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ABSTRACT

Of late, due to the launch of improved machine tool designs and extremely hard cutting
tools, “Hard Turning” (HT) or “Hard Finish Turning” (HFT) has turned out to be an
innovative, cost-effective, and smart alternative to the traditional grinding and
subsequent superfinishing processes. As a result, HT clenches the potential to produce
excellent part quality in very little time along with negligible additional costs, which is
considered to be a boon for the manufacturing industries. Hence, an attempt was made
to review the development, key insights, and research progress in the HT process. So,
a huge pool of HT studies has been reviewed to achieve a better understanding of the
evolution and key insights namely process, workpiece materials, cutting inserts,
machine tools, and machining parameters. Additionally, the effectiveness of HT using
CBN (Cubic Boron Nitride) insert under different machining conditions is briefed. The
review highlights the growing potential of HT in modern manufacturing and outlines
the challenges and future research direction.

KEYWORDS: hard turning, materials, cutting inserts, machine tools, cutting

parameters, cutting conditions

1. INTRODUCTION

The HT process has become a viable and intelligent
alternative to traditional grinding, offering both
technical and financial advantages. The technique
provides dry machining capabilities, which contribute
to improved surface integrity and eco-friendliness.
Adopting HT in manufacturing processes can ensure
higher dimensional accuracy, better geometrical
tolerances, and surface precision. Materials such as
superalloys and hardened steels are especially
appealing for HT applications due to their exceptional
mechanical properties, including high hardness,
toughness, wear resistance, and fatigue strength.
Hardened steel parts, in particular, are essential in
critical load-bearing applications across various
industries, further emphasizing the importance of HT
in achieving efficient and sustainable machining.
These materials are essential in engineering
applications, such as transportation, machine tool
manufacturing, energy generation, and power
transmission. Rotary bearings, for instance, are used in
a wide range of settings, from heavy-duty automotive
axles to precision watch components. These elements
are often subjected to loads approaching their physical
limits, necessitating thermal treatment to attain the
desired mechanical properties. To ensure optimal
dimensional accuracy, geometric precision, and

surface tolerance in the hardened state, traditional
grinding and superfinishing processes have become
indispensable.

The grinding process is often time-consuming
and not cost-effective for processing materials like
AISI D2, M2, H13, 4340, 52100, and various
superalloys, including Nitinol, Waspaloy, Hastelloy,
and other exotic materials. These materials are crucial
for applications where the performance, reliability, and
safety of components are of utmost importance. In
contrast, the HT process has proven to be a highly
advantageous alternative, offering significant technical
and economic benefits along with environmental
advantages. From its inception, HT has been a
breakthrough for the machining community, promising
efficiency, reduced costs, and eco-friendliness, making
it a valuable and effective solution.

2. EVOLUTION AND SIGNIFICANCE OF HT

Cost-effective,  time-efficient, and  innovative
machining solutions are highly valued by the
machining specialists’ community to meet ever-
evolving manufacturing demands. The HT process
emerged as a groundbreaking and efficient machining
method in the late 1970s [1] for processing hardened
steel parts. Named for its ability to handle materials
with high hardness, HT stands out as a competitive

© Galati University Press, 2024
Date of submission/acceptance: 31.05.2024/15.12.2024

119
http://doi.org/10.35219/awet.2024.11



http://doi.org/10.35219/awet.2024.11
mailto:s.girisankar@rediffmail.com
mailto:gctsegan@gmail.com

ANNALS OF “DUNAREA DE JOS” UNIVERSITY OF GALATI

FASCICLE XiIlI

alternative to traditional grinding processes. The
progression of HT, illustrated in Fig. la, contrasts
traditional methods such as forming, annealing, soft-
turning, hardening, form grinding, and abrasive-based
superfinishing, marking a significant advancement in
manufacturing technologies [2].

Subsequently, the HT process chain was
streamlined by removing steps such as annealing, soft-
turning, and disk grinding, as illustrated in Fig. 1b [3].
Recent advancements are shown in Fig. 1c, which
highlight the replacement of abrasive processes with
high-precision  super-finish HT. This optimized
approach enables complete part production using
turning operations within a single machining setup,
eliminating the need for abrasive finishing [4].
Achievements in this domain have been made possible
through advanced CNC lathes, high-speed turning
centres, and precision lathes that incorporate enhanced
vibration damping, structural rigidity, increased
spindle power, and superior tool motion control [5].

These improvements, coupled with the use of ceramic
inserts, have allowed the HT to achieve exceptional
surface finishes and dimensional precision.

