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ABSTRACT

Cutting parameters, the mechanical behavior of the workpiece material,
and cutting tool wear strongly affect cutting forces and surface
roughness, and consequently the quality of the machined product. This
work investigates metal cutting under both conventional and hard
turning conditions by analyzing the evolution of cutting forces and
surface roughness during the machining of 100Cr6 bearing steel, before
and after hardening to 60 HRC, using a CC650 ceramic insert. The study
examines the influence of cutting speed, feed rate, and depth of cut on the
cutting force components (Fa, Fr, and Fv) and surface roughness
parameters (Ra, Rt, and Rz) using a unifactorial experimental approach.
By analyzing the curves that summarize the numerical trends, the
evolution of cutting forces and surface roughness was compared for
identical cutting parameter levels in both conventional and hard turning.
Additionally, chip morphology was investigated to provide further insight
into the plastic deformation of the material. Response modeling was
performed to relate the cutting force components and surface roughness
parameters to the input variables (Vc, f, and ap). Results show that
conventional turning generates significantly higher cutting forces than
hard turning, with maximum increases of 100% (Fa), 75% (Fr), and 90%
(Fv), differences that reduce with increasing depth of cut. Conversely,
hard turning yields superior surface integrity, achieving peak
improvements of 464% (Ra), 137% (Rt), and 161% (Rz) over
conventional methods at a cutting speed of 260 m/min.. Chip morphology
analysis further illustrates the influence of cutting parameters on the
plastic deformation behavior of the material in both machining
processes.
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1. INTRODUCTION

Hard turning is a machining process that
consists of shaping hardened components using
high-performance cutting tools capable of
removing material from hard steels, alloys, or
certain composite materials. This process
presents specific challenges due to the high
hardness of the workpiece and the resulting
demand on the wear resistance of the cutting
tool. In such applications, cutting tools made
from cemented carbides, ceramics, or cubic
boron nitride (CBN) are typically required, as
these materials can withstand the elevated
temperatures and wear generated during
machining. In addition, cutting parameters such
as cutting speed, feed rate, and depth of cut must
be carefully selected to maintain tool integrity
and ensure process stability. Hard turning is
widely used in sectors such as aerospace,
automotive, and precision component
manufacturing, where tight dimensional
tolerances and high-quality surface finishes are
essential. According to the definition provided
by Kumar et al. [1], hard turning consists of
machining hardened parts (45-65 HRC) using
defined-geometry cutting tools, thus
advantageously replacing grinding operations.

Several studies on steel machining have
highlighted the advantages and specificities of
hard turning. Lalwani et al. [2] experimentally
investigated the influence of cutting parameters
on cutting forces and surface roughness during
the hard turning of MDN250 steel using a coated
ceramic tool. Sahbi et al. [3] optimized the hard
turning of AISI 4140 steel with a ceramic insert
using a Taguchi L9 design, applying multi-
objective optimization to minimize surface
roughness and tool wear while maximizing the
material removal rate. Lakic¢ et al. [4] examined
high-pressure jet-assisted machining in the hard
turning of 100Cr6 bearing steel (62 HRC) with
coated carbide tools, demonstrating improved
productivity, extended tool life, reduced wear,
and acceptable surface roughness.
Umamaheswarrao et al. [5] analyzed the effects
of cutting parameters, tool geometry (nose
radius and cutting angle), and surface defects on
machining forces in both hard and conventional
turning of AISI 52100 steel. Ibraheem [6]
developed an artificial neural network model to
predict machining forces as a function of cutting
parameters and workpiece hardness during the

