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Abstract. Recent studies have shown the effectiveness of coating diamond grains with thin layers of
titanium and nickel to provide a tight interface with the nickel matrix. Wetting of diamond and nickel is
improved by coating diamond particles with thin layers of titanium and nickel. Titanium carbide formed
between Ti-coating and diamond provides stronger interfacial adhesion force compared to diamond
micropowder with Ni-coating. To improve the thermal properties of diamond/metal composites, a metal
carbide layer is needed that combines both the crystal structure and the heat transfer of heterogeneous
interfaces. In modern research in coatings, in addition to TiC, attention is paid to other carbides: B+C,
V,C and VC, as well as chromium carbides. A separate direction is oxide coatings on diamonds. The
mechanism of diamond protection in this direction is the predominant oxide donor behavior of Mo—B-C
coatings for the formation of a stable oxide layer on the diamond surface. Diamond films with three
different grain sizes were grown on the surface of a titanium alloy by high-temperature chemical vapor
deposition (HFCVD). The corrosion resistance of nanocrystalline diamond (NCD) films is clearly higher
than that of microcrystalline diamond (MCD) films. But cutters with intact MCD coating demonstrate the
longest service life. Attention has been paid to coatings applied to hard alloys and steels, with researchers
mainly focusing on coatings containing titanium, namely TiAIN, TiN/CrN and Al,O3/TiO,.

Keywords: coated diamonds; nickel coating; titanium coating; titanium carbide; boron carbide;
vanadium carbide; oxide coating; nanocrystalline diamond films; microcrystalline diamond films.

1. Introduction

The development of tool production necessitates the efficient processing of
new, difficult-to-process materials. The search for ways to save energy dictates the
need to obtain composite coatings on diamond grinding powder grains with new
properties. Previous studies have established that the main factors that, for example,
determine their diamond retention are the boundary chemical interaction with
coating elements, for example, during high-temperature manufacturing of tools on
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metal bonds, as well as diffusion interaction at the coating-bond interface. In
diamond tools with polymer and metal-polymer bonds, chemical interaction occurs
at the metal coating—polymer interface. The rougher the coating, the greater the grain
surface area and the greater the efficiency of this interaction. In addition, research
into coating both diamond grains of abrasive tools and diamond grains as
components of diamond cutting composites and diamond-metal composites is
relevant.

2. The state of the art in the field of diamond coating research

Researchers pay increased attention to the interface between diamond and
matrix. Experimental results show [1] that a W-coating layer can effectively improve
the wettability of the diamond surface and reduce the wetting angle from 108.6° to
13.2°. The W layer can also significantly prevent the graphitization of the diamond
surface and improve the contact between diamond and copper matrix. Thus, the
thermal conductivity of the W-coated composite with a diamond content of 18.4
vol.% increases and reaches 575 W/(m+K), which is 43.3% higher than that of pure
Cu.

The introduction of an intermediate layer is an effective method to improve the
interfacial thermal conductivity (G) of the Cu/diamond interface. In the paper [2],
an amorphous carbon (a-C) layer was introduced at this interface by Ar ion
bombardment, enriched with oxygen by Ar/O, ion bombardment, and the C-O bond
was formed by acid treatment at the Cu/diamond interface. Compared to the pre-
cleaned Cu/diamond interface, a 35% increase in G is achieved by obtaining a 4.5
nm thick a-C interlayer between Cu and diamond.

The low interfacial strength between the iron-based matrix and diamonds leads
to premature detachment of diamond particles, which significantly affects the cutting
efficiency of diamond composites. The work [3] aims to optimize the interfacial
microstructure and mechanical properties of diamond/Fe-Ni-WC composites by
depositing a Mo,C layer on the diamond particles. Mo,C-coated diamonds were
prepared by the molten salt method. Diamond/Fe-Ni-WC composites were sintered
by hot pressing under vacuum. Energy dispersive scanning spectroscopy showed
that the MoC coating layer changed the interfacial composition between the Fe—C
alloy matrix and diamonds to Mo,C, improving the interface strength. This change
in interface composition results in an increase in interfacial strength, as evidenced
by an increased flexural strength of 996 MPa, which is 24% higher than that of the
uncoated diamond/Fe-Ni-WC composite. The increase in interfacial strength
improves the holding capacity of the matrix on the diamond, which increases the
height of the diamond protrusion, and the cutting efficiency of the Mo,C-coated
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diamond/Fe-Ni-WC composites increases. That is, the above indicates that the
application of the effect of subsequent mechanochemical influence, both on the
diamond-bond interface and on the contact of the diamond grain surface with the
processed material, when coating diamond abrasives, allows to increase the
efficiency of using a diamond abrasive tool.

