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Abstract
Hard turning is a developing technology that offers many 
potential benefits compared to grinding, which remains the 
standard finishing process for critical hardened surfaces. The 
economics of the process must be justified, which requires a better 
understanding of tool wear patterns, life predictions, cause and 
effects of defects, also to formulate effective measures to counter 
the same. Due to the potential advantages of the hard turning 
process, the present work deals with the optimization of cutting 
parameters on surface roughness and tool flank wear in finish hard 
turning of heat treated and tempered  HCHCr steel (HRC 48±1) 
using multilayer coated (TiN/Al2O3/TiN) carbide insert under dry 
environment. Experiments were conducted on a precision CNC 
lathe and the influence of cutting parameters was studied using 
analysis of variance (ANOVA).The Taguchi technique was used to 
reduce the number of experiments. Based on the main effects plots 
obtained through ANOVA, optimum level for surface roughness 
and tool flank wear were chosen from the three levels of cutting 
parameters considered. Experimental results revealed that feed 
rate has significantly influenced the surface roughness followed 
by cutting speed, but surface roughness has no significant effect 
of the depth of cut. In case of tool flank wear, the influencing 
factors were found to be cutting speed followed by depth of cut 
and feed rate. As hard tuning of difficult to cut materials is one 
among the major machining operations in manufacturing industry, 
the revelation made in this research would significantly contribute 
to the cutting parameters’ optimization.
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I. Introduction
Manufactures of machined components and manufactured goods 
are continually challenged to improve quality and minimize cost 
and setup times in order to remain competitive. Normally the 
answer is found with new technology solutions. Such is the case 
with grinding where the traditional operations involve expensive 
machinery and generally have long manufacturing cycles, costly 
support equipment, and lengthy setup times. However, the 
grinding process itself may require several machine tools and 
several setups to finish all component surfaces. Because grinding 
can be a slow process with low material removal rates, there has 
been a determined search for replacement processes.
The newer solution is a hard turning process, which is best 
performed with appropriately configured turning centers or 
lathes. Hard turning really started to develop at the beginning of 
the nineties. The reason for this was the availability of new tool 
materials and the capability of designing a turning machine that 
was rigid, stable and accurate enough to successfully finish hard 
turn. The result of these developments have made finish hard 
turning a viable alternative to grinding, as an accurate finishing 
operation. Hard turning can eliminate several types of grinding, 

as well as lapping and other finishing operations. Not only is 
removing steps from the process money in the bank, but, for some, 
it can also mean bringing outsourced work back under their roofs 
and under their own control. Hard turning is a way to achieve high 
machining efficiency in an environmentally-acceptable manner 
and a new technology to machine hardened parts processed by 
forging or casting. Compared with grinding, hard turning can 
machine some complex workpieces in one step. The machining 
cycle time of hard turning can be up to three times faster than 
grinding. Hard turning also consumes about one-tenth of the 
energy per unit volume of metal removed than grinding and is 
more environmental friendly 