machining of AISI 52100 steel. Aouici et al. [7]
studied the effects of cutting speed, feed rate,
depth of cut, and workpiece hardness on surface
roughness and cutting force components in hard
turning. Bartarya et al. [8] examined the
influence of cutting parameters on cutting
forces and surface roughness during hard
turning of AISI 52100 steel. Boy et al. [9]
experimentally investigated and modeled
surface roughness and cutting forces in the hard
turning of AISI H13 steel. Azizi et al. [10]
modeled cutting forces and surface roughness
to optimize machining conditions in the hard
finishing of AISI 52100 steel. Tuan et al. [11]
evaluated the influence of MoS, nanofluid MQL
parameters on cutting forces and surface
roughness during hard turning with a CBN
insert. Cetindag et al. [12] investigated hybrid
and cryogenic lubrication methods and their
effects on surface integrity (surface roughness,
microhardness, and residual stresses) during
the hard turning of AISI 52100 steel (62 HRC)
with CBN inserts. Hamadi et al. [13] assessed
tool performance, including insert wear, surface
roughness, cutting forces, cutting power, and
material removal rate, during the dry turning of
AISI 4140 with three coated carbide grades.
Thangarasu et al. [14] predicted tool wear in
hard turning of EN8 steel using cutting force
and surface roughness through an artificial
neural network. Osi¢ka et al. [15] analyzed
cutting forces and surface roughness as a
function of cutting parameters when machining
hardened 100Cr6 steel with a CBN tool
Ozdemir et al. [16] studied the effects of cutting
parameters on surface roughness and cutting
forces during the hard turning of 42CrMo4 steel
using a ceramic insert. Kumar et al. [17]
investigated the performance of mixed ceramic
inserts under accelerated cooling,
demonstrating significant improvements in tool
life and surface integrity during hard turning.
The research further optimizes -cutting
parameters to enhance efficiency and
sustainability in high-performance machining
environments. Mane et al. [18] modeled and
optimized the radial cutting force (Fr) using the
response surface method during dry hard
turning of AISI 52100 steel. Das et al. [19]
evaluated the influence of cutting parameters
on cutting forces and surface roughness during
dry hard turning of AISI 52100 using a CBN tool.
Balwan et al. [20] investigated the effects of
speed, depth of cut, tool nose radius, hardness,
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and feed rate on cutting forces when turning
EN353 hardened steel with a CBN insert. Kumar
et al. [21] examined hard turning of AISI D2
steel (46 HRC) using CBN inserts, considering
cutting force and surface roughness as response
variables. Ngol [22] studied the influence of
nanoparticle concentration, pressure, and air
flow rate on total cutting force in hard turning
using NF-MQL and NF-MQCL lubrication with
nanofluids, identifying optimal conditions for
minimizing cutting forces. Finally, Kumar et al.
[23] investigated tool wear and surface
characteristics during hard turning of AISI D2
steel (55 + 1 HRC) with coated carbide tools
under air-water jet spray impingement cooling,
reporting acceptable surface roughness,
reduced cutting temperature (maximum 200.6
°C), and a tool life of 20.3 minutes under optimal
conditions. To overcome the limitations of
traditional = machining, several advanced
strategies have been explored in recent years.
For instance, Wang et al. [24] developed a bio-
inspired approach using Nepenthes-shaped
micro-textures to optimize lubricant transport,
effectively reducing friction at the tool-chip
interface. In parallel, Sun et al. [25] investigated
the heat transfer mechanisms in coated tools
using the finite difference method to predict
temperature fields in sustainable turning.
Additionally, Shi et al. [26] analyzed the use of
solid additives to strengthen ceramic cutting
tools, providing a methodology to enhance tool
life when machining hardened materials. These
innovations emphasize the critical role of
thermo-mechanical control, a factor that
remains central to this comparative study
between annealed and hardened 100Cr6 steel.
In the quest for sustainable and high-
performance manufacturing, recent studies
have explored innovative lubrication and tool
design strategies. For instance, Wang et al. [27]
investigated the tribological performance of
enhanced turning using biolubricants, providing
a comparative assessment that highlights the
potential for eco-friendly cooling solutions.
Furthermore, to address tool wear, Gong et al.
[28] analyzed the lubricant transportation
mechanism and wear resistance of textured
tools with different micro-arrangement
patterns. These studies emphasize that
controlling the tool-workpiece interface
through either advanced lubrication or surface
engineering is vital for extending tool life and
improving surface integrity.

The scientific literature provides a broad
foundation for understanding these processes.
Significant contributions have been made by
several researchers [29-35] who focused on
the experimental and analytical modeling of
cutting forces, highlighting the influence of
tool geometry and material hardness.
Similarly, the evolution of surface finish and
topographic integrity in hard turning has been
extensively addressed in recent studies [36-
42], emphasizing the transition from
conventional to precision machining.
Furthermore, the complex mechanisms
governing chip morphology, such as adiabatic
shear banding and segmentation, have been
thoroughly explored by [43-48], providing a
physical basis for the observed thermo-
mechanical phenomena in high-strength
alloys.

