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ABSTRACT

The present study addresses the machinability investigation in finish dry hard turning of
high strength low alloy (HSLA) steel with coated ceramic inserts by considering cutting
speed, feed and depth of cut as machining parameters. The technological parameters like
surface roughness, flank wear, and economic analysis have been considered to investigate
machinability performances. Twenty-seven set of trials according to full factorial design
of experiments are conducted, and subsequently, analysis of variance, multiple regression
method, Taguchi method, desirability function approach and finally Gilbert’s technique
is employed for parametric influence study, mathematical modelling, multi-response
optimisation, tool life estimation and economic analysis. Novelty aspects, the current
work demonstrates the substitution of conventional, expensive and slow cylindrical
grinding process, and proposes the most expensive CBN tool alternative using coated
ceramic tools in hard turning process considering techno-economic and ecological
aspects, which they are useful and efficient from the industrial point of views.

Keywords: Machinability, hard turning, AISI 4340 steel, coated ceramic, economic
analysis.

INTRODUCTION

Today's hardened high-surface steel parts are becoming increasingly important in many
engineering applications because of the increasing challenge along with the demand for
high precision parts to acquire peak performances. This is due to their excellent essential
qualities of high indentation resistance, the hardness to the modulus of elasticity ratio,
low ductility with high abrasiveness and in particular, these are truly hard-to-cut materials
[1]. The traditional method of machining hardened steels involves an expensive and time-
consuming technological chain of operations. In this way, machining operations need to
continually adopt newer, more efficient and cost-effective manufacturing techniques to
assess the machinability of hard/difficult-to-cut materials if they are to remain
competitive. In the recent past, hard turning has become a simple, well-built innovative
cutting approach that presents embryonic benefits as well as interests in preference to
conventional cylindrical grinding. The benefits are; (1) without loss of quality of the part
in connection with more flexible, less expensive and more environmentally friendly
production, and (2) by employing appropriate as well as ultra-hard futuristic cutting tool
materials under critical machining conditions. The most important reduction of the long-
established old technological chain (forming, annealing, rough turning, heat treatment
and finish grinding), abbreviation of production cycles and costs, decrease of set-up time
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and energy usage, superior process flexibility, improvement of productivity and surface
integrity by eliminating the risk of cutting fluid through eco-friendly finish dry cutting,
which is considered in hard turning, has created a superior advantage of a mechanism
from the economic, technological, and environmental point of views [2-4].

Several researchers have used methods that include experimental, analytical and
numerical approach in hard turning operation for the assessment, modelling and
optimisation in order to predict the machinability of different hardened steels concerning
surface roughness, tool wear, cutting forces and chip morphology by changing various
process parameters (cutting parameters, machining time, tool geometry, cutting tool
materials, and workpiece hardness). Dureja et al. [5] have applied Taguchi method and
desirability function approach of RSM to determine the optimum surface roughness and
flank wear in the case of hard AISI D3 steel (58 HRC) turning by coated carbide tool.
The results obtained by both practices are in close agreement, and their experimental
results reported that cutting speed dominates flank wear, suggesting 73.65% contribution
while feed rate contributes 52.98% on Ra. Using central composite design in dry turning
experiment of hardened AISI H13 steel (55 HRC), cutting speed predominantly affects
tool wear while feed rate has the highest influencing factor in surface finish [6, 7].

Rashid et al. [8] used Lis orthogonal array design concept of Taguchi method for
four factors associated with four levels to optimise machining parameters (v, f, d) during
hard turning of AISI 4340 steel (69 HRC) with cubic boron nitride (CBN) tool.
Conclusion revealed that lower feed produces improved machined surface finish, but
causes high tool wear, so the choice of a suitable feed must be determined by a trade-off
between the quality and cost consideration. In a recent study, Bensouilah et al. [9]
approached RSM for mathematical modelling and S/N ratio-based Taguchi method for
parametric optimisation of responses (surface roughness and cutting forces) in HT
process. The growth of surface roughness and cutting force components influenced by
cutting parameters namely cutting speed and feed rate during hard turning of AISI D3
steel with uncoated (CC650) and coated (CC6050) ceramic inserts. Regardless, the
development of flank wear for both cutting tools within control limit VB= 0.3 mm, the
surface finish of the machined component was improved, i.e. did not exceed 1.6 pm (as
good as manufactured by grinding), but better surface is improved by the coated ceramic
tool when differentiated to the surface developed by the uncoated ceramic.

Considering the machining parameters axial feed, cutting speed and time, Boucha
et al. [10] applied experimental approach concurrently with grey-Taguchi technique,
genetic algorithm and desirability function analysis for multi-objective optimisation of
tool wear, cutting forces, surface roughness, and metal volume removed during turning
hardened bearing steel (63 HRC) with CBN tool and found that cutting speed has a
significant effect on abrasive tool wear while interestingly cutting time has a predominant
influence on surface roughness. Out of the optimisation techniques taken into
consideration, the GA technique appears to be the most excellent technique for multiple
performance characteristics. During modelling and optimisation of XzsCrMoVs.1
hardened steel (50 HRC) in turning operation, Aouici et al. [11] confirmed that feed rate
being affecting as well as the most significant factor on the surface roughness while
cutting time had an undesirable influence on the flank wear. For the same workpiece and
tool materials, Zerti et al. [12] performed an optimisation study to minimise the
technological parameters (outputs) and characterising the material machinability in hard
turning operation by employing Taguchi method. The input machining parameters
selected in their experimental study were cutting speed, doc, feed and tool geometry (nose
radius, major cutting edge angle). ANOVA results showed Ra is affected by feed rate
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(50.21% contribution) followed by nose radius (22.19%) improves surface roughness by
crushing of the asperities, depth of cut is influential for cutting force, Fz (60.9%) owing
to elevated cutting area and specific cutting force, Ks drops due to decreased major
cutting-edge angle.

In dry hard machining of AISI H11 (X3sCrMoVs.1) steel with 50 HRC, the
performance of two different ceramic tools (TiN coated and conventional) concerning the
surface roughness by assessing the influence of tool edge nose radius (r) apart from
cutting parameters (v, f, d) and found that coated ceramic tools had no benefit over
conventional tool from the aspect of part quality, especially surface finish [13]. The
ANOVA results indicate a significant effect of nose radius and feed on surface roughness,
within 12-15% contribution and 72-85% contribution for both ceramic tools respectively.
Based on response surface methodology, Saini et al. [14] described the outcomes of an
experimental study that surface roughness value declines as nose radius and cutting speed
swelts resulting good finished part, but tool wear increases. Sobiyi et al. [15]
experimentally investigated the performance of ceramic and CBN tools while hard
turning of martensitic steel (AISI 440B), concerning tool wear, surface roughness and
chip formation conducted at different feeds and cutting speeds with a constant depth of
cut in a state of the dry environment. Conclusions showed that flank wear gets affected
mostly by cutting speed for both tools and elevated at increasing feed with a ceramic tool
but occurred opposite trend with CBN tool. Moreover, better surface finish is attained by
the ceramic tool when competed with the surface achieved by the CBN tool. Serrated and
segmented chips were formed at high speeds for both the tools.

