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Abstract

Hard turning has evolved as an important machining technique for cutting of hardened steel. In the recent past, increasing use of hard turning
in automotive sector has been observed. Hard turning is greatly affected by factors like machine tool, tool geometry, cutting tool materials,
cutting parameters, and lubrication as well as cooling methods. This paper presents all the factors that influences hard turning operations
performance and is an attempt to give a proper understanding of the process. This paper further discuss, in brief, about cylindrical grinding
and its comparison with hard turning, which confirms the elimination of long technological chain of traditional production process by
implementing hard turning with appropriate selection of abovementioned process variables.
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1. Introduction

The primary aim for any manufacture is to produce product of high
quality with reduced machining time and cost in order to sustain in
this competitive machining industries. But the traditional machining
operations involve expensive machinery, long manufacturing cycle
and more setup time. Today's hardened high-surface steel parts are
becoming increasingly important in many engineering applications
because of the increasing challenge along with necessity and use of
high precision parts to acquire critical performances and due to their
excellent essential qualities (high indentation resistance, high value
of hardness-to-modulus of elasticity ratio, low ductility with high
abrasiveness) and in particular, these are truly hard-to-cut materials
[1]. Traditional method of machining hardened steels involve 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 approaches to assess
the machining of difficult as well as hard-to-cut materials. In recent
past, hard turning has emerged as solution to overcome these
problems of traditional machining operations. Hard turning is a
machining process to machine material having hardness value
greater than 45 HRC which presents embryonic benefits as well as
interests in preference to conventional cylindrical grinding; (1) by
without losing the product quality in connection with more flexible,
less expensive and more eco-friendly production, and (2) by
employing appropriate and very hard futuristic tool materials under
critical machining condition. Considerable reduction of long-
established old machining operation involving forming, annealing,
rough turning, heat treatment and finish grinding illustrated in Figure

la, abbreviation of production cycles and costs, less energy
consumption& setup time (refer, Fig. 1b), superior process
flexibility, improvement of productivity and surface integrity by
eliminating the risk of cutting fluid through environment friendly
finish dry cutting, which is considered in turning of hard material,
have established a superior advantage of a mechanism from the
economical, technological, and environmental point of views [2,3].
Figure 2 illustrates the economic benefits of production process of
hardened steel components, when the process is changing from
grinding to hard turning. Hard turning was developed in early
eighties. Machining of hardened steel, by hard turning was earlier
used in automotive industries for manufacturing of transmission
components. Because of wear resistance &improved strength of
hardened steel, it has a huge demand in gear-shafts, bearings,
machine tools, camshafts, punch and die manufacturing [6].Tools
that are commonly used in hard turning are cubic boron nitride
(CBN),PCBN, ceramics and carbides. A lot of research work isdone
on hard turning suggests that under suitable condition, hard turning
can produce components with great dimensional accuracy and better
surface finish. In terms of performance, properly configured
machine tool can produce a hard turned part with a surface finish of
0.4um, diameter tolerance of £3—7 pum and size control of the range
of 2-5um [7].Since hard turning is usually performed dry, i.e.
without the use of any coolant, it not only reduces the cost of
production but also reduces environmental pollution [8]. Also,
machining center used in hard turning consumes less electricity
when compared with grinding machine, hence reducing the cost of
production. In hard turning, chips can easily be recycled, whereas in
grinding operation, the sludge produced needs a costly separation
process. Material removal rate is 4-6 times higher in hard turning
when compared with grinding process, also there is reduction in the
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machining time to about 60% in this process [9] and especially,
when employed for machining complex contours, it can reduce the
manufacturing cost can be reduced to about 30% as mentioned by
Huang et al. [10].A qualitative overview is shown in Figure 3.
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Figure 1: (a) Technological chain for conventional productlon process, and
(b) hard turning production [4]
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Figure 2: Economic benefits of hard turning [5]

