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ABSTRACT: AISI 4140 steel material has a wide range of usage in the industry. Before this material
is hardened, rough turning is performed. Besides the surface roughness value is very important in terms
of machinability. In this experimental study, the effect of cutting parameters on surface roughness (Ra
and Rz) during the turning of AISI 4140 steel was analyzed using the Taguchi method. This study,
Taguchi L9 was designed in 3 different cutting speeds (100, 140 and 180 m mint), 3 different feed rates
(0.08, 0.12 and 0.16 mm rev'?), and 3 different depth of cut (0.5, 0.9 and 1.3 mm). In the analysis of
experimental data, S/N (signal/noise) ratios and variance analysis were used to analyze the effect of
cutting parameters on the surface roughness value. The degrees of influence on Ra according to S/N
ratios are the feed rate ( f), cutting speed (V), and depth of cut (a), respectively, from large to small. On
Rz, the effects of cutting parameters respectively were observed to be in f, a, and V. The f on surface
roughness values (Ra and Rz) was found to have an effect of 99.34% and 98.47%, respectively.
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INTRODUCTION

With the development of technology, in addition to dimensional integrity, surface quality has
emerged as an important factor in modern metal removal methods. With the advances in machine
technologies, it has required its machines to be more efficient. Thus, the lifetimes of the machines are
extended and these machines provide lower energy consumption during their operation. It is provided
with low surface roughness in the machines with lower energy consumption and longer machine life.
An important indicator of surface quality is the low surface roughness value. Therefore, it is desired to
have a low surface roughness value especially in machine parts that contact each other. A good surface
quality ensures that the friction force is reduced in machine parts that come into contact with each other.
Thus, the amount of friction-related wear decreases on the surfaces moving inside each other.
Temperature formation is minimized with low friction. Therefore, not only energy loss is reduced, but
the machines are provided to work properly. Because of the decrease in temperature, less expansion
occurs in the machine parts. Expansion in machine parts can cause machines to become unusable.
Therefore, friction and temperature in machine parts are undesirable. This is the main reason why surface
roughness value is important in the machining process. In turn, it is important to select the appropriate
cutting parameters to achieve high cutting performance and dimensional accuracy. Selecting appropriate
cutting parameters in machining depends on the tool-workpiece material pair, cutting conditions,
machine tool, and cutting tool (Daim et al., 2008; Shaw, 1984; Nalbant and Gokkaya, 2007; Asiltiirk
and Akkus, 2011; Das et al., 2017; Das et al., 2015; Motorcu et al., 2016). The cutting parameters affect
the surface roughness, surface structure, and dimensional deviations of the machine part. Surface
roughness is the result of cutting parameters such as tool geometry (tool radius, edge geometry, angle,
etc.) and cutting parameters (V, f, a, etc.) (Ozel and Karpat, 2005; Chavoshi and Tajdari, 2010). Generally,
cutting parameters are tried to be obtained by using the trial and error method for the desired dimensional
accuracy. However, these processes increase the machining times and increase workplace costs. When
the researches investigate in recent years are examined, the Taguchi technique and response surface
method (RSM) are used differently from these methods. Thus, by trying a minimum number of
experiments, optimum cutting parameters were determined. Reis et al. analyzed the wear behavior and
cutting performance of coated cermet insert and carbide inserts in turning of AISI 4140 steel using
variance analysis (Reis et al.,2019). Sahinoglu and Rafighi examined the machinability properties of
AISI 4140 material. In the study, the effect of cutting parameters on vibration, sound intensity, current
value, and surface roughness value was investigated. According to the results of the experiment, it has
been determined that the most effective parameter on the surface roughness is the f. (Sahinoglu and
Rafighi, 2020). Suresh et al. investigated the effect of V, f, a and cutting time in turning of AISI 4340
hardened steel on cutting forces, tool wear and surface roughness by using RSM (Suresh et al., 2012).
Hessainia et al. conducted a study on the estimation of surface roughness in turning processes of
42CrMo4 material on cutting parameters and tool vibration. The surface roughness model was prepared
by using RSM (Hessainia et al., 2013). Asilturk and Cunkas carried out a study on estimating and
modeling of surface roughness during turning operations using artificial neural networks and multiple
regression method (Asiltiirk and Cunkas, 2011). Yadav et al; examined the effects of AISI 1045 material
on the surface roughness value in CNC turning. In the study, Taguchi L27 experimental design,
signal/noise ratio, and ANOVA were used in analyzing the data (Yadav et al., 2012). Gunay, In the
process of turning AISI 316L material, the effect of cutting parameters on cutting force and surface
roughness value was analyzed. The experiment was designed with Taguchi L9 and the effects of cutting
parameters were analyzed with the help of ANOVA (Giinay, 2013).
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It is very important to determine the optimum cutting parameters according to the relationship
between the insert, workpiece material, and cutting parameters in machining. Therefore, despite the
many studies, the effect of cutting parameters on the surface roughness value is still an important
research subject in the machining of AISI 4140 material with TCMT 16T304 NN LT 1000 insert. In this
experimental study, the effect of parameters on surface roughness values was analyzed using the Taguchi
L9 orthogonal array. The effects of cutting parameters on surface roughness values were determined by
using S/N ratios and variance analysis. Optimization was completed by determining the optimum cutting
parameters.