An optimisation technique called Taguchi based grey relational analysis was
applied by Kacal and Yilidirim [16] with the goal of minimum tool wear and surface
roughness in turning hardened AISI Dg steel (60 HRC) with ceramic and CBN tool at
different cutting parameters (v, f, d). Conclusions showed that the optimum parameters
were the depth of cut: 0.2 mm, feed: 0.05 mm/rev, cutting speed: 250 m/min and cutting
tool: CBN, which predicted tool wear 0.085mm and surface roughness 0.3um. ANOVA
analysis noticed that feed (34.24%) and doc (26.23%) were the most predominant
controllable machine parameters for finish turning hardened AISI Dg steel. Using analysis
of variance, Gunay and Yucel [17] evaluated the cutting parameter influence in hard
turning operation at two different hardness levels of high-alloy white cast iron (50 and 62
HRC) with the help of ceramic and CBN cutting tool inserts and determined the optimum
surface roughness which was based on Taguchi method. Another experimental study by
Dureja and co-workers [18] applied Box-Behnken design of experiments and analysis of
variance to know the consequent effect of speed, axial feed and workpiece hardness on
the surface finish of machined H11 steel and flank wear of TiN provided coated CBN
tool. Composite desirability optimisation technique coupled with the second order model
of RSM is used as a multi-response optimisation method to find the optimal results of
input process variables. The axial feed was observed as the most significant compared to
the other two parameters for surface roughness, while succeeded by cutting speed in case
of flank wear. With a view of a practical industrial implementation of finish hard turning
for the mould and die manufacturers to determine the optimum machining conditions of
hardness ranging from 45 to 55 HRC, Kumar and Chauhan [19] studied the machinability
of the hot working die tool steel (AISI H13) with CBN tool using RSM. This study
reported that increase in workpiece material hardness is beneficial to the advantage of
improving surface finish, but disadvantageous to the increase of tool tip temperature.
Machinability investigations performed by Chinchanikar and Choudhury [20] on AISI
4340 steel bar at hardness ranging between 35-55 HRC using coated carbide tools,
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revealed that increase in axial feed and depth of cut results in an increase in the amount
of thermal softening and thereby reduced cutting forces, but deteriorated the surface finish
by chatter marks due to vibrations.

Similarly, modelling of various technological parameters in hard turning process
have also been performed by several researchers. For example, Bouzid et al. [21] have
developed a mathematical model statistically using RSM with the objective to minimise
the surface roughness and cutting forces during turning operation. The statistically fitting
of the model was verified on the basis of the correlation coefficient. With the view of the
practical industrial application, Azam et al. [22] also applied a similar approach for
surface roughness modelling. Tang et al. [23] developed a quadratic polynomial model
based on RSM (RSMQPEM) and exponential empirical model based on ORM (ORMEM)
for cutting forces in finish dry hard turning (FDHT) process. From the investigation,
RSMQPEM indicates a more accurate and credible model compared to ORMEM in
predicting the responses. Asiltuk et al. [24] have performed multiple regression method
(MRM) and artificial neural network (ANN) for the prediction of surface roughness in
turning hardened AISI 1040 steel (35 HRC) with coated carbide tool. The developed
models are compared using descriptive statistics test and concluded that ANN produces
better results than MRM. The aim of the work reported in Al-Ahmari [25] was to predict
the machinability model in hard turning operations, using the pre-cited approach along
with RSM. Recently, Agrawal et al. [26] have predicted and modeled surface roughness
by developing three regression models with the help of multiple regression, quantile
regression and random forest technique in hard turning (workpiece: AISI 4340 steel of
hardness 69 HRC). Based on response surface methodology, Elbah et al. [27] developed
second order (quadratic) model to establish a correlation between the cutting parameters
and surface roughness and the model was validated using confirmation as well as various
diagnostic tests to avoid the misleading conclusion. In recent, Abbas et al. [28] developed
ANN model for monitoring the hardening methods as well as cutting conditions and
analysed their effects on surface roughness, performance, and finish turning costs of AA
6061. Later, with the similar approach, Abbas et al. [29] established the best optimum
cutting conditions while turning AZ61 magnesium alloys in order to provide the
minimum unit-volume machining time, surface roughness, and cost of machining per
part.

Research Gaps and Objectives

The material machinability can be tailored to establish a better comparison of common
machining metrics. Although an acceptable amount of work has been investigated on
machinability of hardened AISI 4340 steel during hard turning, machining performance
concerning tool wear, surface roughness, and economic analysis combination with TiN
coated ceramic tools has not yet reported. As mentioned earlier in the literature review,
cutting performance of CBN and PCBN tool materials have been widely valued in this
domain and have been confirmed to be sustainable due to longer tool life but, their costs
are very high in comparison to ceramics. Almost no study has been reported concerning
the cost of processing in AISI 4340 steel hard turning with a TiN coated ceramic insert to
ensure its economic feasibility and to upgrade the cutting performance. Majority of the
researchers have emphasized on assessment, modelling and optimisation for flank wear
and surface roughness in hard turning process to reduce cost, improve quality and obtain
high efficiency, but little literature presented on tool wear phenomenon, and machined
surface morpholog. From the above reviews, it reveals that the performance of hard
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turning strongly influences tool wear and surface roughness. Therefore, it is essential to
correlate the hard turning cutting parameters on responses particularly for coated ceramic
inserts to improve its performance. However, no proper investigation has made to develop
the empirical model to correlate the cutting parameters in hard turning. Furthermore, due
to the complex nature of the machining process, such techniques require significant
computational resources to determine optimal cutting conditions for multi-objective
criteria. Until now no systematic study has been devoted to the absence of cutting forces
and currently, no method provides in the same level of efficiency for all processes.

Keeping this contribution in view, the major objectives of this study are: (1)
experimental determination of the influences of cutting parameters (cutting speed, feed
and depth of cut) on few machinability attributes like surface roughness, and flank wear
in hard turning of AISI 4340 hardened steel using TiN coated mixed ceramic inserts. (2)
assessment of tool wear phenomenon and machined surface characterization, together
with mathematical modelling and optimisation of flank wear and surface roughness, (3)
investigation into the impact of tool’s flank wear on surface roughness of machined
component and quality of surface finish produced, (4) prediction of optimal range for the
responses at 95% CI level, (6) development of empirical model for predicting
machinability of AISI 4340 hardened steel, and (7) evaluation of tool life of coated
ceramic insert under optimum conditions for cost estimation in hard turning based on
Gilbert’s approach. The novelty aspects of the current study are;

i.  facilitates the finish hard turning role for shaft, mould and die makers for practical
industrial application to choose the optimal cutting conditions within the range of
hardness 45-55 HRC,

ii.  brings the worthy investigations towards the efficiency of finish dry hard turning
(FDHT) for suitability of application environment-friendly ecological in
machining industrial sectors,

iii.  demonstrates the substitution of the conventional, expensive and slow cylindrical
grinding process, and proposes the most expensive CBN tool alternative using
coated ceramic tools in hard turning process taking into account economic,
technological and ecological aspects, which they are useful and efficient from the
industrial point of view,

iv.  provides a good understanding of coated ceramic tool wear mechanism, chip
formation phenomenon, and surface morphological study of the machined part
which are useful as well as essential to manufacturers in the proper selection of
machining parameters and also the indispensable step towards a viable hard
turning technology.

