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Abstract: Due to their high ductility, high durability, and excellent corrosion resistance, stainless steels
are attractive materials for a variety of applications. However, high work hardening, low thermal
conductivity, and high built-up edge (BUE) formation make these materials difficult to machine.
Rapid tool wear and high cutting forces are the common problems encountered while machining
these materials. In the present work, the application of Taguchi optimization methodology has
been used to optimize the cutting parameters of the drilling process for machining two stainless
steels: austenitic AISI 304 and duplex AISI 2205 under dry conditions. The machining parameters
which were chosen to be evaluated in this study are the tool material, cutting speed, and feed rate,
while, the response factors to be measured are the tool life (T), cutting force (Fc), and specific cutting
energy (ks). Additionally, empirical models were created for predicting the T, Fc and ks using linear
regression analysis. The results of this study show that AISI 2205 stainless steel has a shorter tool life,
a higher cutting force, and a higher specific cutting energy than AISI 304 stainless steel. In addition,
the Taguchi method determined that A3B1C1 and A3B3C1 (A3 = TiN-coated twist drill, B1 = 13 m/min,
B3 = 34 m/min, C1 = 0.12 mm/rev) are the optimized combination of levels for the best tool life and
the lowest cutting force, respectively. Meanwhile, the optimized combination of levels for all three
control factors from the analysis, which provides the lowest specific cutting energy, was found to be
A3B1C3 (A3 = TiN-coated twist drill, B1 = 13 m/min, C3 = 0.32 mm/rev) for both stainless steels.

Keywords: tool life; cutting force; specific cutting energy; Taguchi method; analysis of variance;
AISI 304; AISI 2205

1. Introduction

Stainless steels are widely used in the chemical, petrochemical, food, and pharmaceutical
industries, as well as nuclear energy plants and in stainless appliances [1]. However, the machining
of these steels is very difficult due to their higher ductility, strength, work hardening rate and low
thermal conductivity [2], resulting in short tool life, limited metal removal rate, high cutting forces,
and power consumption. Stainless steels are divided into five families: austenitic, ferrite, martensitic,
duplex, and precipitation hardening alloys [3]. Duplex stainless steels are a specific type of stainless
steel that have a biphasic microstructure consisting of approximately 50% ferrite and 50% austenite
in volume. Due to their microstructure, duplex stainless steels present a good combination of ferritic
and austenitic steel properties, including increased toughness, high mechanical strength, and high
corrosion resistance in several environments [2]. However, the tools employed to machine them have
a shorter life than those used in the machining of austenitic alloys due to the high work hardening rate
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and ductility of duplex stainless-steel alloys. The work hardening of duplex stainless steels increases
the friction forces during the contact between the work piece and cutting tool edge, which increases
the temperature, causing oxidation [4]. In addition, the high ductility of the stainless steel leads to
the formation of long continuous chips and to intensive sticking of the workpiece material to the
cutting tool surface, which results in enhanced adhesive wear [5]. These conditions promote built-up
edge (BUE) formation and tearing off during cutting, which results in cutting edge chipping and
cutting force instability. This response to the machining process results in severe surface damage to the
machined part and chipping of the tool cutting edge [6,7] Nomani et al. [8] compared the machinability
behavior of super duplex 2507, duplex SAF 2205 and austenite 316L stainless steels in the drilling
process. The results showed that austenite 316 had better machinability compared to duplex stainless
steels. Ran et al. [9] showed the mechanical properties and corrosion resistance of the duplex stainless
steel designed alloys with lower production cost are better than those of AISI 316L austenitic stainless
steel. Xavior [10] reported that high work-hardening rate, high BUE tendency, and low thermal
conductivity of AISI 304 stainless steel are responsible for poor surface finish and high tool wear.
Korkut et al. [11] used turning tests to determine optimum machining parameters for machining of
AISI 304. Tool flank wear increased with increasing cutting speed. The poor performance of the tool
was caused by thermal softening of the tool due to the high influence of the heat on the cutting tool and
less efficient heat dissipation at higher cutting speeds. Ciftci [12] performed dry turning experiments
on AISI 304 and AISI 316 austenitic stainless steels and the results showed TiC/TiCN/TiN-coated
cutting tools produced lower cutting forces than TiCN/TiC/Al2O3-coated tools, because of the lower
coefficient of friction of the TiN top coating layer.

