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Abstract: The cutting process generates specific mechanical characteristics in the subsurface layers
of the shaped parts. These characteristics have a decisive influence on the working properties
and product durability of these parts. The orthogonal cutting process of structural heat-treated
steel’s effect on the mechanical properties of the machined subsurface layers was evaluated by
instrumented the nanoindentation method and sclerometry (scratch) method. As a result of this study,
the relationship between the specific work in the tertiary cutting zone and the total deformation
work during indenter penetration during the instrumented nanoindentation was established. The
dependence of the indenter penetration depth during sclerometry of the machined subsurface layers
of the workpiece was also studied. The orthogonal cutting process was carried out at different cutting
speeds and tool rake angles. The cutting speed increase and the increase in the tool rake angle
cause an increase in the indenter penetration work during the instrumented nanoindentation and
an increase in the maximum indenter penetration depth during sclerometry. Simultaneously, the
measured microhardness of the machined surfaces decreases with both an increase in cutting speed
and an increase in the tool rake angle.

Keywords: cutting; subsurface layers; cutting specific work; nanoindentation; sclerometry; indenter
penetration depth; total deformation work

1. Introduction

The main objectives of the cutting process used in shaping and finishing operations
are to ensure the required geometric shape and dimensional accuracy of the part, as well as
the specified quality of the machined surfaces. By performing this objective, the cutting
process realizes the tool penetration into the machined material. In this case, the machined
subsurface layers of the workpiece are affected by thermomechanical loads as a result of
this penetration. The consequences of these loads are plastic strain and subsequent damage
of the machined layers with the formation of chips. These processes contribute significant
changes in the machined subsurface layers of the workpiece. As a result, specific mechanical
characteristics are generated in them. These characteristics have a fundamental effect on
the working properties and longevity of the part being shaped in the cutting process.
To evaluate such mechanical characteristics, the hardness characteristics of the machined
subsurface layers [1] and the total residual stresses formed in them [2] are usually used. The
methods used to measure these characteristics have been well established for quite a long
time, providing an evaluation of the subsurface state of the parts. However, these methods
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ensure just a macro estimate of the mechanical characteristics of the machined surfaces.
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They are insufficiently sensitive to the conditions of thermomechanical effects from the
cutting process on the machined surfaces of the workpiece. High sensitivity in evaluating
the mechanical characteristics of the subsurface layers of shaped parts using different
machining processes is ensured by micro- and nanometric control methods: instrumented
nanoindentation and sclerometry (scratch test).
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The presented paper is devoted to the evaluation of integral mechanical characteristics
in the workpiece subsurface layers generated as a result of the cutting process, and the
study of the relationship between these characteristics and the factors influencing them
from the orthogonal cutting process.

2. Methods for the Determination of Machined Layers Mechanical Properties

In the past few decades, micro- and nanometric methods have been used to evaluate
the mechanical characteristics of materials and parts. These methods include instrumented
nanoindentation [3,4] and sclerometry (scratching or scratch test) [5]. The techniques [6]
used in the application of these evaluation methods provide extended possibilities for
determining the mechanical characteristics of the material’s subsurface layers both in
instrumented nanoindentation [7] and in sclerometry [8]. The prototype of instrumental
nanoindentation as a process of continuous penetration of an indenter into a test material,
which undergoes elastic loading, plastic strain, and subsequent damage, may be the study
of Atkins and Tabor [9]. The method of material testing by continuously indenter loading
and then unloading was further refined by developing methods and devices to measure
the indenter load while simultaneously measuring the depth of its penetration into the
tested material [10]. At the same time, the indenter penetration depth was narrowed to the
nano-scale range. The result of this research was the creation of a widely used instrumented
nanoindentation method. Nanoindentation is a well-established method for studying
the mechanical properties of various materials. This method is widely represented in
well-known publications: see, for example, [11].

Methods for analyzing the indenter penetration diagram were originally presented
in the studies of Doerner and Nix [12] as well as Oliver and Pharr [13]. In particular,
they presented methods for estimating hardness and Young’s modulus based on the
initial slope of the unloading curve. The different results of determining the hardness
value obtained using the nanoindentation method were analyzed in a study by Vargas
and colleagues [14]. Kang et al. studied various optimization methods to determine the
material mechanical properties through instrumented nanoindentation [15]. Guillonneau
and colleagues proposed a method for determining the mechanical properties based on the
analysis of contact stiffness fluctuations in the tested materials [16]. The friction effect in the
contact between the indenter and the studied material was investigated by Harsono and
colleagues [17]. The relationship between indentation modes and mechanical properties
of materials, taking into account friction and the inclination angle value of the indenter’s
working part is presented in Wang’s study [18]. Sivaram and colleagues studied the effects
of the pile-up and sink-in effect on the material’s mechanical properties during instrumental
nanoindentation of thin coatings and integrated circuit materials [19].