When machining is conducted using setups with
insufficient stiffness, cutting inserts can suffer rapid
failure due to micro-fractures along their cutting edges
[6]. To address this, modern machine tool designs have
significantly enhanced stiffness. Improvements include
the use of polymeric composite materials for machine
bases, the reduction of joints to increase structural
integrity, and the development of advanced slide ways,
such as hydrostatic designs, which provide superior
support and vibration damping [7, 8]. Additionally,
advancements in machine control systems have
enhanced the precision and stability of these tools. The
HT has played a crucial role in transforming traditional
machining operations for challenging-to-cut materials,
offering a cost-effective balance between achieving high
part quality and reducing production expenses, even for
small production runs [9].
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Fig. 1. Evolution of super finish HT: a) age-old method in production; b) advanced method followed in
industries; c) single-step super finish HT pursued recently

HT is a single-point cutting process designed for
machining hard-to-cut materials, particularly hardened
steels with a hardness exceeding 45 HRC [10]. HT has
proven highly advantageous by reducing lead times,
setup costs (eliminating the need for costly fixtures),
tool costs (removing the need for form grinding
wheels), energy consumption (due to the efficiency of
single-point cutting), and coolant expenses (as it often

uses dry machining techniques) [11]. As a result, HT
has created new revenue opportunities, even for small
production batches, compared to traditional grinding.
Since its introduction to the industrial sector, HT has
effectively replaced grinding processes, offering
considerable benefits such as lower production costs,
reduced cycle times, fewer processing steps, and
greater flexibility in machining complex geometries.
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These advantages make HT a compelling choice for
manufacturers aiming to achieve high efficiency and
precision while maintaining cost-effectiveness.

In the present context, the HT process has
emerged as a viable alternative to traditional grinding,
thanks to its versatility in machining under various
cooling methods, including dry, near-dry, minimum
volume of oil (MVO), flood cooling, and even
cryogenic cooling [12]. Dry machining, in particular,
stands out as an environmentally friendly, "green"
manufacturing process by eliminating the need for
hazardous cutting fluids. Despite this, dry HT still
yields superior surface integrity compared to grinding.
Technological assessments of HT indicate that it
enables the production of parts with complex
geometries at significantly lower costs and in shorter
time frames than traditional grinding [13]. For
example, HT reduces machining times substantially,
with notable reductions in both setup and run times. As
shown in Table 1 [14], setup time can be reduced by up
to 340%, and run time by up to 575%, demonstrating
the efficiency and cost-effectiveness of HT in
comparison to grinding processes. It is interesting to
note that the drive shafts of the Mercedes Benz Sprinter
(Daimler Chrysler Power Systems Achsen), which
were traditionally machined by grinding, saw a
significant reduction in production costs when the
process was shifted to HT. This transition utilized a

PCBN insert and a single machining setup, which
drastically minimized time and costs. Previously, the
flange required soft turning for normal finishing, while
other finishing processes, such as the bearing seat,
thrust ring, sealing ring seat, and thread, were
completed using CBN grinding wheels.

These operations, previously carried out in four
separate setups, consumed considerable time. By
switching to HT, all these operations were completed
in a single setup, which led to a substantial reduction in
setup time and overall cycle time, without
compromising quality [15].

This shift has sparked considerable research into
HT for hard-to-cut materials, with numerous studies
conducted by individual researchers and research
groups. Notably, the CIRP (International Academy for
Production Engineering) collaborative working group
conducted an extensive study on surface integrity
during the machining of difficult-to-cut materials [16].
Their work highlighted key issues related to surface
characteristics, particularly during HT processes. More
recently, research has focused on enhancing surface
integrity through the elimination of the WL using gas
mixture coolants [17], further improving the machining
process. Undoubtedly, HT has garnered significant
attention from both engineers and scholars, driven by
its potential to provide an effective machining solution
globally.

Table 1. Evaluation of time for machining a part

S No. G_rinding Process _ _ _ HT Process _ _
Operation Time [min] Operation Time [min]
1 Set up OD &Face 15 Set-up Lathe Tools 25
2 Grind OD & Face 5 Hard Turn & Face 88
3 Set-up ID 30 - -
4 Grind ID 10 Bore ID 42
5 Set-up Taper 40 - -
6 Grind Taper 4 Turn Angle 65

3. INSIGHTS OF HT PROCESS

The key insights into the HT process are centred around
several critical factors, including the process itself,
workpiece materials, cutting inserts, machine tools,
machining parameters, and machining conditions [11],
as illustrated in Fig. 2.

These factors play a significant role in optimizing
HT, offering improvements in machining efficiency
and surface integrity. The insights derived from various
research studies are summarized in the following
sections, with appropriate references provided to
highlight the findings of other researchers in this field.

3.1. Process

The HT process represents a significant advancement in
high-speed machining, particularly for hardened steels

with high indentation hardness [18-20]. This process
utilizes cutting tool materials such as coated carbides
[21-23], ceramics [24, 25], and CBN [26, 27], typically
at higher machining parameters [28, 29], with or without
coolant application [30-33]. Analyzing the chip
formation during HT reveals essential process
characteristics. Specifically, when dry HT is employed,
chip configuration becomes crucial for understanding
the overall process dynamics [34]. It has been observed
that turning materials above 45HRC at high processing
parameters under dry conditions results in elevated
thermal stress intensities at the machined surface. In
contrast, moderate processing parameters generate
moderate to high thermo-mechanical stress intensities,
influencing chip formation [11]. When lower processing
parameters are used, the resulting mechanical stress
intensities at the machined surface are lower to medium,
also affecting the chip configuration.