The tool life and cutting forces are important quality indicators in machining processes and the
various properties of machined parts, such as friction and heat transmission are also influenced by these
indicators [13]. Most of the process parameters, such as tool material, cutting speed, and feed rate, affect the
tool life and machine energy consumption, and therefore, it is very difficult to develop a proper analytical
model of the tool life, cutting force, and power consumption [14]. Many methods, including artificial neural
networks, regression and finite element analysis have been developed for the modelling and prediction
of tool life and cutting forces [15]. The Taguchi-based optimization technique has produced a unique and
powerful optimization tool that differs from traditional practices [16]. The optimum parameters for tool life
and power consumption depend on several parameters, such as cutting speed, feed rate, cutting condition,
and workpiece material [15]. The poor selection of process parameters may cause excessive tool wear.
Analyzing the influence of machining parameters has helped reduce power consumption [17]. Therefore,
appropriate selection of machining parameters reduces machining costs, increases tool life, and reduces
power consumption [18]. The optimization of cutting parameters is usually difficult and requires knowledge
of machining and empirical equations related to tool life, force, and power [19]. Selvaraj et al. [20] utilized
the Taguchi method to define the optimal cutting parameters in the turning of two different grades of
duplex stainless steel. The effects of cutting speed and feed rate on the cutting force and tool wear
were analyzed and the results showed that feed rate was the most significant parameter influencing the
cutting force. The cutting speed was identified as the most significant parameter influencing the tool wear.
Krolczyk et al. [21] concluded that a combination of high cutting speed with low feed rate are the optimum
machining conditions which lead to minimizing the specific cutting energy during machining AISI 2205
stainless steel under dry conditions. Nayak et al. [22] investigated the influence of cutting speed, feed rate
and depth of cut on cutting force during turning of AISI 304 steel using L27 orthogonal array to design the
experiments. Suresh and Basavarajappa [23] summarized that the feed rate is the most significant parameter
of influence, followed by depth of cut and cutting speed during their investigation into the effect of cutting
parameters on tool wear of austenitic stainless steel.

From the literature mentioned above, it can be seen that the Taguchi method has been successfully
used in the optimization of machining parameters. On the other hand, because of their wide usage
and hard machinability characteristics, the machinability of stainless steels remains a subject of
ongoing investigation. However, notably, studies on the optimization of the drilling process during
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machining different types of stainless steels are lacking. In addition, there are very few studies on
the machinability of AISI 304 austenitic and AISI 2205 duplex stainless steel. Consequently, in this
study, the aim is to optimize the process parameters in the drilling of AISI 304 and AISI 2205 stainless
steels using Taguchi method design, and to find the significance of each process parameter using
ANOVA. Therefore, an experimental investigation of tool life (T), cutting forces (Fc), and specific
cutting energy (ks) after machining two selected stainless steels is presented. The influence of tool
material, cutting speed, and feed rate on T, Fc, and ks were examined. This research substantially
reduces the number of complex, expensive and time-consuming experiments conducted in machining
centers, by determining the optimal drilling parameters needed to obtain better T, Fc, and ks in the
drilling of austenitic and duplex stainless steels. It is possible to apply this optimization technique
to various applications in the manufacturing industry to obtain optimal process parameters such
as: cutting materials, coating materials, and cutting conditions, to reduce manufacturing costs and
processing time and to promote higher productivity. Therefore, this study will be useful for future
applications in both the manufacturing industry and the academic environment.

2. Experimental Methods

2.1. Drilling Experiments and Cutting Tools

In this study, AISI 304 austenitic and AISI 2205 duplex stainless steel blocks were used as the workpiece
materials. The dimensions of the workpiece were 150× 150× 10 mm. Chemical compositions of stainless
steel materials are given Tables 1 and 2. Blind holes were then drilled in the stainless-steel blocks. To maintain
the initial conditions for each test, a new drill was used for each experiment. The drilling tests were performed
by using a Z5050 drilling machine (Anhui Chizhou Household Machine Tool Co., Ltd., Anhui, China),
equipped with a maximum spindle speed of 3000 rpm and a 1.5 kW drive motor. They were performed at
three different cutting speeds (13, 21, and 34 m/min) and feed rates (0.12, 0.2, and 0.32 mm/rev) whilst hole
depth was kept constant at 7 mm. All drilling experiments were conducted under dry cutting conditions.
The twist drills used in the experiments were: monolayer-TiN, multilayer-TiN/TiAlN coated and uncoated
twist drills of 6 mm diameter. Technical specifications of the cutting tools and coating materials are given
in Table 3.

Table 1. Chemical composition and mechanical properties of AISI 304 [24].

Elements Chemical
Composition %

Proof Strength
(0.2% Yield) MPa

Tensile
Strength MPa Elongation % Hardness

HRC

C 0.08

215 505 70 70

Si 0.75
Mn 2.0
P 0.045
S 0.03

Cr 20.0
Ni 0.50
N 0.10

Table 2. Chemical composition and mechanical properties of AISI 2205 [8].

Elements Chemical
Composition %

Proof Strength
(0.2% Yield) MPa

Tensile
Strength MPa Elongation % Hardness

HRC

C 0.03

448 621 25 31

Si 1.00
Mn 2.00
P 0.03
S 0.02

Cr 23.00
Ni 6.50
N 0.20
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Table 3. Characteristics of coating systems.