When evaluating the mechanical properties of the studied materials and coatings, the
researchers mostly concentrate on determining the microhardness of the subsurface layers
(see, e.g., [20]) and the residual stresses formed in them (see, e.g., [21]). This is especially the
case when evaluating the mechanical properties of various steels and alloys. Furthermore,
plasma hardened wheel steels [22], additively manufactured stainless steels [23], as well
as steels used to manufacture gear wheels [24] and many others have been investigated.
Moon and colleagues studied the contribution of the steel microstructure components to
its hardening [25]. The estimation of dislocation density by measuring the microhardness
of heterogeneous materials was studied in the work of Mendas et al. [26] and Ameri and
colleagues [27]. The application of the instrumented nanoindentation method to evaluate
the residual stresses (see, e.g., [21,28,29]) provided the possibility to obtain important
information about the mechanical properties of the subsurface layers of the tested materials
and coatings. This is particularly important for the characterization of surfaces processed by
various mechanical processes, in particular by cutting, plastic deformation, heat treatment,
etc., and the tool working surfaces used to realize such processes. Moreover, the method
of instrumented nanoindentation is also used to study and evaluate the stress—strain
state of the workpiece’s subsurface layers. Using nanoindentation, the strain degree of



Crystals 2023, 13, 761

30f18

additively manufactured stainless steels [30], Fe-ion-irradiated steels [31], structural steels
under tensile loads [32], the strain degree, fracture process, and microstructure changes of
austenitic steels [33,34] and others have been evaluated. Wagner et al. studied the behavior
of non-metallic particles in 42CrMo4 alloyed steel [35]. Zhou and colleagues studied the
effect of indenter loading modes and conditions during nanoindentation of hardened alloy
steel [36].

Instrumented nanoindentation has been further advanced due to the recent rapid
development of numerical modeling for this method. A nanoindentation three-dimensional
model of tool steel coatings is presented in a study by Bobzin et al. [37]. Khan and his
colleagues developed a finite-element model of the nanoindentation process of corrosion-
resistant aluminum coating [38]. The material model parameters were also determined
using inverse fitting via experimental macromechanical testing of the coating material. The
same inverse method of determining the parameters of the thin-film metallic glass material
model was applied by Han et al. [39]. In this case, the determination of material model
parameters is additionally supported using an artificial neural network. The evaluation of
the mechanical properties of thin metal coatings using indentation simulation is devoted
to the work of Wittler et al. [40]. The Pohl study presents a method for determining the
basic mechanical properties of the test material [41]. Recommendations are provided on
the possibilities of determining these properties from the simulated process of indenter
penetration into the studied material.

An important part of the instrumental nanoindentation method studies is the in-
vestigations devoted to the improvement of instruments and devices for this method
implementation. The accuracy and repeatability of results obtained with nanoindentation
are ensured by various methods of these devices’ calibration: see, e.g., [30]. Peng and
colleagues developed a handheld device to implement the nanoindentation method [42].
The indentation force applied to the indenter is detected by a voice coil motor, and the
indenter movement is detected using an eddy current transducer. Li and colleagues devel-
oped a method for instrumental nanoindentation device calibration [43] based on the use
of an optical sonde interferometer and a step height reference. The effect of environmental
temperature on the results of nanoindentation tests directly during these tests was studied
by Fritz and Kiener [44].

The scratch test (sclerometry) was developed almost in parallel with the instrumented
nanoindentation method [45]. The scratch test is well suited for the qualitative charac-
terization of thin, hard coatings applied by different methods [46,47]. This test has been
widely used for many years in studies of coating—substrate contact adhesion [48,49]. The
scratch test is characterized by its relative simplicity and cost-effectiveness, as well as by
the fact that no thorough preparation of the test specimen surface is necessary [46]. At the
same time, the scratch test is subject to some uncertainty, especially when determining the
fracture load of the examined surface [50]. To reduce the uncertainty in determining the
mechanical characteristics of the tested subsurface layers of materials using the scratch test,
the multi-pass test has been used in recent decades [51,52]. The multi-pass scratch test is
characterized by multiple scratches on the same trace with the progressive or constant load
on the indenter. The resulting subsurface fractures are determined either by evaluating the
scratch images [51] or by analyzing the characteristics of the scratch test: the tangential
load on the indenter or the indenter penetration depth [52]. In the last few decades, the
scratch test has also been used to study the mechanical properties of subsurface layers
from materials, mainly metals processed using cutting or plastic deformation, and to study
the tribomechanical characteristics of contacting surfaces during application [53]. Aurich
and Steffes studied the mechanical properties of the subsurface layers during grinding
using single-grain scratching [54]. The effect of cutting speed on the plastic strain degree
of AISI 4140H steel and the formation of pile-up was established. Fan and colleagues
studied the plastic mechanisms of dislocations during the scratch test [55]. The effect of
scratching modes with a single grain of titanium alloy Ti-6Al-4V on the indenter pene-
tration depth and pile-up height was studied by Pratap et al. [56]. Thus, the scratch test
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can be successfully applied to evaluate the effect of material machining processes on the
mechanical characteristics of the subsurface layers subjected to a thermo-mechanical impact
during processing.