VOLUME 35 (YEAR XXXV) 2024

121



ANNALS OF “DUNAREA DE JOS” UNIVERSITY OF GALATI

FASCICLE XII

@ Cutting inserts

Machining parameters

Machine tools

Machining conditions

Fig. 2. Key insights of the HT

As shown in figure 3, the chip configuration
during dry HT varies from partially continuous to
continuous, with moderate to large saw-tooth edges.
This variation in chip formation is influenced by
factors such as workpiece material hardness,
machining conditions, and cutting parameters.
Specifically, it has been observed that the hardness of
the workpiece material, along with the cutting
parameters, plays a key role in shaping the chip
configuration. Additionally, the content of CBN in the
cutting insert, the micro-cutting edge geometry, and the
rigidity of the machine tool further contribute to the
overall process characteristics. These factors
collectively enhance the HT process, improving the
quality and efficiency of machining operations [35].

b)

Partially
continuous
edges

Continuous edges

d)

Y Moderate saw
tooth edges

Large saw-toot
edges

Fig. 3. a-d) Chip configurations obtained during the
dry HT

3.2. Materials

Hardened steels are commonly used for critical
machine components such as bearings, cams, spindles,
gears, and punches due to their enhanced strength and
wear resistance [36]. These parts often operate close to

their physical limits, making it essential for the
workpiece materials to possess high indentation
hardness (greater than 45 HRC), superior wear
resistance, and excellent toughness to ensure reliable
functionality [37]. Additionally, the dimensions of
these parts are significant, as in certain cases, achieving
the required hardness through HT may not be feasible.
For optimal HT process, parts should ideally have a
small length-to-diameter (L/D) ratio. According to ISO
3685, the L/D ratio should not exceed 4:1 for
unsupported workpieces and 8:1 for supported
workpieces [9]. Generally, an aspect ratio of 10:1 is
recommended for effective HT [38]. In the recent
study, AISID2 steel workpieces with a length of 150
mm and a diameter of 30 mm (L/D ratio of 5:1) were
selected and air-hardened to a hardness of 61+1 HRC,
as shown in Figure 4a [17]. For effective HT, the
workpiece material must have a minimum hardness of
45 HRC. The HT is commonly performed on hardened
steels with hardness levels around 60 HRC or even
higher. From a metallurgical perspective, materials
with a hardness within +2 HRC deviations are essential
for achieving predictable process outcomes [11].
Therefore, AISI 52100 bearing steel, with a hardness
of approximately 58+2 HRC, was selected to
investigate the resulting temperature effects [39].
Similarly, the impact of surface integrity was studied
for AISI 5140 steel with a hardness of around 57+1
HRC [40]. Variations in workpiece material hardness
can lead to differences in the shearing process and chip
formation during HT [41]. Heating metals to high
temperatures often results in rapid oxidation, which is
undesirable. To prevent this, it is preferable to use a
vacuum furnace, which removes oxygen by evacuating
the loading chamber. This method also ensures
uniform heating and controlled cooling. The high-
performance vacuum furnace was deemed suitable for
the study, as it supports a wide range of heat treatments,
as shown in figure 4b [17].

The evaluation clearly shows that the hardness of
the material significantly impacts the surface integrity
of the parts produced [42, 43]. Additionally, the
material's hardness influences the residual stresses
generated during processing [44, 45]. Hardness also
plays a critical role in the material's flow stress
properties [46]. Beyond material hardness, factors such
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as cutting speed and feed rate have a considerable
effect on surface finish, as demonstrated in Figure 4c,
and contribute to reducing surface roughness to below

1 pm, as shown in Figure 5 [47]. Furthermore, the
influence of hardness on microstructural changes has
been studied extensively [48].

c)
Fig. 4. a) Air-hardened AlSI D2 workpieces; b) COFI SPA Vacuum furnace; ¢) hard-turned AISI D2 punches [9]

% Surfcorder, SE3500 - [Se1]

E5] File  Control  Meas.Conditions Parameters Define Average Rewalue View ‘Window Help
Sd | 8| &% @@l #=lii| Bl AS w -
Condition Name Q||F.profile —0.5mm
Cutoff  0.8mm
c . E.length 4.000mm
ommen S.dength  0.800mm v
| < * Vomayg.2000(5) H.omag.20(1)
| Ea 0.22um
Rz 0.97um
| Ry 1.05um
= " Rv 0.47um
. t - -
] Cutoff X & Rq 0.25um F.profile +——10.5mm
F Rsk 0.3076
ree (mm] |Rku 1.8993 1
Rdq 0.0455
v-mag. {2000 -~ RSm 0.080mm 2
H.mag. - Rk 0.62um c
9 |20 Rvk 0.10um &
Cutoff g g - Rpk 0.22um
(mm]  (pr2 96.3%
Speed g1 ~| (mmis) Mrl 23.5% V.mag.2000(10) H.mag.20(1)
Drive/Meas.
< | Stop | > | Meas.
2 3 4 ih

Fig. 5. Surface roughness measured by Surfcorder SE3500
(Part = AISI D2 Punches, R;=0.22um, Cutoff length = 0.8mm)

Recently, high-hardness, tough hot-working tool
steel (approximately 62+1 HRC) was investigated to
assess its mechanical properties under the influence of
deep cryogenic treatment [49].

Deep cryogenic treatments reduce the content of
retained austenite in H13 steel, promoting the
formation of homogeneously dispersed carbide
precipitates. This distribution of carbides significantly
enhances the  toughness of the  steel.

Additionally, the cryogenic treatment, combined
with more severe quenching, increases the overall
volume fraction of carbides, contributing further to the
improvement in the material's mechanical properties.