Coating Process Layer Structure Residual
Stresses (MPa)

Hardness
(GPa)

Thickness
(µm)

Coefficient
of Friction

TiN PVD Monolayer Columnar nano-crystalline 280 ± 20 32 [25] 2.5 0.35 [25]
TiN/TiAlN PVD Multilayer Columnar micro-crystalline 550 ± 80 30 [25] 4 0.3 [25]

2.2. Experimental Machine Techniques

The flank wear was measured using a MU-214B universal measuring machine (AUCTO,
Buffalo, NY, USA). The tool life criterion was set to a flank wear of 0.3 mm (the period of cutting time until
the average flank wear reached 0.3 mm) following the recommendation of the ISO 3685 Standard [24].
In the drilling experiments, a Kistler dynamometer 9271A with data acquisition system was used for
measurement of the feed force and torque. The signals of feed force and torque from the dynamometer
were transmitted to a Kistler 5017B type 8-channel amplifier (Kistler Instrument Corp., Amherst, NY, USA),
and then recorded on a computer using LABVIEW software (National Instruments, Austin, TX, USA).
In this study, feed force and drilling torque were measured, but only drilling torque values were evaluated.
From the values of drilling torque, both main cutting force (Fc) and specific cutting energy (ks) were
calculated using Equations (1) and (2).

Fc =
2Tc

D
(1)

ks =
Fc

f × D
4
=

4Fc

f D
=

2Tc

f D2 (2)

3. Taguchi Experimental Design and Optimization

The Taguchi experimental design provides an efficient and systematic approach for determining the
optimum machining parameters in the manufacturing process. The Taguchi method significantly decreases
the number of tests needed and increases the machining performance by using orthogonal arrays [26].
A loss function (S/N ratio) is then defined to calculate the deviations between the experimental value
and the desired value. There are three S/N ratios available, depending on the type of characteristic;
the lower-the-better (LB), the higher-the-better (HB), and the nominal-the-better (NB) [27]. In drilling, higher
tool life (T), lower cutting forces (Fc), and specific cutting energy (ks) are indications of better performance.
Therefore, for obtaining optimum machining performance, the HB was selected for T and LB ratios were
selected for Fc and ks. The S/N ratios for each type of characteristic can be calculated as follows:

S/NHB = −10 log [
1
n

n

∑
i=1

y2
i ] (3)

S/NNB = −10log
[

y′
s2

]
(4)

S/NLB = −10 log [
1
n

n

∑
i=1

1
y2 ] (5)

where y′ is the average of the observed data, s2 is the variance of y, n is the number of observations,
and y is the observed data. Regardless of the category of the performance characteristics, a greater
S/N ratio corresponds to the better performance characteristics. Therefore, the optimal level of the
process parameters is the level with the highest S/N ratio [28].

In this study, the cutting tools (A), cutting speed (B), and feed rate (C), were selected as control factors
for T, Fc, and ks values, and their levels were determined as shown in Table 4. To select an appropriate
orthogonal array for the experiments, the total degrees of freedom (DOF) need to be computed. The DOF
for the orthogonal array should be greater than or at least equal to those for the design parameters [29].
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In this study, the most appropriate orthogonal array is determined as L9, in order to obtain the optimal
cutting parameters and to analyze their effects. This array has eight DOF and it can handle three level
design parameters. The tool life and cutting force, drilling torque and specific cutting energy results were
subject to the analysis of variance (ANOVA). ANOVA establishes the relative significance of factors in
terms of their percentage contribution to the response. It estimates the variance of error for the effects
and the confidence interval of the error prediction [30]. It is based on the test results of Minitab software
while each value is the average of two replications for each condition. The experimental plan undertaken
was evaluated at a confidence level of 95%. The significance of control factors in ANOVA is determined
by comparing P-values of each control factor [29]. The P-value is a statistical index used in the analysis
of variance. In regard to statistical significance, the lower the P-value, the more significant is the tested
parameter. Finally, regression analysis is applied to derive the predictive equations of the response variables.

Table 4. Design factors and their levels for drilling tests.

Parameter Coding
Level

1 2 3

Tool material A Uncoated TiN/TiAlN TiN
Cutting speed, m/min B 13 21 34

Feed rate, mm/rev C 0.12 0.2 0.32

4. Experimental Results, Analysis, and Discussions

4.1. Taguchi Analysis for Tool Life

The estimated response surfaces of tool life, as a function of tool material and cutting speed
for AISI 304 and AISI 2205, are shown in Figure 1 and summarized in Table 5. The tool life based
on the wear value of VB max = 0.3 mm for all the experiments is drawn. As shown in Figure 1,
monolayer-TiN coated twist drill has the highest tool life compared to multilayer-TiN/TiAlN coated
and uncoated twist drills when drilling both AISI 304 and AISI 2205 stainless steels. This can be
attributed to the low residual stresses of mono-layer TiN coated tool, see Table 3. The measured value
of average residual stress on a new insert of TiN/TiAlN is 550 MPa which is double the value of the
average residual stresses of TiN (280 MPa), resulting in reduced mechanical load during drilling and
increased tool life. This was also observed by Dhanabalakrishnan et al. [25]. Also, it was observed
that the longest tool life for a monolayer-TiN coated twist drill was obtained when drilling AISI 304,
which indicates that AISI 304 has better machinability than AISI 2205; Nomani et al. [8] reported
the same observation. Furthermore, it is noted that the tool life decreases with increasing cutting
speed which can be explained by thermal softening of the tool by conduction of heat from chips to the
tool [31]. In addition, at higher temperatures, stainless steel is work hardened due to the excessive
rubbing action that takes place between chip and tool, hence, wear progresses on the flank surface [32].