Extensive literature exists on the benefits of
hard turning over grinding. However, a
significant research gap remains regarding the
direct experimental comparison between
conventional and hard turning under identical
cutting conditions. Most existing studies focus
on the transition from grinding to hard
turning, leaving a lack of systematic data on
how the same tool material and parameters
behave across different hardness levels. To
address this gap, the main objective of this
study is to experimentally evaluate and
quantify the influence of cutting parameters
(Vc, £, ap) on cutting force components (Fi) and
surface roughness (Ri) during the machining
of 100Cr6 steel in both its annealed and
quenched (60 HRC) states wusing CC650
ceramic inserts. The innovation of this work
resides in the identification of the thermo-
mechanical inversion points and the
development of mathematical models to
predict these outputs, providing a robust tool
for process optimization. A distinctive feature
of this work is the correlation between chip
morphology through photographic analysis
and the underlying deformation mechanisms
that distinguish conventional from hard
turning. This comprehensive approach
provides a systematic assessment of hard
turning’s performance, confirming its role as
an efficient substitute for traditional finishing
processes on an industrial scale.
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2. EXPERIMENTAL METHOD

This section details the experimental framework
designed to compare the machining behavior of
100Cr6 steel in its annealed and hardened
states. It describes the metallurgical properties
of the workpiece, the characteristics of the
ceramic  tooling, and the  systematic
experimental design used to capture the
influence of cutting parameters on process
outputs. The following subsections provide the
technical specifications for each component of
the experimental setup.

The experiments were performed on cylindrical
specimens of 100Cr6 steel (also known as AISI
52100), a material widely wused in the
manufacture of balls, rollers, rings, and bearing
cages. It is also employed in cold-forming
applications such as forming dies, rolling mill
rolls, and wear-resistant liners. The chemical
composition and mechanical properties of the
material are presented in Table 1. Before heat
treatment, the steel exhibited a hardness of 29
HRC. After quenching at 850 °C followed by
tempering at 220 °C, the required hardness of 60
HRC was achieved.

The tensile and fatigue properties of this steel
grade are difficult to evaluate because of its high
brittleness and sensitivity to notching. For this
reason, it is commonly characterized through
compression and contact fatigue tests. In rolling
contact fatigue, its endurance limit can be up to
ten times higher than that of aluminum alloys.

Table 1. Chemical composition and mechanical
properties of 10Cr6 steel.

Material Chemical composition [%]
C Si Mn P
0.93-1.05 | 0.15-0.35 | 0.25-0.45 | <0.025
S Cr Ni Mo
<0.03 1.35-1.60 0.21 <0.1
100Cr6 Mechanical properties
EN 10027 E Rpos
(Gpa) Re (Mpa) | Rm (Mpa) (Mpa)
210 550-850 750-850 =500
A% v Hadness | Density
10-13 0.3 29-33 7.83

The test specimen used in this study is a
cylindrical bar with a diameter of 60 mm and a
length of 350 mm, from which several 20 mm-
wide bearing sections separated by 5 mm
grooves were machined. This configuration
enables multiple tests to be conducted on the
same bar. Figure 1 presents the geometry and
a photograph of the test specimen.
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Fig. 1. Specimen, (a) geometry and (b) photograph.

The cutting inserts used in this study are
removable, square-shaped inserts mounted on
the insert holder using a combined wedge and
pin clamping system (Fig. 2a and Fig. 2b). A
screwed and ground carbide support wedge
protects the tool holder while ensuring
optimal contact between the insert and the
holder.

(a) Square-shaped insefts

(b) Insert holder
Fig. 2. Photographs of the insert and the insert-holder.
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All relevant specifications of the cutting inserts
are summarized in Table 2.

Table 2. The CC650 cutting inserts properties.

Cutting material Firm Firm designation
Mixed ceramics | Sandvik coramant CC650
1SO Designation Composition

SNGA12.04.08.T01020 70%AL203 + 30%TiC

CC650 is a mixed ceramic grade based on alumina
with added titanium carbide. It is primarily
recommended for finishing operations on hardened
steels, hardened cast irons, and refractory
superalloys, offering a combination of high wear
resistance and favorable thermal properties.