Most studies emphasize that material hardness is
just as critical as other mechanical properties [50-52].
Additionally, for effective HT, the aspect ratio of the
workpiece should be carefully considered.

3.3. Cutting Inserts

The development of cutting tool materials is a critical
aspect of metal-cutting processes [53]. However, this
area also faces significant challenges and limitations
that must be addressed to improve efficiency and
performance. The materials developed should be wear-
resistant, tough, and chemically stable. Super-hard
materials, such as CBN, have been identified as key
factors in the success of the HT process. When
selecting a cutting tool for hardened steels, it is
essential to consider characteristics like high hot
hardness, thermal conductivity, wear resistance, and
both physical and chemical stability [54]. As a result,
cemented carbide tools [55], ceramics [56], PCBN
[57], and CBN inserts [58] are commonly used in HT.
Generally, hot hardness and wear resistance are
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directly proportional, while toughness is inversely
proportional for most cutting tool materials [59].

In HT, high-speed steel (HSS) is generally
unsuitable for machining hard materials due to its poor
hot hardness, with a maximum working temperature of
around 500°C [60]. Cemented carbide tools, on the
other hand, are sintered to achieve superior hot
hardness and toughness. Despite these advantages,
degradation of cemented carbide begins at the cobalt
binder, as the cohesion between tungsten carbide and
cobalt increases brittleness, leading to edge chipping
[61]. As a result, the use of cemented carbide tools in
HT is limited due to premature tool failure.
Polycrystalline diamond (PCD) is known for its
exceptional hardness, but it is not suitable for HT of
ferrous alloys. At elevated temperatures, carbon atoms
from the PCD can diffuse and deposit onto the removed
chips, as illustrated in figure 6.

As the hardness of the workpiece material
increases, the hot hardness of the tool material tends to
decrease, making the machining process more
vulnerable over time [62]. Ceramics, while not as tough
as CBN, are typically not preferred for applications
requiring high precision, such as those with tolerances
around +0.025 pm. Additionally, ceramics are
unsuitable for discontinuous cuts and cannot be used
with coolants due to the risk of thermal shock and
subsequent thermal damage. However, ceramics
perform better than CBN for continuous cuts when
machining  case-hardened  materials.  Although
ceramics do not offer the same level of wear resistance
as CBN, they tend to wear gradually over time, rather
than chipping or breaking [11].

Cutting tool

diffusion
WC—>Fe, W,C;(FeW),C;(FeW), Cy

TiC-WC(TaC/NbC) #
Co-WC solid solution

Fig. 6. Material diffusion at the interface tool-
workpiece [62]

CBN is recognized as a highly effective tool
material compared to other common cutting tool
materials [63]. Metal-cutting industry trends have
consistently focused on achieving continuous
improvements in part performance and reducing
processing costs, all while adhering to environmental
regulations [64]. Since its introduction in the late 1970s
[65], CBN tools have undergone significant
advancements. Known for their superior mechanical,
thermal, physical, and chemical properties, these tools

have transformed HT machining. CBN is produced by
synthesizing Boron and Nitrogen into a ceramic
compound called Boron Nitride (BN), which in its
hexagonal form is known as Hexagonal Boron Nitride
(HBN). Through high-temperature and high-pressure
processes, Hexagonal Boron Nitride (HBN) is
transformed into its cubic form, known as CBN [66].
CBN stands out in HT applications, as it can be
customized using a diverse range of mono-crystalline
grains. This versatility is achieved by varying factors
such as grain size, solvent or catalyst types, binder
phase conditions, sintering grades, and particle size
distribution.

CBN can be synthesized with or without the
addition of inert ceramics and metallic or non-metallic
fillers. These compositional variations significantly
influence the mechanical, physical, chemical, and
thermal properties of CBN tools [54]. Polycrystalline
Cubic Boron Nitride (PCBN) tools are produced by
sintering polycrystalline CBN grains, which are
combined with metallic binders like cobalt and
ceramics such as TiC, TiN, or other materials [67]. As
the second hardest material after natural diamond [68],
CBN outperforms coated and uncoated carbide inserts
in machining hardened steels with the HT process.
Additionally, CBN inserts have demonstrated superior
performance compared to cryogenically treated coated
and uncoated carbide tools. Consequently, both CBN-
coated and non-coated inserts have become established
and proven solutions for HT machining applications
[69]. The physical properties of CBN are presented in
Table 2 [70].

Table 2. Physical Properties of CBN [70]

S. Properties Values
no.
1 | Density [g/cm®] 3.12
2 | Young’s Modulus [GPa] 680
3 | Modulus of Rigidity [GPa] 279
4 | Poisson’s Ratio 0.22
5 | Compressive Strength [MPa] 3,800
6 | Transverse Rupture Strength 800
[MPa]
7 | Thermal Conductivity 100
(W/m/K]
8 | Thermal expansion [mm/°C] 4.9 x10°®

Consequently, CBN was chosen for precision HT
in the recent study [71] due to its exceptional
properties, including high hardness, superior wear
resistance, excellent red-hot hardness (physical
stability), and stable cutting performance without
chemical diffusion [72]. High CBN content inserts,
containing around 90% CBN, exhibit greater hardness
and toughness compared to lower-content inserts with
approximately 50% CBN. As a result, high CBN
content tools are typically recommended for machining
interrupted surfaces. In lower-content CBN inserts,
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part of the CBN is replaced with a ceramic phase,
impacting their performance characteristics. As a
result, lower-content CBN inserts, while sacrificing
some hardness and toughness compared to high-CBN
content inserts, gain enhanced chemical stability. This
stability is critical in preventing diffusive wear that can
occur at high cutting temperatures, especially during
finishing operations on continuous surfaces.

