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1 Introduction

In industries, the main target is to manufacture with low cost and high accuracy with
less machining time. Turning is one of the commonly used machining processes for
the cutting operation and specially for the finishing of components. In this process,
the essential task is the selection of cutting parameters to accomplish high cutting
performance. The selection of cutting parameters reflects the surface quality and
dimensional accurateness of the machined components, which evaluate the quality
of the product. Surface quality of finished product in turning is one of the major
quality characteristics. Surface qualities of product quantify the technical quality of
product as well as influence the cost of the product. The selection of the process
parameters also affect the cutting force applied on the material surface during
machining. The application cutting force on the work piece material while machin-
ing also influences the surface quality of the product [1, 2]. Recently, hard turning
process is gaining popularity in manufacturing industries over the slow and cost-
intensive grinding process due to less consumption of time, cost, and energy. Hard
turning is extensively used in finishing operation and machining of work piece
material having hardness greater than 45 HRC is called as hard turning. After the
commercialization of cubic boron nitride (CBN) tools, hard turning extended more
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attention for the machining hard materials in comparison with traditional grinding
[3]. During finish hard turning operation, complex and mutual interactions are pro-
duced between tool and work piece at the contact surfaces. Subsequently, significant
cutting forces and extreme tribological conditions developed a dry severe cutting
edge, which causes plastic deformation of the cutting edge. Another important char-
acteristic of the machined surface is their roughness and its indexes. The roughness
has more significance during the utilization of final product. The researchers have
emphasized for a long time to predict these surface roughness indexes for a given
process under the specific cutting environments. The use of cutting fluid during
machining process creates more occupational risks. So, it is suggested to study
machinability in dry conditions. It is suggested to machine hard materials in dry
environment to perform at greater cutting speed which effects higher tool tip tem-
perature and softens the work piece material. The advantages of hard machining are
decease in machining cost, time saving, improve surface quality, and elimination of
deformities due to temperature. The application of hard machining can be improved
by the utilization of optimization techniques that helps the manufactures for taking
decision in multi-objective quality characteristics for better machining [4, 5].