The geometry and specifications of the insert
holder are provided in Table 3.

Table 3. Geometric characteristics of tool-holders.

Insert-holder | x° | «° | y° | A° | Section (mm)

PSBNR2525k12 | 75 6 -6 | -6 25x25

Cutting force measurements were performed
using a KISTLER dynamometer, a modern and
highly reliable device for recording all three
cutting force components. The measurement
system consists of several elements, including
the measurement platform (Fig. 3), a signal
amplifier, a PC with dedicated software for data
acquisition, and a printer for generating printed
output of the recorded force curves (Fig. 4).

v @ Fa: Axial force.
| ; 1 Fr: Radial force.
. | Fv: Tangential force.
|

Fig. 3. (a) Basic principle, (b) Dynamometric tool
holder type 9403.

(b)

Fig. 4. Cutting force measurement chain.

The measurement chain consists of the following
components:

1) Microcomputer  equipped  with  the
Dynoware software.

2) Multichannel amplifier.

3) Connection cable linking the amplifier to the
tool holder.

4) Printer for generating cutting force profiles.
5) Tool-holder platform.
6) Test specimen.

Surface roughness was evaluated using Ra for
general process characterization, while Rz and
Rt were monitored to detect local profile
irregularities and ensure the functional integrity
of the machined surfaces.

Surface roughness measurements (Ra, Rt, and Rz)
were performed using a Mitutoyo Surftest 301 2D
roughness tester equipped with a profile printer.
The device employs a diamond-tipped probe (5
um tip radius) that moves linearly across the
surface. The evaluation length (L,) was set to 4
mm, based on a sampling length (A;) of 0.8 mm
(0.8x5). This setup follows the standard
configuration recommended by ISO 4288 (and ISO
21920-3) for surfaces with an expected arithmetic
mean roughness (Ra) between 0.1 um and 2 pm.
The measurement range of the device is 0.05 to 40
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pum for Ra and 0.3 to 160 pm for Rt and Rz. To
minimize handling errors and improve accuracy,
measurements were taken directly on the machine
without dismantling the specimen (Fig. 5).

Fig. 5. Roughness tester in measurement position.

The hardness of the specimens was increased
through heat treatment: quenching at 850 °C
followed by tempering at 220 °C raised the
material hardness to 60 HRC. The heat
treatment properties of 100Cr6 steel are
summarized in Table 4.

To comparatively investigate the evolution of
cutting forces and surface roughness in
conventional and hard turning, a series of dry
turning tests was conducted on 100Cr6 steel in
both the annealed and hardened states, using
identical levels of cutting parameters. The
specimens were mounted in a combined fixture
throughout the tests.

Table 4. Heat treatment conditions of 100Cr6 steel.

Heat Treatment Hardness
) \ Before Heat After Heat
Quenching at 850°C Treatment Treatment
Tempering at 220°C
285HB~ 28,3 HRC 60HRC

The design of the experimental tests, based on
the selected levels for each cutting parameter, is
presented in Table 5. The selection of the
experimental cutting conditions is based on
industrial standards for finishing operations and
tool manufacturer recommendations for AISI
52100 (100Cr6) steel. The cutting speed (Vc)
range of 80 to 260 m/min was chosen to
investigate the transition from mechanical
dominance to thermal softening, particularly
around the identified inversion point of 160
m/min. The feed rates (f) were restricted to

0.08-0.20 mm/rev to ensure surface finishes
comparable to grinding standards. Finally, the
depth of cut (ap) values (0.2 to 1 mm) were
selected to analyze the influence of the tool nose
radius on the radial force component (Fr), which
is critical for the stability of hard turning
processes.

Table 5. Experimental tests design.

Constant

Cutti

u -1-ng Levels Levels
conditions
Vc(m/min) | 80 120 |160|200| 260 120
f(mm/rev) | 0.08 | 0.11 [0.14|0.20| - 0.08
ap(mm) 0.2 04 | 0608 1 0.4
To  ensure maximum  reliability  and

reproducibility of the results, each experimental
condition was repeated three to five times. The
cutting force and surface roughness values
reported in this work represent the arithmetic
means of these independent trials. This rigorous
approach confirms that the 20 mm machined
length is sufficient to reach a stable steady-state,
providing consistent data across all repetitions.