In this experimental study, the effect of cutting parameters on surface roughness values was
examined in detail. AIS1 4140 steel material is generally preferred in hard turning operations. Therefore,
very low feed, depth of cut and cutting speed are preferred. however, since most of the turning was the
part of the material before hardening, the material without heat treatment was processed in this
experimental study. Thus, it is aimed to make a new contribution to the existing literature studies by
expanding the processing conditions of AISI 4140 Steel.

MATERIALS AND METHODS

Materials

In this experimental study, the effect of cutting parameters on the surface roughness (Ra and Rz)
of the AISI 4140 steel on the CNC lathe was analyzed using the Minitab 16.0 software program. The
chemical composition of the material used in the experimental study is shown in Table 1.

Table 1. Chemical composition of AISI 4140 steel used in the experiments.

Constituent Percentage present (%0)
C 0.41

Mn 0.83

Si 0.21

Cr 0.9

S 0.026

P 0.029

Mo 0.18

Experimental procedure

In turning experiments, CNC lathe with GOODWAY GS-260Y model in engine power of 15 kW
was used. In turning tests, TCMT 16T304 NN LT 1000 inserts made by the LAMINA Technology
Company were used together with TTINL 2525 M16 type tool holder. In cutting tools, tool radius and
feed rate are the most effective parameters on the surface roughness value. In this experimental study,
the cutting tool with a 0.4 mm tip radius was preferred. Tools with low tip radii have lower strength. but
suitable for machining low strength steels. Low tip radius provides low radial forces. Tools with low
tool radii are particularly preferred at low depths of cut. Therefore, it is machined with tool with 0.4 mm
tool radius in non-hardened AISI 4140 steel material. The tool used was preferred because it provides a
good cutting by minimizing chip and tool friction due to the TIN Coating. Also, since the hardness of
the workpiece material was not high, a very good tool performance was obtained with coated carbide
tools. This tool was preferred to obtain a good surface quality with long tool life. The workpiece length
is 240 mm and the machined diameter is 80 mm, it is machined by connecting between the chuck and
the tailstock. In the experimental study, while doing 9 experiments, it is aimed to keep the diameter
unchanged and to perform a constant speed for the same cutting speed. 9 experiments were carried out
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on the workpiece surface at a distance of 20 mm. Therefore, the total length 240 mm was chosen. Thus,
a distance of 180 mm was machining. The experiments are carried out by dry turning without the use of
coolant. Therefore the cooling fluid's harmful effect has been minimized. Besides, in the coated tool,
AISI 4140 low friction force that occurs while machining the material reduces the temperature
formation. Therefore, machining experiments have been carried out without the use of coolant. The test
setup and surface roughness measuring device used in the experimental study are shown in Figure 1. For
average surface roughness measurements, the Mitutoyo SJ-400 model surface roughness measuring
device was used. Due to the turning standard, 3 samples were taken from each sample, 5 measurements
were taken for each surface roughness value, and the values were obtained by calculating the arithmetic
mean. Surface roughness was measured according to 1SO 4287 standard (According to ISO 4287
standard, the cut-off length of Ac = 0.8 mm was chosen because the maximum f was 0.16 mm rev*
(between 0.13-0.4 mm rev'?).

