 Indian Academy of Sciences

Sådhanå
(2020) 45:273
https://doi.org/10.1007/s12046-020-01490-3

Sadhana(0123456789().,-volV)FT3](012345
6789().,-volV)

Modelling and multiresponse optimization for minimizing burr height,
thrust force and surface roughness in drilling of ferritic stainless steel
MUSTAFA GÜNAY1,*
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Abstract. Although there have been many studies on the drillability of various grades of stainless steel, there
is no scientific research on the drilling of ferritic stainless steel. Also, the burr at hole exit means the need for
secondary machining operation and indirectly increases the production cost. Thus, this study focused on the
modeling and minimizing burr height (Bh), thrust force (Fz) and surface roughness (Ra) during drilling of AISI
430 ferritic stainless steel with uncoated carbide drill under dry condition. Bh, Fz and Ra based on different
cutting speed and feed rates were measured during drilling tests, and then cutting parameters were optimized by
applying Taguchi based grey relational analysis. Moreover, the mathematical models were created by employing
the response surface method to predict the machining outputs. The thrust force and the surface roughness
decreased while the burr height increased with the increase in cutting speed. Uniform burr formation with drill
cap was observed for all machining parameters under dry environment. The effect levels of feed rate and cutting
speed on burr height were determined as 54.82% and 44.67%, respectively. These result shows that cutting
speed is as important as the feed rate during the drilling of the ferritic stainless steel. In the current study, the best
suitable levels of feed rate and cutting speed were detected as 0.12 mm/rev and 45 m/min for minimizing Bh, Fz
and Ra. The coefficients of determination obtained by RSM indicated a relationship in high level between the
cutting parameters and machining outputs.
Keywords.
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1. Introduction
In today’s industry, there are many materials varying
according to their field of application and different manufacturing methods are used to bring these materials into the
desired final shape. Machining processes namely drilling,
milling, turning and so on which form an important part of
these methods, plays a major role in production of complex
parts. The process of drilling is one of the commonly used
manufacturing methods and contain about 35% of all the
machining process [1, 2]. The drilling process has a difficult
mechanics of cutting because it takes place in a closed
environment. Besides, many factors for example cutting
speed, feed rate, tool geometry and material, machine
vibration, the hardness and microstructure of workpiece
material influences the drillability of materials [3]. However, many experimental studies showed that the most
effective parameters affecting the drilling process is the
cutting speed and feed rate [4–6]. These parameters influences many machining outputs such as thrust force, torque,
cutting temperature, surface quality, tool wear and burr
*For correspondence