EXPERIMENTAL PROCEDURE

Material used for the experiment is AISI 4340 grade high-strength-low-alloy steel in the
form of cylindrical bars having machining diameter of 90 mm and length of 220 mm. The
spark or arc emission spectroscopy technique is being used in CCD spectro cast
instrument (model: SpectroMax, make: Spectro, USA) for the confirmation of the
workpiece material (AISI 4340 steel) through chemical composition test, is listed in Table
1. Samples from workpiece material were additionally subjected to mechanical grinding
as well as polishing and chemical etching for microscopic examination. The
microstructure of the AISI 4340 steel was captured by utilising an optical microscope at
the magpnification level of 100X, appeared in Figure 1. Before actual machining, the
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hardness of specimen has been increased to 49 HRC using heat treatment process
followed by oil quenching (at 920 °C).

Table 1. Chemical composition of HSLA grade AISI 4340 steel

Elements C Ni  Cr Mo Mn  Si P S Fe
Weight percentage 0.397 155 1.1 0.175 0.77 0.389 0.052 0.03 Balance

Figure 1. Microstructure of AISI 4340 steel.

In this work, depth of cut, axial feed, and cutting speed are taken as major process
variables, whereas the technological response parameters are surface roughness, flank
wear and chip morphology to judge the machinability. Employing the selected parameters
(three) and levels (three), a well sequential design layout was established based on a full-
factorial design of experiment (DOE) to perform the dry longitudinal turning operation.
The levels of depth of cut vary from 0.1 mm, 0.2 mm, and 0.3 mm respectively. Feed rate
varies from 0.05 mm/rev, 0.10 mm/rev, and 0.15 mm/rev respectively. Similarly, cutting
speed varies from 100 m/min, 170 m/min and 240 m/min respectively. The experimental
design details and results are presented in Table 2.

The machine tool used for hard turning operation is high precision and accuracy
CNC lathe (make: Batliboi Itd., model: SPRINT 16TC), having 7.5 kW power capacity
and spindle speed varies from 50 to 5000 rpm. For experimentation, PVVD coated ceramic,
designated as ISO grade CNGA120408 AB2010, having negative rake angle 6°, nose
radius of 0.8 mm, and approach angle of 95" is used for finish hard turning employing
design of experiments. The coated ceramic inserts were held on a tool holder of ISO
designation PCLNL2525M12. Mitutoyo (Surftest SJ210) roughness tester was calibrated
with standard specimen before the measurements, to measure the arithmetic surface
roughness, Ra. The Ra was measured at different three positions on the cylindrical surface
of the test specimen, and its mean is taken as final average surface roughness value. The
measurements of flank wear, VB, for each cutting condition were acquired from an optical
microscope, which is equipped with CCD camera including image analysis software
(Material QS’6). At the end of the experiment, a comprehension investigation of hard
turning process concerning the quality of the hard-machined surface, and wear
mechanism of the tool by employing scanning electron microscope (model: EVO MA15,
make: Carl Zeiss SMT). Figure 2 shows the schematic layout of the research
methodology.
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Table 2. Experimental design and results.

Test  Coded values Cutting speed Feed  Depth of cut Surface Flank wear

no. Y f d (m/min)  (mm/rev) (mm) roughness, Ra VB

(Hm) (mm)
1 1 1 1 100 0.05 0.1 0.854 0.075
2 1 1 2 100 0.05 0.2 0.643 0.067
3 1 1 3 100 0.05 0.3 0.843 0.092
4 1 2 1 100 0.1 0.1 0.951 0.071
5 1 2 2 100 0.1 0.2 1.188 0.060
6 1 2 3 100 0.1 0.3 1.073 0.052
7 1 3 1 100 0.15 0.1 1.569 0.080
8 1 3 2 100 0.15 0.2 1.620 0.095
9 1 3 3 100 0.15 0.3 1.596 0.110
10 2 1 1 170 0.05 0.1 0.829 0.130
11 2 1 2 170 0.05 0.2 0.762 0.112
12 2 1 3 170 0.05 0.3 0.629 0.121
13 2 2 1 170 0.1 0.1 0.914 0.085
14 2 2 2 170 0.1 0.2 0.955 0.100
15 2 2 3 170 0.1 0.3 0.928 0.116
16 2 3 1 170 0.15 0.1 1.361 0.153
17 2 3 2 170 0.15 0.2 1.382 0.183
18 2 3 3 170 0.15 0.3 1.463 0.191
19 3 1 1 240 0.05 0.1 0.516 0.156
20 3 1 2 240 0.05 0.2 0.631 0.197
21 3 1 3 240 0.05 0.3 0.573 0.171
22 3 2 1 240 0.1 0.1 0.629 0.173
23 3 2 2 240 0.1 0.2 0.705 0.191
24 3 2 3 240 0.1 0.3 0.788 0.206
25 3 3 1 240 0.15 0.1 1.071 0.209
26 3 3 2 240 0.15 0.2 1.267 0.224
27 3 3 3 240 0.15 0.3 1.427 0.238

RESULTS AND DISCUSSION
Analysis of Surface Roughness

After conducting the tests, statistical analysis for the experimental results of Ra are
performed by means of a variance analysis, called analysis of variance (ANOVA) at a
level of significance of 0.05 (that is, a confidence level of 95%), to find the effect of each
cutting parameter and influential interactions on the performance output. The significance
of parameter to surface roughness is confirmed by the statistical F and P-value of
ANOVA. Source, in which the P value is less than 0.05 (confidence level of 95%), and
the value of F is greater than the value of the F-table, has a significant effect to surface
roughness. The last column of the table shows how each factor affects and contributes,
expressed in percentage. ANOVA results for Ra is presented in Table 3. From the results
of ANOVA, it has been seen that both feed and cutting speed seem to be significant as
well as dominant factors affecting Ra because their P-values are less than 0.05 and larger
F-value. Feed has the most important significant effect on the surface finish, and its
contribution on Ra is 80.05%. The second most significant parameter depending on F
value is the cutting speed with 27.54 for Ra, which is higher than standardised F-value
(4.46) at the 95% level of confidence. This affects the Ra, by 13.56%. Moreover, depth
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of cut does not present a significant as well as major impact on Ra, which explains
respectively only, 0.76% contribution of total variation. Also, the interaction cutting
speed-feed (v*f), feed-depth of cut (f*d) and cutting speed-depth of cut (v*d) don’t
present a significant effect on the obtained surface roughness. Respectively, their
contributions are 0.96%, 1.47%, 1.23% to Ra. The error connection with the ANOVA
table has 1.97%, which confirms that neither neglected nor avoided any high
measurement errors and any major parameter.

Cutting insert )
(CNGA120408 AB2010) Cutting parameters

Parameters Levels
1 3
Cutting speed, v (m/min) [100 |§7_o'2_4o
Feed, f(mm/rev) 0.05 0.10] 0.15
Depth ofcut, d(mm)  [0.1 0.2 [ 03
'

Hard turning
operation

Machined
workpieces

Flank wear
measurement

A

A

Surface roughness
measurement

Use of Minitab software
for statistical analysis

WG

Optimization Modelling

Conclusion

Figure 2. Schematic of research methodology.
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Table 3. Analysis of variance (ANOVA) for surface roughness criteria.