The instrumented nanoindentation method and the scratch test (sclerometry) ensure
the measurement not only of individual mechanical characteristics of the tested specimens,
such as microhardness, indenter penetration depth, residual stress values, etc., but also of
the integral mechanical characteristics of the subsurface layers, in particular the indenter
penetration work (energy), its elastic and plastic parts. In this regard, the mechanical state
of the subsurface layers subjected to thermomechanical impact through various machining
processes is of special interest [57]. The effect of machining conditions on the strain energy
of the subsurface layers is presented in a study by Bezyazychny and colleagues [58].
Yamamoto et al. studied the relationship between the elastic and plastic components, as
well as the total energy of the indentation, and the microhardness of the tested metals [59].
Ren and Liu [60] and Wang with colleagues [61] devoted their research to studying the
relationship between the mechanical properties of hard-working metals and alloys and the
cutting process conditions.

The analysis of instrumental nanoindentation and sclerometry methods has shown the
essential possibilities of these techniques for micro- and nanometric analysis in determining
the mechanical characteristics generated in the shaping process of the subsurface layers of
various parts. Thus, these methods can be successfully used to evaluate the influence of
generalized cutting process parameters on the formed integral mechanical characteristics
of the subsurface layers.

3. Materials and Methods

The cutting process has a significant impact on the machined surface of the shaped
part. In addition to ensuring a predetermined geometric shape of the part and microgeome-
try of the machined surface, the cutting process also generates the physical and mechanical
characteristics of the workpiece’s subsurface layers. The cutting process’s effect on these
subsurface layer properties of the machined workpiece is multifaceted and often confronta-
tional. A significant role in this influence is played by the multiplicity and complexity of
physical and mechanical processes occurring in the cutting zones of real spatial machining
processes such as drilling, milling, threading, etc. To neutralize the secondary effects
influence of deformation and subsequent damage of the machined material that takes place
in real three-dimensional machining processes, the influence of the cutting process on the
formation of physical and mechanical characteristics of the machined surfaces was studied
in the conditions of a two-dimensional (free orthogonal) cutting process.

3.1. Materials

Experimental studies of the formation of the physical and mechanical characteristics
of the subsurface layers through the machining process were performed on a special
stand, reproducing the orthogonal cutting process [62,63]. The experimental stand ensures
rectilinear movement of the table with the workpiece relative to the fixed tool with a
stepless adjustable cutting speed from 0 to 200 m/min [64]. A well-known representative
of heat-treated structural steel AISI 1045 was selected as the machined material. The
chemical composition of AISI 1045 steel is specified in Table 1. The mechanical and thermal
properties of the steel AISI 1045 are listed in Table 2.

The workpieces of the machined material were pre-grinded to ensure the necessary accu-
racy, in particular the side parallelism. The final workpiece size was 170 mm x 60 mm X 3 mm.
The workpieces were then subjected to annealing to ensure a uniform material structure
and the absence of residual stresses. The workpiece hardness after annealing was 180 HB.
SNMG-SM-1105 (ISO SNMG 15 06 12-SM 1105) replacement carbide inserts, Sandvik Coro-
mant, Sandviken, Sweden, were used as cutting elements. Table 2 shows the mechanical
and thermal properties of this carbide cutting insert. The cutting wedge geometry required
for a stable cutting process was ensured by installing a replaceable carbide plate in the tool
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body at a pre-defined inclination angle and grinding the tool clearance face [64]. The tool
clearance angle was & = 8° and the curvature radius of the cutting edge was p = 20 pm.
Grinding wheels and grinding pastes [65,66] made of synthetic superhard materials were
used for grinding and subsequent polishing of carbide inserts. The cutting forces for subse-
quent determination of the cutting power were measured on the workpiece [62,64]. For this,
the workpiece was clamped in a three-component Kistler type 9121 dynamometer using
a special clamping device—Figure la. Experimental studies were performed at different

cutting speeds and different tool rake angles.
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Figure 1. Experimental setup for the realization of the orthogonal cutting process and
scheme for determination of an instrumented nanoindentation and sclerometry of machined sur-
faces: (a) experimental setup for cutting forces measurement; (b) instrumented indentation and
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sclerometry diagrams.
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Table 1. Chemical composition of the steel AISI 1045 [67].