Figure 1. Estimated response surface of tool life versus tool material and cutting speed for (a) AISI 304
and (b) AISI 2205 stainless steels.
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Table 5. Experimental design using the L9 orthogonal array and experimental results.

Material Exp.
Cutting Parameter Level

T (s) Fc (N) Tc
(N·m)

ks
(N/mm2)Tool Material v (m/min) f (mm/rev)

AISI 304

1
Uncoated

13 0.12 120 1575 4.7 8750
2 21 0.2 60 1260 3.8 4200
3 34 0.32 18 1080 3.2 2250

4
TiN/TiAlN

13 0.2 160 1260 3.8 4200
5 21 0.32 84 1800 5.4 3750
6 34 0.12 90 1350 4.1 7500

7
TiN

13 0.32 420 1800 5.4 3750
8 21 0.12 430 1170 3.5 6500
9 34 0.2 180 495 1.5 1650

AISI 2205

1
Uncoated

13 0.12 55 1350 4.05 7500
2 21 0.2 30 1152 3.456 3840
3 34 0.32 12 1125 3.375 2344

4
TiN/TiAlN

13 0.2 95 1170 3.51 3900
5 21 0.32 54 2160 6.48 4500
6 34 0.12 60 1080 3.24 6000

7
TiN

13 0.32 310 1350 4.05 2813
8 21 0.12 300 1152 3.456 6400
9 34 0.2 160 792 2.376 2640

4.1.1. Signal to Noise (S/N) Response Analysis for Tool Life

The signal term in the Taguchi method, represents the wanted value (mean) for the output
attribute and noise represents unwanted square deviation value for the output attribute [15]. Thus,
S/N ratio is the ratio of the mean to the square deviation. The S/N ratio is used by Taguchi to
measure the quality attribute or characteristic from the wanted value. The methods for calculating the
S/N ratio are classified into three main categories, depending on whether the machining outcomes
are smaller-the-better, larger-the-better or nominal-the-better [32]. In order to maximize tool life,
higher values are always preferred. Thus, the larger-the-better (Equation (3)) ratio was selected for
maximizing tool life.

The drilling parameters were divided by considering different levels and possible effects,
according to the selected orthogonal array. The effects of input parameters on the responses can
be analyzed with help of S/N ratios. These effects are defined and evaluated according to the total
mean values of the experimental trial results or S/N ratios [33]. The maximum tool life values can be
calculated from the total mean values of the experimental trial results for the tool life. An important
requirement when calculating the optimum points is to identify the optimum levels for the machining
parameters [29]. These were defined by assessing different levels of the input parameters, based on
the results from combinations produced by the orthogonal array [34]. The S/N ratios for the tool life
for the nine combinations L9 are presented in Table 6, and shown in Figure 2. Figure 2 graphically
illustrates the S/N ratios that were calculated for the tool life and shows that the optimum combination
for the tool life was determined as A3B1C1 (A3 = monolayer-TiN, B1 =13 m/min, C1 = 0.12 mm/rev).

Table 6. Response table mean S/N ratio for tool life factor and significant interaction.

Material Predictor
Levels

Max-Min Rank
1 2 3

AISI 304
Cutting tool 34.08 40.55 49.74 a 15.66 1

Cutting speed 45.07 41.29 36.43 8.64 2
Feed rate 43.50 41.58 7.71 5.79 3

AISI 2205
Cutting tool 28.64 36.59 48.16 a 19.52 1

Cutting speed 42.28 38.95 33.74 8.53 2
Feed rate 41.01 37.73 36.23 4.78 3

a Optimum level.
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Figure 2. Mean signal to noise (S/N) ratio graph for tool life of (a) AISI 304 and (b) AISI 2205
stainless steels.

4.1.2. Analysis of Variance (ANOVA) for Tool Life

The goal of the analysis of variance is to determine which design parameters meaningfully affect
the tool life. This is achieved by splitting the variability of the S/N ratios, which is measured by the
sum of the squared deviations from the total mean S/N ratio, in the contributions of each cutting
parameter and the error [22]. The variance of each cutting parameter is shown in Table 7. The F-ratio
test is a statistical tool used to verify which design parameters significantly affect the quality being
investigated (tool life). This is defined as the ratio of the mean squared deviations to the mean
squared error. This analysis was performed with a confidence level of 95% [19]. The importance of
the input parameters in ANOVA analysis was identified by comparing the F-values of each input
parameters. The F-value determined in the ANOVA table was compared with the value according to
standard F-tables for a given statistical level of importance [35]. The last column of Table 7 indicates
the percentage contribution of each factor on the total variation, indicating their degree of influence
on the results. The greater the percentage contribution, the greater the influence a factor has on the
performance [36]. According to Table 7, it was found that the tool material is the most significant
cutting parameter affecting tool life with 76.86% for AISI 304 and 77.12% for AISI 2205, followed by
cutting speed with 17.16% for AISI 304 and 10.22% for AISI 2205. The feed rate had an insignificant
effect on tool life with 3.77% for AISI 304 and 5.79% for AISI 2205.