As shown in figure 7a, different grades of CBN
cutting tool materials play a crucial role in HT
machining. Each grade has specific advantages and
limitations; for example, CB7015 inserts are the
preferred choice for finishing operations on continuous
surfaces of hardened steels with hardness above 45
HRC. The CB7015 inserts contain approximately 50%
CBN, with the remainder being a ceramic phase,
whereas CB7025 inserts contain 60% CBN, and
CB7525 inserts contain 90% CBN, with the rest also
being ceramic [73]. Inserts with lower CBN content
provide a superior surface finish compared to higher
CBN content inserts, mainly due to their greater
chemical stability [74]. Generally, CBN exhibits
higher brittleness and lower toughness than most other
cutting tool materials, except natural diamonds [59].
This brittleness makes CBN inserts prone to chipping
or fracturing, which is a common issue in HT
machining. To address this, it is essential to reinforce
the micro-cutting edge geometry of CBN inserts to
minimize tool wear and extend tool life. This requires
specialized edge preparation to enhance the strength of
the micro-cutting edges [42]. As depicted in Figure 7b,
various forms of micro-cutting edge geometries
commonly used in CBN inserts significantly influence
the performance of the HT machining process.

To strengthen edge geometry and minimize the
risk of premature fracture or chipping, especially under
higher cutting parameters, CBN inserts are typically
designed with honed or chamfered edges. Additionally,
nose radii are crucial, along with micro-cutting edge
enhancements, to improve the overall strength of the
insert. This results in satisfactory surface integrity of
the machined parts [44]. For lower CBN content
inserts, both chamfered and honed edges provide
improved tool life. However, for higher CBN content
inserts, honed cutting edges are preferred. The honed
edge increases the contact area between the insert and
the workpiece, enhancing tool life even in interrupted
cutting conditions [75].

However, inserts with a larger honed edge radius
tend to increase surface roughness due to the
intensified ploughing effect. It has also been observed
that inserts with a smaller honed edge radius generate
lower cutting forces compared to those with chamfered
edges [76]. Additionally, inserts with a larger honed
edge radius can produce more compressive stresses and
may lead to WL formation [25]. Generally, chamfered
edges result in higher cutting forces than honed edges
[77]. Furthermore, cutting speed has a more significant
impact on flank wear than feed rate for both chamfered
and honed-edge inserts. Inserts with a variable honed

edge outperform standard honed edges (conventional)
by reducing heat generation at the cutting edge, thanks
to the increased contact area between the insert and the
workpiece.

As a result, variable honed edge inserts help
reduce tool wear and lower plastic strain on the
machined surface [78]. However, they are more time-
consuming and costly to produce compared to standard
honed edges. Studies have shown that wiper edge
inserts provide better-bearing properties to the
machined surface than honed edge inserts, particularly
at higher feed rates [79]. Despite this advantage, the
tool life of wiper edge inserts is less favourable. In
contrast, honed-edge inserts increase tool life, even
though they generate higher friction at the secondary
edge due to the unfavourable chip thickness-to-cutting-
edge radius ratio [12]. Additionally, asymmetric honed
edge inserts have been found to impact tool wear and
overall tool life [80]. Nonetheless, honed edge inserts
are generally preferred for HT machining, as they
enhance both surface integrity and tool life [81].

Recent studies indicate that excellent surface
integrity can be achieved using CB7015 grade, low-
content honed edge CBN inserts with a 0.8 mm nose
radius [17]. Coatings have played a crucial role in
enhancing the performance of CBN inserts since their
introduction. Commonly used coatings include TiN,
TiCN (applied through both CVD and PVD methods),
TiC, Al20; (CVD), and TiAIN (PVD). These coatings
have become essential in modern cutting tool
materials, as depositing hard, wear-resistant layers
significantly extend tool life by minimizing wear [72].
Effective hard coatings must exhibit strong adhesion to
the substrate and maintain high chemical stability with
the workpiece material, even under elevated
temperatures.

Coatings are therefore considered one of the most
critical factors in enhancing wear resistance,
significantly extending the life of CBN inserts [82]. It
has been observed that CBN-TiN-coated inserts exhibit
reduced flank wear during dry and near-dry HT
machining compared to wet conditions [83]. This
improvement is attributed to the lubricity of the TiN
capping layer, which reduces crater wear on the CBN
substrate through its ceramic phase properties [84].
Additionally, low-content CBN inserts coated with
TiN/AI203/TiCN have demonstrated reduced tool
wear compared to high-content CBN inserts with the
same coatings, especially at higher cutting speeds. This
is because low-content CBN inserts have lower thermal
conductivity, which helps in managing heat more
effectively during machining.