formation emerged from the result of the drilling process
[7]. The control of burr creation and deburring are two
potential processes to overcome burrs. In particular,
deburring is a process with no added value as well as
causing additional machining costs and processing time for
both traditional and non-traditional machining processes
[8, 9]. Considering the burr formation depending on the
cutting parameters, this case composes a significant proportion for the production cost of a part planned to be
manufactured. By the way, this proportion has a direct
share of 10-14% in manufacturing costs, it is stated that it
reaches up to 30% in some researches [1]. Also, the burr
formation like a flange in a certain thickness and height at
the hole exit during the drilling process has a significant
impact on the dimensional and surface quality of the producted part [10]. Therefore, the understanding and controlling burr formation is a research area highly associated
with industrial applications. On the other hand, thrust force
changing with respect to cutting parameters has a vital
effect in terms of consumed power and energy in drilling
process [11]. As well, the increase of thrust force during
drilling operation can cause problems for instance tool wear
and tool breakage. Surface roughness has played a critical
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role in the evaluation of product quality. The machine tool
vibration, tool wear, high cutting force, randomly selected
machining parameters and tool geometry trigger the
increase in surface roughness [12, 13]. Hence, it is very
important to obtain the needed product quality by using
controllable processing parameters within the framework of
sustainability.
The main target in machining operations is to reduce
costs and improve machining performance. This situation
was obligated the use of optimization techniques in cutting
operations. Thanks to optimization techniques, increasing
demand for quality products can be met by determining
optimal parameter levels for effective and efficient
machining [14]. Generally, response surface methodology
(RSM), Taguchi method, genetic algorithm (GA) and grey
relationship analysis are used as optimization techniques
[15–17]. In this context, the investigation of the effects of
basic parameters known as feed rate and cutting speed on
the burr creation, surface roughness and thrust force and
definition of appropriate parameter levels are of quite
importance with regard to both time saving and product
cost. In many researches, the most suitable parameters have
been detected by using different optimization techniques in
drilling operations and various statistical analysis have been
applied to detect the effect levels of parameters affecting
the machining outputs.
Kilickap and Huseyinoglu [18] investigated the influences of machining parameters on burr height during drilling of AISI 304 grade steel and developed a mathematical
model by using RSM and GA. They stated that the minimum burr are obtained by low feed rate and cutting speed at
large drill point angle. Bagchi and Guha [19] researched the
changes in burr height and cutting time according to the
cutting speed, feed rate and cutting fluids via RSM and
variance analysis. They observed that the burr height is
decreased at the lowest cutting speed in the dry cutting
environment. Balaji et al [20] studied the impact of cutting
factors namely cutting speed, feed and tool geometry for
tool life and hole roughness in drilling with carbide drill of
AISI 304 grade steel. Researchers determined that helix
angle for surface roughness is an important factor while
drill vibration is an essential factor on tool life. Çaydas et al
[21] assessed the efficiency of coated and uncoated HSS
and carbide tools during dry drilling of AISI 304 grade
steel. They stated that TiN coated HSS drill performed
better than other drills with regard to the minimum surface
roughness and burr size. Tosun [22] determined the optimum cutting speed, feed rate and drill point angle for hole
roughness and burr height by grey relational analysis in
drilling of AISI 4140 material. Gaitonde and Karnik [23]
investigated the best machining parameters for reducing the
burr amount in drilling of AISI 316L material with HSS
drills having different diamater. The researchers noted that
optimization of the machining parameters is independent of
the drill diameter to minimize burr size. Mavi [24] studied
the impacts of cutting parameters on deviation from
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cylindricity and deviation from diameter in drilling of
duplex stainless steel. He reported that the values of
machining outputs is increased with increasing feed and
cutting speed. Lin [25] realized the drilling operations on
stainless steel with TiN coated drill. The author defined the
optimal cutting speed for the smallest hole roughness and
burr height. Kim et al [26] formed the control schemes for
burr creation in drilling of AISI 304L and AISI 4118
materials and made the classifications of burr types. They
emphasized that burr type can be predicted by means of the
scheme under the given cutting conditions.
It was understood from the literature review that
researches have been carried out on drilling holes on other
stainless steel materials except ferritic stainless steel. Furthermore, it was seen that basic drilling outputs such as
cutting force, tool wear, surface roughness and burr creation are evaluated individually. But, simultaneous optimization of the most crucial machining outputs for the
drilling namely surface roughness (Ra), thrust force (Fz)
and burr height (Bh) are very important for sustainable
machining. Alternatively, since the welding ability of these
steels is low, mechanical connections come to the fore in
the assembly of parts made from this material. In this case,
it is inevitable to create holes for the connections. For these
reasons, the impacts of cutting speed and feed rate on Ra,
Fz and Bh were investigated comprehensively in drilling of
AISI 430 steel, which is the most used in ferritic stainless
steel grade, in dry cutting environment. The cutting conditions have been optimized for the above mentioned
responses using the Taguchi based grey relationship analysis. Moreover, the mathematical models were developed
for the responses by applying response surface method. The
results of this research can eliminate secondary machining
operations by providing in the selection of optimum
machining parameters in drilling of ferritic stainless steel,
consequently contribute to sustainability by decreasing
manufacturing costs.