Table 7. Results of analysis of variance (ANOVA) for tool life.

Material Machining
Parameters

Degrees of
Freedom

Sum of
Squares

Mean
Square F P Contribution %

AISI 304

Tool Material 2 58,411 58,411 34.56 0.002 76.86
Cutting Speed 2 14,211 14,211 8.41 0.034 17.16

Feed rate 2 2321 2321 134 0.294 3.77
Error 2 8451 1960 - - -
Total 8 83,393 - - - -

AISI 2205

Tool Material 2 138,928 138,928 4.76 0.063 77.21
Cutting Speed 2 19,041 19,041 12.51 0.017 10.22

Feed rate 2 580 580 1.71 0.247 5.79
Error 2 55,533 1107 0.05 0.828 -
Total 8 214,082 - - - -

4.2. Taguchi Analysis for Cutting Forces and Specific Cutting Energy

The cutting forces (Fc) and specific cutting energy (ks) were calculated using Equations (1) and (2) and
summarized in Table 5. Figure 3 depicts the contour maps for cutting forces and specific cutting energy for
AISI 304 and AISI 2205 stainless steels as a function of feed rate and cutting speed. As described, the highest
cutting forces were obtained during drilling of AISI 2205, which highlights that duplex stainless steel is
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more difficult to cut than AISI 304 [8]. In addition, the highest cutting forces were achieved when drilling
with a low cutting speed and high feed rate and the highest specific cutting energy was achieved with
low feed rate and low speed [21]. Following the experimental runs, the results were analyzed to optimize
the parameters and to identify which process parameters are statistically significant. Data analysis was
conducted using S/N ratio response analysis and ANOVA.

Figure 3. Contour maps of cutting force and specific cutting energy versus feed rate and cutting speed
for (a,b) AISI 304 and (c,d) AISI 2205 stainless steels.

4.2.1. Signal to Noise (S/N) Response Analysis for Cutting Effects

With the Taguchi method, we used the S/N ratio as the quality characteristic of choice. In drilling
operations, a smaller Fc and ks are indications of better performance [37]. Therefore, in order to obtain
the optimum machining performance, the S/N ratio (Equation (5)) was selected for the minimized
Fc and ks. The S/N ratio functioned as a performance measurement to develop processes insensitive
to noise factors. The degree of predictable performance of a product or process in the presence of
noise factors can be defined from S/N ratio values. For each type of machining output, the higher the
S/N ratio, the better the result [19]. In this study, lower Fc and ks values are important from the point
of view of energy consumption. Therefore, the desired “smaller-the-better” criteria implies that the
lowest specific cutting energy would be the ideal result, while the largest S/N ratio response would
reflect the best response which results in the lowest noise. This is the criteria employed in this study to
determine the optimal machining parameters [38].

The distribution of the means of S/N ratios calculated for Fc and ks was determined and the results
for the nine combinations L9 are presented in Table 8, and shown in Figure 4. As smaller-the-better
was selected for Fc and ks, the lowest values at all levels were evaluated to determine the optimal
combination of cutting tool, cutting speed and feed rate. Therefore, the optimum combination for
cutting force was determined as A3B3C1 (A3 = TiN, B3 = 34 m/min, C1 = 0.12 mm/rev). Similarly,
for specific cutting energy, the lowest values at all levels were evaluated to determine the optimal
combination, which was determined as A3B3C3 (A3 = TiN, B3 = 34 m/min, C3 = 0.32 mm/rev).
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Therefore, the lowest Fc was achieved when drilling with the highest cutting speed (34 m/min) and
smallest feed rate (0.12 mm/rev) and the lowest specific cutting energy was achieved with the highest
cutting speed (34 m/min) and highest feed rate (0.32 mm/rev). This can be explained as due to the
higher temperatures generated in the tool chip contact area as a function of increased cutting speed [39].
The thermal softening which takes place in the cutting zone due to this temperature increase causes
the cutting force to decrease [40]. In addition, the increase in the feed rate causes an increase in the
chip section, leading to an increase in the cutting force and decrease in specific cutting energy (see
Equations (1) and (2)) [39]. Also, the lowest cutting force and specific cutting energy values were
obtained with the mono-layer TiN twist drill. The TiN coating provides more hardness and a very low
coefficient of friction (Table 3), which results in increased resistance to wear and lower cutting forces
and specific cutting energy [37].

Table 8. Response table mean S/N ratio for cutting force and specific cutting energy factors and
significant interaction.