The low thermal conductivity of low-content
CBN inserts increases cutting temperatures, causing
thermal softening of the work material. This softening
makes material shearing easier at high cutting speeds.
Additionally, low-content CBN inserts with the same
coatings achieve a good surface finish due to their
higher chemical stability, which prevents diffusion
wear. Both low and high-content CBN inserts
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primarily experience abrasion and adhesion as the main
wear mechanisms [85]. Recent studies have
demonstrated that CBN-TiN coated inserts outperform
uncoated CBN inserts in the HT of M2 die steels,
proving to be more effective and cost-efficient [86].

Overall, factors such as CBN content and grade, micro-
cutting edge geometry, nose radius, ceramic coatings,
and machining parameters are critical in achieving
efficient HT machining performance.
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Fig. 7. a) Cutting speed vs. surface condition and appropriate insert grades [73]; b) Micro-cutting edge
geometry of CBN Inserts [35]

3.4. Machine Tools

Achieving precise dimensional accuracy, geometric
tolerances, and surface quality in HT is challenging, as
these factors are heavily influenced by the rigidity of
the machine tool [11]. This is often cited as one of the
limitations of the process. It has been emphasized that
improving rigidity and damping characteristics is
crucial for turning centres, and this can be achieved by
integrating additional features. Key features such as a
polymeric composite reinforced machine base and
direct-seating collected spindles significantly enhance
system rigidity, as illustrated in Figure 8a and Figure
8b. A direct-seating collected spindle places the main
spindle bearing as close as possible to the workpiece,
minimizing overhangs and eliminating the need for
shims and spacers. The goal is to ensure the entire setup
remains stable and firmly supported by the turret,
optimizing machining accuracy and stability [9].

The integration of a linear ball guide system and
hydrostatic guideways is designed to improve anti-
friction performance, eliminating the possibility of the
stick-slip effect and ensuring precise positioning. The
linear ball guide system is driven by a low-inertia,
high-speed servo motor, controlled by a servo
controller and linear transducer, which enables
positional feedback control in the drive system [87].
Recent technological advancements have significantly
enhanced the performance of existing machine tools.
As a result, the accuracy and precision of the
machining system have improved considerably,
enhancing the effectiveness of HT [62]. A recent study
has demonstrated that the stability and robustness of a
high-precision prototype lathe greatly improve surface
integrity, including surface roughness [88].

As previously discussed, a rigid, accurate, and

precise machining system is essential for performing
HT effectively. Therefore, machine tools that are
exceptionally stiff, accurate, and precise are critical for
HT. One such system is the JOBBERXL High-Speed
CNC Turning Centre, as shown in Figure 9.

Polymeric Composite Reinforced
Cast Iron Base

Hardinge Spindle
Design

@

Other CNC Lathe
Spindle Design

Fig. 8. a) Machine base with Polymer Composite
Reinforced Cast Iron Base [9]; b) Direct-Seating
Collected Spindle [9]
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Since CBN cutting tools are brittle, tough, and
prone to chipping, it is recommended that machine
tools provide higher rigidity for both work holding and
tool holding. Additionally, system vibrations and
chatter marks are significant drawbacks, as they
negatively impact part quality and the performance of
the cutting tools [89]. Cutting tools are often identified
as a major source of error in the machining process
[90]. Significant issues, such as tool wear, elevated
cutting temperature, and increased cutting force, are
observed as key process outcomes, which adversely
impact surface integrity. Consequently, these factors
are believed to contribute to dimensional deviations,
circularity errors, cylindricity errors, and parallelism
issues in HT components [91]. Effective control over
major error-driving factors has significantly improved
the dimensional accuracy, geometric tolerance, and
surface finish of the parts produced [92]. Enhanced
surface finish and reduced tool wear are achieved with
exceptional damping and extraordinary stiffness
provided by the polymeric concrete bed [93]. However,
it is important to note that residual stresses are
influenced by high stiffness and spindle speeds [94].
Additionally, machining parameters, particularly
extreme spindle speeds and power, have a direct impact
on tool life and surface finish [95].

Fig. 9. JOBBERx. High-speed CNC Turning Centre

Surface textures generated in HT are found to be
superior to those produced by conventional grinding,
especially when using a precision CNC turning centre
such as the Genos L200E-M [96]. A recent study on
surface integrity optimization has demonstrated that
grinding can be replaced by HT using CBN tools.
Moreover, the precision CNC lathe Romi Centre 30D,
with a total power of 10/7.5 kW and spindle speeds
ranging from 4 rpm to 4000 rpm, achieved significant
reductions in machining time and costs [97].
Ultimately, it is crucial to have a machine tool with

excellent stability, rigidity, overhang-free workpieces,
and a table free from the stick-slip effect. Features such
as precise position control, feedback control, and an
appropriate range of spindle rotations and power are
essential for ensuring high-quality parts.

3.5. Machining Parameters and Machining
Conditions

The performance of Cubic Boron Nitride (CBN)
cutting tools is significantly affected by various cutting
parameters, including cutting speed, feed rate, and
depth of cut [54]. Cutting speed and depth of cut have
a pronounced impact on tool life, as higher speeds and
greater depths can accelerate tool wear [98]. As cutting
speed increases, the temperature at the machining zone
rises, influencing tool durability and potentially
affecting the material removal process [35].
Furthermore, increased depth of cut contributes to
accelerated tool wear, reducing tool longevity [74].
Additionally, feed rate variations can alter the
workpiece surface’s residual stress state, transitioning
from compressive to tensile stresses, which is a critical
aspect of surface integrity. Feed rate is also a key
determinant of surface finish quality [99]. Most
research on HT has examined a cutting speed range of
100 m/min to 250 m/min [100]. Specific investigations,
for example, have explored speeds from 50 m/min to
250 m/min and feed rates between 0.04 mm/rev to 0.2
mm/rev to study surface finish using solid lubricants
[101]. Commonly researched combinations of
machining parameters, workpiece materials, and tool
materials for HT are presented in Table 3 [12],
reflecting the standard setups used in experimental
studies to optimize outcomes for high precision and
efficiency.