2. Equipment and methods
2.1 Workpiece and tool
Ferritic stainless steels are widely used in components
requiring thermal resistance such as combustion chambers,
automobile and furnace systems owing to the good toughness, ductility and outstanding stress-corrosion cracking
resistance according to austenitic stainless steels [27]. On
the other hand, at elevated temperatures, the ductility,
toughness and corrosion resistance of these steels are
reduced and their strength increases [28]. It is
inevitable that these formations will adversely affect
machinability characteristics namely surface roughness,
cutting forces, dimensional accuracy, tool life, etc. Particularly in the drilling of stainless steels, each quality exhibits
different machinability characteristics. This situation is
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directly related to the fact that each material has different
mechanical and chemical properties. Additionally, burr
formation, especially occurs in drilling of materials with
high ductility such as stainless steel; thrust force and surface roughness have a significant effect indirectly on the
machining and production cost [29]. In the present study,
drillability of AISI 430 grade steel was evaluated experimentally and statistically in respect of the above-mentioned
machining outputs for different feed and cutting speeds.
The experimental samples were prepared by laser cutting
with dimensions of 100 9 85 9 4 mm from the selected
steel material. Chemical composition of the AISI 430 grade
steel contains 0.12% C, 1% Mn, 0.045% P, 0.03% S, 1% Si,
18% Cr and 0.75% Ni. Drilling experiments were performed with using uncoated tungsten carbide (WC) drill,
which has 8 mm diameter, 140 point angle and 30 helix
angle.

2.2 Experimental process and measurements
In the experimental studies, a CNC machining center with
10 HP and maximum rotational speed of 6000 rev/min was
used for drilling operations. In drilling operations using
uncoated carbide tool, three levels of the cutting speed (Vc)
and feed rate (f) were selected as cutting parameters
according to the drill manufacturer’s recommandation
(KARCAN) and literature research (table 1). The experiments were performed using Taguchi L9 orthogonal array
to conduct a research with maximum efficiency by simultaneously optimizing the machining outputs directly
affecting the hole quality and by keeping the cost to a
minimum.
After the drilling operations were completed, the burr
heights at the hole exit were measured using Nikon’s
stereoscopic microscope with SMZ 745T code. For each
experiment, the burr heights were obtained by taking
average of the measurements performed at four different
regions. Kistler 9257 type a dynamometer and their
equipments was utilized for measuring thrust forces in
drilling operations. Finally, surface roughness measurements were realized with Marsurf type M300 surface
roughness device. The roughness measurements were performed at three different locations along the hole surface.
The experiments have been repeated three times and the
surface roughness was determined by calculating the

Table 1. The levels of parameters.
Levels
Parameter

1

2

3

Vc, m/min
f, mm/rev

15
0.12

30
0.16

45
0.2
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arithmetic mean of the measurement values. The obtained
data were examined by using Minitab software.

2.3 Grey releational analysis
Grey relational analysis (GRA) is defined as a deciding and
analysis tool under the main topic of grey theory in the
literature. It is applied as an optimization technique in
many different manufacturing industry [23]. It is possible to
determine the most appropriate parameter levels effective
on machining outputs or responses with the GRA. This
situation is not valid to the Taguchi method because the
Taguchi method is only used for single response [12, 30].
In this study, it is aimed to simultaneously optimize the
machining parameters for multiresponses namely surface
roughness (Ra), thrust force (Fz) and burr height (Bh).
Thus, the combination of grey-based Taguchi method was
applied to minimize the responses. The main purpose of
GRA process is accessed to the best relationship grade
between parameters. This is ensured by grey relational
grade (GRG) in GRA. To access the GRG, primarily,
experimental results have been normalized for reducing the
variability, identified as data preprocessing. This is a procedure in which the experimental results are normalized
between zero and one to transfer the original series to a
similar series. For optimization, three different options have
existed in GRA which are ‘‘smaller-the-better’’, ‘‘large-thebetter’’ and ‘‘nominal best’’ depending on the properties of
the data array [30]. The GRA procedure applied for the
present study is given in figure 1.
If the aimed value is ‘‘larger is better’’, the data order is
normalized by the Eq. (1):


x0i ðkÞ  min x0i ðkÞ
xi ðk Þ ¼
ð1Þ
maxðx0i ðkÞÞ  minðx0i ðkÞÞ
If the aimed value is ‘‘smaller is better’’, the data order is
normalized by the Eq. (2):