Material Fe C Si Mn P S Cr
AISI 1045 98.51-98.98%  0.420-0.50% <0.04% 0.50-0.90% <0.03% <0.035% <0.4%
Table 2. Mechanical and thermal properties of the steel AISI 1045 steel and carbide insert [67,68].
Strength (MPa) Elastic . . B e Thermal Thermal
Material ; N Modulus Elorzg/al)tlon Hard-ness PoI;sstfm s Sp(e]c/llflcl Il;l)e at Expansion Conductivity
Tensile Yield (GPa) ° atio 8 (um/m-°C) (W/m-K)
AISI 1045 690 620 206 12 HB 180 0.29 486 14 49.8
SNMG-5M-1105 - - 650 - HRC 76 0.25 251 - 59

The cutting speed V¢ was set at four levels: 48 m/min (0.8 m/s), 96 m/min (1.6 m/s),
144 m/min (2.4 m/s), and 192 m/min (3.2 m/s). The tool rake angle had the following
values: —10°, 0°, and 10°. To determine the cutting forces on the tool clearance face, the
depth of cut (undeformed chip thickness) was varied in three levels and was 0.1 mm,
0.2 mm, and 0.3 mm. The cutting process was repeated for each value of cutting speed and
tool rake angle at least 5 times. The measuring results of cutting forces were averaged over
these repetitions. The maximum uncertainty in measuring the cutting forces was not more
than 10%.

The influence of the cutting process on the mechanical characteristics of the machined
workpieces’ subsurface layers was evaluated by instrumented nanoindentation and scle-
rometry of the machined surfaces—Figure 1b. To perform the above analysis, thin sections
of the workpiece part with a machined surface were prepared [69]. Micromechanical studies
of the mechanical characteristics of the machined subsurface layers were carried out on the
“Micron-gamma” device [52,70]. The indenter is loaded via an electromagnetic loader. The
indenter penetration depth is determined by a differentially switched inductive sensor [70].
This ensures minimal temperature drift. The accuracy of the indenter depth measurement
is 5 nm. Instrumented nanoindentation of the machined surfaces was performed at a
maximum indenter load of 350 mN. The accuracy of the indenter load setting is 0.02 mN.
The change rate of the indenter load was 30 mN/s. After reaching the maximum load on
the indenter, the nanoindentation process was delayed at this load and then unloading was
performed. The delay time was 5 s.

To perform instrumental nanoindentation and sclerometry, a Berkovich indenter was
used. The total penetration energy W as well as its plastic W, and elastic W, parts were de-
termined from the instrumented nanoindentation diagram—Figure 1b. The instrumented
nanoindentation process was repeated at least 12 times for each set value of cutting speed
and tool rake angle. The result of determining the indenter penetrating energy was av-
eraged over the tests performed. The measurement uncertainty was no more than 9%.
Sclerometry of machined workpiece surfaces was performed at an indenter load of 100 mN.
The indenter movement speed was 20 um/s. The scratch length was about 630 pum. The
maximum indentation depth along the scratch length was determined from the sclerometry
diagram—Figure 1b.

The sclerometry process of machined workpiece surfaces was repeated at least 10 times
for each value of cutting speed and tool rake angle. The measurement results were then
averaged. The uncertainty in determining the maximum indenter penetration depth along
the length of the scratch was no more than 12%. An optical profilometer “Micron-alpha”
was used to analyze the scratches applied on the “Micron-gamma” device [52]. The
scanning principle of the profilometer is based on white light interferometry. This provides
a non-contact study of machined surface microtopography with a vertical resolution of
2 nm.
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3.2. Methods

As a result of the elastic—plastic interaction of the tool with the machined material
and subsequent damage of this material through chip formation, along with the geomet-
ric characteristics of the machined subsurface layers, certain physical and mechanical
characteristics are also formed in the cutting process. The value and parameters of these
characteristics” distribution with constant materials of the contact pair (the pairing tool—
machined material) are substantially determined by the conditions of the cutting process:
cutting conditions, tool geometry, the presence or absence of lubrication and cooling,
etc. Depending on these conditions, different mechanical properties of the subsurface
layers are generated, generally characterized by their hardening or softening [62,71,72].
Whether the conditions of adiabatic hardening or isothermal softening prevail in the cutting
zones depends on whether the hardened or softened layer of the machined material is
formed [73,74]. This process is determined by the contact conditions between the tool and
the machined material in the primary and tertiary cutting zones [74], wherein the contact
conditions in the tertiary cutting zone have an overwhelming influence [62]. Therefore,
the influence of the contact conditions of the tool with the workpiece in this cutting zone
is considered further. This influence is evaluated by the energy impact of the tool on
the machined material, forming a certain stress—strain state in this material. The formed
stress—strain state generates, in turn, certain physical and mechanical characteristics of the
subsurface layers. These characteristics remain after the cutting process is finished and
the thermomechanical loads are removed. In the cutting process, the contact of the tool
clearance face with the workpiece surface is characterized by two stresses: gs;—stress in
the contact of the stagnation zone with the workpiece at length hs; and gp,—stress in the
contact of the tool clearance face chamfer with the workpiece at length hz,—Figure 2.