The surface integrity characteristics of hardened
steel have been analyzed using semi-worn CBN inserts
across a cutting speed range of 30 m/min to 260 m/min,
with a constant feed rate of 0.08 mm/rev and a depth of
cut of 0.08 mm, under wet cooling conditions [102].
Similarly, research aimed at enhancing fatigue life was
performed using gas cooling and dry conditions,
employing cutting speeds between 110 m/min and 210
m/min, maintaining a feed rate of 0.15 mm/rev and a
depth of cut of 0.1 mm [103]. Furthermore, certain
studies have extended beyond these specified ranges,
exploring the influence of even higher cutting speeds
and their effects on the surface and subsurface
properties of machined components.

Table 3. Workpiece materials, cutting tool materials and cutting parameters used in various investigations

Workpiece Tool Cutting Feed Depth of
Materials Materials Speed Rate Cutting
CBN (low and high content),
AISI52100, AlSI Uncoated or coated CBN, 100 m/min 0.05mm/rev
4340, D2, D13 steels - - up to
etc. hardened up to 60 ceramics. Coated ceramics to to 0.2 mm
) P and carbide are also used in 400 m/min 0.2 mm/rev '
HRC (approx.)
sSome cases
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It is observed that cutting speeds in the range of
280 m/min to 350 m/min are typically not
recommended for industrial applications due to several
detrimental effects, including high tool wear rates,
increased vibrations, excessive sparking, and overall
instability in the machining system under dry
conditions [104]. Consequently, HT often requires a
lower feed rate and depth of cut to mitigate cutting
resistance and ensure stable machining. Moreover,
while an increase in cutting speed tends to improve the
surface finish, the feed rate remains the most
significant factor influencing surface quality. The
depth of cut, on the other hand, has the least impact on
surface finish when dry machining is employed [105].
In recent studies, the Taguchi method has been used to
determine optimal cutting parameters, with selected
ranges for cutting speed between 55 m/min and 122
m/min, feed rates from 0.1 mm/rev to 0.3 mm/rev, and
depths of cut from 0.05 mm to 0.15 mm. These
parameters were chosen to optimize surface finish
while maintaining efficiency and tool longevity.

The approach using optimized cutting parameters
was found effective, showing satisfactory results in
terms of surface roughness, cutting force, and cutting
temperature under dry machining conditions [106]. A
central composite design methodology was also
applied to select suitable cutting parameters, with
cutting speeds ranging from 129.55 m/min to 230.45
m/min, feed rates from 0.05 mm/rev to 0.18 mm/rev,
and depths of cut between 0.05 mm and 0.25 mm. This
method identified that lower cutting parameter values
optimized surface integrity for AISI 4317 steel in dry
conditions [97]. In a similar study aimed at enhancing
surface integrity and eliminating the WL, researchers
experimented with cutting speeds from 90 m/min to
280 m/min, feed rates between 0.08 mm/rev and 0.20
mm/rev, while maintaining a constant depth of cut of
0.1 mm. These investigations highlight the importance
of carefully selecting cutting parameters to improve
machining performance and achieve desired surface
characteristics.

Recent studies have demonstrated that surface
integrity can be significantly enhanced, with the
effective elimination of WL formation, when using gas
coolant [107, 108]. More recently, an optimization and
cost analysis compared the performance of TiCN-
coated and cryogenically treated uncoated CBN inserts
under dry conditions. These investigations were
conducted with cutting speeds ranging from 150 m/min
to 250 m/min, and feed rates between 0.05 mm/rev and
0.30 mm/rev, while maintaining a constant depth of cut
of 0.1 mm [109]. The cutting parameters in these
studies were carefully selected to remain within
optimal ranges, which minimized issues like high tool
wear rates, system vibration, excessive sparking, and
instability. The research has offered comprehensive
insights into crucial factors affecting HT, including
cutting force, temperature, chip morphology, tool
wear, surface roughness, microhardness,
microstructure evolution, residual stress profiles,

compositional changes, and effective WL removal.
Collectively, these findings deepen the understanding
of hard-turning complexities and underscore its
significant impact on the quality and performance of
machined components.