Material Response Predictor
Levels

Max-Min Rank
1 2 3

AISI 304

Cutting Force
Cutting tool −62.21 −63.24 −60.12 3.12 3

Cutting speed −63.69 −62.83 −59.09 a 4.63 1
Feed rate −62.64 −59.30 −63.63 4.32 2

Specific
Cutting
Energy

Cutting tool −72.78 −73.82 −70.70 3.12 3
Cutting speed −75.26 −73.40 −70.63 4.63 2

Feed rate −77.53 −70.76 −70.00 a 7.77 1

AISI 2205

Cutting Force
Cutting tool −61.62 −62.91 −60.60 2.30 3

Cutting speed −62.19 −63.05 −59.89 a 3.16 1
Feed rate −61.50 −60.19 −63.44 3.25 2

Specific
Cutting
Energy

Cutting tool −72.20 −73.48 −71.18 2.30 3
Cutting speed −72.77 −73.62 −70.46 3.16 2

Feed rate −76.40 −70.65 −69.82 a 6.58 1
a Optimum level.

Figure 4. Mean signal to noise (S/N) ratio graph for (a,c) cutting force and (b,d) specific cutting energy
of (a,b) AISI 304 and (c,d) AISI 2205 stainless steels.
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4.2.2. Analysis of Variance (ANOVA) for Cutting Effects

In this study, ANOVA and column effect methods were used to analyze the effects of cutting with
the analysis undertaken at a confidence level of 95%. ANOVA values of experimental results for the Fc

and ks for the two selected stainless steels are shown in Tables 9 and 10. As a result of the assessment of
Fc, the percentage contributions of tool material (A), cutting speed (B) and feed rate (C) were found to
be: 5.92%, 84.19% and 9.87%, respectively, in the case of AISI 304, and 5.76%, and 38.46%, and 55.76%,
respectively, for AISI 2205.

Furthermore, the percentage contributions of factors A, B and C for the specific cutting energy
are 5.23%, 13.52%, and 81.23%, respectively, for AISI 304, and 2.82%, 8.80%, and 88.57%, respectively,
for AISI 2205. In this case, the most effective parameter for the specific cutting energy is feed rate.
In drilling operations, the feed rate is one of the most effective process parameters in the growth
of specific cutting energy, because increasing feed rate increases the chip volume removed per unit
time [32], as described in Equation (2).

Table 9. Results of analysis of variance (ANOVA) for cutting force.

Material Machining
Parameters

Degrees of
Freedom

Sum of
Squares

Mean
Square F P Contribution %

AISI 304

Tool Material 2 33,750 33,750 0.24 0.648 5.92
Cutting Speed 2 487,350 487,350 3.41 0.124 84.19

Feed rate 2 57,037 57,037 0.40 0.556 9.87
Error 2 715,613 143,123 - - -
Total 8 - - - - -

AISI 2205

Tool Material 2 18,482 18,482 0.12 0.747 5.76
Cutting Speed 2 127,022 127,022 0.80 0.413 38.46

Feed rate 2 184,802 184,802 1.16 0.331 55.76
Error 2 796,963 159,393 - - -
Total 8 1,127,268 - - - -

Table 10. Results of analysis of variance (ANOVA) for specific cutting energy.

Material Machining
Parameters

Degrees of
Freedom

Sum of
Squares

Mean
Square F P Contribution %

AISI 304

Tool Material 2 1,815,000 1,815,000 0.87 0.394 5.23
Cutting Speed 2 4,681,667 4,681,667 2.25 0.194 13.52

Feed rate 2 28,166,667 28,166,667 13.51 0.014 81.23
Error 2 10,422,222 2,084,444 - - -
Total 8 45,085,556 - - - -

AISI 2205

Tool Material 2 588,760 588,760 0.41 0.550 2.82
Cutting Speed 2 1,737,740 1,737,740 1.28 0.309 8.80

Feed rate 2 17,486,508 17,486,508 12.87 0.016 88.57
Error 2 679,127 1,358,256 - - -
Total 8 26,574,286 - - - -

4.3. Evaluation of the Experimental Results

In this study, two techniques for data analysis of the results for the tool life, cutting force,
and specific cutting energy have been used. Both techniques delivered similar results. The cutting
speed is found to be the most prominent factor influencing tool life and cutting force [5,28,37]. As can
be seen from Figures 1 and 3, the tool life and cutting forces decrease with increasing cutting speed,
while higher values for the feed rate are recommended for lower specific cutting energy.

The variation in the tool life obtained during machining the two selected stainless steels under
different cutting condition is shown in Figure 1. For a specific range of parameters, the experimental
results from the Taguchi method and ANOVA analysis, show that the tool life decreases with increasing
cutting speed. This phenomenon can be attributed to the low thermal conductivity of stainless steels,
which leads to heat concentration in the cutting zone that results in high localized temperatures [24].



J. Manuf. Mater. Process. 2018, 2, 16 11 of 16

In addition, their high work hardening leads to high adhesion of the workpiece material to the cutting
tool, resulting in unstable chip and BUE formation [4]. The stability of a BUE as a structure is low and
its breakage can cause cracks and damages on the tool surface.