&

.,

S
/7@(9,'0/ Stagnant
© e zone

et S

Figure 2. Scheme for the interaction of the tool with the workpiece in the tool clearance face.

The energy interaction of the tool clearance face with the workpiece surface that results
in the stresses gs; and g, can be determined by three different methods:

e according to the cutting work in the tertiary zone, similar to the determination of the
specific deformation work in the primary cutting zone [71-74];

e according to the stresses acting on the tool clearance face during the cutting
process [71,73,75];

e according to the cutting power on the tool clearance face [71,75].
In this study, the energy interaction was estimated using the third method, as the

product of the cutting forces acting on the tool clearance face and the relative speed between
the tool and the workpiece:

Pccf = Pccf Ve, 1)
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Pier = Fer - Ve, ()

where P is the cutting power on the tool clearance face, Py is the thrust power on the
tool clearance face, F. is the cutting force on the tool clearance face, Fy is the thrust force
on the tool clearance face, and V¢ is the cutting speed.

The cutting forces acting during machining on the tool clearance face (in the tertiary
cutting zone) were determined using the value of total cutting forces at the undeformed chip
thickness (depth of cut for orthogonal cutting), equal to zero [71,75]. To determine these
forces, the dependences of the total cutting forces on the depth of cut were extrapolated to
a cutting depth equal to zero [62,76]:

VE3 (Fccf U Ftcf> . F,_o = extrap(Fc U Fr), 3)

where R is the existence space of kinetic characteristics in the cutting process, k is the
dimensionality of the existence space, a is the depth of cut (unformed chip thickness), Fc is
the total cutting force, and Fr is the total thrust force.

The mechanical characteristics of the workpiece subsurface layers generated as a result
of the cutting process are evaluated in this study based on the indenter penetration work
as a result of the instrumented nanoindentation and the maximum indenter penetration
depth during sclerometry (see Section 3.1). Since these characteristics are generated as a
result of the interaction of the tool clearance face with the workpiece surface (see above),
the correspondence of the indenter penetration work and its maximum penetration depth
with the cutting power at the tool clearance face is considered. This is postulated by the
following statement:

> Thermomechanical interaction of the tool with the workpiece (mainly in the tertiary cutting
zone) is evaluated based on the cutting power at the tool clearance face in proportion to
the indenter penetration work in the machined surface of the workpiece, estimated using
instrumented nanoindentation and in proportion to the maximum indenter penetration depth
in the subsurface layers, and estimated using sclerometry of the machined subsurface layers:

Scn
3VSC eRrd Pccf \% Ptcf : Pcf o« Win, 4)
R Sc1

Scn
vSC6%ElPccf\/Ptcf:Pcf°<hSmaxr )
R Sc1

where X is the existence space of cutting process states (conditions), Sc is the cutting
process state, Wiy is the total indenter penetration work by instrumented nanoindentation
of the machined surface, and /g 4y is the maximum indenter penetration depth during
sclerometry of the machined surface.

4. Results

The thermomechanical impact of the tool on the machined workpiece during cutting is
accompanied by significant plastic deformation of the machined material and its subsequent
failure with chip formation. This impact generates in the machined subsurface layers
of the workpiece’s specific mechanical characteristics and the corresponding material
microstructure. In this case, in different cutting zones, different mechanical characteristics
and different microstructures of the machined material corresponding to its stress—strain
state in each cutting zone are observed. Based on the generated mechanical characteristics
of the subsurface layers and the formed microstructure of the machined material, the degree
of the material thermomechanical loading in each cutting zone can be estimated [71-73].
This loading degree is ensured through specific conditions (characteristics) of the cutting
process, acting mainly in the tertiary cutting zone (see Section 3.2).



Crystals 2023, 13, 761 9of 18

4.1. Cutting Process Characteristic

Figure 3 shows a scheme of the free orthogonal cutting process and the microstructure
of the machined material in different cutting zones.

