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In recent years, hard turning, an alternative to grinding, which provides low cost and good surface quality, has become an
attractive method to the manufacturers. In this experimental study, AISI H11 hot work tool steel that has been hardened up to 50
HRC was subjected to hard turning tests with coated carbide tooling. The analyses were carried out by applying response surface
methodology with the analysis of variance method. A total of 27 experiments were modeled utilizing 3* full factorial design and
were carried out using a CNC lathe. The effects of the cutting parameters on surface roughness, energy consumption, electric
current value, and sound intensity level were investigated. Optimum cutting parameters and levels were determined according to
these optimum values. The relationship between cutting parameters and output variables was analyzed with two-dimensional and
three-dimensional graphics. The results show that while the most effective parameter on the surface roughness was the feed rate
(88.62%), the most effective parameter on the sound intensity level was the cutting speed (44.92%). In addition, the cutting depth
was the most effective parameter on both electric current (52.20%) and energy consumption (46.15%). Finally, regression
coeflicients were determined as a mathematical model, and it was observed that this estimated model gave results that were very
similar to those achieved with real experiment (correlation values: 97.64% for surface roughness, 98.72% for energy consumption,

97.22% for electric current value, and 91.38% for sound intensity level).

1. Introduction

Hard turning has been an important research topic in recent
years. Hard turning is the phenomenon of machining at very
high cutting speeds. It is an exceedingly difficult and delicate
procedure [1]. In the hard turning process, grinding quality
or a better surface quality is obtained without grinding [2].
This situation provides advantages in terms of money and
time [3]. AISI H11 is a widely used chromium hot work tool
steel and has a place of importance in hard turning due to its
rigidity and durability. This material can reach a hardness of
45-55 HRC after heat treatment [4]. Heat treatment im-
proves not only the strength property of the material but also
its surface quality in the hard turning process.

In order to complete the finishing turning process with
high precision, high machine tool rigidity as well as high and

constant surface speed must be provided on the lathe.
Otherwise, the negative effects of friction caused by tem-
perature and wear increase the surface roughness. The effects
of friction can be reduced with a good surface quality [5].

In terms of hard turning, researchers have worked on
different workpieces with different tools, defined various
parameters, and sought solutions to optimize surface quality
[6, 7]. The effort to improve surface quality has helped to
maximize environmental protection and saved money, en-
ergy, and time.

Agrawal et al. [8] studied the effects of surface roughness
using an AISI 4340 steel CBN tool with different cutting
parameters. According to their results, the most effective
parameter in surface roughness is the feed rate followed by
cutting speed and depth of cut. In another study, Giinay and
Yiicel [9] machined high alloy white cast iron (Ni) with two
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different hardness values (50 and 62 HRC) using ceramic
and CBN tools. For both hardness values, they obtained the
best surface quality with the CBN tool. In their analysis, they
stated that although the most effective parameter is feed rate
at 62 HRC hardness, the most effective parameter is cutting
speed at 50 HRC hardness.

Studies in the literature show that when processing
hardened materials, CBN and ceramic tools are preferred as
tool materials due to their high hardness properties [10, 11].
However, these tools are quite expensive and their impact
resistance is low. Carbide inserts are 20 times cheaper than
CBN [12]. According to literature, carbide tips with 45-55
HRC hardness values give particularly good results [13, 14].
Tiwari et al. [15] processed 52-54 HRC hard material with
carbide inserts and achieved good results. Thus, carbide
inserts produced to process hard materials can be used in
rigid machine tools. For this purpose, the aim is more
economical production. Alok and Das [16] machined AISI
52100 with a coated carbide tool. They examined tool wear,
surface roughness, and cutting force at different cutting
parameters and found cutting speed to be the most effective
parameter. Sahu and Choudhury [17] machined AISI 4340
steel with uncoated and TiN-coated carbide inserts. In their
experiments, they obtained the best surface quality with a
coated carbide tool at high speeds and low feed rates. Aoucci
et al. [18] studied the effects of AISI H11 hot work tool steel
on surface roughness with three different inserts (CC670,
CC650, and CBN7020) at different cutting parameters. They
achieved the best surface quality at low feed rates and high
cutting speeds and found that the most effective cutting
parameter on surface roughness was feed rate.

Recent additions to the literature have shown that a
wide nose radius provides better results and is more ad-
vantageous for surface roughness [19-21]. Nouioua et al.
[22] conducted experiments with three different nose radii.
They stated that wide nose radius (r) gives low surface
roughness value. In contrast, Umamaheswarrao et al. [23],
who also concluded that nose radius is the most effective
cutting parameter, experimented with three different nose
radii (0.4, 0.8, and 1.2) and determined that a nose radius of
0.8 provided optimum results. Panda et al. [24] stated in
their study that the most effective parameter on the surface
roughness was the nose radius (r). In addition, studies
showed that surface roughness also depends on the min-
imum uncut chip thickness (MUCT), especially for low
feed rate (less than 0.05), provided that r (nose radius) <
1 mm [25, 26].