Hard turning was developed in early eighties. Machining of
hardened steel, by hard turning was earlier used in automotive
industries for manufacturing of transmission components. Because
of wear resistance &improved strength of hardened steel, it has a
huge demand in gear-shafts, bearings, machine tools, camshafts,
punch and die manufacturing [6].Tools that are commonly used in
hard turning are cubic boron nitride (CBN),PCBN, ceramics and
carbides. A lot of research work is done on hard turning suggests
that under suitable condition, hard turning can produce components
with great dimensional accuracy and better surface finish. In terms
of performance, properly configured machine tool can produce a
hard turned part with a surface finish of 0.4um, diameter tolerance
of £3—7 pm and size control of the range of 2-5um [7].Since hard
turning is usually performed dry, i.e. without the use of any coolant,
it not only reduces the cost of production but also reduces
environmental pollution [8]. Also, machining center used in hard
turning consumes less electricity when compared with grinding
machine, hence reducing the cost of production. In hard turning,
chips can easily be recycled, whereas in grinding operation, the
sludge produced needs a costly separation process. Material removal
rate is 4-6 times higher in hard turning when compared with grinding
process, also there is reduction in the machining time to about 60%
in this process [9] and especially, when employed for machining

complex contours, it can reduce the manufacturing cost can be
reduced to about 30% as mentioned by Huang et al. [10].A
qualitative overview is shown in Figure 3.
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Figure 3 Qualitative overview of the capability of hard turning and grinding
processes [11]

2. Process Variables in Hard Turning

Hard turning process is dependent on machine technology, process
technology, materials and tooling technology, cutting technology,
and work-holding technology. The key change drivers in the case of
hard turning are consisting of various machining process variables,
shown in Figure 4. In order to replace cylindrical grinding, the
following factors should be considered for successful hard turning
which are associated with the machining parameters: (1) a machine
with a high dynamic stiffness, (2) proper work holding devices, (3) a
correctly chosen cutting tools and advanced insert materials, (4) high
quality cutting edges, (5) rigid tool mounts, (6) appropriate
machining parameters, (7) component part rigidity, and (8) chip
management and cooling system.
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Figure 4: Influence of different parameters on hard turning
2.1Machine Tool

Hard turning differs from other conventional machining as it
involves the machining of hard material having hardness greater than
45HRC. A high surface speed of 250 mm/min or even more than that
can be achieved in this turning process, so there is a need of proper
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machine tool rigidity, high surface speed along with constant surface
speed for profile to be finished [12]. The surface finish, size control
and tool life are hugely affected by the dynamic stiffness of machine
tool. So any improvement in dynamic stiffness of machine tool will
lead to; () less operating vibration, (b) considerably improved tool
life, (c) considerably improved part quality, (d) higher through-put,
and (e) minimum machining parameter adjustments [9]. Large
dynamic thrust force is generated while machining of hard material.
For this, various machine tool attributes should be consider in the
machining system for the production of critically hard finished steel
component, which are illustrated in Fig. 5.Therefore, hard turning
cannot be performed on all conventional machine setup as the above
mentioned requirement must be fulfilled for hard turning. Type of
structure material greatly influences material removal rate of
machine tool, accuracy, and total cost. Common material used for
machine tool are cast iron and steel, although granite and epoxy
concrete have been developed and used for structures.

Machine
rigidity

Machine tool
requirement

Figure 5: Machine tool requirements in hard turning process

2.2Cutting Tool for Hard Turning

Although hard turning technology is effective and competitive than
grinding process with respect to cost, time and environment yet it
encounters problems because of uncertainties related to tool wear
pattern, and tool life prediction. So there is a need for suitable
cutting tool material with low wearing capabilities as high cutting
force is generated. Wide variety of super hard advanced tool
materials are used for hard turning, such as cubic boron nitride
(CBN), mixed ceramic and coated carbide offer manufactures an
attractive replacement for traditional grinding to machine hardened
steel. Of the above mentioned tool, most commonly used tool for
machining, CBN has a great demand in metalworking industries to
machine hardened steel [13], since it is one of the hardest known
material and retains its hardness even at high temperature. In
comparison to other tools like ceramic or carbide, CBN generally
have more wear resistance and shows chemical stability at elevated
temperature and also, exhibits properties like high coefficient of
thermal conductivity as well as thermal resistance [14]. However,
high fabrication & material cost of CBN and rapid tool wear has led
to the development of tool material that can overcome these
problems.