The variations in the cutting forces (Fc) obtained during the experimental study for the two
selected stainless steels at different cutting conditions are given in the graphs of Figure 4. The cutting
force exhibited a decrease with the increasing cutting speed. It is thought that the increasing cutting
speed caused a decrease in the tool-chip contact area, resulting in a decrease in Fc [41,42]. Furthermore,
the ductility of stainless steel produces long tool–chip contact length on the rake face. Increasing
tool–chip contact length reduces the shear plane angle and this leads to increased shear stress [14].
In addition, high spindle speed associated with high cutting temperature, leads to workpiece softening
and then reduces the cutting forces [2].

The variations in specific cutting energy (ks) obtained in the experimental study for different
stainless steels are given in the graphs of Figure 4. As illustrated, among the parameters tested, feed
rate had the most effect on ks. Since ks is a function of the feed rate (Equation (2)), the increased feed
rate values decreased the ks significantly. Moreover, the results of variance analysis verified that feed
rate was the most effective parameter on ks [21]. In addition, when the cutting speed increased in
parallel with the cutting forces, this caused a decrease in the ks values. This would explain why feed
rate and cutting speed play a key role in obtaining the lowest Fc and ks [43]. Also, as was the case with
the cutting forces, with the ks, the TiN-coated twist drill also displayed some advantage over the other
twist drills. This can be explained by the lower frictional coefficient of the TiN coating, see Table 3 [25].

4.4. Empirical Models and Prediction Performance

For the purpose of defining the relationship between one dependent variable and one or more
independent variables, regression analysis was used. In this study, dependent variables were defined
as T, Fc, and ks, whereas the independent variables were specified as the cutting tool, cutting speed,
and feed rate. Estimation equations for T, Fc, and ks were established for linear regression models.
The estimation equations obtained for the linear regression model of T, Fc, and ks are given in
Equations (6)–(11). The coefficient of determination (R2) of the equations obtained with the linear
regression model for T, Fc, and ks were calculated as 89.93%, 88.07%, and 87.04%, respectively, for AISI
304 and 89.93%, 88.59%, and 87.04%, respectively, for AISI 2205. R2 is the statistical measure of
how well the regression line approximates the real data points and its value should be between
0.8 and 1 [44]. Figure 5 shows normal probability plots of the residuals and this reveals that almost all
the residuals follow a straight-line pattern which confirms that the regression model obtained from T,
Fc, and ks for drilling the two selected stainless steels matches very well with the experimental data
(R2 > 0.8). Thus, it is possible to apply the linear regression model successfully for the estimation of
T, Fc, and ks. This work could be useful for industries for the selection of process parameters in the
drilling of stainless steels, and it would be helpful for manufacturing engineers for predicting the
machining outcomes of the investigated types of stainless steels.

Figure 5. Cont.
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Figure 5. Normal probability plots of the residuals for (Left) AISI 304 and (Right) AISI 2205
stainless steels.

For AISI 304 stainless steel:

T = 86.2 + 98.7 Tool Material − 48.7 Cutting Speed− 19.7 Feed Rate (6)

Fc = 1835− 75 Tool Material − 285 Cutting Speed + 97 Feed Rate (7)

ks = 11928− 550 Tool Material − 883 Cutting Sped− 2167 Feed Rate (8)

For AISI 2205 stainless steel:

T = −26 + 152.2 Tool Material − 56.3 Cutting Speed− 9.8 Feed Rate (9)

Fc = 1310− 56 Tool Material − 146 Cutting Speed + 176 Feed Rate (10)

ks = 9538− 305 Tool Material − 538 Cutting Sped− 1707 Feed Rate (11)

4.5. Confirmation Tests

The purpose of the confirmation test is to validate the conclusions drawn during the analysis
phase [13]. Once the optimal level of the process parameters is selected, the final step is to predict
and verify the improvement of the performance characteristics using the optimal level of the process
parameters. The predicted S/N ratio using the optimal level of the process parameters can be calculated
using Equation (12), as [7,9]

η = ηm +
q

∑
i=1

(ηi′ − ηm) (12)

where ηm is the mean of the S/N ratio, ηi′ is the mean of the S/N ratio at the optimal level, and q is
the number of process parameters that significantly affect the performance characteristics. Table 11
shows the results of the confirmation experiments using the optimal machining parameters for tool
life. The increase in S/N ratio from the initial machining parameters to the level of optimal machining
parameters for AISI 304 and AISI 2205 are 70.45 dB and 21.1 dB, and the tool life is increased by 6.24 and
14 times, respectively. Thus, the tool life is greatly improved by using the approach adopted in this
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paper. Table 12 also shows the results of the confirmation experiments using the optimal machining
parameters for Fc. The improvement in the S/N ratio from the initial machining parameters to the
optimal machining parameters are 5.28 dB for AISI 304 and 2.62 dB for AISI 2205, and the cutting
force is decreased by 3.63 for AISI 304 and 1.70 times for AISI 2205. Table 13 reports the results of
the confirmation experiments using the optimal machining parameters for ks. The improvement in
S/N ratio from the initial machining parameters to the optimal machining parameters are 9.02 dB for
AISI 304 and 7.5 dB for AISI 2205, and the ks is decreased by 1.11 and 1.09 times for AISI 304 and AISI
2205, respectively.