Furthermore, to isolate the influence of cutting
parameters from tool degradation effects, flank
wear was strictly monitored. A conservative
replacement criterion was applied where the
cutting edge was replaced as soon as the
maximum flank wear (VBmax) approached
0.096 mm, ensuring it remained below the 0.1
mm threshold. A total of eight fresh ceramic
cutting edges were utilized throughout the
experimental campaign. This protocol ensured
that all measurements for cutting forces, surface
roughness, and chip morphology were captured
under stable tool conditions, directly reflecting
the influence of the cutting parameters.

Additionally, an analysis of chip morphology was
performed to characterize both conventional
and hard turning processes. The appearance of
the chips provides valuable information on the
evolution of plastic deformation in the machined
material as a function of the cutting conditions.

Finally, mathematical models are required to
describe the relationships between the cutting
force components and surface roughness
parameters with the cutting conditions. Based
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on the curves of cutting forces and surface
roughness as functions of cutting parameters
(Ve, f, ap), the least squares method can be
employed to derive mathematical models for the
cutting force components in the following form:

Fra, rr, ) = C3.Vex (1)
Fira rr,r) = C2.ff (2)
F(Fa, Fr, Fv) = Cl-apz (3)

As well as mathematical models of surface
roughness criteria:

Rira, rt, Rz) = C3.Vx (4)
R(ra, rt Rz) = C2.fp (5)
R(ra, Rt Rz) = Cr.ap? (6)

Where: C4, Cz, C3 are constants that take cutting
conditions into account.

X, y, z: Exponents that indicate the degree of
influence of each cutting condition (Vc, f, ap)
on cutting force components and surface
roughness criteria.

3. RESULTS AND DISCUSSION

The experimental results are presented and
analyzed in this section to highlight the
transition mechanisms between conventional
and hard turning. The analysis begins with the
evolution of cutting forces and surface
topography, followed by a detailed
examination of chip morphology to provide a
physical basis for the observed trends. Finally,
mathematical models are derived to quantify
these relationships and facilitate process
prediction.

A reliable evaluation of the influence of cutting
parameters on cutting forces and surface
roughness in both conventional and hard
turning of 100Cr6 steel requires strict control of
the material hardness. In this study, the
measured hardness ranged from 31 to 35 HRC in
the annealed state and 60 to 62 HRC in the
hardened state.

As a reminder, the cutting force amplitudes
recorded by the KISTLER dynamometer are
processed using the Dynoware software, which
converts the acquired signals into spectrometric
curves displayed on the microcomputer (Fig. 6).
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Fig. 6. Spectrometric curve of the cutting force

components measured at a cutting speed of Vc = 120
m/min.

Initially, Figs. 7, 8, and 9 respectively illustrate the
trends in the evolution of the axial force (Fa), radial
force (Fr), and tangential force (Fv) as a function of
the different levels of cutting arameters, including
cutting speed, feed rate, and depth of cut, during
conventional and hard turning.

200
180
Z 160
o 140 =+=Fa Conventionnel-T
g 120 —a—Fr Conventionnel-T
< 100
tén 20 Fv Conventionnel-T
£ 60 g ==—Fa Hard-T
o ‘218 —s=Fr Hard-T
Fv Hard-T

0 : .
80 120 160 200 260

Cutting speed [m/min]
Fig. 7. Cutting force components as a function of
cutting speed in conventional and hard turning (f =
0.08 mm/rev, ap = 0.4 mm).

Figure 8 shows that, at low cutting speeds, the
cutting force components obtained in conventional
turning are higher than those recorded in hard
turning. At Vc = 80 m/min, the ratios between
conventional and hard turning are 1.36, 1.71, and
1.29 for Fa, Fr, and Fv, respectively. However,
beyond Vc = 160 m/min, the trend is reversed: the
cutting forces measured during the machining of
hardened 100Cr6 steel become higher than those
obtained in the annealed condition. At Vc = 260
m/min, the differences reach 1.49 for Fa, 1.45 for
Fr,and 1.38 for Fv.