3. Formulation of the purpose of the research

The coating of diamond grains is an important factor influencing the change in
their properties and increasing their retention in the binding working layer of the
grinding wheel. Considering that this area is actively developing, in this work we
focus on modern developments that are in scientific publications over the past 5
years. Let us point out that here we were most interested in developments in the
direction of applying coatings to diamond grains, which would be used in abrasive
composites and composites for cutting tools, diamond-metal composites with
increased thermal conductivity, as well as the features of applying and using
diamond coatings on tool materials.

4. Presenting main material

Let us first consider developments in coating diamond grains for abrasive
surface treatment of various difficult-to-machine materials.

Electroplated diamond wire saws are widely used in industry. The use of nickel
(Ni) coated diamonds is a common approach to improve the efficiency of the
electroplating process of composites in wire saw production. However, pure
diamond does not chemically react with nickel, and the interfacial bond strength
between the nickel coating and diamond is relatively weak. This often leads to
separation of diamonds from the nickel coating during the cutting process. To solve
this problem, titanium (Ti) coated diamonds have been used in the manufacture of
wire saws. Specifically, in [4], a vacuum slow evaporation technology was
developed to obtain diamond micropowder (8 wm) with uniform Ti coatings, firmly
bonded to the diamond through the interfacial product TiC. Linear scanning
voltammetry curves showed that the addition of Ti-coated diamond shifted the
overvoltage of the composite electroplating in the positive direction, therefore it
promoted the electrodeposition reaction more than diamond powder.
Electrochemical impedance spectroscopy showed that Ti-coated diamond reduced
the charge transfer resistance during composite electroplating. The Ti-coated
diamond micropowder was completely covered with a Ni electroplated layer, and
the TiC formed between the Ti-coating and diamond provided a stronger interfacial
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adhesion force compared to that of the Ni-coated diamond micropowder (Fig. 1).
The diamond ropes with titanium-coated diamond micropowder demonstrated
excellent resistance to diamond grain shedding.

Uncoated diamond wire saw

®
'Y ®

— —
Cathode, ! : : E , ’ : ,

) . Ti-coated
Ni2* 4
O i . Ni Diamond . diamond

Fig. 1. Mechanism of improved retention of diamond particles with the presence of a
titanium coating on them [4].

In the article [5], in order to effectively avoid thermal oxidation and thermal
destruction of diamonds when working in a high-temperature aerobic environment,
Mo-B-C coatings were developed and prepared to protect diamonds from oxidation.
These coatings were synthesized on the diamond surface using Mo.C-coated
diamonds, boron powder, and boric acid. A two-step synthesis method was used to
form coatings with different B contents on diamonds by controlling the reaction
temperature, and the oxidation kinetics and oxidation mechanism of coated
diamonds were investigated in the temperature range of 700-1200 °C. The
mechanism of diamond protection in this study was the predominant oxidative donor
behavior of Mo—B-C coatings to form a stable oxide layer on the diamond surface.
For low-B coatings, four stages of coating oxidation were observed sequentially with
increasing temperature, low-temperature MoQOs evaporation, stable B,O3 protection,
and rapid B,O3 evaporation. For high-B coatings, the predominant self-reducing
flow of B,O3 not only suppressed the evaporation of MoOs, but also provided a
reducing environment for MoOs to form MoO; and Mo,C with high melting point,
which led to the formation of a double synergistic protective oxide layer and
significantly improved the oxidation resistance of diamonds. Meanwhile, the oxide
layer protection maintained the compressive strength of diamonds in high-