Many literatures in machining operation have suggested the effect of different
tool materials and cutting parameters on tool life and machined surface characteris-
tics during machining by taking different work piece material. Stakhniv and Devin
have studied the influence wear of CBN-based composite tool insert during finish
turning of hardened steel on tool vibration. Here, they have used CBN/Si3N4 insert
during turning process and studied the effect of tool vibration on surface roughness.
They found that the rise of tool wear up to its critical value has no substantial effect
on the tool vibration, while above critical value of tool wear, there occurs a signifi-
cant increment in tool vibration with increase in machined surface roughness [6].
Gangopadhyay et al. have analyzed the effect of cutting speed cutting tool surface
properties on the formation of build-up-edge (BUE) during dry turning of alumi-
num alloy by using different cutting tools like uncoated K10, PVD TiN-coated K10,
CVD diamond-coated K10, and polycrystalline diamond (PCD). Uncoated K10 and
PVD TiN-coated tools are unsuccessful in preventing of BUE. While, CVD
diamond-coated and PCD tools have brought down the BUE significantly at machin-
ing with lower value of cutting speed [7]. Bhusan et al. have performed the machin-
ing of 7075 aluminum alloy-SiC metal matrix composite by taking tungsten carbide
and polycrystalline diamond (PCD) tool inserts. The surface roughness of the
machined surface by carbide tool is found to be lower as compared to PCD at same
parametric conditions. But, flank wear of the tungsten carbide tool is found to be
more as compared to PCD at same parametric conditions [8]. Che-Haron has per-
formed the dry machining of Ti-6Al-2Sn-4Zr-6Mo alloy by using uncoated
cemented carbide tools. The tool inserts having finer grain size have shown longer
tool life. The tool wear occurred because of flank face wear and extreme chipping
action on the flank edge. With increase in cutting time, average flank wear increases.
And by increase in feed rate and cutting speed, tool life decreases. The microstruc-
ture of the machined surface changes by increase of micro-hardness of the top white
layer [9].
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Nordgren et al. have analyzed the plastic deformation of cemented carbide tools
by finite element model (FEM) during turning of quenched and tempered AISI 4340
steel and compared it with the actual experimental result of plastic deformation
[10]. Ramesh et al. have studied the influence of process parameters on the surface
roughness of machined part during turning of titanium alloy by using CVD-TiN-
TiCN-ALO;-TiN-coated carbide. They have found that feed has highest effect
towards the surface roughness [11]. Jagadish and Samual have investigated the
micro turning process of titanium alloy by using TiN/AITiN-coated carbide tool.
They have studied the effect of feed, speed, and depth of cut on cutting force and
surface roughness [12]. Upadhyay et al. have analyzed the influence cutting param-
eters and amplitude of vibration on surface roughness during turning of Ti-6Al-4V
alloy [13]. Similarly, Khan and Maity have performed the turning of titanium (grade
2) by taking cryogenically treated inserts and study the effect speed, feed rate, and
depth of cut on cutting force, surface roughness, machining temperature, and mate-
rial removal rate. Cutting force, machining temperature, and surface roughness are
found to be less during machining by cryogenically treated tool [14]. Again, Khan
and Maity have studied the effect of cutting speed and cooling method like dry cut-
ting, flood cooling and minimum quantity lubrication using carbide inserts during
turning of titanium (grade 2). They have found that the use of minimum quantity
lubrication has given superior machining performances [15]. Parida and Maity have
compared the machinability of Inconel 718, Inconel 625 and Monel 400 at room
and hot temperature of 300 °C and 600 °C during turning operation. They have
found that there is substantial decrease of cutting force, tool wear, chatter formation,
and surface roughness with rise in tool life and chip tool contact length during hot
machining for all the three work pieces [16]. Pattnaik et al. have studied the perfor-
mance of different tool inserts like WC, WC + TiN, WC + Ti (C, N) + Al,Os, poly-
crystalline diamond (PCD), and cemented carbide (K-10) insert during dry
machining of aluminum. They have found that PCD tool exhibits superior results
with respect to roughness, tool wear, and smoother chip under face [17]. Kumar
et al. studied the performance of the TiN coating of the CBN tools during machining
of the AISI4340 steel. It was observed that optimum machining performance was
achieved at cutting speed of 150 m/min, feed at 0.1 mm/rev, with 40 HRC of hard-
ness, and 1.2 mm of nose radius. The cutting force reduces due to the low frictional
heat generated at the tool—chip interface. The lower cutting force and cutting zone
temperature reduce at lower nose radius since the area of contact resembles the
amount of cutting force and tool wear formed at the tool—chip interface [18]. Mane
et al. founded that cutting force and cutting temperature of AISI 4340 steel reduce
by using multi-layered coated carbide cutting tool. The feed is the most influencing
cutting parameter followed by depth of cut and cutting speed with a contribution
percentage of 58.03%, 26.64%, and 14.01% respectively [19]. Tiwari et al. had used
cermet coating insert for turning of the AISI4340 steel. The study had been focused
on the chip reduction rate, surface roughness, and material removal rate. A good
quality of surface finish is achieved which lies within a range of 0.212-1.452 pm.
Depth of cut is the most influential cutting parameter that affects the material
removal rate and chip reduction coefficient with a percentage contribution of
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90.53% and 83.14%. Surface roughness is mostly affected by the feed and depth of
cut with a percentage contribution of 55.03% and 44.09%, respectively [20].

2 Methodology

2.1 Taguchi’s L9 Orthogonal Array

Optimization plays a vital role for better product quality with desirable rate of pro-
duction in a reasonable cost that improves the production processes for selection of
appropriate machining parameters. Optimization is the process of minimizing unde-
sired output and maximizing desired output for sustainable machining performance.
While, conventional layout of cutting parameters is difficult to implement when the
number of cutting variables are more. To overcome with this problem, the Taguchi
method suggests a robust design layout which covers the whole parametric combi-
nation within a less number of trials. Taguchi’s Ly orthogonal array is used to con-
duct the experiment to reduce both time and cost of experiment.

