not been published by
any works.

DEAR is a method used to generate multi-
objective optimization that was first introduced in
2002 [19]. This method has been used in several

studies such as multi-objective optimization of AISI
1055 steel turning process [20]; multi-objective
optimization of Ti-6Al-4V alloy turning process [21];
multi-objective optimization of SAE420 steel grinding
with segmented grinding wheel process [22]; multi-
objective optimization of electrical discharge
machining (EDM) for AA 6082 material [23], etc.
However, there have been no published studies on the
application of this method in multi-objective
optimization of the cylindrical grinding process in
general and X12M steel cylindrical grinding process
in particular.

Based on the above analysis, in this study, an
experiment of X12M steel cylindrical grinding process
was conducted. The experimental matrix was designed
by the Taguchi method, with the input parameters
being the cutting parameters. Also, analyzing
experimental results to determine the effect of input
parameters on surface roughness and MRR was
carried out. The determination of the optimal value of
input parameters to simultaneously ensure the
minimum surface roughness and the maximum MRR
was conducted by DEAR method.

2 DEAR method

The purpose of the experimental process of this study
is to ensure the minimum value of surface roughness
(Ra) and the maximum value of MRR. Thus, it is
necessary to determine the value of input parameters
to ensure the objectives as set out. The DEAR
method will be applied in this study to carry out the
above-stated work. Summary of steps when applying
the DEAR method is as follows [19]:

- Determine the weight of each response for all
experiments. This value is calculated as the ratio of
the value of each response to the sum of all
responses.

- Transfer the response data to the weight data by
multiplying the observed data by its own weight.

- Divide the data as small as possible by the one
as small as possible.

- Consider this value as the multi response
performance index (MRPI)

The method to determine MRPI in this study is
carried out in accordance with the following formula:

MRPI = Wy * Ry + Wypg * MRR )
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In formula (1), the weight of the responses is
calculated as follows:

R,
W —
ke =R @)
1
Wyrr = MRlR 3)
X MRR

3  Grinding process experiment

3.1 Experimental system

Experiments have been conducted on an external
cylindrical grinder with the serial number 3E153
(Russia). The adjustment of cutting depth when
grinding is carried out by means of verner. Each mark
on the verner corresponds to the value of 0.005 mm.
The longitudinal feed rate can be steplessly adjusted as
this mechanism is operated by a hydraulic system. The
machine has also been fitted with a frequency
converter to be able to adjust the rotational speed of
the grinding wheel in stepless mode.

In this work, the workpiece material was X12M steel.
The experimental sample has a diameter of 30 mm, a
length of 340 mm, of which the grinding length is 300
mm, the remaining length is 40 mm, which is the position
for placing a pair of rests. Before the experiment, the steel
sample has been turned and treated by heat to reach a
hardness of 56-58 HRC.

The grinding wheel used in the experiment is an
aluminum oxide grinding wheel manufactured by Hai
Duong Grinding Wheel Factory (Vietnam). The
grinding wheel has a grain size of 80, medium
hardness, ceramic binder, cylindrical grinding wheel
type, its outer diameter is 320 mm, its thickness is 28
mm, the hole diameter is 160 mm, and the speed limit,
as recommended by the manufacturer, is 35 m/s. All
these parameters have been included in the serial
number of the grinding wheel as
Cn80.TB1.G.V1.320x28x160x35m/s.

To measure the surface roughness, a roughness
meter SJ201 has been used. The machine is set to the
standard length of 0.8 mm and the measuring head
diameter of 0.005 mm. During the measurement, the
measuring head moves parallel to the centerline of the
workpiece, i. e. perpendicular to the vector of cutting
velocity. Each experimental sample is measured at
least three times at three different locations. The
roughness value at each experiment is the average
value of consecutive measurements.

MRR is reckoned as the amount of material removed
in one minute. This parameter is calculated by taking the

difference of sample volume before grinding minus
sample volume after grinding and then divided by the
grinding time, of which the grinding time is calculated as
the grinding length divided by the movement speed of the
grinding wheel (feed rate).

In the grinding process, other parameters have
constant values, including the workpiece speed of 318
rev/min (corresponding to 30 m/s), using a 1-grain
diamond dresser, the dressing depth is 0.02 mm, the
dressing feed rate is 150 mm/min. A 10% emulsion
solution has been used to irrigate the cutting area with
a flow rate of 16 liters/min.

3.2 Experiment design

The seclected three parameters of cutting parameters,
including cutting speed, feed rate, and cutting depth, are
the input parameters of the experimental process. For
each of the input parameters, three levels of value were
selected as shown in Table 1, which were selected within
their range when grinding this steel [24]. The
experimental matrix was designed in accordance with
Taguchi method with a total of 27 experiments, as shown
in Table 2.