Recent research has also provided important informa-
tion about the cutting conditions of sound during processing
[27]. Sound intensity level used as a practical measurement
element by experienced operators is an alternative mea-
surement element for a better understanding of the chip
removal process. Sahinnoglu and Rafighi [28] and Cakur [29]
studied sound intensity as well as surface roughness. In both
studies, it was determined that the cutting speed and depth
of cut were the most effective parameters for the sound
intensity level. In addition, sound intensity level measure-
ments were an important measurement method in deter-
mining the exposure of employees to loud noise.
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Rastorguev and Sevastyanov [30] showed in their study
that we can have an idea about the cutting forces by looking
at the electric current drawn by the lathe. Measuring electric
current has become an alternative measurement method
instead of performing a difficult task such as cutting force
[29].

One indispensable aspect of manufacturing is that de-
veloping technology and increasing populations inevitably
lead to increased production and decreased energy re-
sources, which in turn causes energy issues as it is estimated
that global energy resources have a reserve of 50 years. Thus,
energy must be used efliciently. Choosing appropriate
cutting parameters is an important factor in efficient energy
use. In other words, by changing cutting parameters and
values, energy consumption levels can be improved by
looking at the power consumed by the machine and the
current values it draws [3, 31, 32]. Negrete and Najere [33]
processed AISI 1045 steel under dry processing conditions
and investigated the energy consumption, processing time,
material removal rate, specific energy, and surface roughness
values in different cutting parameters. They reached the
optimum cutting parameters for minimum energy usage in
turning operations. Velchev et al. [34] stated that the most
effective parameters in the energy consumption model they
presented are feed rate and depth of cut.

Optimization has gained great importance in the
manufacturing industry. By using ANOVA and RSM, an-
alyses can be made in all areas of production [35-37]. For the
hard turning process, various optimization methods (RSM,
Taguchi, artificial neural networks, genetic algorithm, and
particle swarm optimization) were used by researchers
[38-40].

In this experimental study, hardened AISI H11 hot work
tool steel was machined on a CNC lathe. A PVD-coated
carbide tool with 0.8 mm nose radius was used in the ex-
periments. The aim of this study is to determine and in-
terpret the effects between input and output parameters
during the processing of hard material.

Hard turning, which eliminates cylindrical grinding
processes, can be used in all areas where hard material is
needed in recent years.

The studies on machining so far have focused only on the
studies on surface roughness, wear, and cutting forces. The
part produced for the machine manufacturer should be
smooth, and the sound intensity level should be important.
Since determining tool wear is a laborious process, we can
have an idea about wear by measuring the sound intensity
level. At the same time, the sound intensity level that occurs
while the workpiece is being processed is an issue that should
be considered especially in terms of occupational health and
safety. Employees in the manufacturing industry are exposed
to high noise intensity. Therefore, the issue of sound in-
tensity, which is missing in the literature, has become the
necessity of the age. Since electric current value measure-
ment is instantaneously measured, it has become a practical
measurement method by estimating tool wear and surface
roughness values that cannot be measured instantly. Like-
wise, energy consumption is very important for manufac-
turers. In other words, its contributions to global warming
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(environment) aside from the economic machining show
that it is a very important issue. With the information
obtained from such studies, it will be possible for manu-
facturers to reduce their costs and increase their competitive
power with high-strength machine parts. Such studies
should be accelerated for a sustainable and healthy life in the
future. Considering these aspects, a significant contribution
has been made to the literature.

2. Materials and Methods

The AISI H11 material chosen for this research was one with
a diameter of 44 mm and a length of 250 mm. The chemical
composition of AISI HI11 hot work tool steel is given in
Table 1 and its mechanical properties are given in Table 2.

The tailstock was drilled before the material was hard-
ened. The workpiece material was allowed to stand at 950°C
for 2 hours and was then suddenly cooled in oil. By applying
the vacuum hardening technique, homogeneity in heat
treatment was provided. Tempering at 6000°C was done to
get the tension of the material. Then tests were conducted to
check whether the desired properties were acquired or not. A
hardness value of 50 HRC was achieved.

Developments in materials and heat treatment tech-
nology have created the issue of machinability. Machin-
ability of a given material is one of the most important
problems after obtaining high mechanical strength as these
types of materials need to be processed on high-rigidity
machines. Therefore, a TTC 630 model CNC lathe manu-
factured by TAKSAN was used in this experimental study.
This machine has 20 kW of power and a maximum speed of
4000 rpm and does not lose precision at high cutting speeds.

Full factorial test design was used for the test material,
AISI H11 hot work tool steel. The cutting parameter levels
and values for the experiments were presented in Table 3.
When determining the cutting parameters for hard turning,
the data in the literature and the tool catalogue values were
taken into account. As the cutting parameters, 3 different
cutting speeds (140, 160, and 180), 3 different feed rates
(0.05, 0.09, and 0.13), and 3 different depths of cutting (0.05,
0.10, and 0.15) were used. A total of 27 experiments were
modeled utilizing 3° full factorial design.