6



ISSN 2078-7405 Cutting & Tools in Technological System, 2026, Edition 104

temperature oxidizing atmosphere, indicating its good applicability at high
temperatures. The compressive strength of individual diamond grains is an important
indicator of the quality of synthetic diamonds. The average compressive strength of
uncoated diamonds was 80 N. The compressive strength of coated diamonds was
significantly improved to 150 and 200 N. This means that the presence of the coating
compensates for the defects of synthetic diamonds by filling gaps, repairing or
encapsulating, which significantly seals cracks in diamonds and reduces the stress
concentration of diamond particles when they are subjected to force [5].

B.4C coatings were successfully synthesized on the surface of faceted diamond
crystals by the carbothermic reduction method using a system containing B-Os and
B [6]. The microstructure, chemical composition, and surface morphology of the
B4C coatings were studied. The growth mechanism of B«C was explained using a
new model [6], which accurately describes its formation on diamond surfaces and
agrees well with experimental data. Thus, B4C coatings are predominantly composed
of rod-shaped crystals, which show preferential deposition on the (110) diamond
surface compared to the (111) surface. Furthermore, the thickness of B4C coatings
increases with increasing temperature, reaching complete and uniform coverage of
both (100) and (111) diamond faces at 1200 °C. This face-dependent selectivity is
due to the different atomic arrangements and energetics of the diamond surface. The
(100) surface provides a more ordered structural matrix for B+C nucleation, a process
that is additionally susceptible to the lower energy of boron (B) doping defect
formation (AE = 4.49 eV) compared to the (111) surface. This thermodynamic
susceptibility promotes the oriented attachment and lateral fusion of B4C nuclei on
the (100) surface, thereby accelerating the formation of the initial layer. Kinetic
analysis shows that the growth of B4C on the diamond (100) surface obeys a
parabolic rate law with an activation energy of 124.7 kJ/mol in the temperature range
from 1000 to 1300 °C. The growth of the B4C coating is mainly determined by
temperature and is kinetically limited by the diffusion of boron atoms, which leads
to a gradual decrease in the deposition rate over a long processing time [6].

Diamond tools in the processing of ferrous metals have strong chemical wear,
which makes their practical application difficult. To improve the wear resistance of
diamond cutting tools in a strong covalent diamond-graphite structure obtained by
laser-induced solid-state diffusion, it is possible to obtain carbon nanosheets (CNS)
by electrochemically removing the graphite layer on the diamond matrix, which
offers a new way to improve the limitations in the application of diamond tools [7].
After 14,400 cycles of reciprocating sliding on a GCr15 ball under a normal load of
2-8 N, the friction was reduced by 45.9-65.6% with high durability. During this
process, the oxygen content is reduced by an order of magnitude, suggesting that
CNS can prevent oxidative behavior at the sliding interface. The relative wear rate
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of bare diamond was 4.1-15.4 times higher than that of CNS. This demonstrated
competitive inhibition of mechanochemical wear.

In the next stage, we will consider developments in coating diamond grains for
diamond composites for various purposes.

Thus, new composite materials using silicon nitride (SisN4) as a substrate and
diamond particles as a reinforcing phase were developed to improve both thermal
conductivity and mechanical properties [8]. Such diamond composites provided a
maximum thermal conductivity of 201.96 Wem, had high hardness (32.84 GPa) and
low coefficient of thermal expansion (3.07x10/K). The titanium coating on the
surface of the diamond particles promoted the formation of a titanium carbonitride
(TiCiN1) interface between the two components during sintering, creating a strong
bond for high thermal conductivity at the diamond-SisN4 interface. The titanium
carbonitride formed at the interface creates a chemical bond and inhibits the
graphitization of diamond (about 100 nm). In addition, a multilayer material design
was developed in which layers of SizNs-coated diamond and SisNa4/Ti were stacked
alternately to give the composites a directional thermal conductivity characteristic.
The multilayer designs gave the composites a directional heat transfer property, and
the anisotropy increased by 66.67% compared to the few-layer structure. The
thermal conductivity of the fabricated SisNs/diamond composites increased by
272.87% compared to the thermal conductivity of commercially available SizNg,
making them excellent as thermal control materials [8].