II. Literature Review
J. Wang used four different inserts of two different geometry 
identified by the type of SCMT and CNMN for turning CS1020 
bright steel bar. For each geometry, uncoated as well as CVD 
triple coated inserts with TiC + Al2O3 +TiN were used. The cutting 
forces when turning with surface coated carbide inserts were 
observed and compared qualitatively and quantitatively with those 
for uncoated tools. It was observed that multi layer hard surface 
coatings of cutting tools reduced the cutting forces. The 
characteristics of the cutting tool force components for the cutting 
tools follow the patterns for uncoated tools, although the numerical 
values were different [5].  Bouzakis et al.  worked on failure 
mechanism of physically vapor deposited coated hard metal 
cutting inserts in turning. They carried out turning experiments 
with TiAlN derived coatings deposited on cemented carbide insert 
at a variety of cutting speeds and explained the experimental 
results through analytical ones obtained by means of finite elements 
method(FEM) calculations indicating a coating static decohesion 
at low cutting speeds, owing to its overstressing. On the other 
hand, at higher cutting speeds tribomechanical abrasive phenomena 
found to be dominant. Nevertheless, the cutting accomplishment 
of coated tool is impressive, in as much as even after the local 
initiation of coating failures the tools still exhibits the adequate 
cutting reserves, continuing its severe service up to the end of its 
operational life due to its abrasive flank wear. As the overall cutting 
length theoretical and experimental results show that a progressive 
local coating decomposition occurs while the cutting reduction 
of the tool contact stresses are induced [2].  Abhijeet S. Moore et 
al. evaluated tool life of CBN plus TiN (cBN-Tin) composite 
coated, commercial grade, carbide inserts (CNMA 432, WC-Co 
(6%)) for hard turning application. The machining performances 
of cBN – Tin coated carbide inserts and PCBN compact inserts 
in turning AISI 4340 hardened steel were compared. The best 
setting for tool life, surface roughness and cutting forces was 
found out to be as cutting speed 100 – 125 m/min and feed rate 
of 0.15 – 0.20 mm/rev, corresponding to a fixed depth of cut of 
0.25 mm. PCBN exhibited a better tool life than cBN – Tin coated 
inserts. PCBN tool gave a constant surface roughness value where 
as cBN – Tin coated inserts showed a decreasing trend. cBN – Tin 
coated carbide tools are also capable of reducing machining cost 
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[1]. H.Z. Li et al.  conducted an experimental study on tool wear 
propagation and cutting force variation in the end milling of 
Inconel 718 with F7030 coated carbide inserts under dry cutting 
conditions. Machining tests were carried out in two types of end 
milling operations, i.e., down milling and up milling operations. 
The results showed that tool performance and tool life were 
affected predominantly by significant flank wear. The tool flank 
wear propagation in the up milling operations was more rapid 
than that in the down milling operations. The peak values of the 
cutting force components increased steadily for each cutting pass. 
Therefore, the peak force variation in successive cutting passes 
was mainly due to the tool wear propagation. Hence, relationship 
between tool wear propagation and cutting force variation can be 
used for machining process planning and for the development of 
effective tool condition monitoring strategies [3]. Quian et al. 
performed numerical simulation of high speed orthogonal 
machining to study the finish hard turning process as a function 
of cutting speed, feed, cutter geometry, and work piece hardness 
using AISI 52100 bearing steel AISIH13 hot work tool steel, AISI 
D2 cold work steel, and AISI4340 low alloy steel as workpiece 
and CBN insert as cutting tool. They concluded that predicted 
cutting force agree well with measured experimental data available 
in the literature with reasonable accuracy. The increasing trends 
of forces with increasing speed, feed, tool nose radius, -ve rake 
angles and workpiece hardness are consistent with experimental 
and numerical results reported by other researchers [9]. Kharis 
and Lin worked on wear mechanism and tool performance of 
TiAlN coated inserts during machining of AISI 4140 steel and 
investigated the tribological influences of PVD-applied TiAlN on 
the wear of cemented carbide inserts and the microstructure wear 
behaviors of the coated tools under dry and wet machining. The 
turning test was conducted with variable high cutting speeds 
ranging from 210 to 410 m/min. The analysis based on the 
experimental results lead to strong evidences that conventional 
coolant has a retarded effect on TiAlN coatings under high-speed 
machining. Micro-wear mechanisms identified in the test through 
SEM micrographs include edge chipping, micro-abrasion, micro-
fatigue, micro-thermal and micro-attrition. These micro-structural 
variations of coatings provide structure-physical alterations as the 
measures for wear alert of TiAlN coated tool inserts under high 
speed machining of steels [6]. Nalbant et al. experimented  the 
effects of uncoated ,PVD-and CVD-coated cemented carbide 
inserts and cutting parameters on surface roughness in CNC 
turning and  its prediction using artificial neural networks on AISI 
1030 steel at variable cutting speeds & feeds and at constant depth 
of cut without using cooling liquids. The surface roughness effects 
of cutting method, coating materials, cutting speed and feed rate 
on the work piece were investigated. Afterwards these experimental 
studies were executed on artificial neural networks. The training 
and test data of the ANN were prepared using experimental pattern 
for the surface roughness. In the input layer of ANNs, the coating 
tools, feed rate and cutting speed values were used while at the 
output layer the surface roughness values were used. They were 
used to train and test multilayered, hierarchically connected and 
directed networks with varying numbers of  the hidden layers 
using back-propagation Scaled Conjugate Gradient(SCG)and 
Levenberg-Marquardt (LM) algorithms with the logistic sigmoid 
transfer function. The experimental values and ANN predictions 
were compared by statistical error analyzing methods and was 
found that the surface roughness had been determined by the ANN 
within acceptable accuracy [8]. T.Ozel et al. conducted turning 
on Ti-6Al-4V using four different; uncoated, TiAlN coated, and 