The workpiece material chosen for this research is
44mm in diameter and 250 mm in length. As shown in
Figure 1, the material was connected between tailstock and
chuck. Some sawdust was removed from the surface and it
was then prepared for the processing experiments. Exper-
iments were repeated 3 times to confirm the reproducibility
of the experimental results. 9 experiments were performed
on a workpiece material.

A PVD (physical vapor deposition) AlTiN-coated car-
bide tool with DCMT 11T308 geometry manufactured by
TaeguTec was used for the turning of hard materials. New
cutting tool was used for each experiment. Coolant was used
in the cutting process. Experimental work was done with the
mixture obtained by mixing 1/20 boron oil with water. The
tool holder was used with a docking angle of 95 degrees and
an insert angle of -6 degrees. The tool holder was connected
at a distance of 10 mm to reduce vibration.

TaBLE 1: Chemical composition of grade AISI H11 steel [41].

Chemical composition  C Si Ct Mo V Mn
Content (%) 035 110 510 1.20 0.30 0.40

TaBLE 2: Mechanical properties of AISI H11 steel [41].

Yield strength (MPa) Density (g/cm?®) Hardness (HRC)
1620 7.80 50

TasLe 3: Cutting parameters and their levels used in the
experiment.

. . Level
Cutting parameter ~ Symbol Units 5 3
Cutting speed V. m/min 140 160 180
Feed rate f mm/rev 005 0.09 0.13
Depth of cut a, mm 0.05 010 0.15

Figure 1: PVD carbide tool 2D representation.

The machines and devices used in the experiment are
shown in Figure 2. Immediately after the machining test, the
surface roughness value was measured with the Mitutoyo SJ
201 roughness tester. Measurements were taken at 3 different
points and the average surface roughness value (Ra) was
calculated. The sampling range was selected as 0.8.

The electric current value and sound intensity levels
during processing were recorded instantaneously. At the
time of processing, a UNIT 201 clamp meter. was used to
measure electric current values. Phase values were measured,
and voltage values were taken from the regulator. The
regulator to which the machine was connected prevents
fluctuations in voltage values and changes caused by energy
losses from affecting the measurement results.

Sound intensity levels were measured with a Lutron SL
401 sound intensity meter in the Filter A position. Sound
intensity measurements were collected when the test envi-
ronment was quiet.

Energy consumption was calculated using Equation (10)
by calculating instantaneous power consumption and total
processing times.

The data were analyzed using the Minitab 18 statistics
package program. As shown in Figure 3, analysis of variance
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FIGURE 2: Experimental setup.

(ANOVA) modeling and optimization were constructed,
respectively. Then, the actual experimental results were
compared with the estimated values generated from the
mathematical models.

Response surface methodology (RSM) was used to an-
alyze and model the relationship between cutting parameters
and response variables. Thanks to RSM, multiple optimi-
zations can be made, and linear, square, and interactive
parameters can be specified [40].

Y =&(a,V,, ). (1)

The response formula depending on the independent
variables is given in equation (1), where Y is response pa-
rameter (energy consumption, current, Ra, and sound),

Ap» V., and f are independent design variables, and @ is the
output parameter function.

3. Results and Discussion

The average surface roughness (R,) calculation is given in
equation (2) theoretically. We see from this equation that R,
is directly proportional to the feed rate (f) and inversely
proportional to the nose radius (r). That is, the surface
quality deteriorates with increasing feed rate, while the
surface quality improves with increasing nose radius. Lit-
erature studies support this result [19-21].

2
R= 2)
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TaBLE 4: Energy consumption calculation results of the whole experiment design.
Experiment  Depth of cut Cutting speed  Feed rate Surface Sound intensity Electric Energy
no. (mm) (m/min) (mm/rev)  roughness (ym) level (dB) current (A) consumption (Wh)
1 0.05 140 0.05 0.21 74.5 2.60 33.86
2 0.05 140 0.09 0.37 74.8 2.64 19.10
3 0.05 140 0.13 0.76 75.0 2.66 13.32
4 0.05 160 0.05 0.22 74.9 2.55 29.06
5 0.05 160 0.09 0.33 75.0 2.60 16.46
6 0.05 160 0.13 0.75 74.9 2.64 11.57
7 0.05 180 0.05 0.18 75.0 2.63 26.64
8 0.05 180 0.09 0.32 75.1 2.67 15.02
9 0.05 180 0.13 0.76 75.3 2.75 10.71
10 0.10 140 0.05 0.23 74.6 2.62 17.06
11 0.10 140 0.09 0.41 74.7 2.68 9.69
12 0.10 140 0.13 0.61 74.8 2.72 6.81
13 0.10 160 0.05 0.22 74.9 2.61 14.87
14 0.10 160 0.09 0.33 75.1 2.68 8.48
15 0.10 160 0.13 0.54 75.2 2.80 6.14
16 0.10 180 0.05 0.18 75.1 2.72 13.77
17 0.10 180 0.09 0.30 75.3 2.78 7.82
18 0.10 180 0.13 0.65 75.5 2.82 5.49
19 0.15 140 0.05 0.16 75.0 2.73 11.85
20 0.15 140 0.09 0.22 75.1 2.78 6.70
21 0.15 140 0.13 0.67 75.3 2.84 4.74
22 0.15 160 0.05 0.18 75.0 2.71 10.29
23 0.15 160 0.09 0.32 75.2 2.85 6.01
24 0.15 160 0.13 0.64 75.3 2.96 4.32
25 0.15 180 0.05 0.17 75.4 2.81 9.49
26 0.15 180 0.09 0.31 75.6 2.93 5.50
27 0.15 180 0.13 0.60 75.8 3.10 4.03