These variations are closely linked to the
material's thermo-mechanical behavior. At low
cutting speeds, the high ductility of the annealed
steel leads to more significant plastic deformation



Faouzi Hamza et al, Tribology in Industry, DOI: 10.24874/ti.2093.12.25.03

and a larger tool-chip contact area, which induces
higher friction and cutting forces. Moreover, the
strain hardening effect is more dominant in the
annealed state at these speeds. Conversely, at high
cutting speeds, the hardened steel (60 HRC)
maintains high mechanical strength and intense
abrasivity despite thermal softening. This
resistance to chip formation, combined with the
localized shear instability (saw-tooth chip
formation), leads to higher cutting force
components compared to the annealed state
where thermal softening is more effective.

240

220 +
200
Z 180
? 160 ——=—+—Fa Conventionnel-T
% %;8 =& Fr Conventionnel-T
Eu 100 — == Fv Conventionnel-T
‘E 28 [ " ———%  =—~FaHard-T
=1 ‘______,/—
O 40 ~#=Fr Hard-T

28 ‘ Fv Hard-T

0.08 0.11 0.14 0.2
Feed [mm/rev]

Fig. 8. Cutting force components as a function of feed
rate in conventional and hard turning (Vc = 120
m/min, ap = 0.4 mm).

The results show that the cutting forces in
conventional turning are higher than those
recorded in hard turning for all feed levels (Fig.
9). However, for the axial component, the trends
of Fa in both machining conditions tend to
converge as the feed increases. This behavior is
attributed to a decrease in Fa before hardening
and an increase in Fa after hardening of the
100Cr6 steel. Moreover, at a feed of f = 0.08
mm/rev, the axial cutting force in the annealed
condition is 1.75 times higher than that obtained
in the hardened condition. When the feed
increases to f = 0.20 mm/rev, this difference is
reduced to 1.13 times.

D —
Z A
& 200 . .
o 180 | - ——Fa Conventionnel-T
= 160 ~=—Fr Conventionnel-T
£ 140 ]
eén 120 =+=TFyv Conventionnel-T
g 1(8)8 —=Fa Hard-T
o 4 ——Fr Hard-T

20 1 ) Fv Hard-T

0.2 0.4 0.6 0.8 1
Depth of cut [mm]

Fig. 9. Cutting force components as a function of
depth of cut in conventional and hard turning (Vc =
120 m/min, f= 0.08 mm/rev).

In terms of depth of cut, the cutting force in
conventional turning remains higher than that in
hard turning (Fig. 10). However, the analysis
shows that at ap = 0.2 mm, the differences
between conventional and hard turning are 2.00,
1.75, and 190 times for Fa, Fr, and Fv,
respectively. At ap = 1 mm, these ratios decrease
to 0.959, 1.17, and 1.11, indicating that the
cutting forces become nearly equivalent at
larger depths of cut. Overall, while conventional
turning generates higher forces at shallow
depths of cut, the forces in both processes tend
to converge as the depth of cut increases.

The thermo-mechanical equilibrium established
by the cutting forces, particularly the dominance
of the radial component (Fr), directly governs
the stability of the tool-workpiece interface. This
interaction is fundamentally responsible for the
resulting surface topography, as the plastic
deformation induced by these forces dictates the
final roughness parameters (Ra, Rz, and Rt).

Secondly, the evolution of the surface roughness
parameters Ra, Rt, and Rz as a function of the
selected cutting parameters, including cutting
speed, feed rate, and depth of cut, is shown in
Figure 10 for both conventional and hard
turning. These results allow us to assess the
influence of the material condition (before and
after hardening) on surface roughness at the
different cutting parameter levels.
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Fig. 10. Surface roughness parameters as a function of
cutting conditions in conventional and hard turning: a)
cutting speed, b) feed rate, and c) depth of cut.

The improvement in surface quality is significant
in hard turning compared to conventional
turning. At a cutting speed of 260 m/min,
surface roughness is reduced by factors of
approximately 5.64, 2.37, and 2.61 for Ra, Rt,
and Rz, respectively, at a feed rate of f = 0.08
mm/rev. For the same cutting speed, reductions
are about 4, 2.75, and 3 times for the depth of
cut ap = 0.2 mm.