Source DOF SeqSS AdjSS AdjMS F Pvalue C (%)
v (cutting speed) 2 0.41872 0.41872 0.20936 27.54 <0.000 13.56
f (feed) 2 2.47242 247242 1.23621 162.63 <0.000 80.05
d (depth of cut) 2 0.02335 0.02335 0.01167 1.54 0.273 0.76
v*f 4 0.02960 0.02960 0.00740 0.97 0.473 0.96
v*d 4  0.04558 0.04558 0.01139 1.50 0.290 1.47
f*d 4  0.03812 0.03812 0.00953 1.25 0.363 1.23
Error 8 0.06081 0.06081 0.00760 1.97
Total 26 3.08859 100

Ra (um)

v (m/min)

14

Ra (um) 1.2

1.0
0.15
0.8

- (mm/rev)

1.0

Ra (l-'m) 0.9
0.8

v (m/min)

(©
Figure 3. Cutting parameters effect plots for surface roughness.

The 3D surface effects plots for Ra is presented in Figure 3. It is noticed that when
the feed increases, the Ra increases (i.e. deteriorates the surface finish) predominantly.
This may be for the following whys and wherefores: (1) ignoring the effect of tool flank
wear and BUE, this outcome is expected from a widely known metal cutting theory that
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2
for a given nose radius, the theoretical geometrical roughness (Ra= 0.032:—) is primarily

a function of feed [30,31]; (2) as the axial feed increases, the thrust force increases during
machining, thus increasing the vibration followed by heat generation result in high
surface roughness [7, 32, 33]; (3) as the feed increases, the friction between cutting tool
and workpiece material will be more predominant because of higher cross sectional area
in deformation zone together with increase in cutting force due to rise in chip load and
therefore surface roughness increases generating helicoid furrows due to the resultant
nose shape helicoid tool-workpiece movement. This is consistent with previously
published research by Elbah et al. [27]. Also, it is observed from the Figure 3(c) that
increasing the cutting speed tends to improve the surface finish significantly. This effect
Is attributable to the intense elastic deformation and squeezing effect within the
workpiece-tool junction area at slower cutting speeds with reference to higher cutting
speeds, that induces higher surface roughness at lower cutting speeds by comparison with
higher cutting speeds and it incorporates the research carried out by Tang et al. [34].

Another way to explain, the heat dispersed by chip much less than that absorbed
enough by the turned surface at low cutting speed and for this reason it results in higher
surface roughness. Aouici et al. [35] and Basavarajappa et al. [36] also observed similar
results. In other aspect, this trend is expected due to the disappearance of built-up-edge
formation as chip-tool contact length decreases, resulting into a reduction in friction and
cutting forces, which in turn stabilize the machining system thereby improving surface
finish, in accordance with a previous study [37]. The depth of cut is not very sensitive to
influence the surface roughness of turned surfaces; nevertheless, surface roughness
increases slightly with increase in depth of cut (Figure 3(b)) for harder material mainly
due to augment of chatter, as revealed by Sharma et al. [38] and Naigade et al. [39].

To illustrate the comparison of two different types (best and poor) of surface
quality, investigation of the turned surface using optical and scanning electron
microscopes shows the various forms of defects and weak spots exist in the time of hard
turning AISI 4340 steel. The topography of the turned surface is involved with feed
marks, grooves and ridges (attributed to shearing as well as ploughing effect of the
workpiece by broken hard-abrasive particles under the cutting edge), cavity (due to
removal of hard particles by the chips produced), adhered chip particle (due to cohesion
issue in the hard turned surface caused by large heat generation and cold welding effect),
material side flow (due to sever plasticization of turned surface), BUE (due to the rise of
plastic deformation area at the interface of the tool and work), smooth and rough surface
(due to high particle fracture/debonding force caused by higher number of tool-particle
interactions). These surface statuses are generally caused by impaired physical attributes
occurring in the movement kinematics of the tool and workpiece (friction, elastic
deformation, and vibration) and the cutting process (mechanical separation of the chip
and tool wear).

At cutting speed of 240 m/min, feed of 0.05 mm/rev and depth of cut of 0.10 mm,
almost no surface damage was noticed on the turned surface by avoiding chip
entanglement, apart from some scratch marks because of the leading edge of cutting
inserts, which shows a flat and smooth surface as in Figure 4(a). Figure 4(b) shows the
SEM micrograph and optical image of the machined surface after AIS1 4340 steel which
was turned at cutting speed of 100 m/min, the feed of 0.15 mm/rev and depth of cut of
0.2 mm. It could be noticed that there are few even interim more profound feed marks
occurring due to crest/trough formations with relatively long slight grooves in the
machined surface and thus a degradation of the surface quality.
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~Adhered chip Smooth surface
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Adhered chip

Optical image

EHT = 5.00kV Signal A = SE1
WD = 95mm Mag= 150K X
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Oqﬁcal imége /’

Figure 4. SEM and optical micrographs of the (a) best and; (b) poor surface quality of
machined AISI 4340 steel.

Analysis of Tool Wear

ANOVA results for VB in machining A1S14340 hardened steel is reported in Table 4.
Results revealed that cutting speed having the largest contribution followed by feed and
depth of cut as reported in the literature [5,40]. Examination of probability (P) value and
F-value shows the parameter cutting speed with 76.97% presenting the most significant
controlled factor followed by feed (14.48%) for hard turning operation if the reduction of
the VB is considered. This admits with the previous study reported by Gaitonde et al. [41]
and Camargo et al. [42] The factor depth of cut (d) and the interactions (v*f, f*d and v*d)
don’t present a significant as well as major impact on VB, as their contributions are very
low (1.87%, 3.37%, 0.61% and 0.67% respectively), standardized F-value is larger than

5900



Hard Turning of HSLA Steel with Coated Ceramic Inserts: An Assessment, Modelling, Optimisation and
Cost Analysis

F-table value and lastly, P-value is below 0.05. Concerning, error contribution accounts
for 2.03% of the total variability, which confirms that neither neglected nor avoided any
high measurement errors and any major parameter.

Table 4. Analysis of variance for tool VB.

Source DOF  Seq SS Adj SS Adj MS F  Pvalue C (%)
v (cutting speed) 2 0.0629099 0.0629099 0.0314549 151.60 <0.000 76.97
f (feed) 2 0.0118361 0.0118361 0.0059180 28.52 <0.000 14.48
d (depth of cut) 2 0.0015281 0.0015281 0.0007640 3.68 0.073 1.87
v*f 4 0.0027581 0.0027581 0.0006895 3.32 0.070 3.37
v*d 4 0.0004979 0.0004979 0.0001245 0.60 0.673 0.61
f*d 4 0.0005448 0.0005448 0.0001362 0.66 0.639 0.67
Error 8 0.0016599 0.0016599 0.0002075 2.03
Total 26 0.0817347 100

The graph of main effects are presented in Figure 5, to study the influence of
cutting speed (v), feed (f) and depth of cut (d) on VB. It is concluded that the VB rapidly
as well as linearly increases with increasing cutting speed. As the cutting speed increases,
the frictional force becomes more significant due to high contact stress and the rubbing
effect of hard particles in the machined surface with the cutting tool, generating more heat
which leads to thermal softening of tool material along with, lowering the tool edge
strength and thereby resulting in higher flank wear. The VB marginally decreases due to
the increased feed rate from 0.05 to 0.10 mm/rev; but shows the opposite trend which is
increasing abruptly with a further increase in feed, as shown in Figure 5. Similar
observation on tool wear was reported during hardened AISI H11 steel turning with TiN
coated CBN tool [43]. The reason can justify that with an increase in feed, cutting time
reduced [42] and shear plane area of chip increases [44,45], therefore the elevated
temperature correspondingly reduces hence leads to higher forces required for material
removal [46] and causing higher tool flank wear. But the wear does not exceed the
recommended limit (i.e. VB > 0.3 mm). For VB, the variation in depth of cut did not
involve any meaningful changes nor did have an interactive effect with other factors. This
has been confirmed by the statistical analysis ANOVA results.