According to the literature studies, the cutting pressure
(cutting force) decreased with the increase of the cutting
speed and a good quality surface was obtained [21, 42].
When we look at the studies in the literature on hard
turning, it shows that the cutting speed is insignificant on the
surface roughness [28, 29, 38]. They also stated that the
surface quality decreases with increasing cutting speeds [19].
On the contrary, it is known that increasing the depth of cut
increases the surface roughness. However, most studies in
the literature showed that the depth of cut is unimportant for
hard turning [38, 43]. In fact, in some studies, it was ob-
served that the surface roughness decreases slightly at high
depths of cut [28, 43]. The rigidity of the machine has also
been an important factor in the precision and accuracy of the
results.

Sound intensity level measurement and electric cur-
rent measurement have been alternative measurement
methods for predicting tool wear. The electrical current
rating of the machine is an indicator of power con-
sumption. Therefore, it will be of great benefit to interpret
the selected cutting parameters and electrical current
values [29].

The energy consumption is not only related to the in-
stantaneous electric current of the machine but also related
to the processing time. Energy consumption is calculated
from equation (10) for equal depth of cut [35].

3.1. Experimental Results. A total of 27 experiments were
modeled utilizing 3° full factorial design and these tests were

carried out using a CNC lathe. The results of the experiment
carried out under wet cutting conditions with coated carbide
inserts are given in Table 4.

3.2. Energy Consumption Calculation Results. Energy con-
sumption is a function of instantaneous power consumption
and total processing time. It is possible to calculate energy
consumption using equations (3)-(10).

Instant power consumption is obtained from voltage and
current values:

P =+/3VI cos ¢, (3)

where P is the instantaneous power consumption, V is the
voltage, I is the current, ¢ is phase angle, and cos ¢ is the
power factor of the device.

P = /3(380)I cos ¢. (4)

The instantaneous power consumption is multiplied by
the total processing time and divided by 3600 to obtain
energy consumption in kWh.

PT

=—, 5
3600 2

where E is energy consumption and T is the total processing
time.

Spindle speed (N) is divided by cutting speed (V) into
the environment:
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FIGURE 3: Statistical analysis.

1000V
N = = (6)

nD
Machining time (t) is obtained by dividing the ma-
chining length (L) of the workpiece material by the feed rate
(f) and the spindle speed (N):

_ 60L

t_f—N.

(7)
Machining time when equation (7) is substituted in
equation (6) is

60rDL

Total machining time (T) is obtained by taking into
account the depth of cut (ap):

_ 60nDLay,,,
- 1000fV.a, ©)

If the instantaneous power consumption (P) and total
processing time (1) are used in equation (5), the energy
consumption (E) is

~ V3(380)1 (cos $)607DLA 0y

3600 (1000) fV.a,, (10)

From equation (10), energy consumption was calculated
for each experiment and is expressed in Table 4.

3.3. Statistical Analysis. The experimental data was analyzed
using the Minitab 18 statistics package and the results were
interpreted through statistical analysis. The analyses were
carried out by applying response surface methodology
(RSM) with the analysis of variance (ANOVA) method.
These analyses were carried out for a 95% confidence level («
= 0.05 significance level).

Statistical analysis is summarized in Figure 2. Effect rates
were determined by ANOVA and mathematical models were
created, respectively. The best surface quality, lowest energy
consumption, lowest sound intensity level, and lowest electric
current values were selected for each cutting parameter.
Optimum cutting parameters and levels were determined
according to these optimum values. The relationship between
cutting parameters and output variables was analyzed with
two-dimensional and three-dimensional graphics. Finally, the

actual experiment results were compared with the estimated
values created from the mathematical models.