2.2 Optimization of Turning Process by VIKOR Method

The Vlse Kriterijumska Optimizacoja I Komopromisno Resenje (VIKOR) method
is a multi-criteria decision-making (MCDM) process to choose the best optimal
parameters for better machining performance. By using VIKOR method, all
responses are converted into a single response called VIKOR index, and optimal
parametric setting is found out corresponding to lower value of VIKOR index. The
procedure of VIKOR method is explained as follows [21-23]:

1. Normalize the output responses.

Y, =2 )

ij n
2
2

i1

yi"and y are the minimum and maximum value of output responses, respec-
tively. Y= normalized value.

X

2. Calculate the ideal (A*) and negative ideal (A~) solution.

A = {max Y,i=12.. n} for higher is better or{min Y,i=12... n}
for lower is better 4" = {Yl*,Y;,. . } 2)
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ij>

{maxY. i=1,2.....n} for lower is better A~ ={Y[,Yz’,...} 3)

A = {min Y.,i=12.... n} for higher is better or
ij?

3. Calculate the utility (S;) and regret (R;) measures for each experimental trials.

S = : wj(Yj*—Y,.j) 4

TE T v
R =max i (Yj*_Yij) (35)
ey

w; = weightage such that Y)'w; =1

4. Calculate the VIKOR index of the ith experimental trial.

$,-5") ;1 [R-R
Q,-—v[s_s*}(l v)[R_R,,J ©)

i=1,2,3...n,
§"=minS,, $ =maxS,, R =minR, R =maxR.

v = weight of the maximum group utility, which is usually taken as 0.5.

3 Experimental Details

AIST 4340 hardened steel of cylindrical rod with 40 mm diameter and 250 mm long
is used as work piece material for this experiment (as shown in Fig. 1). The hardness
of AISI 4340 hardened steel is 52 HRC. AISI 4340 steel is difficult to machine due
to excessive hardness, low specific heat, and high strain rate. Due to heat treatment,

Fig.1 Work piece
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the material hardness increases. Therefore, turning of this material is called as hard
turning. This steel is widely used in industries for making components like axles,
gears, shafts, bearings, structures, and automobile parts. The chemical composition
of the workpiece is shown in Table 1. In the present study, cubic boron nitride
(CBN) cutting insert is used having specification CNMX 120408EN TA201 in dry
environment. The tool insert and designated tool holder (PSLNR2525M12) are
shown in Figs. 2 and 3, respectively.

Three cutting parameters taken during hard machining are cutting speed, feed
rate, and depth of cut with three levels and their influence on output responses like
machining forces (axial, radial, and tangential force) and surface characteristics
(average surface roughness, height of the profile, average height of the profile) of
the machined surface are analyzed. Taguchi’s Ly orthogonal array is used to conduct
the experiment to reduce both time and cost of experiment. All the cutting forces are
measured by a three component force dynamometer provided on the turret disk of
the high-speed precision lathe through a custom designed turret adapter for tool
holder generating sufficient rigid tooling fixture. The forces acting towards the tool
are essential part of machining to analyze the machinability conditions. The surface
roughness parameters of the machined surface are measured by surface roughness
profile-meter (Taylor Hobson Surtronic 128). The different levels of turning param-
eters are given in Table 2.

Table 1 Chemical composition of AISI 4340 steel
Element C Si Mn Ni Cr Mo Fe
Weight (%) 0.42 0.20 0.72 1.80 0.75 0.23 Rest

Fig. 2 CBN insert

Fig. 3 Tool holder
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Table 2 Turning parameters with their levels

Parameters Actual values Unit
Cutting speed (v) 106, 138, 202 m/min
Feed rate (f) 0.08,0.1,0.16 mm/rev
Depth of cut (d) 0.2,04,0.6 mm

Table 3 Responses for turning operation

SI. No | v (m/min) | f(mm/rev) |d (mm) | F,(N) | Fy(N) |F.(N) |R,(um) |R,(pm) | R, (um)

1 106 0.08 0.2 74.46 1 109.84 | 165.34 | 0.61 3.5 5.5
2 106 0.12 0.4 102.85 | 150.58 | 248.05 | 0.69 4 6

