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In this study, the effects of cutting parameters, boring tool material and the overhang ratio of
boring tool (tool clamping length) on the deviation from circularity of a bored hole were examined
experimentally. The optimal cutting condition can be estimated by the analysis of the signal to noise (S/N)
ratio in Taguchi method. The individual contributions of each factor on the deviation from circularity
were calculated by using the Analysis of Variance (ANOVA). Therefore, at the determined condition, it
could be observed whether a factor is significant or not. Also, it was observed that the values of deviation
from circularity increased significantly with an increase in the effective tool length at the lower depth of
cut values. In addition, the circularity could be improved with increasing the depth of cut values for the
same tool clamping lengths.
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0 INTRODUCTION
The boring process has to ensure precise
application condition due to the close dimensional
tolerances and the need for a good surface finish.
Due to the geometrical constraints of the hole
surface, the boring bar should be long and
slender, so it is easily subjected to static and
dynamic deflections [1]. The boring process
enlarges the diameter of previously drilled holes
and this application should ensure some qualities
for bored hole surface i.e., the straightness,
parallelism, positional accuracy, size control,
surface finish. In addition, the improved accuracy
of the dimensions and the tolerance of holes, the
elimination of any possible eccentricity is another
significant requirement. The cutting forces are
closely related to the chip geometry, which is
determined by the cutting insert, tool geometry
and feed rate. The cutting forces can cause
tool/workpiece deflection and weak damping in
the turning process [2]. However, the instability
and/or uncontrolled cutting forces have
detrimental effects on machining applications.
Several researchers have tried to predict the
cutting force and stability of boring process [3] to
[7]. Subramani et al. studied on simple geometric
relations for chip load calculations of boring tools
[3]. Kuster concentrated on regenerative chatter
analysis in the cutting dynamics [4]. Jayaram et
al. prepared experimental approaches for
*
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predicting chatter stability in boring operations
[5] and [6]. Atabey et al. investigated the cutting
coefficients of the combination of the tool and
workpiece for boring process [7]. Grum and Kisin
[8] examined the influence of microstructure in
terms of workpiece material and the cutting force
in turning and in another study, they investigated
the cutting force amplitude using the three Al-Si
alloys during fine turning [9]. Understanding
effects of the cutting forces on the tool deflections
is related to the analytical solving for machining
process. The oblique boring forces (OBFs) at the
front end of the boring tool creates torsion and
bending moments during the boring process in
such a way that the moments create deflection on
the boring bar. The three force components i.e.,
Fx, Fy and Fz, acting on the boring bar will do the
bending, torsion and compression, respectively
[10]. The boring bars are exposed to deflections
under the OBFs. The bar deflection is one of the
most troublesome elements for boring bars. When
it exceeds the allowed limit, dimensional
tolerance errors can occur on the diameter of the
bored hole [11]. The tool bar deflections lead to
the cutting vibrations, which directly affect the
hole quality in the boring operation by means of
the effects of forced oscillations. The cutting
vibrations have negative effects on surface quality
of the bored hole due to variations on the toolworkpiece contact length and cutting forces. An
increase in vibration frequency and amplitude
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cause worse surface hole quality. Hence, the
cutting vibrations which occur during boring
should be controlled and minimized to eliminate
dimensional deviations of the bored hole. The
main types of cutting vibrations can be classified
as the self-excited vibration and the forced
vibration [12]. The self-excited vibrations are the
most important type of vibration in the machining
processes [13]. The surface quality of the bored
hole, including the desired dimensional accuracy,
is dependent on selecting the appropriate boring
process conditions [14]. Changing the cutting
forces leads to cutting vibrations and for the
reason that the tool deflection is inevitable. The
entering angle and the tool nose radius are also
significant factors which should be suitable to the
boring operation. The insert radius value of the
tool should be smaller than the depth of cut value.
Furthermore, higher values of the insert radius are
not suitable for the boring operation as this
increases the radial forces and the deflection of
the tool nose. Varying tool deflections induce the
variations at the depth of cut values and therefore,
the cylindricity of the bored hole can not be
obtained in the desired quality.
In this paper, it was assumed that
obtaining good hole quality in terms of
cylindricity was related to the selection of
effective tool length (tool clamping length) and
the tool material factors in addition to the
optimum cutting parameters. Thus, the values of
the deviation from circularity of the bored hole
were measured and analyzed to evaluate the
individual effects of the test factors. To reduce
the time and cost of experiments, the
experimental design technique is common
practice. Taguchi developed a methodology for
the application of designed experiments,
including a practitioner’s handbook [15].
Taguchi’s methodology took the design of
experiments from the exclusive world of the
statistician and brought it more fully into the
world of manufacturing [16]. By means of the
Taguchi method, an alternative approach is used
to determine the desired cutting conditions [17]
and [18].