The profile roughness parameters device was calibrated at certain intervals before the
measurement. Calibration value was made according to the roughness block with Ra=2.94 um. Profile
roughness measurement was made on the workpiece in 15 mm length. Therefore, the distance of the cut
of length was determined as 0.8. Measurements were made in three different points by rotating the
workpiece. Average Ra and Rz values were obtained by taking the arithmetic averages of these
measurements.

The Taguchi experiment design method is an experimental design method that minimizes the
number of experiments that makes experimental studies shorter and easier. The Taguchi method is an
experimental design method developed by Dr. Genichi Taguchi. This method has been widely used in
the European and American industries after the 1980s. Thanks to this method, the optimization of long
and expensive experiments can be done with fewer experiments compared to the full factorial method.
Taguchi technique is a method that can determine the effectiveness of the parameters, reduce the duration
of the experiment and reduce the cost. While preparing the experimental study plan, the parameters to
be used in the experiments and their levels are determined. Then, the system is created by selecting the
orthogonal arrays suitable for their degrees of freedom. The S/N ratio is converted into performance
characteristics for the interpretation of the experimental studies. The most used performance
characteristics are the smallest (the smallest, the best), the biggest best (The biggest, the best), and the
nominal best (Nominal best). In determining the S/N values in this study, since the profile roughness
values are desired to be the smallest, the formula corresponding to the “smallest best” principle given in
Equation 1 was used (Ross, 1988; Giir et al., 2019; Savas et al., 2016).

S/N =—1o-|og(%-znlvfj 1)

In the study, three different V value (100 m min?, 140 m min* and 180 m min't), f (0.08 mm rev-
1 0.12mmrev?!and0.16 mmrev?!) and a (0.5 mm, 0.9 mm and 1.3 mm) were used as cutting parameters.
While determining the cutting parameters, the results of the tool catalogs, existing literature studies, and
preliminary experiments were used. While the classical method requires 33 = 27 experiments, 9
experiments were designed using the Taguchi L9 vertical array (Table 2).

2843



Ogur IYNEN et al. 10(4): 2840-2849, 2020

Investigation of the Effect of Cutting Parameters on the Surface Roughness Value in the Machining of AISI 4140 Steel with
Taquchi Method

Cutting Param eters
Cutting Speed FeedRate Depth of Cut
Tuming Process

Work piece: AISI 4140
Insert: TCMT 16T304 NNLT 1000

Surface Roughness

|

Taguchi Analysis

|

Optimization

Figure 1. Experimental setup and profile roughness measuring device

Table 2. Cutting parameters and their levels

Factors Symbol Unit Level 1 Level 2 Level 3
Cutting speed \Y m min' 100 140 180
Feed rate f mm rev! 0.08 0.12 0.16
Depth of cut a mm 0.5 0.9 1.3

RESULTS AND DISCUSSION

The effect of cutting parameters (V, f, and a) on the profile roughness during turning of AlS14140
material was analyzed using Taguchi L9 vertical array. Optimum cutting parameters were determined
using S/N ratios on profile roughness values (Table 3). When S/N ratios were examined, optimum
cutting parameters on profile roughness parameters Ra and Rz were determined as at 180 m min* cutting
speed (V3), 0.08 mm rev! feed rate (f1), and 1.3 mm depth of cut (a3). S/N ratios of profile roughness
values obtained in optimum cutting parameters were determined as Ra S/N = -1.58362 and Rz S/N = -
16.3909. In the cutting parameter VV3-f3-a2, the maximum Ra and Rz values were determined as 2.99
um and 13.4 um, respectively. It was determined that Ra and Rz value obtained with cutting parameter
V3-f1-a3 decreased the roughness values of 249% and 203% compared to the parameter VV3-f3-a2.
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Table 3. L9 orthogonal array, results and S/N ratios for Profile roughness

Number of Test Cutting Parameters Measured S/N Ratios

\Y f a Ra (um) Rz (um) Ra (dB) Rz (dB)
1 100 0.08 0.5 1.32 7.3 -2.41148  -17.2665
2 100 0.12 0.9 2.07 9.4 -6.31941  -19.4626
3 100 0.16 1.3 2.97 13 -9.45513  -22.2789
4 140 0.08 0.9 1.31 7.3 -2.34543  -17.2665
5 140 0.12 1.3 2.12 9.5 -6.52672  -19.5545
6 140 0.16 0.5 2.9 12.8 -9.24796  -22.1442
7 180 0.08 1.3 1.2 6.6 -1.58362  -16.3909
8 180 0.12 0.5 2.06 9.1 -6.27734  -19.1808
9 180 0.16 0.9 2.99 13.4 -9.51342  -22.5421