TiAlN+cBN coated single and multi-layer coated tungsten carbide 
inserts and measured forces and tool wear. They predicted chip 
formation, forces, temperature and tool wear on these inserts and 
compared these predicted forces and tool wear contours with 
experiments. Results revealed that TiAlN+cBN coated WC/Co 
carbide inserts depicted smallest wear zone. cBN coating may 
lead to reduction in tool wear dry machining of titanium alloyed 
Ti-6Al-4V material [12]. Simranpreet Singh Gill et al. investigated 
the effect of cryogenic treatment on the performance of coated 
tungsten carbide inserts in terms of adhesion strength of coatings 
deposited on tungsten carbide substrate in this study, Ti Al N 
coated square shaped tungsten carbide inserts (P25) were procured 
and subjected to cryogenic treatment at two levels; -110°C (shallow 
treatment) and -196°C (deep treatment). The results showed that 
shallow cryogenic treated coated tungsten carbide inserts performed 
significantly better as compared with deep cryogenically treated 
and untreated inserts. The major outcome of the study was a 
substantial decrease in the tool life of deep cryogenically treated 
inserts [11]. Ilhan Asilturk et al. optimized turning parameters to 
obtain minimize surface roughness (Ra and Rz). Dry turning tests 
based on L9 orthogonal array of Taguchi were carried out on AISI 
4140 (51 HRC) with coated carbide cutting tools. The effect of 
cutting speed, depth of cut and feed rate on surface roughness 
was studied by applying statistical methods of signal to noise ratio 
and ANNOVA. The results revealed that the feed rate had the 
most significant effect on surface roughness (Ra and Rz). 
Furthermore, the effect of two factor interactions of the feed rate 
cutting-speed and depth of cut-cutting speed appeared to be 
important [4]. L B Abhang et al. carried out experimental work 
on EN 31 steel alloy using tungsten carbide inserts to optimize 
the machining parameters and find the best combination of these 
parameters to minimize the surface roughness. The experiments 
were conducted based on Taguchi’s L9 orthogonal array and the 
effect of feed rate, depth of cut and lubricant temperature on 
surface roughness was studied. The results revealed that better 
surface finish was obtained by applying cooled lubricant. Lubricant 
temperature had the most significant effect on the surface roughness 
followed by feed rate where as the depth of cut did not show any 
significant effect on the surface roughness [7]. R. Suresh et al. 
performed hard turning with multilayer hard coatings (TiC/TiCN/
Al2O3) on cemented carbide tool  on  hardened AISI 4340 steel  
and  established a correlation between cutting parameters such as 
cutting speed, feed rate and depth of cut with machining force, 
power, specific cutting force, tool wear and surface roughness on 
work piece. Authors investigated that the optimal combination of 
low feed rate and low depth of cut with high cutting speed was 
beneficial for reducing machining force. Higher values of feed 
rates were necessary to minimize the specific cutting force. The 
machining power and cutting tool wear increased almost linearly 
with increase in cutting speed and feed rate. The combination of 
low feed rate and high cutting speed was necessary for minimizing 
the surface roughness. Abrasion was the principle wear mechanism 
observed at all the cutting conditions [10].