Table 1. Values at the levels of input parameters

Parameters Symbol | Unit Value at levels

1 2 3
Cuting Ve mis | 22 | 28 | 34
velocity
Feed rate f4 m/min | 0.3 0.45 0.6
Cletpth of 2 m | 0.005 | 0.001 | 0.015

Table 2. L27 orthogonal matrix and results

Code
value Actual value Ra MRR
N fa (mm?/
o.|V]|fla Ve . ap (n -
(m/mi min)
¢ | d|p | (ms) n) (mm) | m)
0.00 | 1.2
1|1 ]1]1 22 0.3 s 34 141.35
0.00 | 1.2
2 11|11 22 0.3 P 35 141.35
0.00 | 1.2
30111 22 0.3 P 38 141.35
0.7
4 |1 (22 22 0.45 0.01 3 423.97
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Code Code
value Actual value Ra MRR value Actual value Ra MRR
N 3 N 3
o.|V]|fla Ve (mf/dmi ap (n (Ir:ir:ll)/ o.|V]|fla Ve (m?rni ap (1 (Irnnirrrll)/
¢ | d]|p | (m/s) n) (mm) | m) ¢ | d ]| p | (m/s) n) (mm) | m)
5 11212 22 0.45 0.01 0.7 423.97 24 13 |21 34 0.45 0.00 0.5 212.02
24 5 18
0.7 0.3
6 [ 1]2]2 22 0.45 0.01 24 423.97 2513|132 34 0.6 0.01 2 565.30
711133 22 0.6 0';)1 1112 847.81 2613132 34 0.6 0.01 g: 565.30
0.01 1.2 0.3
8 1133 22 0.6 5 2 847.81 2713 132 34 0.6 0.01 56 565.30
0.01 1.2
9 |1 (3]3 22 0.6 P 08 847.81
4  Results and discussion
10212 28 0.3 0.01 %g 282.65
The experiments in the order of experiments in Table 2
0.9 were conducted. The measurement results of surface
1212 28 0.3 0.01 282.65 . .
80 roughness and MRR values have also been included in
09 this table. In Figure 1, it is the Pareto chart of the effect
1202 )112] 28 0.3 001 | g5 | 282.65 of input parameters on the surface roughness. The results
show that the cutting speed and feed rate have a
Blalals] 28 045 | 001 1 041 (sqes significant effe?ct on the surface roughness, in which thp
5 68 effect of cutting speed on the surface roughness is
00l | 04 greater than the effect of feed rate. The cutting depth has
4121213 28 0.45 5 69 635.85 an insignificant effect on the surface roughness.
Pareto Chart of the Standardized Effects
0.01 | 04 (response is Ra, Alpha = 0.01)
512123 28 0.45 p 71 635.85 7807
|
16231 28 0.6 0.00 102 282.70
5 63
ve (m/s)+
0.00 | 0.2
1712 (13(1 28 0.6 s 65 282.70
= ,
5 fd (m/min);
18231 ] 28 | o6 | 990021 270 & (m/ini)
5 67
0.01 | 0.7
193 |1]3] 34 0.3 5 2 | 42390 ap (mm)
2003 (113 34 0.3 0'21 gz 423.90 ‘ ‘ ‘ ‘ ‘
’ S‘c2 dardi 3 Effect °
andardized Effe
213113 34 0.3 0'21 gz 423.90
Fig. 1. Pareto Chart of the standardized effects for Ra
0.00 | 0.5
20320 4 0.45 5 2 | 21202 For MRR, increasing feed rate and cutting depth will
directly increase the value of MRR while the cutting
23 |3 (2|1 34 0.45 0.00 | 0.5 212.02 speed has no effect on MRR.
5 24 . ..
From some of the above analysis, it is shown that it is

difficult to determine the value of input parameters if only
observing the chart in Figure 1 to ensure the minimum
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surface roughness and the maximum MRR 17 0.0137 0.0420 11.8638
simultaneously. As the cutting speed has a signiﬁcant 18 0.0138 0.0420 11.8638
effect on the surface roughness but has no effect on the 19 0.0374 0.0280 11.8873

MRR, the cutting depth has an insignificant impact on the

surface roughness but has a significant impact in MRR. 20 0.0373 0.0280 11.8871
On the other hand, the data in Table 2, the maximum 21 0.0373 0.0280 11.8871
value of MRR is 847.81 mm3/min in experiments #7, #3, 22 0.0269 0.0559 11.8742
and #9. However, in these experiments, the surface 23 0.0270 0.0559 11.8743
roughness is of great value. The surface roughness has a 24 0.0267 0.0559 11.8740
minimum value of 0.263 um in experiment #16, but this 25 0.0165 0.0210 11.8655
experiment is also 3 of the experiments with the 26 0.0172 0.0210 11.8659
minimum value of MRR. Since then, observing the data 27 00183 0.0210 11.8667

in Table 2 is also incapable of determining the value of
input parameters to simultaneously ensure the minimum
surface roughness and the maximum MRR.