Table 11. Results of the confirmation experiment for tool life.

Material Initial Parameters
Optimum Conditions

Predict Experiment

AISI 304

Level A2B2C2 A3B1C1 A3B1C1
Tool Life (s) 60 - 310

S/N ratio (dB) 7.71 51.086 48.16
Improvement of S/N ratio - 70.45 -

AISI 2205

Level A2B2C2 A3B1C1 A3B1C1
Tool Life (s) 30 - 420

S/N ratio (dB) 28.64 53.0575 49.74
Improvement of S/N ratio - 21.1 -

Table 12. Results of the confirmation experiment for cutting force.

Material Initial Parameters
Optimum Conditions

Predict Experiment

AISI 304

Level A2B2C2 A3B1C1 A3B1C1
Fc (N) 1800 - 495

S/N ratio (dB) −69.63 −54.76 −64.33
Improvement of S/N ratio - 5.28 -

AISI 2205

Level A2B2C2 A3B1C1 A3B1C1
Fc (N) 1350 - 792

S/N ratio (dB) −67.93 −57.26 −65.30
Improvement of S/N ratio - 2.62 -

Table 13. Results of the confirmation experiment for specific cutting energy.

Material Initial Parameters
Optimum Conditions

Predict Experiment

AISI 304

Level A2B2C2 A3B1C3 A3B1C3
ks (N/mm2) 8450 - 1650

S/N ratio (dB) −85.42 −62.22 −76.40
Improvement of S/N ratio - 9.02 -

AISI 2205

Level A2B2C2 A3B1C3 A3B1C3
ks (N/mm2) 7500 - 2344

S/N ratio (dB) −84.12 −67.72 −76.62
Improvement of S/N ratio - 7.5 -

From the confirmation tests, good agreement between the predicted machining performance and
the actual machining performance was observed. Additionally, the experimental results confirmed the
validity of the applied Taguchi method for enhancing the machining performance and the optimizing
the drilling parameters. The tool life, cutting force, and specific cutting energy are greatly improved by
using the approach.
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5. Conclusions

In this study, an investigation on the tool life, cutting forces, and specific cutting energy, based on
the parameter design of the Taguchi method, in the optimization of turning operations of austenitic
AISI 304 and duplex AISI 2205 stainless steels has been carried out and the results are presented.
Summarizing the main experimental results of this study, the following generalized conclusions can
be drawn:

1. The lowest tool life, and highest cutting forces and specific cutting energy are generated during
machining duplex AISI 2205 stainless steel which indicates that austenite AISI 304 shows better
machinability compare to AISI 2205. The poor machinability of duplex stainless steel compared
to other grades of stainless steels results primarily from the high strength of the alloy but is
exacerbated by a lack of non-metallic inclusions and the low carbon content.

2. Based on the analysis of variance (ANOVA) results, the most effective parameters on tool life
were determined. Namely, the tool material is the main factor that has the highest impact on tool
life. This factor is about 1.7 and 2.62 times for AISI 304 and AISI 2205, respectively, which is more
important than the second ranking factor (cutting speed). The feed rate does not seem to have
much influence on the tool life.

3. The ANOVA analysis revealed that the cutting speed was the most dominant parameter on cutting
force with a contribution ratio of 41.15%, and 58% for AISI 304 and AISI 2205, respectively, and that
the feed rate was the most dominant parameter on specific cutting energy with a contribution
ratio of 81.42% and 81.98% for AISI 304 and AISI 2205, respectively.

4. Based on the signal-to-noise ratio results in Tables 6 and 8, we can conclude that for both AISI 304
and AISI 2205, A3B1C1 (A3 = TiN, B1 = 13 m/min, C1 = 0.12 mm/rev) are the optimal machining
parameters for tool life, and A3B3C1 (A3 = TiN, B1 = 34 m/min, C1 = 0.12 mm/rev) are the optimal
machining parameters for cutting force, whereas A3B3C3 (A3 = TiN, B3 = 34 m/min, C3 = 0.32 mm/rev)
are the optimal machining parameters for specific cutting energy.

5. The improvement in the tool life from the initial machining parameters to the optimal machining
parameters for AISI 304 and AISI 2205 is about 6.24 and 14 times, whereas the cutting force is improved
by 3.63 and 1.70 times, and specific cutting energy is improved by 1.11 and 1.09 times, respectively.

6. The regression results showed that the deviations between the actual and predicted S/N ratios
for tool life, cutting force, and specific cutting energy are small for each parameter.

7. In conclusion, the Taguchi optimization method is an efficient and effective method for
optimizing energy consumption and enhancing tool life during drilling of AISI 304 and AISI 2205
stainless steels.
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