 

max x0i ðkÞ  x0i ðkÞ
xi ðk Þ ¼
ð2Þ
maxðx0i ðkÞÞ  minðx0i ðkÞÞ
If the aimed value is ‘‘nominal is better’’, the data order
is normalized by the Eq. (3):
 0

x ðk Þ  x 0 
i
xi ðk Þ ¼ 1 
ð3Þ
maxðx0i ðkÞ  x0 Þ
When it comes to the these three different options are in
the GRA, i = 1,… ..m and k = 1, …n represent the experimental data and responses, respectively. Moreover, x0i ðkÞ is
the original

 order; xi ðkÞ is the order after preprocessing;


max x0i ðkÞ is the biggest value of x0i ðkÞ; min x0i ðkÞ is the
minimal value of x0i ðkÞ and x0 is desired value [22, 30]. In
the second stage for GRG, the grey correlation coefficient is
calculated depend on the normalized experimental results.
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Figure 1. Graphical abstract of Taguchi-based grey relational analysis.

The formula used for the grey relationship coefficient is
given below.
ni ð k Þ ¼

Dmin þ fDmax
D0i ðkÞ þ fDmax

ð4Þ


D0i(k) is the deviation sequence and is equals to x0 ðkÞ 
xi ðkÞ formula; Dmin and Dmax are minimum and maximum
values of all sequences; and lastly, f is defined as identification or distinguishing coefficient (f 2 ½01). In the present study, the identification coefficient is taken as 0.5 to fit
the practical requirements, as mentioned in Refs. [12, 31].
Then, in the final step for the calculation of GRG, the
obtained grey relation coefficient values are averaged. The
grey relational grade is determined with equation in shown
below:
ci ¼

n
1X
n ðk Þ
n k¼1 i

ð5Þ

n is represents the number of response properties in
Eq. (5).
As a result of this approach, GRG values have been
acquired as to the steps described above. The largest GRG
is considered the strongest relational level among the normalized and experimental data. Therefore, the experimental

setting having largest grey relational grade was labeled as
the optimum machining parameters. Additionally, ‘‘bigger
is better’’ state was applied to obtain optimal levels since a
high GRG was aimed in Taguchi optimization based on S/N
ratios of the responses [29]. The calculating of S/N ratios
for ‘‘bigger is better’’ state is shown in the below:
!
n
1X
1
S=N ¼ 10log
ð6Þ
n i¼1 y2i

3. Analysis and optimization of the responses
In the scope of the study, drilling operations realized under
dry cutting conditions were carried out using uncoated drill
according to the experimental design shown in table 2. For
each set of experiments, evaluations were made by taking
the average of burr height, thrust force and surface roughness achieved from the repeated experiments. The importance levels of the feed rate and cutting speed which
directly influence machining outputs were found by variance analysis (ANOVA) in 95% confidence interval. As
well, the most convenient parameter levels that form the
lowest burr height, thrust force and surface roughness were
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Table 2. ANOVA for burr height.
Parameter

DF

Feed rate
Cutting speed
Error
Total

2
2
4
8

SS

MS

F

4241.56
3456.89
39.11
7737.56

2120.78
1728.44
9.78

216.90
176.77

PCR (%)
54.82
44.67
0.51
100

determined through the Taguchi method based on grey
relationship analysis.

3.1 Burr height
The burr heights measured as a result of drilling operations
are displayed in figure 2a. While the feed rate or cutting
speed is constant, burr height rises with the increase in any
of these parameters as observed from figure 2a. In the high
cutting speed, it can be thought that temperature factor have
an significant role in the increase of burr height. High
temperature emerged from due to the increase of cutting
parameters are caused plastic deformation of the material in
a uncontrolled and earlier time [5, 29]. A different result
emerged from the knowledge that approximately 80% of
the heat produced in the cutting zone is removed by chip
[32]. This result is ascribed to the small thermal conductivity and superior ductility of workpiece material. At the
same time, the fact that most of the generated heat cannot
be removed by chip means the increase of heat dissipated to
the second deformation zone and the tool tip [6]. In addition, the increase in friction-related heat formation due to
the use uncoated contributed to this process. These situations constantly increased the temperature toward the hole
exit, causing an increase in the amount of material