Rake angle Y = 0° Rake angle y = 0°
V. =48 m/min

e

Chip

a e
Specific
shear plane
() | (b)
Rake angle y = -10° Rake angle y = +10°

V. =48 m/min V. =48 m/min

Figure 3. Orthogonal cutting scheme with chip microstructure images at different cutting speeds
and tool rake angles: (a) orthogonal cutting scheme, combined with the chip root and an image of
the initial microstructure; (b) chip microstructure images at a tool rake angle y = 0° and different
cutting speeds; (c) chip microstructure images at a tool rake angle v = —10° and different cutting
speeds; (d) chip microstructure images at a tool rake angle v = +10° and different cutting speeds.
(The following symbols are used in the figure: Vs—chip speed; p—shear angle; Fc and Fr—cutting
and thrust force, respectively).
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Cutting process scheme aligned with the chip root—Figure 3a. In the primary cutting
zone I, characterized by insignificant plastic strain and low cutting temperatures, the ini-
tial microstructure of the machined material is preserved almost up to the specific shear
plane (see Figure 3a). The initial microstructure of the machined material (AISI 1045 steel)
corresponds to the microstructure of structural heat-treated steels after annealing, which
has been widely reported in publications [67,71,72]. The microstructure of workpieces
subjected to the subsequent cutting process had a ferrite-perlite structure. The image of the
initial microstructure shows light ferrite grains and dark pearlite grains (see Figure 3a). In
the secondary cutting zone II, after passing the specific shear plane, the machined material
is subjected to significant plastic deformation and significant cutting temperature. This
cutting zone is characterized by a significant gradient in the strain degree and cutting tem-
perature [62,71,73]. As a result, the material microstructure (formed chips) in the secondary
cutting zone is textured [77]. Images of the chip microstructure at different cutting speeds
for the tool rake angle v = 0°, shown in the cutting process scheme (see Figure 3a), are
presented in Figure 3b. The chip microstructure images for the tool rake angles y = —10°
and +10° at the different studied cutting speeds are shown in Figure 3c,d, respectively.

With increasing the cutting speed V¢, the inclination of the chip deformation texture
increases for all studied tool rake angles (see Figure 3b—d). This is explained by the fact that
with increasing the cutting speed V¢, the movement speed of the chip material layers Vg
increases proportionally. At the same time, increasing the tool rake angle causes a decrease
in the inclination angle of the chip deformation texture. In all likelihood, this is due to the
significantly greater strain degree of the machined material at negative tool rake angles
(see Figure 3c). Decreasing the tool rake angle also increases shear strain in the chips of
the machined material. With a significant value of cutting speed V¢ and negative tool
rake angles, the shear strain of the chip material increases significantly. This results in the
formation of a shear band (see Figure 3c, V¢ = 192 m/min). As a result of this stress—strain
state of the machined material in the secondary cutting zone, there is a transformation from
the formation of flow chips to the formation of segmented chips [77].

To determine the cutting power during the interaction of the tool clearance face with
the workpiece machined surface (tertiary cutting zone), the cutting forces on the tool
clearance face are identified when the cutting speed and the tool rake angle are changed.
These forces are determined by extrapolating the dependence of cutting forces on the depth
of cut (undeformed chip thickness) to zero depth of cut (see Section 3.2). Figure 4 shows
the dependencies of cutting force and thrust force, as well as the cutting power of these
forces, on the cutting speed and the tool rake angle. With increasing the cutting speed,
the forces decrease slightly (see Figure 4a). The reason for the decrease in cutting forces
on the clearance face is the increase in cutting temperature with an increase in the cutting
speed, which in turn can lead to softening of the machined material. This is realized if the
process of machined material softening as a result of increased cutting speed prevails over
the process of machined material hardening as a result of the plastic strain of this material
and the hardening effect of the strain rate on the machined material. In contrast to the
changing in the character of cutting forces, the cutting power increases significantly with
increasing cutting speed—Figure 4b. The significant range of cutting speed variation has a
predominant influence here. The influence of the tool rake angle on the cutting forces and
cutting power (see Figure 4c,d) is expected and coincides with similar dependencies known
from the cutting theory [71,72]. With a decrease in the tool rake angle, the cutting forces and
cutting powers increase significantly. The same change in the character of cutting forces
and cutting powers also remains for other cutting speeds. The reason for this is that the
machined material deformation increases considerably with decreasing tool rake angles,
especially with negative tool rake angles.
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Figure 4. Cutting forces and cutting power on the tool clearance face depending on the cutting
speed and the tool rake angle: (a) cutting forces depending on the cutting speed; (b) cutting power
depending on the cutting speed; (c) cutting forces depending on the rake angle; (d) cutting power
depending on the rake angle.