4. OPTIMISING HT PROCESS FOR SUPERIOR
PERFORMANCE: A COMPREHENSIVE
PERSPECTIVE

a) Process perspective: Traditionally, turning
operations are executed from right to left. However, in
HT, this conventional method can lead to severe chip
jamming, reducing surface reliability and tool life. To
overcome this, Prime HT recommends machining from
left to right. This approach minimizes chip jamming,
thereby improving surface finish reliability and
extending tool life.

b) Work material perspective: Heating metals to
high temperatures often causes rapid oxidation, which
is undesirable. Vacuum furnaces are preferable for heat
treatment since they remove oxygen from the chamber
and provide uniform heating and controlled cooling.
High-performance vacuum furnaces are particularly
suitable, as they support a wide range of heat
treatments and enhance material performance.

c) Cutting tool materials perspective: CBN is the
preferred cutting tool material for HT due to its
superior hardness, wear resistance, red hot hardness,
and chemical stability. High-content CBN inserts
(around 90% CBN) offer enhanced toughness and
durability, making them ideal for turning interrupted
surfaces. In contrast, lower-content CBN inserts
(around 50% CBN) incorporate a ceramic phase that
improves chemical stability, essential for avoiding
diffusive wear at elevated temperatures, but these
inserts sacrifice some hardness and toughness.

d) Cutting parameters perspective: for optimized
HT performance, cutting speeds ranging from 100
m/min to 400 m/min, feed rates between 0.05 mm/rev
and 0.2 mm/rev, and depths of cut from 0.05 mm to 0.2
mm are recommended. These parameters have been
widely adopted by researchers to ensure safe and
effective machining operations, providing a balance
between productivity and tool longevity.

e) Machine tool perspective: The effectiveness of
HT depends on using rigid, precise, and highly accurate
machine tools. Examples include JOBBERXL,
Hardinge CNC turning centres, and Okuma Genos
L200E-M. These machines are engineered to deliver
exceptional stiffness and precision. Recent studies
have shown that using high-quality CBN tools on
precision CNC lathes, such as the Romi Centre 30D,
can optimize surface integrity and minimize machining
time and costs, effectively replacing traditional
grinding.

f) Machining conditions perspective: HT can be
performed under a variety of conditions, including dry,
near-dry, MVO, flood cooling, cryogenic cooling, and
minimum volume cryogenics. Recent research has
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explored advanced cooling methods, such as using gas
coolants and mixed gas coolants (e.g., Argon, COx,
Helium, and combinations like Argon with CO: or

Argon with Helium), promoting eco-friendly
manufacturing practices.
g) Material hardness perspective: Select

hardness levels and minimal deviations according to
ISO standards, ensuring proper support to avoid
instability. Hardness significantly affects outcomes
like tool wear and surface finish.

This multi-faceted approach to HT ensures
enhanced efficiency, reduced environmental impact,
and improved overall machining performance.

5. CONCLUSIONS

This review comprehensively examines the research
progress, and critical factors influencing the HT
process, a sustainable and efficient alternative to
traditional grinding for machining hardened steels. HT
has shown transformative potential in reducing cycle
times, costs, and energy consumption while
maintaining exceptional part quality. Continued
research focusing on innovations in cutting tool
materials, real-time monitoring systems, and advanced
cooling strategies will further refine the process and
broaden its industrial applicability. The success of HT
hinges on a well-orchestrated balance among material
properties, cutting tool composition, machine tool
stability, and optimized machining parameters.
Selecting appropriate workpiece hardness, adhering to
ISO standards, and minimizing deviations are pivotal
for predictable performance. The use of CBN inserts,
particularly with varying content levels tailored to
either interrupted or continuous cuts, has demonstrated
significant benefits in terms of wear resistance,
stability, and tool life. Equally, machine tool rigidity,
power stability, and precision controls are essential to
counteract vibrations and ensure high-quality finishes.
Optimal cutting parameters—such as cutting speed,
feed rate, and depth of cut—must be carefully
calibrated to manage forces, heat, and chip formation,
ultimately affecting surface integrity. Moreover,
adopting the right machining conditions, including dry,
near-dry, flood cooling, or cryogenic techniques,
enhances performance while promoting environmental
sustainability. Some of the points are given below:

e HT demands machines with high rigidity,
minimal overhangs, superior control features, and
adequate spindle power.

e  Variations in cutting parameters impact chip
morphology, affecting tool life and part quality.

e  Material hardness variations substantially
influence machining outcomes, including surface
integrity.

. Coatings such as TiN, Al.Os, and TiCN enhance
tool life, particularly at higher speeds.

e  Asymmetric honed edges can influence wear
mechanisms, impacting tool performance.

e The use of gas coolants, such as mixed gases,

enhances fatigue life and prevents WL formation,
supporting advanced, environmentally friendly
machining practices.

6. FUTURE RESEARCH DIRECTIONS

The research in HT may focus on several crucial areas
to advance the understanding and performance of this
process. Firstly, the development of novel cutting tool
materials, coatings, and geometries will be essential for
enhancing tool life and surface finish, especially when
machining hard-to-cut materials. Researchers could
explore advanced ceramics, hybrid coatings, and
optimized cutting-edge designs that resist wear and
thermal degradation. Furthermore, the implementation
of intelligent machining systems, leveraging real-time
monitoring and data-driven approaches like machine
learning, could be explored to predict tool wear,
optimize process parameters, and ensure consistent
part quality.
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ABBREVIATIONS

AISI: American Iron and Steel Institute

HT: Hard turning

HFT: Hard Finish Turning

DM: Dry machining

WL: White layer

CBN: Cubic boron nitride

GMC: Gas mixture cooling

MDPT: Mechanically driven phase-transformation
TMDPT: Thermo-mechanically driven phase-
transformation

TDPT: Thermally driven phase-transformation
TMAZ: Thermally mechanically affected zone
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