The increased hardness of the machined
material (60 HRC) implies a higher thermal
stability of its microstructure compared to the
annealed state. At high cutting speeds,
although the rise in temperature promotes
thermal softening (increasing ductility and
elongation), the hardened 100Cr6 steel
maintains a higher flow stress and mechanical
resistance than the annealed steel [49,50].
This explains why the cutting forces for hard
turning become higher than those recorded in
the conventional turning condition beyond Vc
=160 m/min.

While the surface roughness provides an image
of the final footprint left by the tool, the chip
morphology serves as a dynamic signature of the
cutting process itself. The transition from stable
surface finishes to specific roughness profiles at
high speeds is intrinsically linked to the chip
formation mechanisms, shifting from continuous
flow to localized shear instability.

Figures 11, 12, and 13 present the
macroscopic chip morphology for both hard
turning and conventional turning processes.
While the chips remain continuous in both
conditions, they differ significantly in their
helix angles and curl radii. In conventional

turning, the high ductility of the annealed steel
leads to disordered, ribbon-like chips.
Conversely, the hardened steel (60 HRC)
produces more regular helical chips, a result of
the localized shear instability and reduced
tool-chip contact length typical of hard
machining. These observations are consistent
with the force trends discussed previously and
align with established chip formation models
for AISI 52100 steel. To provide a physical
reference, a 10 mm scale bar has been added
to these macroscopic images.
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Fig. 11. Morphology of chips at different cutting
speeds (f= 0.08 mm/rev and ap= 0.4 mm).
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For cutting speeds in the range of 80+160
m/min, chips produced from the hardened
material exhibit a more pronounced winding
shape than those from annealed steel (Fig. 11a).
This reduces friction at the cutting face,
consequently lowering the cutting forces. This
observation further supports the higher cutting
forces recorded at low speeds when machining
annealed steel. At higher speeds (200+260
m/min), chips from the annealed material
experience significant softening due to elevated
temperatures, whereas chips from the hardened
workpiece maintain their toughness and
continue to exert higher pressures on the cutting
face (Fig. 11b).

At a feed rate of f = 0.08 mm/rev during
machining of hardened steel, the chips are
continuous, thin, and exhibit a relatively large
helix angle, which reduces the pressure on the
cutting face and, consequently, the cutting
forces. At a higher feed rate of f= 0.20 mm/rev,
the chips become segmented, with a smaller
radius of curvature, further reducing friction at
the cutting edge and thereby lowering the
cutting forces (Fig. 12).
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(b) Hardened steel chip morphology

Fig. 12. Morphology of chips at different feeds (Vc=
120 m/min and ap= 0.4 mm).

The chips shown in Fig. 13, produced during
machining of 100Cr6 in the annealed state, are
continuous and exhibit larger helix angles than
those obtained from the hardened material. This
observation helps explain the higher cutting
force components recorded in conventional
turning compared with hard turning,
particularly at larger depths of cut.
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(b) Hardened steel chip morphology

Fig. 13. Morphology of chips at different depths of cut
(Ve=120 m/min et f= 0.08 mm/rev).

Finally, to quantify the observed physical
phenomena, mathematical models are required to
describe the relationships between the cutting
force components (Table 6), surface roughness
parameters (Table 7), and the cutting conditions.
By synthesizing the experimental trends of forces,
roughness, and chip formation, the least squares
method is employed to derive predictive models.
These models bridge the gap between
experimental observations and the final
optimization goals discussed in the conclusion.

Table 6. Mathematical models and coefficient
determination of cutting force components.