III. Problem Formulation
The literature review reveals that a lot of work has been reported 
on optimization of hard turning process for different hard to cut 
materials by altering various cutting conditions and tool geometries 
to improve the quality of the products. But, there is a lot of scope 
of pursuing our research work in a direction of optimizing process 
parameters using coated carbide tool in order to enhance the 
surface quality and reduce the tool wear rate. So, optimization of 
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the process parameters has a great potential for future research. 
The present work aims at optimizing the process parameters of 
hard turning of HCHCr steel using coated carbide tool for the 
purpose of reducing surface roughness and tool wear.

IV. Experimental Detail

A. Workpiece Material
The work piece material was high carbon high chromium steel in 
the form of round bar of 40 mm diameter and 90 mm length. Table 
1 indicates the chemical composition of the work material.

Table 1: Composition of work material 
Element C Si Mn Cr W V Mo.
%age 1.7 0.30 0.30 12 0.5 0.10 0.60

The material applications are in making thread rolling dies, Hobs, 
Cold extrusion tools and dies, Punches, Draw plates and dies, 
Cutters, Measuring tools, Pressure casting moulds, Blanking, 
Reamer, Finishing rolls for tyre mills and many other applications 
in general mechanical engineering. The work material was initially 
heat treated upto 10000C followed by tempering to achieve the 
hardness of the material 48±1 HRC throughout.

B. Cutting Insert
The multilayer coating (TiN/Al2O3/TiN) SNMA 120408 carbide 
tool inserts was used as the cutting tool material. The tool holder 
used was PSBNR 2525 M12.

C. Experimental Apparatus
The hard turning of workpiece in dry turning condition were 
conducted on CNC lathe (Machine Tool—Model:-NASA 
ECO6140S) having following specifications: max power  3.7kW 
spindle speed: 2800 rpm max turning diameter 200 mm and 
maximum turning length 350 mm.

D. Measurement of Surface Roughness and Tool Flank 
Wear
The effects of previous conditions on workpiece surface roughness 
(Ra) were studied using Talysurf surface roughness tester with 
cut of length 25 mm. The roughness was measured over three 
sampling length and average value of surface roughness was used 
to quantify roughness achieved by the machined surface. The tool 
flank wear was measured with tool makers’ microscope.
The level of cutting parameter ranges and the initial parameter 
values were chosen from the manufacturer’s handbook 
recommended for the tested material. These cutting parameters 
are shown in Table 2.

Table 2: Factors and levels of Process Parameters
Factors Low Level Medium Level High Level
Cutting speed (m/
min) 100 125 150

Feed 
(mm/rev) 0.08 0.14 0.20

Depth of Cut (mm) 0.3 0.4 0.5

The Taguchi technique was used to reduce number of the 
experiments. Table 3 shows the control log of experiments as 
per L9 orthogonal array. 

Table 3: Control log of Experimentation

S.No. Cutting Speed 
(m/min) Feed  (mm/rev) Depth of Cut 

(mm)
1 100 0.08 0.3
2 100 0.14 0.4
3 100 0.2 0.5
4 125 0.08 0.4
5 125 0.14 0.5
6 125 0.2 0.3
7 150 0.08 0.5
8 150 0.14 0.3
9 150 0.2 0.4

Based upon Table 3, experiments were performed and output has 
been recorded for surface roughness of workpiece and tool flank 
wear as shown in Table 4 (a,b).

Table 4(a): Observation of Final Experimentation for Surface 
Roughness

S. 
No

Cutting 
speed
(m/min)

Feed
(mm/rev)

Depth of 
Cut
(mm)

Surface roughness
(µm)
R1 R2 R3

1 100 0.08 0.3 0.767 0.768 0.769
2 100 0.14 0.4 0.991 0.992 0.993
3 100 0.2 0.5 1.343 1.344 1.345
4 125 0.08 0.4 0.511 0.512 0.513
5 125 0.14 0.5 0.759 0.76 0.765
6 125 0.2 0.3 0.841 0.842 0.843
7 150 0.08 0.5 0.381 0.382 0.383
8 150 0.14 0.3 0.738 0.739 0.74
9 150 0.2 0.4 0.907 0.908 0.909