accumulated on the hole edge. Because of the above
mentioned, the burr height have increased at the hole exit.
Additionally, the drill caps are formed in the circumference
of hole edge for all cutting conditions, as can be viewed
from figure 2b. The uniform burr formation with a drill cap
is observed as indicated in Ref. [26], this result can be
atttributed to the chip formation with related to high ductility of the material. Since ductile materials have a large
critical breaking strain and a large deformation zone is
formed during their machining. As stated in Ref. [33], since
the strain in the negative shear region is smaller than the
critical strain of the material, the crack starts in the lowest
resistance direction, that is, in the direction of the chip flow.
On the other hand, there is no cutting in this area because of
the rotational speed is zero in the drill center [34]. In this
case, the plastic deformation in the material is provided by
the chisel edge, and increasing cutting pressure as the feed
rate increases resulting in inreased stretch in the material. In
this context, increased amount of stretch due to high ductility increases critical breaking stress of the material and
causes the delay of the second breakage occurring at the
hole exit. Consequenlty, the uniform burr with drill cap is
ineviatable at the hole exit.
As a consequence of the drilling experiments, the
smallest burr height was obtained as 645 lm at cutting
speed of 15 m/min and feed rate of 0.12 mm/rev. The
maximum burr height was found as 746 lm in the experiment where the cutting speed and feed rate were 45 m/min
and 0.2 mm/rev. It was determined that Bh values increased
by an average of 8% as the feed rate increased in the range
from 0.12 mm/rev to 0.2 mm/rev at constant cutting speed.
As for the constant feed rate, Bh values increased by an
average of 3% as the cutting speed increased in a specific
range. In the light of the obtained results, the effect levels

750

Drill caps

Bh, µm

700
650
600

0,2
0,16
0,12

550
500
15

30
Vc, m/dak

(a)
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Drill caps

45

(b)

Figure 2. a) Change of burr height depending on Vc and f, b) The burr formation with drill cap.
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of machining parameters on the burr height was found by
ANOVA (table 2). When table 2 is observed, it is clear that
the most influence parameter on the burr height is the feed
rate with 54.82% PCR. Furthermore, cutting speed has a
effect of 44.67% on the Bh. Based on the experimental
results, the lower feed rate and cutting speed are recommended for minimum burr formation when drilling high
ductility materials such as ferritic stainless steel.

3.2 Thrust force
The varying in thrust force based on the cutting speed and
feed rate is shown in figure 3. Thrust force obviously
increased by the increase in feed rate when the cutting
speed is constant. This is an expected result that is attributed to increase of the consumed power as based on the
increase in material removal rate with increasing feed rate
[35–37]. It has been observed that the thrust force has a
slight tendency to decrease with increasing cutting speed at
constant feed rate. This low reduction in thrust force indicates that temperature occured with increasing cutting
speed cannot provide the expected material softening. On
the contrary, as mentioned in the Refs. [27, 28], the strength
of material probably increased due to the metallurgical
alterations in structure of the ferritic stainless steel
depending on the elevated temperature creating during
machining. Owing to the thermal conductivity of the ferritic
stainless steel, most of the temperature generated in the
cutting region with increasing feed and cutting speed could
not be removed by chip and therefore it is thought that there
is no expected reduction in the cutting force. As a result, as
can be realized from the ANOVA results in table 3, the
increment in cutting speed has a very small effect in the
reduce of cutting force during the drilling of stainless steel.
In consequence of the drilling operations, the minimum
thrust force was determined as 998 N by cutting speed of 45
m/min and feed rate of 0.12 mm/rev. The maximum force
was found as 1463 N in the experiment where the cutting

(2020) 45:273

Table 3. Analysis of variance for Fz.
Parameter

DF

Feed rate
Cutting speed
Error
Total

2
2
4
8

SS

MS

F

PCR (%)

240257
4070
2029
246356

120128
2035
507

236.81
4.01

97.52
1.65
0.83
100

speed and feed rate were 15 m/min and 0.2 mm/rev. In the
cutting speed of 15 m/min, it was detected that the thrust
force increased 21.51% and 18.27% with the feed rate
increasing proportionally from 0.12 to 0.2. Considering the
increase in thrust force for 30 m/min cutting speed, the
increase rates were determined as 20.60% and 15.26%,
whilst for 45 m/min cutting speed were found as 20.84%
and 12.85%. ANOVA results for thrust force are presented
in table 3. As can be observed, the feed rate has the greatest
impact on thrust force with a 97.52% of PCR. The cutting
speed has very low effect with 1.65% of PCR within the
used cutting conditions.