The radius of the tool used is 0.4 mm. The recommended f for a good surface is 1/4 of the tool
radius. Therefore, the f should not exceed 0.4/4 = 0.1 mm rev'l. Therefore, an excessive increase in
profile roughness of 0.16 mm rev! was observed. In this experimental study, this roughness value can
also be accepted as the rough turning is done. On profile roughness values (Ra and Rz), the effect levels
of the cutting parameters S/N are shown in Table 4 and Table 5. When Table 4 is examined, it was
determined that the level 3 of cutting speed (V3) was effective at the rate of S/N -5,791 dB, level 1 of
feed rate (f1) -2,114 dB and level 3 of depth of cut (a3) -5,855 dB. According to the L9 orthogonal array,
the optimum cutting parameters on Ra were determined as V3-f1-a3. The impact values of the cutting
parameters on Ra are in order of importance from bigger to small; f was determined as V and a. The
effect of the f is the most on the profile roughness values. Because the increase in the f increases the
height between the helix canals and the pits. Therefore, the profile roughness value is high. Optimum
cutting parameters on Rz value Level 3 of cutting speed (V3, S/N : -19.66 dB), level 1 of feed rate (f1,
S/N : -2.114 dB) and level 3 of depth of cut (a3, S/N : -19.41 dB) (V3-f1-a3). The significance of cutting
parameters on Rz was determined as the f, a and V, respectively (Table 5).

Table 4. Response Table for S/N Ratios for Ra

Factors Level 1 Level 2 Level 3 Delta(d) Rank
V (m min) -6.062 -6.040 -5.791 0.271 2
f (mm rev?) -2.114 -6.374 -9.406 7.292 1
a (mm) -5.979 -6.059 -5.855 0.204 3
Table 5. Response Table for S/N Ratios for Rz
Factors Level 1 Level 2 Level 3 Delta(d) Rank
V (m min-t) -19.67 -19.66 -19.37 0.30 3
f (mm rev?) -16.97 -19.40 -22.32 5.35 1
a (mm) -19.53 -19.76 -19.41 0.35 2

The contribution rates of the cutting parameters on the profile roughness parameters (Ra and Rz)
are shown in Table 6. When the table is analyzed, it was determined as a result of ANOVA, that the f on
the Ra and Rz was the most effective factor. The effects of f were 99.39% and 98.47% respectively on
the profile roughness. When the semantic value was examined in terms of p <0.05, the f was significant,
while the V and a were found to be meaningless. It has been determined that the V and a parameters on
Ra and Rz have low effective rates. Unless the a and V values are far outside the recommended values
for the tool, it is anticipated that these parameters will not have much effect on the profile roughness
value because the measured profile roughness value is a longitudinal measurement result of the axis.
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The greatest effect on the axis length occurs with the f. The change in chip depth and V has a
transverse effect on the workpiece. Therefore, the amount of feed affects the fluctuation that occurs
along a longitudinal line of the workpiece. According to the results of the analysis of the profile
roughness values, Ra regression value was obtained as R?=99.6, R? (adj) = 98.5. It was found that the
R? value was 98.5% as the R? value was recalculated by removing the variables that were insignificant
from the model. For Rz value, R? value was determined as 99.3%, and the Adj SS value as 97.2%.
Therefore, the obtained values are close to each other, and high proved the accuracy of the model.

Table 6. ANOVA Results for Taguchi L9 Experiment Design
a-ANOVA Results of Ra

Factors SD SeqSS AdjSS AdjMS F P % Katki
\ 2 0.1355 0.1355 0.0677 0.45 0.688 0.17
f 2 80.5162 80.5162 40.2581  269.34 0.004 99.39
a 2 0.0635 0.0635 0.0318 0.21 0.825 0.08
Error 2 0.2989 0.2989 0.1495 0.37
Total 8 81.0141 100.00

S=0.3866 R?=% 99.6 R?(adj)= % 98.5
b- ANOVA Results of Rz

\V 2 0.1696 0.1696 0.0848 0.54 0.647 0.39

f 2 43.0115 43.0115 21.5057 138.22 0.007 98.47

a 2 0.1881 0.1881 0.0940 0.60 0.623 0.43
Error 2 0.3112 0.3112 0.1556 0.71
Total 8 43.6803 100.00