Table 4(b): Observation of Final Experimentation for Tool Flank 
Wear

S. 
No

Cutting 
speed
(m/
min)

Feed
(mm/
rev)

Depth 
of Cut
(mm)

Tool Flank Wear
(mm)

W1 W2 W3

1 100 0.08 0.3 0.123 0.124 0.1235
2 100 0.14 0.4 0.16 0.165 0.161
3 100 0.2 0.5 0.21 0.211 0.212
4 125 0.08 0.4 0.194 0.195 0.196
5 125 0.14 0.5 0.139 0.14 0.1395
6 125 0.2 0.3 0.152 0.153 0.154
7 150 0.08 0.5 0.438 0.439 0.44
8 150 0.14 0.3 0.24 0.241 0.242
9 150 0.2 0.4 0.51 0.515 0.52

VI. Results and Discussion
Data obtained after experimental work was analyzed using ANOVA 
technique to investigate the effect of each input parameter on the 
surface roughness of the workpiece and tool flank wear. Based 
upon the results of ANOVA, the S/N ratio for surface roughness 
and tool flank wear under different cutting conditions (cutting 
speed, feed and depth of cut) were calculated. Table 5(a,b,c) 
shows the variation of S/N ratio and roughness w.r.t. different 
input parameters   and Table 6( a,b,c) shows the variation of S/N 
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ratio and tool flank wear for different input parameters.  Figure 5 
(a, b, c) represents the variation of S/N ratio and surface roughness 
with respect to different cutting parameters and figure Figure 6 
(a, b, c) represents the variation of S/N ratio and tool flank wear 
with respect to different cutting parameters

A. Analysis for Surface Roughness
Table 5 (a): Variation of S/N Ratio and Surface Roughness w.r.t 
Cutting Speed

S.No. S/N Ratio Surface roughness Cutting speed

1 -0.07 1.03 100
2 3.23 0.71 125
3 3.94 0.68 150

Fig. 5(a): Variation of S/N ratio and Surface Roughness w.r.t 
Cutting Speed

Fig. 5(a) represents the variation of S/N ratio and surface roughness 
with respect to cutting speed. The figure indicates that maximum 
S/N ratio is at cutting speed of 150 m/min.

Table 5(b): Variation of S/N Ratio and Surface Roughness w.r.t   
Feed

S.No. S/N Data Surface roughness Feed

1 5.49 0.55 0.08

2 1.69 0.83 0.14

3 -0.08 1.03 0.20

Fig. 5(b): Variation of S/N Ratio and Surface Roughness w.r.t. 
Cutting Speed

Fig. 5(b) represents the variation of S/N ratio and surface roughness 
with respect to feed rate. The figure indicates the max S/N ratio 
is at federate of 0.08 mm/rev. 

Table 5(c): Variation of S/N Ratio and Surface Roughness w.r.t 
Depth of Cut

S.No. S/N Data Surface roughness Depth of Cut

1 2.14 0.78 0.3

2 2.24 0.80 0.4

3 2.72 0.83 0.5

Fig. 5(c): Variation of S/N ratio and surface roughness w.r.t . 
depth of cut

Fig. 5(c) represents the variation of S/N ratio and surface roughness 
with respect to depth of cut. The figure represents that the S/N 
ratio is maximum at depth of cut of 0.5 mm.

B. Analysis for Tool Flank Wear
Table 6(a): Variation of S/N ratio and tool flank wear w.r.t cutting 
speed
S.No. S/N Data Tool Flank Wear Cutting Speed
1 15.83 0.17 100
2 15.87 0.16 125

3 8.42 0.40 150

Fig. 6(a): Variation of S/N Ratio and Tool Flank Wear  w.r.t Cutting 
Speed
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Fig. 6(a) represents the variation of S/N ratio and tool flank wear 
with respect to cutting speed. The figure indicates that maximum 
S/N ratio is at cutting speed of 125 m/min.