Metal matrix composites (MMCs) have received increasing attention, and
recently there has been growing interest in the additive manufacturing of complex-
shaped MMCs. However, quality control of the composite powder for MMCs
remains a challenge. In this study, diamond particles are first coated with thin layers
of titanium and nickel to ensure a tight interface with the nickel matrix. Wetting of
diamond and nickel is improved by applying thin layers of titanium and nickel to
diamond particles. The effect of ball milling parameters on the preparation of
diamond/N6 composite powder particles with Ni-Ti coating was analyzed, as well
as the effect of processing parameters during laser powder bed melting (LPBF) on
the densification and defectivity of the fabricated samples. The results show that at
the ball mill stage, it is possible to obtain high-flowing composite powder particles
for LPBF at a ball mill time of 4 hours, a speed of 250 rpm and a ball to powder ratio
of 2:1. Using the optimized composite powder, a set of diamond MMCs with Ni-
Ti/N6 coating is additionally fabricated at laser power of 150, 160 and 170 W and a
scanning speed of 250 mm/s, the MMCs samples have a relative density of more
than 99%. This study demonstrates the possibility of producing dense diamond/N6
and other similar MMCs with appropriate coating, ball milling parameters and LPBF

[9].
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Effective control of the diamond-metal interface is crucial for achieving
optimal performance in metal-matrix/diamond composites. Here, Ti coatings
prepared at different pressures were deposited on diamond particles by DC
magnetron sputtering. Dia-1.0 was clean and homogeneous, without obvious
defects, demonstrating optimal deposition quality and bond strength [10]. The results
showed that the microstructure of Ti-coatings depends on the deposition pressure.
All surfaces of the coatings had a granular morphology, and increasing the spraying
pressure contributed to the grinding of the coating grains. The titanium coating
obtained under a pressure of 1.0 Pa was thin and uniform, without obvious defects,
demonstrating optimal deposition quality and adhesion density (Fig. 2). In addition,
it was determined that the annealing temperature plays a key role in the reaction
between Ti-coating and diamond. The TiC phase in Ti-coated diamond particles
showed a gradual increase with increasing temperature, and the Ti-coated diamond
underwent a complete transformation into TiC-coated diamond at 1000 °C. The
experimental results and molecular dynamics simulations showed that the Ti-coating
reacted more vigorously with the diamond (100) facet than with the diamond (111)
facet at high temperature.

Uncoated diamond Ti-coated diamond

d

100 S
pm ®

Fig. 2. Uncoated and coated diamonds with TiS [10].

In [11], the authors considered another carbide for coating, vanadium.
Diamonds coated with vanadium carbide were produced by the molten salt method.
The results showed that, compared to uncoated diamonds, the static compressive
strength and oxidation resistance of coated diamonds increased by 42.27% and
158.82 °C, respectively. The vanadium carbide coatings were mainly composed of
V,C and VC. The thickness of the coatings increased with increasing temperature.
With increasing relative vanadium content in the raw material, the crystal structure
of the vanadium carbide coatings changed from microcrystalline to mesh, and
vanadium carbide coatings with microcrystalline structure showed better
performance.