3.3.1. Main Effect Plots. Table 5 shows the main effect graphs
for each response parameter. The optimum level of input
values is indicated in red. Surface roughness (Ra), sound
intensity level, and electric current values increased with
increasing feed rates. On the contrary, energy consumption
decreased with increasing feed rates. In addition, as the
depth of cut and cutting speed increased, the sound intensity
level and electric current values increased. On the other
hand, as these values increased, the energy consumption
values decreased. As the depth of cut increased, the surface
roughness decreased slightly. As the cutting speed values
increased, there was a limited decrease in the surface
roughness.

3.3.2. Analysis of Variance (ANOVA). F, P, and DF values in
the ANOVA tables are variance ratio, significant factor, and
degrees of freedom, respectively. Performing these analyses
at a confidence level of 95% (« = 0.05) shows that values with
P values less than 0.05 represent significant results. Sig-
nificant P values are marked in bold in the ANOVA tables.

According to the ANOVA analyzes displayed in
Tables 6-9, the most influential parameter was the depth of
cut for energy consumption. Likewise, the depth of cut was
the most effective parameter for electric current. The most
effective parameter was feed rate for surface roughness and
cutting speed for sound intensity level.

Table 6 shows that the most effective parameter for
surface roughness is the feed rate with 87.42%, followed by
cutting depth (1.94%) with minor contribution. Cutting
speed has no significant effect. The square of the feed rate
(f*) contributed to the surface roughness with a rate of
5.94%. It is clear that the feed rate is the main parameter
theoretically, and the literature also supports this in the same
direction [8, 18, 44]. The results achieved by Giinay and
Yiicel [9] were consistent with the present work for a ma-
terial with a hardness of 62 HRC, while the most effective
parameter for a material with a hardness of 50 HRC was
reported as the cutting speed. Likewise, Alok et al. [42] found
the cutting speed to be the major parameter. As a result of
another study, Mikolajczyk [25] modeled that the effect of
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TaBLE 6: Analysis of variance for surface roughness. TaBLE 9: Analysis of variance for electric current.
Source. DF AdjSS AdjMS Fvalue P value Contr. % Source. DF AdjSS Adj MS F-value P value Contr. %
a, 1 0.02205 0.022050  8.52 0.010 1.94 a, 1 0.215606 0.215606 319.44 <0.001 52.20
V. 1 0.00161 0.001606  0.62 0.442 0.14 V. 1 0.049089 0.049089 72.73 <0.001 11.89
F 1 099405 0.994050 384.17 <0.001 87.42 F 1 0.095339 0.095339 141.25 <0.001 23.08
a‘i 1 0.00098 0.000980  0.38 0.547 0.09 a‘i 1 0.006446 0.006446  9.55 0.007 1.56
V2 1 0.00005 0.000046  0.02 0.895 0.01 V2 1 0.008563 0.008563 12.69 0.002 2.07
f? 1 0.06756 0.067557 26.11  <0.001 5.94 f? 1 0.000046 0.000046  0.07 0.797 0.01
a,xV, 1 0.00101 0.001008  0.39 0.541 0.09 a,xV, 1 0.009633 0.009633 14.27 0.002 2.33
a, X f 1 0.00563 0.005633  2.18 0.158 0.50 a, X f 1 0.012033 0.012033 17.83 0.001 291
Vex f 1 0.00013 0.000133  0.05 0.823 0.01 Vex f 1 0.004800 0.004800  7.11 0.016 1.16
Error 17 0.04399 0.002588 — — 3.87 Error 17 0.011474 0.000675 — — 2.78
Total 26 1.13705 — — — 100.00 Total 26 0.413030 — — — 100.00

Significant P values are marked in bold.

TaBLE 7: Analysis of variance for energy consumption.

Source DF AdjSS Adj MS F-value P value Contr. %
a, 1 707.01 707.005 615.26 <0.001 46.15
V. 1 33.78 33.784 29.40 <0.001 2.21
F 1 552.89 552.892 481.15 <0.001 36.09
a; 1 63.18 63.180 54.98 <0.001 4.12
VLZ_ 1 0.96 0.960 0.84 0.373 0.06
f2 1 36.61 36,605 31.86 <0.001 2.39
a, X V. 1 7.74 7.744 6.74 0.019 0.50
a, x f 1 104.55 104.548 90.98 <0.001 6.82
V. x f 1 5.64 5.644 491 0.041 0.37
Error 17 19.53 1.149 — — 1.28
Total 26 1531.90 — — — 100.00

Significant P values are marked in bold.

TaBLE 8: Analysis of variance for sound intensity level.

Source DF AdjSS AdjMS Fvalue P value Contr. %
a, 1 0.56889 0.56889  49.04 <0.001 24.88
V. 1 1.02722 1.02722  88.54 <0.001 44.92
F 1 0.40500 0.40500 3491 <0.001 17.71
a?, 1 0.06000 0.06000 5.17 0.036 2.62
V? 1 0.01500 0.01500 1.29 0.271 0.66
f2 1 0.00167 0.00167 0.14 0.709 0.07
a, X V. 1 0.00750 0.00750 0.65 0.432 0.33
a, x f 1 0.00333 0.00333 0.29 0.599 0.15
V.x f 1 0.00083 0.00083 0.07 0.792 0.04
Error 17 0.19722 0.01160 — — 8.62
Total 26 2.28667 — — — 100.00

Significant P values are marked in bold.