An investigation of worn tools using SEM (Figure 6(a)) clearly shows a smooth
abrasive wear (marks parallel to the cutting direction) on the flank face and evidence of
adhered chip on crater surface of coated ceramic insert under cutting conditions (v= 170
m/min, f= 0.05 mm/rev and d= 0.1 mm). Figure 6(b) shows the SEM micrograph of the
worn cutting tool surfaces at cutting parameters of v= 240 m/min, f= 0.05 mm/rev and d=
0.1 mm. With this cutting speed, because the tool engages and departs the work, the tool
is revealed to fast thermal and mechanical shocks, which resulted in tool wear due to
mechanisms of abrasion and adhesion followed by plastic deformation when working
with the coated ceramic tool. Abrasion marks recognised by parallel grooved surfaces in
the tool flank face can be observed, and later some abrasive marks are covered by adhered
plastically deformed material. The grooves formed on the flank face possibly caused
either by rubbing of hard elements of martensite in the workpiece material [47,48] or due
to abrading of serrated edge of the chip [49] on the tool edge. The occurrence of high
pressure and temperature at cutting zone in hard turning can facilitate material
plastification and hence cause excessive adhesion of workpiece material [50] which
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further results in greater degree of adhesive wear. Notch wear, which generally reduces
the surface finish, was not noticed for the used coated ceramic tool.
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[
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Figure 5. Cutting parameters effect plots for flank wear.

Figure 7 reveals the effect of flank wear of coated ceramic tool on the surface
finish of machined AISI 4340 steel employing cutting condition v= 240 m/min, f= 0.05
mm/rev and d= 0.10 mm. Our experimental results indicate that, there is neither uniform
nor stable roughness value on Ra during the machining, but surface roughness of the
workpiece has increased with the increase in VB because of a higher thermal effect caused
by the rubbing action between the workpiece surface and worn tool flank face [51]. At
VB of 0.102 mm, the corresponding value of Ra is 0.701 um. When the VB reaches 0.206
mm without catastrophic failure, the increase in surface roughness value Ra is 1.024 uym
(increase in 46%). This result confirms that deterioration of turned surface (i.e. increase
in surface roughness) is in close connection with the rise of tool flank wear (i.e.
degradation of tool’s cutting edge).
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Figure 6. SEM images of the worn cutting tool inserts after machining AISI 4340 steel
at f=0.05 mm/revand d = 0.1 mm (a) v =170 m/min; (b) v = 240 m/min.
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Figure 7. Surface roughness responding to tool flank wear at v = 240 m/min; f = 0.05
mm/rev; d = 0.10 mm.
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Prediction of Optimal Performance

For optimal prediction design, the estimation of the mean value of surface roughness is
essential which is possible only by taking into consideration significant factors. The
approach of determining the mean value depends on the existence of good additivity
among the factorial effects which are the accuracy of predicting a good result, basically
takes place if one factorial effect connected to another (where both effects are significant
as well as important). From the ANOVA analysis (Table 3) followed by 3D effect plot
(Figure 3), two cutting parameters (feed and cutting speed) were found significant and
obtained the lowest Ra at the feed of 0.05 mm/rev (level-1) and cutting speed of 240
m/min (level 3). Performance of Ra when two most significant factors are at their best
level i.e. at fivs level, is, p, = f,+V5-Tg, = (0.6978 + 0.8452) — 1.006 = 0.537 pm (with

TRa = 1.006 from Table 2 and f1, vs values from Table 5). The 95% confidence interval
(CI) for the arithmetic average Ra is determined using Eq. (1) [52].

CI — \/F‘)S%;(l, DF error)XVe (1)

Nefr

where g = Number of rials = 5.4, Fasy1, 8 = 5.32 and Ve = 0.0076

1 + degrees of freedom corresponding to that level

(from Table 3). Hence, Cly, is 0.086 um.
The best optimal range of Ra is predicted as [“Ra' Clr,] < Hg, = [uRa+ Clgr,] i.e.

[0.537 - 0.086] < pg, <[0.537+0.086]; thus 0.451 < pg < 0.623 um. Similarly, feed and
cutting speed were found significant in ANOVA analysis for flank wear. The lowest level
of cutting speed (v1) and second level of feed (f2) are the most desired conditions as far
as flank wear is considered. Therefore, the parameters: vy, f> and their levels were used
in the calculation of the predicted optimal flank wear by considering their individual
effects. The optimal value of the predicted mean (pvs) of the flank wear can be calculated
as pyg = v, + f, — Tyg (from Table 1, Tyg = 0.1355) = 0.0596 = 0.060 mm. Foso;(1, 8) =
5.32, et = 5.4 and Ve = 0.0002075 (from Table 4). Thus, Clyg = 0.014 mm. Finally, the
optimal range of VB at 95% confidence level is predicted as, [, 5-Clyg] < pyp< [Hyp+

Clyg] i.e. (0.060 - 0.014) < pyg < (0.060 + 0.014); thus 0.046 < pyg< 0.074 mm.

Table 5. Average values for each factor at each level for surface roughness and flank

wear.
Level Ra (um) VB (mm)
v f d v f d
1 1.1486 0.6978 0.9660 0.078 0.1245 0.1257
2 1.0248 0.9034 1.0170 0.13233 0.1171 0.1365
3 0.8452 1.4173 1.0356 0.19611 0.1647 0.1441
Delta 0.3033 0.7196 0.0696 0.1181 0.0476 0.0183
Rank 2 1 3 1 2 3

Development of Empirical Models for Surface Roughness and Flank Wear

The empirical models in the form of second order regression equations to predict the
surface roughness (Ra, Rq and Rz) and VB with cutting speed (v), feed (f) and depth of
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cut (d), are presented. The average Ra model is presented in following Eq. (2). Itis noticed
that coefficient of determinations (experimental and adjusted) are R? = 96.4% and R? (ad})
= 94.5%, respectively. The VB model is presented in Eq. (3). It is noticed that coefficient
of determinations (experimental and adjusted) are R? = 95.06% and R? (adj) = 92.45%,
respectively.

Ra = 1.1259 — 0.9467d — 5.6443f - 0.0003v - 1.6222d° + 61.6444f? - (2
0.000v? + 10.6500f*d + 0.0052v*d — 0.0095v*f

VB =0.1280 — 0.0664d — 2.4375f + 0.0002v — 0.1611d? + 11.0222f + (3)
0.0000v? + 1.2333f*d + 0.0006v*d + 0.0023v*f

Table 6. ANOVA results for machinability model of (a) Ra and; (b) VB.