3 106 0.16 0.6 184.23 | 318.46 | 425.34 | 0.95 55 8.12
4 138 0.08 0.4 98.34 | 125.21 |211.32 |0.56 35 5.5
5 138 0.12 0.6 134.34 1 196.91 | 252.45 | 0.67 4 6.57
6 138 0.16 0.2 82.57 |116.12 1 160.93 | 0.82 4.5 7.39
7 202 0.08 0.6 126.48 | 172.98 | 215.72 | 0.52 3.35 4.9
8 202 0.12 0.2 50.5 88.54 |132.59 /0.53 4 6.45
9 202 0.16 0.4 111.36 | 165.94 | 219.45 | 0.76 4.36 5.9

The values of each parameter during all the nine experiments are also shown in
Table 3. The experiment of turning operation is performed in AISI 4340 steel by
using CBN tool insert and corresponding responses like machining forces F,, F,,
and F, and surface roughness parameters R,, R,, and R, are measured and presented
in Table 3.

4 Results and Discussion

4.1 Optimization of Turning Process by VIKOR Method

Optimization is the process of minimizing undesired output and maximizing desired
output for sustainable machining performance. In this turning operation, all the out-
put parameters like F, Fy, F,, R,, R;, and R, are minimized.

By following the procedure of VIKOR method as described in Eqgs. (1)-(6), the
normalized responses, utility (S;) measures, regret (R;) measures, and VIKOR index
(Q,) are calculated and presented in Table 4. The results are analyzed by analysis of
variance (ANOVA) and main effect plot generated by using MINITAB-17 software.
The ANOVA of Q; is given in Table 5 with R* = 94.5%. The significance of machin-
ing parameters on the responses is determined by ANOVA. It is observed that all the
three parameters are insignificant. All the three parameters p-values are more than
0.05 with 95% confidence level. The feed rate, depth of cut, and cutting speed are
contributing about 57.56%, 32.28%, and 4.64%, respectively. R?> = 94.5% shows
that the model predicts the response with high accuracy. From Fig. 4, it is observed
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Table 4 Normalized responses (Y;), utility (S;) measures, regret (R;) measures, and VIKOR
index (Q;)

SLNo. |F.(Yy |F Yy [F.(Yp) |R(Yp Ry RZp |S R; 0
0.2190 |0.2116 1 0.2301 |0.2937 |0.2827 |0.2896 |0.1415 |0.0349 | 0.0041
0.3026 |0.2901 0.3452 | 0.3322 | 0.3231 |0.3159 |0.3491 | 0.0659 |0.2416
0.5420 | 0.6136 1 0.5919 |0.4574 0.4443 0.4276 [0.9999 |0.1667 |0.9999
0.2893 0.2412 1 0.2941 | 0.2696 | 0.2827 |0.2896 |0.1892 |0.0596 |0.1254
0.3952 0.3794 10.3513 |0.3226 |0.3231 |0.3460 | 0.4462 0.1045 0.4441
0.2429 0.2237 10.2240 |0.3948 | 0.3635 |0.3891 |0.4103 |0.1289 |0.5159
0.3721 10.3333 | 0.3002 |0.2503 |0.2706 |0.2580 |0.2032 |0.0947 | 0.2665
0.1486 |0.1706 0.1845 |0.2552 |0.3231 |0.3396 |0.1344 |0.0802 |0.1720
0.3276 1 0.3197 |0.3054 0.3659 0.3522 | 0.3107 |0.4044 |0.0930 |0.3765

NoREC-CRIEN RiNo RV WIS RIS SR

Table 5 ANOVA for Q;
Source DF Seq SS Adj SS Adj MS F P % contribution

Speed 2 0.03158 0.03158 0.01579 0.84 0.543 4.64
Feed 2 0.39139 0.39139 0.19569 10.43 0.087 57.56
Doc 2 0.21945 0.21945 0.10973 5.85 0.146 32.28
Error 2 0.03753 0.03753 0.01876 5.52
Total 8 0.67995 100

that Q; increases with increase in feed rate and depth of cut, whereas it decreases
with increase in cutting speed. From Table 6 and Fig. 4, it is found that the optimum
levels for lower values of machining forces and surface roughness parameters are
level 3 (202 m/min) for speed, level 1 (0.08 mm/rev) for feed, and level 1 (0.2 mm)
for DOC, respectively.