From the data in Table 3, MPRI values of all input
parameters at all levels have been calculated. This value

5 Multi-objective optimization of is calculated as the sum of MRPI values of each
grinding process parameter at the respective levels, as shown in Table 4.
Table 4. Total MRPI values of parameters at levels
Level
From the experimental data in Table 2, the weight of Par:rmet 1 ) 3 -l\l/{/i‘iil
responses and MRPI value in each experiment are
calculated in accordance with the formulas from (1) to V. 107.285 | 106.934 | 106.882 | 0.403
(3), as shown in Table 3. 9 6 1 8
£, 107.206 | 106.898 | 106.997 | 0.308
9 3 4 6
a 107.030 | 106.988 | 107.084 | 0.095
P 1 3 2 9

Table 3. The weight of responses and MRPI in the

experiments . o )
From the data in Table 4, it is shown that the cutting
speed has the smallest MRPI value corresponding to
level 3, feed rate, and cutting depth have the same
No. Wy, Wwrr MRPI minimum MRPI value corresponding to level 2. Thus,
1 0.0636 0.0839 11.9386 the optimal values of cutting speed, feed rate, and
P 0.0636 0.0839 11.9387 cutting depth are 34 m/s, 0.45 m/min and 0.012 mm,
respectively [19]. The Max-Min of MRPI with the
3 0.0638 0.0839 11.9391 maximum value of 0.4038 is of the cutting speed.
4 0.0372 0.0280 11.8871 Thus, if evaluating the grinding process through two
5 0.0373 0.0280 11.8871 parameters of surface roughness and MRR, the cutting
6 0.0373 0.0280 11.8871 speed is the parameter having the greatest effect on the
7 0.0624 0.0140 11.9357 grinding process, followed by the effect of feed rate,
8 0.0630 0.0140 11.9371 and the cutting depth parameter stands at the last
9 0.0622 0.0140 11.9353 position [19].
10 0.0504 0.0420 11.9094
11 0.0505 0.0420 11.9096 6 Experiment with optimal values
12 0.0506 0.0420 11.9098 of parameters
13 0.0241 0.0187 11.8714
14 0.0242 0.0187 11.8715 The optimal set of three input parameters determined
15 0.0243 0.0187 11.8716 above has been used to conduct the experiment of
16 0.0135 0.0420 11.8637 grinding process with three X12M steel samples. The
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surface roughness on each experiment sample has
been included in Table 5. The MRR value at each
experiment has also been calculated and included in
this table. The average value of surface roughness in
these cases is 0.316 pm. If compared with the surface
roughness values in Table 2, it can be seen that
although 0.316 um is still larger than the value of
surface roughness at experiments #16, #17, and #18, it
can also be seen that this value is very small compared
to the rest of 27 conducted experiments. The
calculated MRR value is equal to 423.97 mm3/min.
Among the 9 MRR values in Table 2, inclusive of:
141.35, 212.02, 282.65, 282.70, 423.90, 423.97,
565.30, 635.85 and 847.81 mm3/min, the MRR value,
when conducting the experiment with the optimal set
of input parameters, is larger than five values and
smaller than three values. Thus, in spite of conducting
the experiment based on the optimal value of input
parameters, the surface roughness is not the minimum
value and the MRR is also not the maximum value
when compared to 27 conducted experiments.
However, the obtained surface roughness has a very
small value, while the MRR has a relatively large
value. This result ensures reliability when using the
optimal value of input parameters and confirms the
success in using the DEAR method in this study.

Table 5. Output parameters when conducting the experiment
with optimal values of input parameters

Optimization value MRR
No | ve fa ap Ra P
. (mm-°/mi

(m/s | (m/min | (mm | (um)
n)
) ) )
1 0.32 423.97
0

2 34 0.45 0.01 O'fl 423.97

3 0'73 ! 423.97

Mean 0'21 423.97

7 Conclusion

The experimental process of grinding X12 steel has
been conducted in this study. Cutting speed, feed rate,
and cutting depth have been determined as the input
parameters of the experimental process. The DEAR

method has been applied to determine the optimal
value of input parameters. Several conclusions drawn
from this study are as follows:

- Among the three investigated parameters, the cutting
speed is the parameter having the greatest effect on
surface roughness, followed by the effect of feed rate.
The cutting depth has an insignificant effect on surface
roughness.

- The two parameters, including the feed rate and the
cutting depth, have a great effect on MRR. Meanwhile,
the cutting speed has no effect on MRR.

- If evaluating the grinding process through the two
parameters of surface roughness and MRR, the cutting
speed is the parameter having the greatest effect,
followed by the effect of feed rate, and finally, the
effect of cutting depth.

- In order to simultaneously ensure the two objectives,
including the surface roughness with “minimum”
value and the MRR with “maximum” value, cutting
speed, feed rate and cutting depth are 34 m/s, 0.45
m/min and 0.01 mm, respectively.

- Dear method has been first applied to multi-objective
optimization of X12M steel cylindrical grinding
process. It not only has succeeded in determining the
optimal value of input parameters in this study as well
in published studies [20-23], but also promises to be
successful in other studies when it is applied to
determine the value of input parameters to
simultaneously ensure multiple criteria of the
machining process.

- Simultaneous determination of the optimal set of
cutting parameters, dressing parameters, and cooling
lubrication parameters to simultaneously ensure the
minimum surface roughness and the maximum MRR
is the work that the authors of this article will conduct
in the next time.
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