Source DOF Sequential Adjusted Adjusted F P Remark
SS SS MS value

(a) Regression 9 297755 297755 0.330838 50.65 0.000 Significant
Linear 3 2.76574 0.02384 0.007947 1.22 0.334
Interaction 3 0.06306 0.06306 0.021019 3.22 0.049
Square 3 0.14875 0.14875 0.049582 7.59 0.002
Residual Error 17 0.11105 0.11105 0.006532
Total 26 3.08859
S=0.0808218 R-Sg= 96.4% R-Sg(adj)= 94.5%

(b) Regression 9 0.077698 0.077698 0.008633 36.36 0.000 Significant
Linear 3 0.071569 0.004335 0.001445 6.09 0.005
Square 3 0.004705 0.004705 0.001568 6.61 0.004
Interaction 3 0.001424 0.001424 0.000475 2.00 0.152
Residual error 17 0.004036 0.004036 0.000237
Total 26 0.081735

S=0.0154088 R-Sg= 95.06%  R-Sq(adj)= 92.45%

The statistical validity, as well as adequacy of developed quadratic model for Ra,
is shown in Table 6. From the ANOVA of surface roughness model, the developed
quadratic model is significant as the p-value is less than 0.05. Particularly, the model
developed using RSM with correlation coefficients (R?) of 0.96, explains 96.4% of total
variations in Ra. The R? value is very close to unity, which ensures the excellence of fit
for the model with greater statistical significance [53]. Additionally, the models are
adequate as model F-values 50.65 to Ra is more than the F-table value (2.49) at 95%
confidence level. From ANOVA results of flank wear presented high coefficient of
determination (R?= 0.95 close to 1), small P-value close to zero (much lower than 0.05)
and excellent F value (much larger than F-table value) at 95% confidence which confirms
that the proposed model is statistically significant with adequate and proves close
compatibility between the predicted values of VB and the experimental. Thus the
developed RSM model can be successfully applied for predicting the VB during
machining of hardened AISI 4340 steel with the coated ceramic tool. Adjusted R? value
(Ra: 94.5%, and VB: 92.45%) is explained by their models after perceiving the significant
factors. Finally, normal probability plot combined with Anderson Darling test has been
displayed for surface roughness and flank wear as shown in Figure 8, which ensures that
the residuals distributed close to a straight line indicating that the errors are dispersed
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normally and specifying that the terms associated with the model are significant. With P-
value (0.07 for Ra, and 0.118 in case of VB) received from Anderson Darling test (refer,
Figure 8) is greater than significance level value (0.05), which confirms the adequacy of
the model due to the favorable reception of null-hypothesis.

0.0 0.1 0.2 0.3

VB Ra
& Mezn 1.005
StDev  0.3447
N 27
= AD 0.673
S0 4 P-Value 0.070
VB
€0 1 Mezn 0.1355
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Figure 8. Normal distribution probability plots of machinability characteristics for Ra,
and VB.

Cost Estimation

Nowadays, with the increased burden on cost management and profitability,
manufacturers have aimed to regulate the overall cost for machining operations to confirm
consistency and establish cost benchmarks. The total machining cost has three major
constituents: machining cost, cutting tool replacing cost (idle time cost) and cutting tool
cost. Machining cost appears to increase in hard turning because of tool wear. Reducing
machining cycle time, improving tool life and the ability for dry machining, it makes a
huge difference in operating costs. In response to the economic estimation and cost
consciousness, the selection of process parameters appropriate to an optimum range leads
to a paradoxical enhancement in tool life. Hence, in the present work, desirability function
analysis of RSM is performed to obtain the optimum cutting condition for tool life
evaluation.

Figure 9 exhibits the optimisation results, which presented the optimal solution
for minimum Ra value of 0.545 um at cutting speed = 240 m/min, feed = 0.0556 mm/rev
and doc = 0.10 mm. Finally, an additional experiment is conducted under the pre-cited
optimal parametric condition, which reported the life of the coated ceramic tool is about
47 min keeping in mind of tool life criterion (Ra < 1.6 ym and VB < 0.3 mm) in HT
process. The progression of flank wear and the evaluation of Ra w.r.t machining time is
illustrated in Figure 10. In considering the life of the coated ceramic tool being evaluated,
a cost analysis has been proposed according to Gilbert's strategy of machining economics
[54-57]. A general procedure of estimating the total cost per piece for proposed work
material and tool in FDHT condition is described in Table 7. By single cutting edge, the
approximate total machining cost per part using coated ceramic inserts is US $ 0.29

5906



Hard Turning of HSLA Steel with Coated Ceramic Inserts: An Assessment, Modelling, Optimisation and
Cost Analysis

(Indian rupees of Rs. 18.45), which ensures economic advantages in hard turning due to
longer tool life, reduced downtime and improved savings.

; Speed Feed DOC
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Figure 9. Optimisation plot for surface roughness criteria.
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Figure 10. Development of flank wear and evaluation of surface roughness with
machining time
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Table 7. Estimation of machining cost.

No. Costs Coated ceramic
1 Cost associated with machine and operator, Rs.250/hr. (x) $ 0.07/min

2 Machining cost/piece (XTm) $0.13

3 Tool replacing cost/piece [XTa(T;,/T)] $0.01

4 Cutting insert cost/piece $13.26

5 Average value of single cutting edge (y) $3.32

6 Machining cost/piece over tool life [y(T,,/T)] $0.14

7 Total machining cost/piece, (2+3+6) $0.29

Machining length (L)= 100 mm, uncut w/p diameter (D)= 86 mm, machining time/piece (Tm)=

lgg(]))fv = 2.02 min, machine downtime (Tq4)= 5 min, tool life for single cutting edge (T)= 47 min.

CONCLUSION

Based on experimental findings, modelling, and optimisation in finish dry hard turning
(FDHT) of HSLA steel utilising PVD-TiN coated mixed (Al.Oz+TiCN) ceramic tool, the
following conclusions are drawn:

I.  The machined surface quality of HSLA steel with coated ceramic insert produced
roughness within 1.6 micron and can be comparable with cylindrical grinding.
Surface roughness was highly emulated by the feed (Ra: 80.05%) followed by the
cutting speed (Ra: 13.56%), which well agrees with ANOVA results. Increase of
feed increases the surface roughness, while the opposite is obtained in cutting
speed.

ii.  Cutting speed with almost 77% of contribution is the most predominant factor,
influencing tool VB and second level by feed with 14.48% contribution. VB firstly
decreases marginally with the increase of feed (up to 0.1 mm/rev) and increases
significantly with an increase in cutting speed and depth of cut.

iii.  During hard turning, wear is one of the important aspects to be noted, since it has
a direct impact on surface quality of the machined part. However, even when the
VB of TiN coated ceramic tool is below 0.3 mm, the Ra value did not exceed 1.6
um promising the operation able to hold a candle to grinding operation.

iv. The wear mechanism of the coated ceramic tool is abrasion that seems
predominantly by abrasion marks on the tool flank face at low cutting speed while
abrasion, adhesion and last by plastic deformation at higher cutting speed during
turning of AISI 4340 hardened steel. The examination of the turned surface
through SEM illustrates the topography concerning the grooves and ridges, feed
marks, cavity, adhered chip particle, material side flow, BUE, smooth and rough
surface on machining of AISI 4340 hardened steel.

v.  The predicted optimal range of surface roughness criteria (Ra) and VB at 95% ClI
level are 0.451 < pg,<0.623 um, and 0.046 < pyg <0.074 mm respectively.

vi.  The proposed models for Ra and VB employing RSM explained the probability
(P) value and correlation coefficient R? of 0.96 and 0.95 respectively, which
ensures the excellence of fit for the model with greater statistical significance. The
normal probability plots ensure that the residuals distributed near to a straight line
indicating that the errors are dispersed in normality and implying that the sources
associated with the model are significant. Ander-Darling test for the model shows
adequate, as p-value is more than 0.05 at 95% confidence level.
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Cost Analysis

Optimisation employing RSM technique shows the optimal setting of process
parameters in hard turning operation of AISI 4340 steel by PVD TiN at a depth of
cut of 0.5 mm, cutting speed of 211.52 m/min, and axial feed 0.06 of mm/rev with
evaluated maximal coated ceramic tool life of 47 min. The approximate total
machining cost per piece using coated ceramic inserts is US $ 0.29 which ensures
economic advantages in hard turning due to longer tool life, reduced downtime
and improved savings.