4.2 Tool Wear

In this research, the cutting tool was made with cubic boron nitride (CBN). This tool
has properties like low frictional coefficient and anti-adhering. The adhesion of
steel on the cutting edge is reduced by decreasing cutting resistance which reduced
formation of built-up edge. As a result, it led to maintain the sharpness of the edge
with superior machining quality of the work materials. The major wear forms on the
tools are the combination of flank wear and rounding of the nose. During early
machining period, the flank wear was seen at the cutting edge and the outer layer of
coating material was rubbed away due to abrasion between the insert and the work
piece. During machining, the wear increased and material was removed from the
cutting edge and then the flank wear was also increased quickly till the cutting tool
had to be discarded. This is called one type of wear which is chip out wear. Figures 5
and 6 show the SEM image of tool insert before and after machining. During turn-
ing the cutting zone temperature increases, this softens and decreases the strength of
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Main Effects Plot for Means
Data Means
A B
0.6+
0.54
0.4 —_—
w 037 \' /
e
m 0.2
s : : : : : :
s 1 2 3 1 2 3
£ C
m
£ 0.6
0.54
0.4+
0.3 k‘__/
0.24
1 2 3
Fig. 4 Main effect plot for O,
Table 6 Response table for Q;
Level 1 2 3 Delta Rank
Speed 0.4152 0.3618 0.2717 0.1435 3
Feed 0.1320* 0.2859 0.6308 0.4988 1
Doc 0.2307° 0.2478 0.5702 0.3395 2

*Optimum level

the BUE. Mainly the tool flank wear was strongly affected by the interactions
between the cutting tool and work piece in the form of contact stress and cutting
temperature during operation. Due to increase in cutting speed and feed rate, the
rubbing action becomes faster and more heat is produced although the contact time
reduces, which generates heat at flank side and softens the edge and increases the
wear on the tool surface. It is also one type of tool wear which is also known as chip
out from the surface of the cutting tool. Sometimes white layers were observed with
hardness more than that of the bulk material which is showing in Fig. 7 (optical
images of tool insert after machining). There was a reduction of iron and chromium,
whereas increase in carbon and oxygen content on the white layer. The tool wear
rate is increased with increase in cutting speed and the depth of white layer and
hardness is reduced. This is due to increase in speed. The temperature of work piece
material is reduced with increase in temperature of chip. This reduce in temperature
of machined surface is due to faster rate of chip removal and deficient contact time.
Therefore, less heat is conducted into work piece, whereas more heat is carried out
by the chip. This study was observed during the hard turning of AISI 4340 steel with
CBN insert.
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(a) (b)

(a) (b)

Fig. 6 SEM images showing the wear of CBN tools after machining

(®)

Fig.7 Optical images of tool insert after machining at (a) Speed = 106 mm/min, Feed = 0.16 mm/
rev, Doc = 0.6 mm and (b) Speed = 138 mm/min, Feed = 0.0.08 mm/rev, Doc = 0.4 mm
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5 Conclusion

The current study analyzed the influence of cutting speed, feed rate, and depth of cut
on the performance of cubic boron nitride (CBN) tools in terms of cutting forces,
surface roughness parameter while turning AISI 4340 steel. The MCDM approach
like VIKOR method is used for the multi-response optimization of turning opera-
tion. The analysis of variance (ANOVA) result of VOKOR index shows that the
optimal combination of low feed rate and low depth of cut with high cutting speed
is advantageous for reducing machining forces and surface roughness parameters
collectively. The feed rate, depth of cut, and cutting speed contribute about 57.56%,
32.28%, and 4.64%, respectively. The study concludes that hard turning variables
(cutting forces, surface roughness parameters) are essential for the optimization of
cutting tool design and cutting conditions (cutting speed, feed rate, depth of cut)
such that product quality, productivity, and tool life are maximized. The hard turn-
ing process is being used gradually in industry to replace the costly and slow grind-
ing process in finishing mechanical components.
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