1 MATERIALS AND METHODS
1.1 Test Samples and Equipment
In this study, AISI 1040 steel was selected
as workpiece material due to its widespread use in
the manufacturing industry. The chemical
composition of the material is given in Table 1.
All of the cutting tests were carried out in dry
cutting conditions. According to Taguchi’s
method, the L27 standard orthogonal array (OA)
was selected for five factors with three levels. As
L27 standard OA has 27 rows, twenty seven test
samples were prepared in cylindrical form, 60
mm in length and 60 mm in diameter. The
prepared test materials were bored to 36 mm
internal diameter throughout all along.
The tests were carried out on a Takisawa
EX 106 CNC lathe. Uncoated cemented carbide
inserts with the geometry of TCMT 110304-PM
4225 were used. The nose radius of the insert was
0.4 mm. The insert was fixed on a head with a
code 570-STFCR-25-11-B1. This head could be
easily fixed on the boring bar. The selected
boring bar diameter was 25 mm. The minimum
process diameter of the tool head was 32 mm.
The boring tool bar, the head and the inserts were
produced by Sandvik Coromant Co. The entering
angles recommended for internal turning were
between 75 and 90°. According to the
accessibility of the hole profile, the most suitable
entering angle should be selected. In this study,
the entering angle was selected at 90°.
A new insert was used for each of the trial
combinations to prevent the negative effects of
insert wear. For each sample, the beginning and
ending hole diameters were measured and
recorded by Mitutoyo QM- 3D measuring device
in laboratory conditions. Thus, the deviation
values from the circularity of bored holes were
determined. The results were calculated and
evaluated by using the Taguchi module in demo
version of the Minitab statistical analysis
program.

Table 1. Chemical composition of the workpiece material (AISI 1040) (% weight)
C
Si
Mn
Cu
S
Cr
Mo
Ni
0.391
0.259
0.658
0.163
0.008
0.157
0.0370
0.135

Al
0.014
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98.106
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1.2 Selection of the Test Factors and their
Levels
The selection of cutting parameters is a
significant factor in order to obtain a high cutting
performance. An experimental design must
satisfy two objectives. Firstly, the number of
trials must be determined. Secondly, the
conditions for each trial must be specified. The
test factors and their levels should be determined
before achieving these objectives [19]. For this
study, five factors with three levels i.e., the
effective tool length (L/D ratio), the tool material
and the cutting parameters (cutting speed, feed
rate and depth of cut) were selected. The levels of
tool material were selected as steel boring bar,
cemented carbide boring bar and anti-vibration
boring bar from the 1st level to the 3rd level,
respectively. The levels of tool overhang ratio
(L/D ratio) were determined as 3, 5 and 7. The
factors selected for boring operations are given in
Table 2.
1.3 Assigning the Factors and their Levels to
the Orthogonal Array’s Columns
Standard L27 Orthogonal Array (OA)
enables the experimental design for five factors
with three levels. These factors were assigned to
suitable columns in the selected L27 OA. The
combinations of the trials assigned in L27 OA and
the corresponding S/N ratios calculated in
accordance with the quality characteristic are
given in Table 3.
In this study, selected test factors are called
the independent factors and with no interactions
among them. Thus, the interactions among the
factors were not taken into consideration because
of calculating the individual effect of the
independent factors. Taguchi determined that the
factors could be assigned in columns with random
order for this kind of experimental design. The
OA provides equal repetitions of the factors at
each column. With the selection of the OA,
examination of a small part of all the existing
possibilities is possible [19]. Thus, the optimum
condition can be estimated.