REFERENCES

Nakayama K, Arai M, Kanda T. Machining Characteristics of Hard Materials.
CIRP Annals - Manufacturing Technology 1988; 37: 89-92.

Konig W, Berktold A, Koch KF. Turning versus Grinding - A Comparison of
Surface Integrity Aspects and Attainable Accuracies. CIRP Annals -
Manufacturing Technology 1993; 42: 39-43.

Grzesik W. Machining of Hard Materials. In: Davim JP, editor. Machining.
London: Springer, 2008, p 97-126.

Paiva AP, Campos PH, Ferreira JR, et al. A multivariate robust parameter design
approach for optimisation of AIS152100 hardened steel turning with wiper mixed
ceramic tool. International Journal of Refractory Metals and Hard Materials 2012;
30: 152-163.

Dureja JS, Singh R, Bhatti MS. Optimizing flank wear and surface roughness
during hard turning of AISI D3 steel by Taguchi and RSM methods. Production
& Manufacturing Research 2014; 3277: 37-41.

Suresh R, Basavarajappa S. Effect of Process Parameters on Tool Wear and
Surface Roughness during Turning of Hardened Steel with Coated Ceramic Tool.
Procedia Materials Science 2014; 5: 1450-1459.

Das SR, Dhupal D, Kumar A. Study of surface roughness and flank wear in hard
turning of AISI 4140 steel with coated ceramic inserts. Journal of Mechanical
Scienec and Technology 2015; 29: 4329-4340.

Rashid W Bin, Goel S, Davim JP, Joshi SN. Parametric design optimisation of
hard turning of AISI 4340 steel (69 HRC). International Journal of Advanced
Manufacturing Technology 2016; 82: 451-462.

Bensouilah H, Aouici H, Meddour I, Athmane M. Performance of coated and
uncoated mixed ceramic tools in hard turning process. Measurement 2016; 82: 1-
18.

Bouacha K, Yallese MA, Khamel S, Belhadi S. Analysis and optimisation of hard
turning operation using cubic boron nitride tool. International Journal of
Refractory Metals and Hard Materials 2014; 45: 160-178.

Aouici H, Yallese MA, Fnides B, Chaoui K, Mabrouki T. Modelling and
optimisation of hard turning of X38CrMoV5-1 steel with CBN tool: Machining
parameters effects on flank wear and surface roughness. Journal of Mechanical
Science and Technology 2011; 25: 2843-2851.

Zerti O, Yallese MA, Khettabi R, Chaoui K, Mabrouki T. Design optimisation for
minimum technological parameters when dry turning of AISI D3 steel using
Taguchi method. International Journal of Advanced Manufacturing Technology
2016; 89: 1915-1934.

Khellaf A, Aouici H, Smaiah S, Boutabba S, Yallese MA, Elbah M. Comparative
assessment of two ceramic cutting tools on surface roughness in hard turning of

5909



Panda et al. / International Journal of Automotive and Mechanical Engineering 15(4) 2018 5890-5913

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

AISI H11 steel : including 2D and 3D surface topography. International Journal
of Advanced Manufacturing Technology 2016; 89: 333-354.

Saini S, Ahuja IS and Sharma VS. Influence of cutting parameters on tool wear
and surface roughness in hard turning of AISI H11 tool steel using ceramic tools.
Int J Precis Eng Manuf 2012; 13: 1295-1302.

Sobiyi K, Sigalas I, Akdogan G, Turan Y. Performance of mixed ceramics and
CBN tools during hard turning of martensitic stainless steel. International Journal
of Advanced Manufacturing Technology 2015; 77: 861-871.

Kacal A and Yildirim F. Application of grey relational analysis in high-speed
machining of hardened AISI D6 steel. Proceedings of the Institution of
Mechanical Engineers, Part C: Journal of Mechanical Engineering Science 2012;
227: 1566-1576.

Yucel E and Gunay M. Modelling and optimisation of the cutting conditions in
hard turning of high-alloy white cast iron (Ni-Hard). Proceedings of the Institution
of Mechanical Engineers, Part C: Journal of Mechanical Engineering Science
2012; 227: 2280-2290.

Dureja JS, Gupta VK, Sharma VS, Dogra M. Design optimisation of flank wear
and surface roughness for CBN-TiN tools during dry hard turning of hot work die
steel. International Journal of Machining and Machinability of Materials 2010; 7:
129-147.

Kumar P and Chauhan SR. Machinability Study on Finish Turning of AISI H13
Hot Working Die Tool Steel With Cubic Boron Nitride (CBN) Cutting Tool
Inserts Using Response Surface Methodology (RSM). Arabian Journal for
Science and Engineering 2015; 40: 1471-1485.

Chinchanikar S and Choudhury SK. Investigations on machinability aspects of
hardened AISI 4340 steel at different levels of hardness using coated carbide
tools. International Journal of Refractory Metals and Hard Materials 2013; 38:
124-133.

Bouzid L, Yallese MA, Chaoui K, Mabrouki T, Boulanouar L. Mathematical
modelling for turning on AISI 420 stainless steel using surface response
methodology. Proceedings of the Institution of Mechanical Engineers, Part B:
Journal of Engineering Manufacture 2015; 229: 45-61.

Azam M, Jahanzaib M, Wasim A, Hussain S. Surface roughness modelling using
RSM for HSLA steel by coated carbide tools. International Journal of Advanced
Manufacturing Technology 2015; 78: 1031-1041.

Tang L, Cheng Z, Huang J, Gao C, Chang W. Empirical models for cutting forces
in finish dry hard turning of hardened tool steel at different hardness levels.
International Journal of Advanced Manufacturing Technology 2014; 76: 691—
703.

Asilturk 1. Predicting surface roughness of hardened AISI 1040 based on cutting
parameters using neural networks and multiple regression. International Journal
of Advanced Manufacturing Technology 2012; 63: 249-257.

Al-Ahmari AMA. Predictive machinability models for a selected hard material in
turning operations. Journal of Materials Processing Technology 2007; 190: 305—
311.

Agrawal A, Goel S, Rashid W Bin, Price M. Prediction of surface roughness
during hard turning of AISI 4340 steel (69 HRC). Applied Soft Computing
Journal 2015; 30: 279-286.

5910



Hard Turning of HSLA Steel with Coated Ceramic Inserts: An Assessment, Modelling, Optimisation and

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

Cost Analysis

Elbah M, Yallese MA, Aouici H, Mabrouki T, Rigal JF. Comparative assessment
of wiper and conventional ceramic tools on surface roughness in hard turning AISI
4140 steel. Measurement 2013; 46: 3041-3056.