3.3 Surface roughness
The roughness values obtained from drilling process performed by using uncoated carbide drill are presented in
figure 4. It is seen from figure 4 that the surface roughness
is reduced by the increase in cutting speed when the feed
rate is constant. This reduce can be described mainly with
the decline of thrust force and an decrease possible in tool
vibration at high cutting speeds. Namely, the drill can
perform a more stable cutting without rubbing the workpiece material thanks to the reduced thrust force due to the
high cutting speed, resulting in better surface quality
[12, 35]. In addition, the higher temperatures creating in the
secondary deformation zone as a result of increased cutting
speed as indicated in Ref. [11], caused to a more stable chip
formation without built-up edge on the uncoated carbide

2.0

0,2
0,16
0,12

15

30
45
Vc, m/dak

Figure 3. Change of thrust force depending on Vc and f.

Ra, µm

Fz, N

2.5
1500
1200
900
600
300
0

1.5
1.0

0,2
0,16
0,12

0.5
0.0
15

30
Vc, m/dak

45

Figure 4. Change of surface roughness depending on Vc and f.
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drill, thereby surface roughness reduced. As for as to
increase of feed rate at constant cutting speed, the surface
roughness increased as expected. By the increase in feed
rate, the increase in chip volume causes more rapidly
plastic deformation, and consequently increase tool vibration as well as cutting force. This situation can be increased
the surface roughness [38] and at the same time can also led
to tool breakage, especially in drilling of the ductile
materials.
The smallest surface roughness was obtained as 1.458
lm at cutting speed of 45 m/min and feed rate of 0.12 mm/
rev. The maximum surface roughness was found as 1.904
lm in the experiment where the cutting speed and feed rate
were 15 m/min and 0.2 mm/rev. At constant cutting speed
of 15 m/min, the surface roughness increased by 3.44% and
11.09% when increased the feed rate from 0.12 to 0.16 and
then from 0.16 to 0.2, respectively. When considering the
similar situation for 30 m/min cutting speed, the increase
rates were found as 3.53% and 10.10%, while for 45 m/min
cutting speed were determined as 9.60% and 2.57%. In
identified ANOVA results, the influences of both the used
parameters are noteworthy for surface roughness (table 4).
The results demonstrated that the best efficient parameter
on surface roughness is the feed with a 52.94% of PCR.
Addedly, the cutting speed is seen to have remarkable
significant effect with 42.20% PCR. This result indicates
that the most critical parameter is cutting speed for burr size
and surface roughness during drilling of ferritic stainless
steel.

3.4 Multiresponse optimization with GRA
When examined the cutting parameters in order to provide
minimization of burr height, thrust force and surface
roughness, it has seen that optimum levels of parameters
are different for each machining outputs during drilling of
AISI 430 steel (figures 2, 3 and 4). Hence, it becomes clear
that simultaneous optimization is essential for Bh, Fz and
Ra, especially in terms of hole quality criteria and sustainable machining. For this purpose, Taguchi based GRA
methodology that is widely used for multiresponse optimization in machining methods has been applied in the
present study. First of all, obtained the experimental data
should be normalized to be collected under a single unit.
The important point in this case is to select the target
approach mentioned in section 2.3. Therefore, since the