MTCL has major influence on the surface roughness due to
the nose radius.

The ANOVA in Table 8 shows that cutting speed, cutting
depth, and feed rate were the most influential parameters for
sound intensity levels with 44.92%, 24.88%, and 17.71%,
respectively. Also, (a;) made a minor contribution. That is,
the main parameter for the sound intensity level was the
cutting speed. Similar to the results of the presented study, in
some studies, the major parameter was obtained as the
cutting speed [28].

According to Table 9, the major parameter on the electric
current was the cutting depth with a rate of 52.20%. The
other most effective parameters were the feed rate (23.08%)

Significant P values are marked in bold.

and the cutting speed (11.89%). The parameters with minor
influence were a, x f, a,xV,, V2, af,, and V_x f, re-
spectively. In parallel, similar results were obtained with the
study of Cakir [32]. According to the ANOVA results, they
stated that the first and second most effective parameters are
cutting speed and feed rate.

In Table 7, the most effective parameters on energy
consumption were depth of cut (46.15%) and feed rate
(36.09%). The study was found to be compatible with the
literature  [34]. Other effects were ap,xf (%
6.82),a§, (%4.12),  f* (%2.39),V (%2.21), a,xV, and
V. x f, respectively.

3.3.3. 3D Surface Plots and Contour Graphs. Figures 4-7 are
3D surface plots and contour graphs showing the rela-
tionship between cutting parameters and output variables.

From the 3D surface and contour plots in Figure 4, it is
seen that surface roughness value increases with the increase
of feed rate. Therefore, it is clear that low feed is advanta-
geous for good surface quality. As the depth of cut increased,
the surface roughness decreased somewhat. This is similar to
some studies in the literature [28, 43]. The increased cutting
speed slightly improved the surface quality. This is an ex-
pected result in this case [19]. Due to the closeness of the
selected cutting speed parameters, there was no significant
difference on the surface roughness values [29, 38].

The 3D surface and contour plots in Figure 5 show that
the sound intensity level values increase with the increase of
all cutting parameters. When these plots were analyzed, the
highest rate of change was in cutting speed. Therefore, the
cutting parameter that most affected sound intensity was
cutting speed. The effects of depth of cut and feed rate were
also significant, respectively [28]. The a, * V. interaction
was determined to be the most effective according to the
contour plot.

From the 3D surface and contour plots in Figure 6, it is
seen that the electric current values increase with the in-
crease of all cutting parameters. It is seen that the most
important parameter affecting the electric current value is
the depth of cut [29]. According to the surface and contour
graphics, it was determined that the a, * V. interaction is
important. In other words, the cutting speed was the second
most effective parameter.
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FIGURE 4: 3D surface plots and contour plots based on cutting parameters for surface roughness values.

Figure 7 demonstrates that energy consumption de-
creases with increased cutting parameters. The interaction of
depth of cut and feed rate (ap x f), depth of cut, and cutting
speed (a,, * V) showed the most important effect on surface
graphics. Likewise, it was determined from the contour
graphics that (ap * f)and ( a, * V) are very important. It is
understood from these graphs that the depth of cut is the
most effective parameter.

3.3.4. Optimization of Cutting Parameter. Optimum levels
are determined as the lowest values of the output pa-
rameters. The optimum input parameter levels and values
are shown in Table 10, and the average optimum output
values for each cutting parameter are indicated in bold
fonts.

Optimum levels and values for surface roughness are
high depth of cut (level 3, 0.15 mm), high cutting speed (level
3, 180 m/min), and most importantly low feed rate (level
1-0.05 mm/rev). Average surface roughness values for these
optimum cutting parameters are 0.36 ym for high depth of
cut, 0.39 um for high cutting speed, and 0.19 ym for low feed.
In the studies carried out, the lowest surface roughness
values were obtained at low feed rate and high cutting speeds
[17, 18]. Some studies in the literature have shown that the
surface roughness decreases slightly at higher depths of cut
[24].

Low optimum cutting parameter levels (level I:
a,=0.05, V. =140 m/min, and f=0.05 mm/rev) were found
for sound intensity level and electric current values, while
high levels (level 3: a,=0.15 V. =180m/min, and
f=0.15mm/rev) were found for energy consumption.
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3.3.5. Establishment of Mathematical Models Using Regres-
sion Equations. Multiple regression analysis was performed
to understand the relationship between input (processing
parameters or independent variables) and output parameters
(response variables or dependent variables). A quadratic
polynomial model was constructed for each dependent var-
iable. To establish mathematical models, regression coefficient
values were determined (for surface roughness, sound in-
tensity level, electric current, and energy consumption). In-
dependent variables and regression coeflicients were
calculated for the estimated dependent variables in equation

(1.