Abbas AT, Pimenov DY, Erdakov IN, Taha MA, Rayes MME, Soliman MS.
Artificial Intelligence Monitoring of Hardening Methods and Cutting Conditions
and Their Effects on Surface Roughness, Performance, and Finish Turning Costs
of Solid-State Recycled Aluminum Alloy 6061 Chips. Metals 2018; 8(6): 394
Abbas AT, Pimenov DY, Erdakov IN, Taha MA, Rayes MME, Soliman MS.
ANN Surface Roughness Optimisation of AZ61 Magnesium Alloy Finish
Turning: Minimum Machining Times at Prime Machining Costs. Materials 2018;
11: E808.

Qu J and Shih AJ. Analytical Surface Roughness Parameters of a Theoretical
Profile Consisting of Elliptical Arcs. Machining Science and Technology 2003;
7:281-294.

Lalwani DI, Mehta NK and Jain PK. Experimental investigations of cutting
parameters influence on cutting forces and surface roughness in finish hard
turning of MDN250 steel. J Mater Process Tech 2008; 206: 167-179.

Gaitonde VN, Karnik SR, Figueira L, Davim JP. Analysis of Machinability
During Hard Turning of Cold Work Tool Steel (Type: AISI D2). Materials and
Manufacturing Processes 2009; 24: 1373-1382.

Nayak M and Sehgal R. Effect of Tool Material Properties and Cutting Conditions
on Machinability of AISI D6 Steel during Hard Turning. Arabian Journal for
Science and Engineering 2015; 40: 1151-1164.

Tang L, Gao C, Huang J, Shen H, Lin X. Experimental investigation of surface
integrity in finish dry hard turning of hardened tool steel at different hardness
levels. International Journal of Advanced Manufacturing Technology 2015; 77:
1655-1669.

Aouici H, Yallese MA, Chaoui K, Mabrouki T, Rigal JF. Analysis of surface
roughness and cutting force components in hard turning with CBN tool:
Prediction model and cutting conditions optimisation. Measurement 2012; 45:
344-353.

Basavarajappa S, Suresh R, Gaitonde VN, Samuel GL. Analysis of cutting forces
and surface roughness in hard turning of AISI 4340 using multilayer coated
carbide tool. International Journal of Machining and Machinability of Materials
2014; 16: 169-185.

Sahoo AK and Sahoo B. Performance studies of multilayer hard surface coatings
(TIN/TICN/AI 203/TiN) of indexable carbide inserts in hard machining: Part-I
(An experimental approach). Measurement 2013; 46: 2854-2867.

Sharma VS, Dhiman S, Sehgal R, Sharma SK. Estimation of cutting forces and
surface roughness for hard turning using neural networks. Journal of Intelligent
Manufacturing 2008; 19: 473-483.

Naigade DM, Patil DK, Sadaiah M. Some investigations in hard turning of AISI
4340 alloy steel in different cutting environments by CBN insert. International
Journal of Machining and Machinability of Materials 2013; 14: 165-193.

Suresh R, Basavarajappa S, Samuel GL. Some studies on hard turning of AISI
4340 steel using multilayer coated carbide tool. Measurement 2012; 45: 1872—
1884.

Gaitonde VN, Karnik SR, Figueira L, Davim JP. Performance comparison of
conventional and wiper ceramic inserts in hard turning through artificial neural

5911



Panda et al. / International Journal of Automotive and Mechanical Engineering 15(4) 2018 5890-5913

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

network modelling. International Journal of Advanced Manufacturing
Technology 2010; 52: 101-114.

Camargo JC, Dominguez DS, Ezugwu EO, Machado AR. Wear model in turning
of hardened steel with PCBN tool. International Journal of Refractory Metals and
Hard Materials 2014; 47: 61-70.

Dureja JS. Optimisation of tool wear during hard turning of AISI-H11 steel using
TiN coated CBN-L tool. International Journal of Machining and Machinability of
Materials 2012; 12: 37-53.

Bouchelaghem H, Yallese MA, Mabrouki T, Amirat A, Rigal JF. Experimental
investigation and performance analyses of CBN insert in hard turning of cold
work tool. Machining Science and Technology 2010; 14: 471-501.

Bouzid L, Boutabba S, Yallese MA, Belhadi S, Girardin F. Simultaneous
optimisation of surface roughness and material removal rate for turning of
X20Cr13 stainless steel. International Journal of Advanced Manufacturing
Technology 2014; 74: 879-891.

Pal A, Choudhury SK, Chinchanikar S. Machinability Assessment through
Experimental Investigation during Hard and Soft Turning of Hardened Steel.
Procedia Materials Science 2014; 6: 80-91.

Poulachon G, Bandyopadhyay BP, Jawahir IS, Pheulpin S, Seguin E. Wear
behavior of CBN tools while turning various hardened steels. Wear 2004; 256:
302-310.

Thamizhmanii S and Hasan S. Measurement of surface roughness and flank wear
on hard martensitic stainless steel by CBN and PCBN cutting tools. Journal of
Achievements in Materials and Manufacturing Engineering 2008; 31: 415-421.
Kishawy HA and Elbestawi MA. Effects of process parameters on material side
flow during hard turning. International Journal of Machine Tools and
Manufacture 1999; 39: 1017-1030.

Dureja JS, Gupta VK, Sharma VS, Dogra M. Wear mechanisms of coated mixed-
ceramic tools during finish hard turning of hot tool die steel. Proc IMechE, Part
C: J of Mechanical Engineering Science 2010; 224: 183-193.

Dogra M, Sharma V, Sachdeva A, Suri NM. Tool life and surface integrity issues
in continuous and interrupted finish hard turning with coated carbide and CBN
tools. Proceedings of the Institution of Mechanical Engineers, Part B: Journal of
Engineering Manufacture 2012; 226: 431-444.

Roy R. A-Primer-on-the-Taguchi-Method. Dearborn, Society of Manufacturing
Engineers, 1990, p. 140.

Mohanty CP, Mahapatra SS, Singh MR. An intelligent approach to optimize the
EDM process parameters using utility concept and QPSO algorithm. Engineering
Science and Technology: An International Journal 2016; 20: 552-562.

Shaw MC. Metal cutting principles, 2nd ed. New York: Oxford University press,
2005, p. 449.

More AS, Jiang W, Brown WD, Malshe AP. Tool wear and machining
performance of cBN-TiN coated carbide inserts and PCBN compact inserts in
turning AISI 4340 hardened steel. Journal of Materials Processing Technology
2006; 180: 253-262.

Das SR, Panda A, Dhupal D. Analysis of surface roughness in hard turning with
coated ceramic inserts: Cutting parameters effects, prediction model, cutting
conditions optimisation and cost analysis. Ciéncia e Técnica Vitivinicola: Science
and Technology Journal 2017; 32: 127-154.

5912



Hard Turning of HSLA Steel with Coated Ceramic Inserts: An Assessment, Modelling, Optimisation and
Cost Analysis

[57] Panda A, Das SR, Dhupal D. Surface Roughness Analysis for Economical
Feasibility Study of Coated Ceramic Tool in Hard Turning Operation. Process
Integration and Optimisation for Sustainability 2017;1(4): 237-249.

5913