Table 4. Analysis of variance for Ra.
Parameter

DF

Feed rate
Cutting speed
Error
Total

2
2
4
8

SS

MS

F

0.062856
0.057156
0.006243
0.126255

0.031428
0.028578
0.001561

20.14
18.31

PCR (%)
49.79
45.27
4.94
100

273

indicated machining outputs (burr height, thrust force and
surface roughness) are desired at minimum level, the
‘‘smaller is better’’ approach is targeted and experimental
data are normalized using Eq. (2). Using the normalized
data, Eq. (4) has been used to reach the grey relational
coefficient values. The deviation order values obtained by
using Eq. (4) are shown in table 5.
Finally, grey relational grade (GRG) values has been
accessed with the help of Eq. (5). Experimental data, grey
relational coefficient and GRG values are given in table 6
as detailed. The highest attained GRG value is indicated the
most appropriate machining factors for the smallest surface
roughness, burr height and thrust force. For this reason, the
highest GRG value (0.845) of the first experiment is
showed the optimal drilling parameters (table 6).
S/N ratios of the GRG values have been calculated using
by Eq. (6) in application of the GRA methodology for
machinability analysis of the ferritic stainless steel and the
order of S/N ratios are shown for determining the optimum
parameter level (table 6). In addition, a response table has
been created for the mean GRG values (table 7). These
values have been calculated by averaging the GRG values
of each factor at the same level. In the emerged table, the
highest values are expressed as the strongest relation level
among the machining parameters.
When table 7 is checked, it is observed that the level 1
and level 3 are the optimal value for feed rate and cutting
speed, respectively. Moreover, the variance between the
maximal and minimal value of the average GRG for each
parameter, namely delta, demonstrates the most important
parameter. At this point, it was determined that the most
critical parameter that can be controlled is the feed rate.
Also, if the obtained optimum parameter levels are within
the used experimental design, confirmation tests are not
required according to the Taguchi optimization
methodology.

Table 5. The values of D0i ðkÞ.
Exp.
No

Burr height (Bh)

Surface
Roughness (Ra)

Thrust
Force (Fz)

1
2
3
4
5
6
7
8
9

0.000
0.158
0.525
0.257
0.396
0.723
0.436
0.673
1.000

0.043
0.514
1.000
0.015
0.460
0.858
0.000
0.447
0.781

0.446
0.574
1.000
0.226
0.350
0.637
0.000
0.314
0.406
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Table 6. Results of the experimental and GRA.
Exp. results

Normalized values

Exp. No

Bh, lm

Fz, N

Ra, lm

1
2
3
4
5
6
7
8
9

645
661
698
671
685
718
689
713
746

1018
1237
1463
1005
1212
1397
998
1206
1361

1.657
1.714
1.904
1.559
1.614
1.742
1.458
1.598
1.639

Bh

Fz

Ra

Bh

Fz

Ra

1.000
0.842
0.475
0.743
0.604
0.277
0.564
0.327
0.000

0.957
0.486
0.000
0.985
0.540
0.142
1.000
0.553
0.219

0.554
0.426
0.000
0.774
0.650
0.363
1.000
0.686
0.594

1.000
0.759
0.488
0.660
0.558
0.409
0.534
0.426
0.333

0.921
0.493
0.333
0.971
0.521
0.368
1.000
0.528
0.390

0.528
0.466
0.333
0.688
0.588
0.440
1.000
0.614
0.552

Levels

f
Vc

1
0.8114a
0.5913

2
0.5504
0.5781

Delta

3
0.4053
0.5976a

0.4062b
0.0195

Total mean value of the GRG = 0.5890

S/N

0.816
0.573
0.385
0.773
0.556
0.406
0.845
0.523
0.425

-1.7618
-4.8416
-8.2938
-2.2357
-5.1031
-7.8371
-1.4649
-5.6338
-7.4271

ð10Þ

4. Mathematical modeling based on respose
surface methodology
Mathematical modeling can be constituted using different
techniques for obtained a output parameter in any field
depending on various input parameters. Response surface
method (RSM), which is one of these procedures, is a tool
commonly used to understand and improve the interaction
between machining parameters and outputs. The statistical
analysis of output parameters with RSM is possible
depending on the experimental results. In this context,
mathematical models were developed by using RSM for
burr height, thrust force and surface roughness in the light
of experimental data. The mathematical model for each
machining output was developed using the full quadratic
regression model (equation (7)):
Y ¼ b0 þ