2
Y= ﬁO +ﬁ1ap +ﬁ2Vc +ﬁ11ap

= ﬁzzvi + ﬁsafz +Ppa, * Ve + Paa, = f+ PV * f,
(11)

where Y (Ra, sound intensity level, electric current, and
energy consumption) are dependent variables; a, (depth of
cut), V. (cutting speed), and f (feed rate) are independent
variables; and B, B, B, ..., P33 are regression coeflicients.

The R* determination coefficient was calculated for each
dependent variable from equation (12).
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The regression formulas and determination coefficients

SSresidual
(12) (equations (13)-(16)) are as follows:

R¥=1-— Oresidual
Ssmodel + SSresidual
where SS,.qiqua 1S sum of squares residual and SS is sum

of squares model.

model

surface roughness = 0.81 = 2.21 % a, — 0.004 * V. - 5.65% f +5.11 * a;
+0.000007 % V2 +66.3 % f> +0.0092 % a,  V, ~10.83 % a, * f + 0.0042# V, * f,
R® = 96.13%,
R* (adj) = 94.08%,
(13)



12 Advances in Materials Science and Engineering

ap (mm)

0.050
0.075 4 100

f(mm/rev)

0.125

0.150

176 176

0.125

168 168

160 160 0.100 |

Ve (m/min)
Ve (m/min)
ap (mm)

152 152

0.075

144 144

0.050 0.075 0.100 0.125 0.150

n O > o© D o — [\l o
e Qe <@ o0 = ==
ap (mm) S O ©O ©oO ©o ©o ©o o o
f (mm/rev)

Energy Consumption (Wh)

| <5 W 20-25

H5-10 W 25-30

= 10-15 H >30

M 15-20

FIGURE 7: 3D surface plots and contour plots based on cutting parameters for energy consumption value.

TaBLE 10: Optimum cutting parameters level (D) and value (V) for surface roughness (Ra), electric current, sound intensity level, and energy
consumption.

Ra (um) Sound level (dB) Electric current (A) Energy consumption (kWh)

a, V. .(m/ f (mm/ a, V. .(m/ f (mm/ a, V., .(m/ f (mm/ a. (mm) V. .(m/ f (mm/
(mm) min) rev) (mm) min) rev) (mm) min) rev) P min) rev)

1 0.43 0.40 0.19 74.94 74.87 74.93 2.64 2.70 2.66 19.53 13.68 18.54
2 0.39 0.39 0.32 75.02 75.06 75.10 2.71 2.71 2.73 10.01 11.91 10.53
3 0.36 0.38 0.66 75.30 75.34 75.23 2.86 2.80 2.81 6.99 10.94 7.46

D 3 3 1 1 1 1 1 1 1 3 3 3

vV 015 180 0.05 0.05 140 0.05 0.05 140 0.05 0.15 180 0.13

The bold values represent optimum values for each cutting parameter. D: level of optimum input parameters; V: optimum input values.
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sound intensity = 76,54 = 9.19 % a, — 0.0315* V_ + 3.12  f +40.0 * apz

+0.000125 % V3 — 104 % f*+0.0250 ¥ @, * V, +8.3 xa, * f +0.0104 x V= f,

R* =91.38%,
R*(adj) = 86.81%,

13

(14)
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machine current = 5.406 — 6.39 x a, — 0.032694 x V. - 4.08 X f +13.11 * a;
—0.000094 = Vf +1.74 % f2 +0.02833 * a, * V.+15.83 % a, * f+0.025%V = f,

R* = 97.22%,
R* (adj) = 95.75%,

(15)

energy consumption = 133.6 — 646.3 x a, — 0.546 * V. — 701.2 * f + 1298 * a;

+0.00100 # V3 + 1544 % f* +0.803 % a, x V, + 1476 x a, * f +0.857 x V_x f,

R® = 98.72%,
R*(adj) = 98.05%.

3.3.6. Comparison Tests. Figures 8-11 express the com-
parisons of the experimental results and mathematical
model results. The experimental results are indicated in blue
and the mathematical (prediction) models in red. As seen in
the figures, these values are very close to each other and have
no significant difference between them. High R? values
indicate that the mathematical model values will produce
results that are similar to the experimental data.

4. Conclusions

In this study, hard turning of AISI H11 hot work tool steel
was carried out by using a PVD-coated carbide tool and
coolant. The relationship between input parameters (a,, V,
and f) and output variables (surface roughness, sound in-
tensity level, electric current, and energy consumption) was
statistically interpreted using the RSM.