2.3Tool Geometry for Hard Turning

Tool geometry is an influencing factor that affects the hard turning
operation. Parameters like surface finish, tool wear, heat generation
(produced by cutting temperature), chip formation and cutting force
are greatly affected by the tool geometry, as demonstrated in Figure
6. The cutting edge & alignment of the tool face are most important
geometric parameters for chip formation. Tool material used for
turning have large hardness value and are brittle. They are also prone
to fracture. There is generation of high temperature and force for
cutting in hard turning. To overcome these problems, cutting tool is
provided with negative rake angle, but if this rake angles value is
increased, then it gives rise to high compressive stress [15].
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Figure 6: Technological response parameters affected by tool geometry

g( I fn:]
a
— m. e

Rake Angle Tool Nose Rmhu\

Side cutting cdge
angle Angle [& [%

Wiper / cahmfer / honed Groove on rake
edges face

Surface

(o Roughness

Tool Wear

Appnmshmg

Figure 7: lllustrations of tool geometry

Selective research works have been performed to understand the
impact of tool geometry design and in its influence to performance
in hard turning, as shown in Table 1(a). Cutting process is greatly
affected by tool’s cutting edge angle. This is because, for a given
feed and depth of cut, cutting edge angle defines the uncut thickness,
width of cut and hence the life of tool [7]. Proper tool nose radius
improves the machinability by increasing the tool life, as it can
reduce the temperature generation at tool’s tip and also increase
surface finish, and it also increase strength and cutting edge’s life
without significant increase in the cutting force [16]. An
experimental study investigate the impact of rake angle, entering
angle of cutting tool and cutting velocity on machining force and
temperature at tools tip[17]. Edge hone radius also effect the
machining in hard turning as surface roughness is directly
proportional to edge hone radius. Thrust force is also affected by
edge hone radius. When compared to chamfered edge, the force
were smaller in small hone radius [18]. Cutting force and tool life
are greatly affected by chamfer angle. With increase in chamfer



323

International Journal of Engineering & Technology

angle, force in cutting also increases. Another study suggests that in
order to get maximum tool life, chamfer angle should by 15° [19].

Table 1: Overview of various work and cutting tool materials along with
machining process variables for hard turning

(a) Tool geometry for hard turning

in tool
Sahu et al. [31] AISI Carbide |Cutting |spray surface
1015 |insert velocity [impingement  [roughness,
(43HRC , depth |cooling & cutting
) of cut, temperature,
feed |dry material
rate  [environment  |removal rate
Mia and Dhar [32] |AISI Coated |Cutting |Dry, high Surface
1060 |carbide |speed, |pressure roughness,
(40- tool feed coolant system |cutting
56HRC) temperature
Nouioua et al. [33]|X210Cr |Multilay |Cutting |dry, wet, Surface
12 steel |er coated |velocity |minimum
carbide |, depth |quantity roughness,
insert  |ofcut, |lubrication cutting
feed force
rate,
nose
radius
Kaynak and AlSI Carbide |Cutting |MQL,cryogenic|Wear in tool
Gharibi [34] 4140 |insert  |velocity [cooling
(42HRC , depth
) of cut,
feed
rate