Cutting conditions Mathematical R?
Variable | Constant models
Fa =56,723Vc 03313 0,8608
Ve
. Fr=109,62Vc01797 0,9336
(m/min) fap g ¢
Fv =97,241Vc-01855 0,8871
Fa = 33,833fv.4105 0,8130
f
Ve, Fr = 82,352f0. 5443 0,9165
(mm/tr) o ap r f
Fv =76,274f0 4223 0,7672
Fa=19,229ap’373¢| 00,9851
ap
, Vi Fr=76,936ap? 6977 0,9825
(mm) f, Ve r ap
Fv =42,057ap? 9505 0,9924

The mathematical models based on a power-law
formulation exhibit good to excellent correlation
with the experimental data, as indicated by
determination coefficients R? ranging from 0.76
to 0.99. The analysis shows that the depth of cut
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ap is the most influential factor affecting the
cutting forces, particularly the tangential force
Fv, for which the models achieve the highest
levels of fit. The cutting speed Vc predominantly
affects the radial force Fr, while the feed rate f
provides a significant yet more scattered
contribution, leading to greater variability in Fv.
Overall, these models reliably predict the
evolution of cutting forces as a function of the
machining parameters and represent a robust
tool for optimizing the conventional and hard
turning process of 100Cr6 steel.

Table 7. Mathematical models and coefficient of
determination of surface roughness parameters.

Cutting conditions Mathematical R2
Variable | Constant models
Ra = 0,3218Vc-04770 0,9566
Ve
Rz =2,5278Vc0.2726 2
(m/min) f ap z =2,5278Vc 0,8525
Rt = 2,9145Vc-0.2851 0,9289
Ra = 0,1905f1 2191 0,9089
f
Ve, Rz =1,1127fv 9232 0,8867
(mm/tr) G ap z i
Rt = 1,4023f0 8237 0,8624
Ra = 0,2116apY 3688 0,9509
ap
Rz =1,5748ap" 2794 9411
(mm) f, Ve z =1,5748ap 0,
Rt = 1,8894ap0.2748 | 0,9554

The mathematical models obtained show an
excellent predictive capability for the surface
roughness parameters (R? = 0.85-0.96). The
cutting speed (Vc) primarily influences Ra and
Rt, with improved surface finish at higher
speeds. The feed rate (f) remains the dominant
factor in the formation of feed marks, which
explains the slightly higher dispersion, although
the models remain reliable. The depth of cut (ap)
exhibits a consistent and significant effect,
accompanied by the highest R? values, reflecting
strong agreement between predictions and
measurements. Overall, these models effectively
predict surface roughness as a function of the
cutting conditions and represent a robust tool
for optimizing the machining of 100Cr6 steel in
both conventional and hard turning.

The following conclusions synthesize the
primary thermo-mechanical findings, the
effectiveness of the predictive models, and their
implications for transitioning from annealed to
hard turning in industrial applications.

4. CONCLUSION

This study demonstrates that hard turning of
100Cr6 steel (60 HRC) offers significant
advantages over conventional turning, especially
for finishing operations. The specific findings are
summarized as follows:

e (Cutting Force Hierarchy: The radial force
component is predominant (Fr > Fv > Fa) in
both processes due to the small effective
machining length relative to the tool nose
radius.

e Thermo-Mechanical Behavior: A force
inversion occurs at Vc = 160 m/min. Below
this speed, conventional turning forces are
higher due to material ductility by (36 %, 71
%, and 29 % for Fa, Fr, and Fv, respectively).
Beyond this threshold, the superior thermal
stability of hardened steel (60 HRC)
maintains higher flow stress compared to
the annealed state, with increases of 49 %
for Fa, 45 % for Fr, and 38 % for Fv.

e Surface Quality: Hard turning consistently
yields superior surface finishes. Optimal
quality (Ra, Rz, and Rt) is achieved at high
cutting speeds (Vc = 260 m/min) and low
feed rates (f= 0.08 mm/rev).

e Chip Morphology: The transition from
disordered ribbon-like chips in conventional
turning to regular helical chips in hard
turning reflects the shift from purely ductile
deformation to localized shear instability.

e Industrial Impact: The results confirm that
hard turning can effectively replace grinding,
allowing for roughing and finishing on a
single machine, thereby reducing production
time and costs.

Future research will focus on investigating
tool wear mechanisms and residual stress
distribution to further evaluate surface
integrity. Additionally, to deepen the
understanding of the cutting process,
microscopic investigations (SEM/EDX) of chip
morphology will be conducted to analyze
shear localization, saw-tooth formation, and
the thermo-plastic instability mechanisms in
hard turning. Finally, the implementation of
Minimum Quantity Lubrication (MQL) will be
explored to optimize the environmental
sustainability of the process.
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