(1) According to the statistical analysis results (ANOVA),
the major influence for surface roughness (Ra) was
feed rate by 88.62%, and the product of feed rate ( f)
followed a contribution by 5.94%. According to the
surface and contour plots, as well as the main effect
plots, the relationship of feed rate on surface
roughness was clear. Considering the optimum cut-
ting parameter values, the surface roughness values
increased from 0.19 to 0.68 (approximately 350%)
with the increase in the feed rate. Thus, increasing the
feed rate deteriorated the surface quality. The effect of
the depth of cutting is minimal (1.94%), and it was

(16)

determined that cutting speed had no effect on Ra.
Surface roughness decreased with low feed rate, high
cutting speed, and high depth of cut. Mathematical
modeling was created by finding a determination
value of 96.13% for Ra. So, there was no significant
difference between the actual results and the predicted
mathematical model.

(2) According to the statistical analysis results (ANOVA),

the most effective parameters for sound intensity level
were cutting speed (44.92%), depth of cut (24.88%),
and feed rate (17.71%), respectively. From the surface,
contour, and main effect graphic analyses, it was
determined that the sound intensity level increased
with the increase of cutting parameters. Since the
surface roughness values of all experiments were low,
an excessive sound intensity level did not occur
(74.5-75.8 dB). It was analyzed that there was a sig-
nificant increase in the sound intensity of the machine
with increasing cutting speeds. Consistent results
were obtained in the literature studies. R? for sound
intensity level is 91.38%. Similar results were obtained
when the experimental and predictive mathematical
models were compared. In addition, it is important to
make such measurements in terms of the health of the
employees; sound intensity level measurement is a
very practical and inexpensive method and can be
used successfully in future studies.

(3) The major parameter for electric current and energy

consumption was depth of cut (52.20% and 46.15%,
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respectively). Another important parameter for both
response parameters was feed rate (23.08% and
36.09%, respectively). Cutting speed was an effective
parameter by 11.89% for electric current. Also, for
electric current (aP # f) (V.= f) interactions and
cutting speed squared (V?) had little effect. The
a, * f interaction and their squares (a3, V?) had
minor effect on energy consumption. It is an ex-
pected result that energy consumption decreases
with increasing cutting parameters. Because the
studies and theoretical calculations proved this sit-
uation, real and mathematical model results of
electric current (R?=97.22%) and energy consump-
tion (R?=98.72%) are almost similar.

(4) While there is a direct proportionality between the

sound intensity level and the electrical current
values, there is an inverse relationship between them
and the energy consumption, because, for the cal-
culation of energy consumption, it is necessary to
remove an equal amount of chip thickness from the
workpiece. Therefore, longer machining time is re-
quired for lower depth of cut. Likewise, the amount
of energy consumption will increase as the ma-
chining time will be longer with low cutting speed
and low feed rate.

(5) Surface roughness (Ra), sound intensity level, and

electric current values increased with increasing feed
rates. On the contrary, energy consumption decreased
with increasing feed rates. Ra decreased with increasing
depth of cut. Likewise, Ra decreased with increasing
cutting speed, albeit limited. In addition, as depth of cut
and cutting speed increased, sound intensity levels and
electric current values increased. On the other hand, as
these values increased, energy consumption values
decreased. In other words, the increase of all cutting
parameters decreased the total machining time. Thus,
energy consumption has also decreased.

(6) According to the test results, the average surface

roughness values are in a low range (0.16-0.76 ym).
Therefore, for hard turning, it has been observed that
PVD-coated carbide tool can be an alternative to
expensive tools at 50 HRC hardness. In addition, we
have provided great advantages in terms of
manufacturing, as we have achieved surface
roughness in grinding quality in the hard turning
processes we have carried out (the average of 27 test
results was obtained as 0.4 ym).

(7) With proper energy savings, the environment can be

protected at the maximum level. Energy consumption
should be minimized to save energy. In this vein,
machining time can be shortened by increasing the
cutting parameter values to optimum levels to reduce
energy consumption. In addition to low energy con-
sumption, the material must be processed with a good
surface quality. A low feed rate is required for a good
surface quality. Such studies should be accelerated for a
sustainable and healthy life in the future.
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Nomenclature

AISI:

American Iron and Steel Institute

CNC: Computer numerical control
PVD: Physical vapor deposition
CBN: Cubic boron nitride

HRC: Rockwell hardness

RSM: Response surface methodology
ANOVA: Analysis of variance

2D: Two-dimensional

3D: Three-dimensional

DCMT: Cutting insert size

MS: Mean of squares

SS: Sum of squares

DF: Degree of freedom

P: Probability of significance

F: Variance ratio

Exp: Experimental

Pred Predicted

t: Machining time, s

T: Total machining time, s

N: Spindle speed, rpm

D: Diameter, mm

L: Processing length, mm

f: Feed rate, mm/rev

V. Cutting speed, m/min

ay: Depth of cut, mm

@ pmax Maximum depth of cut, mm
r: Nose radius, mm

I: Current, A

V: Voltage, V

Ra: Average surface roughness, ym
S.L.: Sound intensity level, Db

Y: Response parameter

O: Phase angle

O: Output parameter function.
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