4.2. Mechanical Characteristics of Machined Subsurface Layers

As the mechanical characteristics of the workpiece subsurface layers are generated
through the cutting process, the total indentation work W and the maximum indentation
depth h,y are considered (see Section 3). The diagrams of multiple indenter penetration
during instrumented nanoindentation of the workpiece machined surface at cutting speed
Ve =96 m/min (1.6 m/s) and the tool rake angle v = 0° exemplarily are shown in Figure 5.
Similar indentation diagrams were obtained by testing the workpiece surfaces machined
with all the studied values of cutting speeds and tool angles. Such diagrams are used to
determine the total indentation work (see Section 3.1), which is then used to match the
cutting power.
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Figure 5. Instrumented nanoindentation diagram.
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The maximum indenter penetration depth is determined by a sclerometry test on the
surface of the machined material. Figure 6 shows exemplarily the results of this test for a
machined surface with a cutting speed of V¢ = 96 m/min (1.6 m/s) and a tool rake angle of
v =0°. When the sclerometry test is carried out, the indenter is oriented with the tip forward
along the sclerometry trace. The sclerometry diagram family at the specified parameters
that is shown as an example in Figure 6a,b shows a part of the space image from one of
the scratch families and the profile of this image. According to the sclerometry results, the
greatest averaged depth of indentation over the family of scratches is determined (see also
Section 3.1). This value is used later to match the cutting power at the tool clearance face.

W,... Residual profile width Measurement
depth, [pm]

Residual profile depth

rmax
k
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Figure 6. Sclerometry results of the machined surface: (a) indenter penetration depth along the
sclerometry distance; (b) image of the scratch profile (w;;sx—maximum scratch width).

The instrumented nanoindentation test described above (see Figure 5) was used to
determine the total indenter work W for all studied values of cutting speeds and tool
rake angles. In parallel, the microhardness of the workpiece surfaces processed using the
orthogonal cutting process was determined. The dependences of the indentation work
value and microhardness of the machined surface on the cutting speed and the tool rake
angle are shown in Figure 7.
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Figure 7. Total indentation work and microhardness of machined surfaces: (a) depending on the
cutting speed; (b) depending on the tool rake angle.

The indentation work increases with increasing cutting speed from 0.8 m/s to 2.4 m/s
almost linearly—Figure 7a. A significantly greater increase in work W is observed at a
cutting speed of 3.2 m/s. In all probability, this increase is explained by a significant
increase in the cutting temperature at cutting speed V¢ = 3.2 m/s compared to the cutting
temperature at lower cutting speeds. This leads to some softening in the subsurface layers
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of the machined workpiece. This is also evidenced by a decrease in the microhardness
of the workpiece’s machined surface, the changed behavior of which, with increasing
cutting speed, is similar to the changed behavior of the indenter introduction work. With
the softening of the machined surface, the indenter penetration depth increases during
instrumental nanoindentation of the studied surfaces. In turn, this leads to an increase in the
penetration work W. Increasing the tool rake angle  from —10° to 10° leads to an increase
in the indentation work—Figure 7b. This changing character of the indentation work is
explained by a decrease in the strain degree of the machined material with an increase in
the tool rake angle. Reducing the strain degree of the machined material contributes to
an increase in the indentation depth during instrumented indentation of the machined
workpiece surface and, accordingly, increases the indentation work. With increasing tool
rake angle, the microhardness of the machined workpiece surface decreases significantly
(see Figure 7b). This also corresponds to the changed behavior of the strain degree in the
subsurface layers of the machined material.

The sclerometry test of machined workpiece surfaces with the determination of the
maximum indentation depth h;,x (see Figure 6) was performed by testing the workpiece
surfaces machined with all the studied values of cutting speeds and tool rake angles. The
dependence of the maximum indentation depth on the cutting speed and the tool rake
angle is shown in Figure 8. The maximum indenter penetration depth during sclerome-
try significantly increases with increasing cutting speed—Figure 8a. This change in the
character of the indenter penetration depth corresponds to a certain softening of the ma-
chined material due to an increase in cutting temperature with an increase in the cutting
speed. The maximum indenter penetration depth increases with the increasing tool rake
angle—Figure 8b. This is quite logical since an increase in the tool rake angle causes a
decrease in the strain degree of the machined subsurface layers. A smaller strain degree in
the subsurface layers causes an increase in the indenter penetration depth when the scratch
is applied to the workpiece’s machined surface.
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Figure 8. Indenter penetration depth during sclerometry: (a) depending on cutting speed;
(b) depending on tool rake angle.