2 ANALYSIS OF RESULTS
The optimum condition is identified by
examining the main effects of each of the factors.
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The main effects indicate the general trend of the
influence of the factors. The knowledge of the
contribution of individual factors iskey in
deciding the nature of the control to be
established in a production process.
The ANOVA is the statistical treatment
most commonly applied to the results of the
experiment to determine the percent contribution
of each factor. The study of the ANOVA table for
a given analysis helps to determine which of the
factors need control and which do not.
In the Taguchi method, the term ‘signal’
represents the desirable value (mean) for the
output characteristic while the term ‘noise’
represents the undesirable value for the output
characteristic. Taguchi uses the S/N ratio to
measure the quality characteristic deviating from
the desired value [15].
The aim of any experiment is always to
determine the highest possible S/N ratio for the
result irrespective of the type of the quality
characteristics. A high value of S/N implies that
the signal is much higher than the random effects
of noise factors [20].
There are three categories of quality
characteristics, i.e. the-smaller-the-better, thenominal-the-better, and the-bigger-the-better.
To obtain optimal cutting performance,
the-smaller-the-better quality characteristic for
deviation from circularity must be taken. The S/N
ratio defined as:
S / N = −10 log( M .S .D ) ,

(1)

where M.S.D. is the mean-square deviation for the
output characteristic. The M.S.D for the-smallerthe-better quality characteristic can be expressed
as:
2
2
2
M .S .D = ( y1 + y 2 + ... + y n ) / n ,

(2)

where y1, y2, …, yn, are the responses of quality
characteristic for a trial condition repeated ntimes.
From the Eqs. (1) and (2) the S/N ratios
were calculated for the experimental results. The
S/N response table is shown in Table 4.
Regardless of the category of the quality
characteristic, a greater S/N ratio corresponds to
better quality characteristics.
According to Table 4 the mean S/N ratios
of all the factors for each level were extracted
graphically and are shown in Fig. 1.
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Table 2. Test Factors and their levels
Cutting parameters
Cutting speed
Feed rate per revolution
Depth of cut
Tool material
L/D ratio

Unit
m min-1
mm
mm

Level 1
180
0.1
0.5
1
3

Level 2
225
0.075
0.75
2
5

Level 3
270
0.05
1
3
7

Table 3. Experimental results for deviation from circularity and corresponding S/N ratios
Cutting
Feed rate per Depth of
Deviation from
Exp
Tool
speed
revolution
cut
L/D
circularity
No.
material
[m min-1]
[mm]
[mm]
[mm]
1
180
0.1
0.5
3
1
0.00850
2
180
0.1
0.75
5
2
0.01850
3
180
0.1
1
7
3
0.00950
4
180
0.075
0.5
5
3
0.04500
5
180
0.075
0.75
7
1
0.02000
6
180
0.075
1
3
2
0.01825
7
180
0.05
0.5
7
2
0.16050
8
180
0.05
0.75
3
3
0.01350
9
180
0.05
1
5
1
0.01050
10
225
0.1
0.5
3
1
0.00950
11
225
0.1
0.75
5
2
0.01500
12
225
0.1
1
7
3
0.01900
13
225
0.075
0.5
5
3
0.07825
14
225
0.075
0.75
7
1
0.10100
15
225
0.075
1
3
2
0.01250
16
225
0.05
0.5
7
2
0.10200
17
225
0.05
0.75
3
3
0.01400
18
225
0.05
1
5
1
0.01550
19
270
0.1
0.5
3
1
0.01000
20
270
0.1
0.75
5
2
0.01350
21
270
0.1
1
7
3
0.02425
22
270
0.075
0.5
5
3
0.08650
23
270
0.075
0.75
7
1
0.12950
24
270
0.075
1
3
2
0.00900
25
270
0.05
0.5
7
2
0.11825
26
270
0.05
0.75
3
3
0.18375
27
270
0.05
1
5
1
0.02375