Author Workpi [Cutting |Cutting [Tool geometry |Machining
ece tool paramet characteristi
material ers c(s)
and
hardnes
s
Guddat et al. [20] |AISI PCBN |Cutting |Insert type, Surface
52100 speed, [nose radius, integrity
depth of [edge radius,
(58- cutand [chamfer angle
rate
Davoudinejad&No|DF-3  |PVD-  |Cutting |Chamfered, Tool wear,
ordin [21] tool TiN speed, [honed edge tool life,
steel coated |tool geometry cutting
(58HRC|mixed |length, forces,
) ceramic |feed surface
insert integrity
Anthony [22] AISI D2|Multicoa |Cutting [Nose radius, |Cutting
(55HRC]|ted velocity [clearance force, chip
) carbide, |, depth |angle, rake morphology
cermet, |ofcut |angle
ceramic |and feed
inserts  [rate
Zerti et al. [23] AISI D3[Mixed |Cutting [Nose radius, Surface
ceramic |velocity [major cutting
tool ,depth |edge angle finish,
of cut, tangential
feed force,
rate specific
cutting
force,
cutting
power
Aouici et al. [24] |AISI Coated |Cutting |Nose radius Cutting
H11l and velocity forces
(50HRC|uncoated |, depth
) ceramic |of cut,
tool feed

(b) Lubrication & cooling techniques for hard tu

rning operation

Author Workpi |Cutting [Cutting |Lubrication/Co [Machining
ece tool paramet |oling characteristi
material ers techniques c(s)
and
hardnes
s
Paul and AlSI Multilay [Cutting |minimal fluid |tool
Varadarajan [27] |4340 |er coated |speed, vibration,
(46HRC|carbide |feed  |application
) insert cutting
force,
temperature,
surface
finish, wear

2.4 Cutting Fluid & Lubrication Techniques

Hardened steel is generally machined dry condition in turning
operation. Dry cutting produces smoother surface finish as the heat
produced in the cutting zone can make shearing easy by reducing the
shear strength of the work piece. It can result in improved surface
finish [25].Also the absence of lubricants and fluids reduce cost of
machining and also protects labor and environment. However, due to
the tool and work piece friction in hard turning, heat is generated in
the cutting zone that can cause effect life of tool, and also increases
the thermal damage of the work piece. Reduced tool life can add to
the cost of production. Cutting fluid reduces the cutting force, hence
reducing the energy consumption and also helps to cool the cutting
area and hence increase tool life. Currently, application of cutting
fluids by different cooling and lubricating methods have made
tremendous effort to improve the efficacy as well as cutting
performance of hard turning process, as in Fig 8.However, the
application of cutting fluid is restricted because it adversely affect
the environment. The problem of cutting fluid can be reduced by
using solid lubricants in machining, cryogenic cooling by liquid
nitrogen and minimum quantity lubrication (MQL). The solid
lubricant, molybdenum di-sulphite (MoS,) assisted hard turning
reduces surface roughness and also reduces cutting force as
compared dry hard turning condition, but do not greatly affect tool
life and wear[26]. Another experiment with minimal fluid
application in presence of grease and10% graphite resulted in
improved cutting performance when compared to dry turning and
turning with minimal fluid application [27]. In a study with synthetic
oil having 6% of conc. in water, it was found that cutting in dry
environment requires less power and gives better surface finish
compared to wet cutting [28].In an experiment, Minimum quantity
lubrication (MQL) with vegetable oil, it was concluded that
machining with Minimum quantity lubrication produces improved
result than in dry machining as the wear of tool is reduced and also
improves tool life [29].In comparison to MQL assisted hard turning,
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it was found that there was 23.52% reduction in cutting temperature
in minimal cutting fluid application (MCFA). Also it is more
environment friendly. Machining can also be performed by replacing
conventional fluids with cryogenics such as liquid nitrogen or solid
carbon dioxide. Hard turning with cryogenics (i.e. cryogenic
machining) helps to remove heat during cutting at a faster rate,
which helps to increase tool life and also improves the surface finish
[30]. Cryogenic cooling can be performed in three ways. One way is
by cryogenic pre-cooling of the work piece, where work piece is
cooled before machining. In second way, cooling is performed
without the direct contact of cryogenic on work piece or tool. The
third way is by cryogenic spraying at the cutting zone to remove
generated heat.