ISSN 2078-7405 Cutting & Tools in Technological System, 2026, Edition 104

To improve the thermal properties of diamond/metal composites, a metal
carbide layer is required, which combines both the crystal structure and the heat
transfer of heterogeneous interfaces. In [12], experiments were conducted with
diamond/Cu-Cr composites to determine the effect of two important variables for
thermal diffusion: temperature (800-1025 °C) and holding time (5-60 min), on the
growth of chromium carbide interfaces and the resulting thermal conductivity, on
the microstructural evolution (Fig. 3) and the corresponding thermal properties of
diamond/Cu-0.8Cr composites. In the first stage, Cr dispersed in the Cu matrix
diffused from Cu to the diamond surface. Fine flake Cr carbide was formed based
on the Cr—C reaction. With increasing holding time or increasing temperature, the
flake Cr carbide coalesced into an island structure under surface diffusion, which led
to a surface energy difference between the {100} and {111} crystal faces of
diamond. When the diffusion of Cr atoms gained further mobility, the “island”
structure was finally transformed into a “porous” structure. However, due to the
competition between Cr carbides (CrsC;, Cr7Cs, Cr23Cs), cracks may occur between
the Cr carbide layer and the diamond surface. When sintering at 900-950 °C for 60
s, Cr carbides are mainly prone to growth and transformed from a “convex” to a
compacted structure. The main conclusion of the work [12] is that the optimal
sintering condition for the studied diamond/Cu-0.8Cr composites is a temperature of
950 °C for 60 min, at which the sample can reach the maximum relative density
(98.11%) and thermal conductivity (577 W/(m*K)).

Prolong holding time

Thermal crack  Bulge structure  Densification

Short holding time

Flake structure  Island structure  Porous structure

Fig. 3. Schematic diagram of the evolution of the interlayer structure on the surface of a
diamond grain with a change in the carbide layer [12].

In the study [13], chemical deposition was used to deposit nickel on the
diamond surface. The composite powder was prepared by ball milling, and then the
diamond-copper composites were fabricated by rapid hot pressing. The results
showed that at a diamond content of 30 vol. %, the composite achieved a thermal
conductivity of 467 W/(m+K) with significantly improved interfacial bonding. The
successful application of nickel coating by chemical deposition method provided
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good thermal characteristics of diamond-copper composite. Copper powder with
average particle size of 7 pm and nickel-coated diamond particles with average
particle size of 120 um were used as starting materials. These powders were
homogenized by ball mill for 2 hours at 180 rpm, after which the uniformly mixed
powder was loaded into a graphite mold. The consolidation process included cold
pressing the powder compact at 50 MPa for 30 minutes, transferring the compact to
a spark plasma sintering (SPS) furnace and vacuuming the chambers to 1.3x10™ Pa.
Subsequently, the pressure was applied at a rate of 10 MPa/min until 50 MPa was
reached, while simultaneously heating to 800 °C at a rate of 100 °C/min. The
temperature and pressure were maintained at 800 °C and 50 MPa for 10 minutes,
after which the heating was stopped and natural cooling was carried out to room
temperature. The corresponding surface condition of the nickel-coated diamond
grain is shown in Fig. 3. Fig. 3 (g) and (h) show diamond particles coated with nickel
by chemical deposition. The enlarged image of the nickel coating (h) confirms the
formation of a homogeneous, dense and non-porous nickel layer. Based on the
results obtained [13], it was found that an excessively long time of chemical nickel
plating leads to the formation of a very thick coating, while an insufficient coating
time can lead to excessive porosity at the interface between the coating and diamond.
Therefore, a coating time of 5 minutes was chosen as the optimal conditions for this
study.

Fig. 3. g: Diamond grain with nickel coating; h: Enlarged image of the surface in Fig. (g)
[13].

The above applies to the most common superhard material — diamond, but
developments are also underway for a second superhard material — cubic boron
nitride (cBN).

Thus, to improve the interfacial bonding between cBN and the SiAION matrix,
suppress the high-temperature phase transformation of c¢BN, and increase the
synthesis density of SIAION/cBN composites, the surface modification of cBN was
carried out by the sol-gel method in this study. Using tetraethyl orthosilicate (TEOS)
as a precursor and ammonia solution as a catalyst, a dense sintered SiO: coating was
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deposited on cBN particles. Experimental results show that the sol-gel method
successfully deposits a homogeneous, dense, and amorphous SiO: shell on ¢cBN
particles. The coating thickness shows precise controllability during the multi-cycle
coating process (=30 nm per cycle). For the SIAION/20 wt.% cBN (coated) ceramic
composite obtained using cBN particles after three coating cycles, the interfacial
bonding between the cBN particles and the SIAION matrix is significantly improved,
demonstrating appreciable chemical bonding. The fracture mode transforms from
intergranular to mixed transcrystalline-intergranular. Compared to the uncoated
counterpart, its mechanical properties are significantly improved: the bulk density
reaches 3.01 g/cm3, the Vickers hardness is 17.1 GPa, and the crack resistance
reaches 4.76 MPa-m!/2. This work demonstrates that the application of SiO- coating
by the sol-gel method is an effective strategy for optimizing the characteristics of
SiAION/cBN ceramic composites [14].