i¼1

bi Xi þ

2
4
9
3
5
8
1
6
7

Y3 ¼ 1:659  0; 2f  0:00827Vc þ 11:1f 2 þ 0:000104Vc2
 0; 0275f :Vc

Optimum levels, bThe most important parameter

k
X

Order

Y2 ¼ 155 þ 8292f þ 1:32Vc  7083f 2 þ 0:0407Vc2
þ 34:17f :Vc
ð9Þ

k
X

bii Xi2

ð7Þ

i¼1

In Eq. (7), Y is the dependent factor, b0 is the constant in
regression equation, bi and bii are the regression coefficient,
Xi is uncoded (real) values of independent values and k is
the number of parameter. Developed models based on the
feed rate (f) and cutting speed (Vc) for burr height, thrust
force and surface roughness are illustrated in Eqs. (8), (9)
and (10), respectively.

The coefficients of determination (R2) values were found
to determine the quality of the mathematical models (Y1, Y2
and Y3) generated using RSM. In other words, R2 value is
the square of the correlation coefficient between the cutting
parameters and the machining outputs. The determined R2
values are shown in figures 5, 6 and 7 for burr height (Bh),
thrust force (Fz) and surface roughness (Ra), respectively.
The coefficient of determination for burr height, thrust
force and surface roughness was found as 99.55%, 99.86%
and 95.92%, respectively. These results indicated that the
obtained models are reliable and strong of the correlation
between the cutting parameters and machining outputs.

760
740
Predicted results

a

GRG

Y1 ¼ 674:6  1029f þ 1:156Vc þ 5104f 2 þ 0:003Vc2
þ 1:67f :Vc
ð8Þ

Table 7. Response table for GRG.

Parameter

GRC

R² = 0.9955

720
700
680
660
640
620
630

680
Experimental results

730

Figure 5. Comparison of the experimental and predicted results
for Bh.
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Predicted results

1500
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R² = 0.9986

1400
1300
1200
1100
1000
900
950

1050

1150
1250
1350
Experimental results

1450

Figure 6. Comparison of the experimental and predicted results
for Fz.
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• The smallest thrust force and surface roughness were
achieved at cutting speed of 45 m/min and feed rate
of 0.12 mm/rev, while the lowest burr height was
found at cutting speed of 15 m/min and feed rate of
0.12 mm/rev. But, the most appropriate parameters
according to the multiresponse optimization results
were feed rate of 0.12 mm/rev and cutting speed of
15 m/min.
• The coefficient of determination (R2) values obtained
for the burr height, thrust force and surface roughness
indicated that the developed mathematical models for
predicting machining outputs can be utilized with high
reliability in drilling of the ferritic stainless steel.
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2
Predicted results

1.9
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R² = 0.9592

1.8
1.7
1.6

References

1.5
1.4
1.4

1.5

1.6
1.7
1.8
Experimental results

1.9

Figure 7. Comparison of the experimental and predicted results
for Ra.

5. Conclusions
In this research, the drillability of AISI 430 grade stainless
steel in respect of the burr height, thrust force and surface
roughness was investigated through Taguchi method combined with GRA. Furthermore, the mathematical models
were developed for the machining outputs with response
surface methodology. The obtained findings in the scope of
the study are summarized below.
• It was determined that thrust force, surface roughness
and burr height increased by the increase in feed rate.
On the other hand, a striking result was found that the
burr height increased while thrust force and surface
roughness decreased by the increase in cutting speed.
This trend in burr formation has been linked to the
increase in critical breaking stress due to the increased
temperature with the increase in feed and cutting speed.
• Based on ANOVA, the best effective parameter for
burr height, thrust force and surface roughness was
detected as the feed rate with 54.82 %, 97.52% and
49.79%, respectively.

[1] Kalpakjian S and Schmid S 2014 Manufacturing Engineering and Technology (7th ed.). Pearson Education, Inc,
Singapore, pp. 625–665
[2] Das R and Barik T 2014 An experimental study on the burr
formation in drilling of aluminum channels of rectangular
section. In: 5th International & 26th All India Manufacturing
Technology, Design and Research Conference (AIMTDR),
pp. 831–85
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