S/N
ratio
40.7314
34.4069
39.8928
24.3109
33.0103
34.5454
15.5962
36.7264
39.5664
39.5664
34.6092
32.7572
19.9195
19.9029
36.7264
17.0305
35.8503
35.4898
39.3554
36.9357
31.0175
18.6504
17.3493
40.8619
16.3183
11.8587
32.4289

Table 4. S/N response table for deviation from circularity
Symbol
Vc
fn
ap
L/D
T

Factor
Cutting speed
Feed rate
Depth of cut
Overhang ratio
Tool material

Level 1
33.2
26.76
25.72
35.14
33.04

Mean S/N ratio (dB)
Level 2
Level 3
30.21
27.2
27.25
36.59
28.96
35.92
30.7
24.76
29.67
27.89

Max-Min
6
9.83
10.2
10.38
5.15
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level, the optimum test combination was
determined as the 1st level for the cutting speed
(Vc), the 3rd level for the feed rate per revolution
(fn), the 3rd level for the depth of cut (ap), the 1st
level for the overhang ratio (L/D) and the 1st level
for the tool material (T).
Individual contribution of each factor can be
determined by means of the ANOVA calculation.
The results of ANOVA for the deviation from
circularity criteria are given in Table 5. Table 5
shows that the feed rate (23.92%), the depth of cut
(21.21%) and the tool overhang ratio (21.15%) are
the significant factors for the deviation from
circularity criteria in the boring operation. The
cutting speed and the tool material factors are of a
lesser importance than the others.

a)

b)

2.1 Confirmation Test
Once the optimal level of the process
parameters is selected in accordance with the
calculated S/N ratios for each factor, the final step
is to predict and verify the improvement of the
performance characteristic using the optimal level
of the process parameters.
The estimated S/N ratio ηe using the optimal
level of the process parameters can be calculated
from Eq. (3) [3].

c)

q

η e = η m + ∑ (η i − η m ) ,

(3)

i =1

d)

e)

Fig. 1. The optimum levels of the test factors
a) cutting speed, b) feed rate, c) tool material,
d) depth of cut, e) overhang ratio
Since the highest value of the mean S/N
ratios for each factor determines the optimum
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where ηm is the total mean of the S/N ratio, ηi , is
the mean S/N ratio at the optimal level, and q is the
number of the process parameters that significantly
affect the performance characteristics.
Table 5 shows the results of the
confirmation test using the optimal cutting
parameters for deviation from circularity.
A good agreement between the predicted
machining performance and the actual machining
performance were determined, which is shown
Table 6.
An increase in the S/N ratio, which is
between the initial and optimal cutting parameters,
is 16.04 dB. Based on the result of the confirmation
test, it has been observed that the deviation from
circularity could decrease by 6.33 times.
Consequently, the experimental results
confirm the prior parameter design for the optimal
cutting parameters with the multiple performance
characteristics in boring operations.
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3 CONCLUSIONS
The following conclusions can be drawn
from this study:
•

•

•

•

The experimental results demonstrate that
the three factors i.e., feed rate, the depth of
cut and the tool overhang ratio are the main
parameters among the five controllable
factors (the cutting speed, the feed rate, the
depth of cut, the tool overhang ratio and the
tool material) affecting the deviation from
the circularity of the bored hole in internal
turning of the AISI 1040 steel.
The confirmation tests were conducted to
verify the optimal cutting parameters. The
contribution values of the feed rate, the
depth of cut and the tool overhang ratio
were found as 23.92%, 21.21% and
21.15%, respectively.
In the boring operation, for specific test
combinations, it can be recommended that
the 1st level of feed rate (0.05 mm/rev), the
3rd level of depth of cut (1 mm) and
minimum tool clamping length (L/D=3)
ensure the best result.
The best condition regarding the deviation
from circularity of the bored hole can be
obtained from the determined optimum
combination and improved about 6.33times.

This research shows that the Taguchi’s
parameter design for optimizing machining
performance provides an important advantage
regarding minimum cost and time for the industrial
readers.
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