We have already seen above that various coatings are applied to diamonds to
protect them or improve their wettability, but diamond itself, in the form of films of
microcrystalline or nanocrystalline diamond, is applied to various materials to
improve their functional characteristics.

Thus, titanium alloys are widely used in the aerospace industry due to their
good comprehensive properties. However, as the scope of application expands,
higher requirements are placed on the corrosion resistance of titanium alloys. Due to
its natural chemical stability, diamond is a good corrosion-resistant material.
Diamond films with three different grain sizes were obtained on the surface of
titanium alloys by the method of chemical vapor deposition (HFCVD). The
efficiency of substrate protection by three types of films exceeds 90%. The corrosion
resistance of nanocrystalline diamond (NCD) films is clearly higher than that of
microcrystalline diamond (MCD) films. For NCD films, when the diamond grain
size decreases, a cluster structure of particle stacking is formed, which prevents the
ingress of aggressive substances to the substrate and additionally increases corrosion
resistance [15].

Diamond-coated carbide (WC-Co) milling cutters are widely used for
machining graphite or other difficult-to-machine materials. However, improvements
in substrate adhesion and cutter life are urgent. In [16], a new electrostatic self-
assembly method is demonstrated to solve this problem. The process involves
immersing a two-step chemical pre-treated cutter in a specially prepared solution
containing deionized water, nanodiamonds (NA) and trimethylammonium chloride.
Compared to conventional pre-treatment by scratching or etching, this approach
significantly increases the density and improves the uniformity of diamond grains
during the nucleation process. As a result of this new approach, it is possible to
achieve improvements in both the adhesion of the film to the substrate and the wear
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resistance of the coated tools. The electrostatic self-assembly process enhances
adhesion, which is reflected in the cooling phase. The electrostatic self-assembly
etching has the unique ability to prevent direct delamination of the diamond film
after growth at a substrate temperature of 920 °C. Cutters with intact MCD
(microcrystalline diamond) coating (deposited at 860 °C) pretreated with this new
pretreatment process show the longest service life [16].

Finally, let us pay attention to coatings that are applied to hard alloys and steels,
and researchers here mainly pay attention to coatings with the presence of titanium,
which, as we showed above, has shown its effectiveness in coatings on diamond.

In the study [17], a systematic analysis of the wear phenomenon of TiAIN-
coated tools during dry milling of Ti-6Al-4V alloy was carried out. Additionally, the
effect of tool wear on the morphology of the machined surface was studied. The
results showed that diffusion wear of the tool is defined as the diffusion of Co and
W elements outwards. Diffusion wear increases, with the diffusion of Co and W
elements being the main cause of diffusion wear of the tool. The diffusion of Ti
element is more sensitive to changes in temperature and pressure. During the tool
wear process, a synergistic effect between diffusion and adhesive wear was
observed. The combined effect of diffusion and oxidative wear weakened the
strength of the tool. The main types of defects on the machined surface were grooves,
pits, surface tears and sticking. In addition, as the tool wear increased, the chips
transformed from conical spiral to arc-shaped, and the degree of sawtoothness of the
chips increased [17].