The dependence shape of the total indentation work in instrument nanoindentation
on the cutting speed (see Figure 7a) is similar to the dependence shape of the maximum
indentation depth in sclerometry on the cutting speed (see Figure 8a). In all likelihood, this
can be explained by the fact that the basis of these two dependencies is the same physical
process of machined material softening with increasing the cutting speed. The change range
of cutting speed is maintained for both of the studied mechanical characteristics: the total
indentation work and its maximum penetration depth. To the same degree, the dependence
shape of these two characteristics on the cutting speed is saved. The numerical dependence
of these characteristics on the cutting speed is, of course, different. This difference is caused
naturally by the different physical nature of the studied characteristics.
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5. Discussion

Analyzing the results of instrumental nanoindentation and sclerometry of workpiece
surfaces machined at different cutting speeds and using different tool rake angles indicates a
significant influence of cutting conditions on the mechanical characteristics of the machined
material’s subsurface layers. This gives the basis for further use of the postulate formulated
above (see Section 3.2) in evaluating the effect of the cutting process on the mechanical
characteristics of the machined material’s subsurface layers. For this purpose, a comparison
of the cutting power in the tertiary cutting zone with the indenter penetration work and its
penetration depth was performed.

Figure 9 shows the dependencies of indentation work as a result of the instrumented
nanoindentation of machined workpiece surfaces at different cutting speeds and different
tool rake angles. The increase in cutting power causes a directly proportional increase in the
indenter penetration work in the region of increasing cutting speed from 0.8 m/s to 2.4 m/s.
When the cutting power is further increased, in the region of cutting speed equal to 3.2 m/s,
the indenter penetration work increases to a significantly greater extent—Figure 9a. The
microhardness of the workpiece’s machined surfaces is related to the increase in cutting
power in the tertiary cutting zone by an inversely proportional relationship (see Figure 9a).
When the cutting power increases due to the growth of cutting forces on the tool clearance
face caused by a decrease in the tool rake angle, the indenter penetration work decreases
accordingly. In parallel, the microhardness of machined workpiece surfaces increases with
increasing cutting power—Figure 9b.
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Figure 9. The coincidence of the total indenter penetration work with the cutting energy on the tool
clearance face: (a) depending on the cutting speed; (b) depending on the tool rake angle.

Dependences of the maximum indenter penetration depth during scratching (scle-
rometry) on the cutting power on the tool clearance face are shown in Figure 10. With
increasing the cutting power due to increasing cutting speed, the maximum depth of inden-
ter penetration increases—Figure 10a. This increase is almost the same over the entire range
of cutting speeds. An increase in cutting power due to an increase in cutting forces, which
in turn is caused by a decrease in the tool rake angle, leads to a decrease in the maximum
penetration depth of the indenter—Figure 10b.

When analyzing the influence of cutting power in the tertiary zone on the indentation
work as a result of instrumental nanoindentation, as well as when analyzing the influence
of cutting power on the maximum indentation depth as a result of scratching the machined
surface, it is necessary to take into account the cutting conditions that cause cutting power
changes in each specific case. For example, it is necessary to consider whether the increase
in cutting power is caused by an increase in cutting speed or by an increase in cutting forces.
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Figure 10. The coincidence of indenter penetration depth during sclerometry with the cutting energy
on the tool clearance face: (a) depending on the cutting speed; (b) depending on the tool rake angle.

Thus, if it is necessary to determine the cause of changes in the integral mechanical
characteristics of the workpiece’s subsurface layers processed through the cutting pro-
cess, thermomechanical analysis of the interaction between the tool and the workpiece
should be performed in parallel with micro- and nanomechanical tests of the machined
subsurface layers.

6. Conclusions

The indenter penetration work during instrumented nanoindentation and the max-
imum indenter penetration depth during sclerometry are proposed to be applied as me-
chanical characteristics of the machined subsurface layers.

Increasing the cutting speed and increasing the tool rake angle causes an increase in
the indenter penetration work during instrumented nanoindentation and an increase in the
maximum indenter depth during sclerometry. Increasing the cutting power in the tertiary
cutting zone (on the tool clearance face) also causes an increase in the indenter penetration
work during instrumented nanoindentation and its maximum penetration depth during
sclerometry. In parallel, the measured microhardness of the machined surfaces decreases
with both an increase in cutting speed and an increase in the tool rake angle.

The reasons for cutting power changes may be the basis for interpreting the mechanical
properties” behavior of the machined workpiece subsurface layers with changes in the
cutting process conditions and evaluating this effect.

The considered integral characteristics of the machined subsurface layers can be used
to evaluate the influence of machining conditions on the physical-mechanical state of these
layers. This possibility is ensured due to the close connection between the thermomechani-
cal interaction of the tool and the machined material with the physical-mechanical state of
the material generated as a result of the cutting process.
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