Table 6(b): Variation of S/N Ratio and Tool Flank Wear w.r.t 
Feed
S.No. S/N Data Tool Flank Wear Feed
1 13.17 0.25 0.08
2 15.09 0.18 0.14
3 11.86 0.29 0.20

Fig. 6(b): Variation of S/N Ratio and Tool Flank Wear w.r.t  
Feed

Fig. 6(b) represents the variation of S/N ratio and tool flank wear 
with respect to feed. The figure indicates that maximum S/N ratio 
is at feed rate of 0.14 mm/rev.

Table 6(c): Variation of S/N ratio and tool flank wear w.r.t depth 
of cut.
S.No. S/N Data Tool Flank Wear Depth of Cut
1 15.61 0.17 0.3

2 11.92 0.29 0.4

3 12.59 0.26 0.5

Fig. 6(c): Variation of S/N Ratio and Tool Flank Wear w.r.t Depth 
of Cut

Fig. 6(c) represents the variation of S/N ratio and tool flank wear 
with respect to feed. The figure indicates that maximum S/N ratio 
is at depth of cut of 0.3 mm.

C. Contribution of Input Parameters
Table 7(a, b) represents the percentage contributions of cutting 
speed, feed and depth of cut for surface roughness and tool flank 
wear.  

Table 7(a): Percentage Contribution of Input Parameters for 
Surface Roughness
Input Parameters Sum squa V F % P

Speed 27.4422 13.7211 6.843235 34.05137

Feed 48.55982 24.27991 12.10931 60.25494

DoC 0.578453 0.289226 0.144248 0.717767

Error 4.010121 2.005061 4.975917

Fig. 7(a): Contribution of Input Parameters for Surface 
Roughness

Figure 7 (a) represents the contribution of cutting speed, feed and 
depth of cut for surface roughness of the work material

Table 7(b): Percentage Contribution of Input Parameters for Tool 
Flank Wear
Input 
Parameters

Sum 
Square V F % P

Speed 110.2926 55.14629 209.956 73.61727
Feed 15.84498 7.922488 30.16294 10.57609
DoC 23.15603 11.57801 44.08045 15.45601
Error 0.525313 0.262656 0.350632
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Fig. 7(b): Contribution of input parameters for tool flank wear

Fig. 7 (b) represents the contribution of cutting speed, feed and 
depth of cut for flank wear of the tool material

VII. Conclusion
This paper has presented an application of parameter design of 
the Taguchi method in the optimization of turning operation. The 
following conclusions can be drawn based upon the experimental 
results of the study:

The minimum value of surface roughness can be obtained • 
with the same combination of input parameters – cutting 
speed (150 m/min), feed (0.08 mm/rev) and depth of cut 
(0.5 mm). 
The minimum tool flank wear obtained at different setting of • 
input parameters that is cutting speed 125 m/min, feed 0.14 
mm/rev and depth of cut 0.3 mm. 
It can be concluded that both output parameters (surface • 
roughness and tool flank wear) cannot be minimize together 
by using same combination of input parameters. Therefore, 
it is recommended to set the priorities output parameters 
depending upon the end use and environment. 
The contribution of input parameters to Surface Roughness • 
of the work material is – Cutting Speed (34.05%), Feed rate 
(60.25%) and Depth of Cut (0.72%) as shown in Figure 7(a). 
The experimental results show that Feed rate is the main 
parameter among the three controllable factors (cutting speed, 
feed and depth of cut) that influence surface roughness of D2 
steel followed by cutting speed. Depth of cut has no significant 
effect on the surface roughness. 
The percentage contribution of input parameters to Tool • 
Flank Wear is Cutting Speed (73.62%), Feed rate (10.58%) 
and Depth of Cut (15.45%) as shown in figure 7(b). The 
experimental results show that cutting speed is the main 
parameter among the three controllable factors that influence 
the tool flank wear followed by depth of cut and feed rate. 
The confirmatory experiment was conducted for the tool flank • 
wear and result of study shows percentage decrease in tool 
flank wear is 4.46%.
The number of experiments in the same or similar area in • 
hard turning operations was reduced by using the Taguchi 
experimental design to determine optimum cutting conditions. 
Satisfying results were obtained so that they may be used in 
future academic and industrial studies.
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