5$=0.3945 R?=% 99.3 R¥(adj)=% 97.2

The 3D surface graph showing the relationship between cutting parameters and surface
roughness values (Ra and Rz) is shown in Figure 2-Figure 4. Figure 2 shows the effect of V and f on the
profile roughness values. As the V increases, the temperature in the cutting zone will increase, so chip
formation becomes easier and profile roughness improves (Ozdemir, 2019; Kogak, 2011). When the
literature is examined, it shows that the profile roughness value will increase proportionally with the
square of the f (Ra=0.321f%/R). It is known that with increasing f, the temperature increases due to
friction in the cutting area, and the resulting heat concentrates on the tool-chip and tool-workpiece
interface (Tekaslan et al., 2008; Oktem et al., 2005; Wang and Feng, 2002; Turgut and Cakmak, 2019;
Akkurt, 1998; Demir and Ozlii, 2009; Ozerkan, 2018). Increasing Ra and Rz values is an expected result
since permanent stresses will increase on the treated surface with increasing progress. Minimum profile
roughness values were obtained at low f and high V value.

30 14

25 12

2,0 Rz

100
125 100
0,08 125
v 150 175 ! 150 0,08

Figure 2. Effects of f and V on profile roughness
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Figure 3. Effects of f and a on profile roughness
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Figure 4. Effects of V and a on profile roughness

With the f —the a (Fig. 3) and V - the a (Fig. 4), the temperature increases in the cutting area, and
the cutting tool wears depending on the structure of the cutting tool material. Tool wear causes increased
cutting forces and, consequently, increased profile roughness with increased vibration (Ozdemir, 2019).
With the advance amount and depth of cut pair (Fig. 3), as the V and a (Fig. 4) increase, the temperature
increases in the cutting area, and the cutting tool wears depending on the structure of the cutting tool
material. Tool wear causes the cutting forces to increase and consequently the profile roughness to
deteriorate with increasing vibration.

Using the Taguchi optimization method, the optimal results of profile roughness (Ra and Rz)
values were obtained in the experimental study. By making ANOVA analysis, the effective rates of
cutting parameters on the profile roughness value were determined. The final step of the optimization
process is to perform verification experiments and test the validity of the optimization process. As a
result of Taguchi optimization, the parameter group (V3-fl-a3), which gives the optimal profile
roughness value, was obtained. When the results estimated by the verification experiments and the
experimental results are compared, it is seen that high convergence values are obtained (Table 7).

Table 7. Comparison of the prediction and experimental results
Cutting

Parameters Levels Values of Ra (um) Values of Rz (um)
Cutting Speed 180 Prediction Experimental Prediction  Experimental
Feed rate 0.08 1.25 1.20 6.82 6.60
Depth of cut 1.3

In the experimental study conducted, although the feed rate is the most effective parameter on the
surface roughness value, some studies have also shown that the cutting speed or depth of cut is more
effective. In such studies, the lack of rigidity of the machine tool or the fact that the workpiece is not
rigid enough affects the experimental results. In this study, as in many previous studies, it is an expected
result that the surface roughness value increases with increasing feed rate. The rigidity of the machine
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tool, the short length of the tool, the connection of the workpiece between the chuck and the tailstock
provided a clear view of the effects of cutting parameters on the surface roughness value.

Conclusions

As a result of turning AISI 4140 steel with TCMT 16T304 NN LT 1000 insert, the Taguchi L9
experiment design was made to determine the effect of V, f, and a parameters on the profile roughness
value. The test results obtained were analyzed with S/N ratios and RSM. The results obtained after the
experiments are given below.

e When S/N ratios are examined, optimum cutting parameters on profile roughness parameters Ra and
Rz are determined at 180 m mint cutting speed (\V3), 0.08 mm rev! feed rate (f1), and 1.3 mm depth
of cut (a3).

e According to ANOVA results, it was determined that the most effective factor on the profile
roughness values was the feed rate, while the V and a had a low impact.

e An improvement in profile roughness values was observed with increasing V, while a tendency to
deteriorate in the quality of the surfaces with an increasing f was detected.

e When the results predicted as a result of the optimization are compared with the experimental results,
it was determined that Ra 96% and Rz 96.77% high convergence values were obtained.
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