Cooling
techniques
Near dry/ Minimum

quantity lubrication
(MQL)

Figure 8: Cooling techniques in turn‘ing hard steel

3. Cutting Parameters

Performance of hard turning is greatly influenced by the parameters,
i.e., cutting velocity, feed rate and depth of cut. Various researchers
performed hard turning operation to predict machinability on
different hardened steels by varying cutting parameters. The purpose
of the investigation reported in Suresh and Basavarajappa [35] was
to reveal the impact of process parameters: depth of cut, velocity and
axial feed rate on flank wear of coated ceramic tool and surface
finish of hardened AISI H13 steel (55 HRC) by conducting the dry
turning experiment in CNC lathe. The results indicated that cutting
speed predominantly affects tool wear while feed is high influencing
factor in surface finish. Rashid et al. [36] 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 trade-
off between the quality and cost consideration. In a study,
Bensouilah et al.[37] observed that growth of surface roughness and
cutting force components substantially affected because of cutting
parameters namely cutting velocity and feed. 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, surface finish of the
machined part was better i.e. did not exceeded 1.6 um (as good as
manufactured by grinding), but better surface is improved by coated
ceramic tool when differentiated to the surface developed by the
uncoated ceramic. In an experiment on AISI 52100 steel with CBN

tool, it shows that cutting force is directly proportional to feed rate
and depth of cut, while decreases with cutting speed. Cutting force
was mostly influenced by depth of cut followed by feed and cutting
velocity [38]. The higher cutting force at a lower cutting velocity is
because of low temperature and formation of built up edge. As
cutting velocity increases, flank wear of the tool is also increased
leading to immediate deterioration machine surface quality. Surface
roughness is greatly influenced by feed as it increases with increase
in feed, followed by cutting velocity, whereas depth of cut has
negligible impact on surface roughness [39].

4. Conclusions

The overview presented in this paper is a collective work on
machining and machinability improvement of hardened steels by
hard turning which is being adopted successfully in automotive and
mold as well as die making industries. A worthy attention related to
hard turning was surveyed in an attempt to find the achievable part
quality and techno-economic efficiency of hard turning process in
comparison with grinding on the basis of varying machine tool, tool
geometry and material, cutting parameters and cooling methods.

After reviewing a long string of literatures, following conclusions

were reported,

e Large dynamic thrust force is generated while machining of
hard material. Therefore, the machine tool associated with
following attributes like rigid tool, part rigidity, rigid location,
high surface speed etc. should be consider in the machining
system which are beneficial for hard turning.

e In complex hard turning process, large volume of heat is
generated due to vibration and exhaustive involvement of heavy
mechanical load as well as high temperature on cutting tool,
therefore ultra-super hard materials such as ceramic and coated
carbide tools are useful for hard turning from technological
point-of-view, but in most of the cases, CBN tools are used to
machine hardened steel as they have high hardness, coefficient
of thermal conductivity and thermal resistance.

e  Tool geometry has significant effect on improvement of finish
hard turning. As the nose radius increases, improved surface
roughness is achieved. With increase in edge hone radius and
chamfer angle, cutting force also increases.

e  Dry cutting technique is used in hard turning which results the
process to be economical and also environment friendly. It can
be concluded form the recent studies that use of high-pressure
coolant system, cryogenic cooling and MQL can improve the
performance in hard turning operation by enhancing the tool
life.

e When compared with grinding, hard turning is techno-
economical because of low setup time, faster cycle time and has
a higher material removal rate.

To meet the rapidly growing demands not only for increasing
productivity, quality and economy of conventional materials but also
for satisfactory machining of exotic materials, environment
friendliness and ultra-precision finishing lot of possibilities are
rapidly generated and remarkable improvements and use of novel
but simple techniques and technologies are coming up.
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