Hard coatings are widely used in materials science as surface coatings to
protect mechanical parts subject to friction. For the coating to be functionally
successful, it must have high wear resistance. Experimental work was performed on
multilayer TiN/CrN coatings with different modulated periods, deposited on XC48
steel substrates with two different surface roughnesses, by the direct current
magnetron sputtering method. Their tribological characteristics were investigated
after dry sliding wear tests using a tribometer with a “ball on flat surface” contact
configuration. The wear mechanisms of TiN/CrN coatings are dominated by
oxidation of wear residues and counter-transfer of material. Both decreasing the
period thickness and increasing the substrate surface roughness significantly affect
the wear rate. Coatings on rougher substrates showed improved wear resistance.
However, changing the period thickness of the multilayer layer and increasing the
substrate roughness did not lead to a significant improvement in wear resistance [18].

In wind power and other industries, Al,O3/TiO; coatings are prepared and
ground on bearing rings to provide electrical erosion-resistant insulation for high-
voltage motors. The wet chemical mechanical grinding (WCMG) process of the
hard-brittle Al,O3/TiO; coating using a combination of a structured diamond
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abrasive pad and NaOH solution has significant advantages in suppressing crack
formation, reducing surface roughness, and improving surface integrity. It is
assumed that the mechanism of material removal can be converted from mechanical
brittle fracture to plastic removal caused by plastic deformation of the softened
surface of the workpiece as a result of the chemical reaction between the NaOH
solution and the Al,O3/TiO, composite. The surface roughness of the coating was
reduced from an initial Sa of 3.293 pm to a final Sa of 0.049 pm in the WCMG
process with a grain size of 3 um and pH of 12.01, which is mainly attributed to the
plastic removal of the chemically softened coating surface [19]. Fig. 4 illustrates the
principle of the WCMG process of the Al,O3/TiO, composite coating on the bearing

ring.
(@) Regulating Dresser Load force
wheel ring Q »Zﬁ
o ( Pote
" i «%'
SRR SR DA SR M ‘?L%-;;éi \ \*/\ s
NaOH Plate Grinding % |/ Workpiece Holder
solution pad : ring
(d) (e) Mechanical Chemical-mechanical
Coating Al O, TiO, Crack Brittle chip Chemical product
e_6o0_9©o

______

Structured pad Diamond grain Diamond grain Conversion Ductile chip
Fig. 4. Schematic diagram of the WCMG process on an Al203/TiOz coating of an insulated
bearing, showing (a) the setup, (b) the workpiece, (c) the abrasive pad, (d) the cross-section

of the grinding area, and (e) the chemical-mechanical removal of plastic material [19].

The end face of the workpiece is ground on a single-sided lapping and polishing
machine using a combination of a structured diamond abrasive disc and NaOH
solution. During the grinding process, as shown in Fig. 4(a), an abrasive pad is
mounted on the rotating bottom plate of the machine, one end face of the workpiece
is placed on the grinding pad, the geometric center of the circular workpiece is
limited by the combination of the holder ring, the dressing ring and the position
controller, and the workpiece rotates around its geometric center, while a loading
force is applied to the other end face of the workpiece, and the NaOH solution is
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pumped onto the surface of the grinding plate. In particular, there are two areas that
appear white and black on the surface of the workpiece coating, containing Al;O3
and TiO, components, respectively, as shown in Fig. 1(b); in addition, an array
structure of triangular pyramidal grooves is fabricated on the surface of the grinding
plate, as shown in Fig. 4(c). During the grinding process, the NaOH solution is filled
into the grooves of the grinding pad that contacts the surface of the workpiece
coating, so that a chemical reaction can be initiated between the NaOH solution and
the Al,O3/TiO, composite, resulting in two advantages as follows. The original hard
brittle material on the surface of the workpiece can become softer and can be easily
removed, contributing to the increase in the material removal rate. Many surface
defects, especially cracks in the Al,O3 component area, can be significantly
suppressed, explaining that the traditional mechanical removal, which causes brittle
fracture caused by micro-cutting of abrasive grains, can be transformed into a term
of plastic removal with elastoplastic deformation of softer chemical products under
the synergistic effect of mechanical removal and chemical reaction.

Conclusions

Thus, it is possible to draw the following conclusions from the above.

1. In a number of studies, diamond particles are first coated with thin layers of
titanium and nickel to ensure a tight interface with the nickel matrix. The wetting of
diamond and nickel is improved by applying thin layers of titanium and nickel to the
diamond particles.

2. The Ti-coated diamond micropowder was completely covered with a Ni
electroplated layer, and the TiC formed between the Ti-coating and diamond
provided a stronger interfacial adhesion force compared to that of the Ni-coated
diamond micropowder. The titanium coating obtained under a pressure of 1.0 Pa was
thin and uniform, without obvious defects, demonstrating optimal deposition quality
and adhesion density. In addition, it was determined that the annealing temperature
plays a key role in the reaction between Ti-coating and diamond. The TiC phase in
Ti-coated diamond particles showed a gradual increase with increasing temperature,
and the Ti-coated diamond underwent complete transformation into TiC-coated
diamond at 1000 °C. That is, the production of titanium carbide is important.

3. In addition to titanium carbide, other carbides have been used by researchers.
For example, B4C coatings have been successfully synthesized on the surface of
faceted diamond crystals by the carbothermic reduction method using a precursor
system containing B-Os and B. B4C coatings consist mainly of rod-shaped crystals,
which show preferential deposition on the (110) diamond surface compared to the
(111) surface. Furthermore, the thickness of the B4C coatings increases with
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increasing temperature, reaching complete and uniform coverage of both (100) and
(111) diamond faces at 1200 °C.

4. Vanadium carbide-coated diamonds were fabricated by the molten salt
method. The results showed that compared to uncoated diamonds, the static
compressive strength and oxidation resistance of coated diamonds were increased.
The vanadium carbide coatings were mainly composed of V,C and VC.

5. To improve the thermal properties of diamond/metal composites, a metal
carbide layer is needed that combines both the crystal structure and the heat transfer
of heterogeneous interfaces. Experiments have been conducted with diamond/Cu-—
Cr composites and the effectiveness of chromium carbides has been proven.

6. In addition to carbides, the effective action of oxides in diamond coatings
has also been proven. The mechanism of diamond protection in this study was the
predominant oxide donor behavior of Mo—B-C coatings to form a stable oxide layer
on the diamond surface. For coatings with low B content, four stages of coating
oxidation were observed sequentially with increasing temperature, low-temperature
evaporation of MoQjs, stable protection of B2Os3, and rapid evaporation of B,Os. For
high-B coatings, the predominant self-reducing flux of B,Os not only suppressed the
evaporation of MoOs, but also provided a reducing environment for MoOs to form
MoO; and Mo,C with high melting points, which led to the formation of a double
synergistic protective oxide layer and significantly enhanced the oxidation resistance
of diamonds.

7. Diamond films with three different grain sizes were obtained on the surface
of a titanium alloy by the method of chemical vapor deposition (HFCVD). The
efficiency of substrate protection by three types of films exceeds 90%. The corrosion
resistance of nanocrystalline diamond (NCD) films is clearly higher than that of
microcrystalline diamond (MCD) films. For NCD films, when the diamond grain
size decreases, a cluster structure of particle stacking is formed, which prevents the
ingress of aggressive substances to the substrate and additionally increases corrosion
resistance. At the same time, cutters with an intact MCD coating (deposited at
860°C) demonstrate the longest service life.

8. Finally, let us pay attention to coatings applied to hard alloys and steels, and
researchers here mainly pay attention to coatings with the presence of titanium,
which, as we have shown above, has shown its effectiveness in coatings on diamond,
namely TiAIN, TiN/CrN and Al;Os/TiOs..
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Banepitii JlaBpinenko, Kuie, Ykpaina, Bonogumup Conox, Kam’sHcbke, Ykpaina,
Ipenpar Hamuy, Benrpan, Cep6ist

AJIMA3U 3 TOKPUTTSAMMU TA AJIMA3HI ITIOKPUTTSI (OI'JIAA [
CYYACHHUX PO3POBOK)

AuoTauisi. [lokpumms 3epen aimasie € 8aicIUUM HaKmopom enauey Ha 3MiHy ix eracmusocmeii ma
niOBUWeHHs. YMPUMAHHA Y 38 A3YI0HOMY Po60Y020 wapy wiigysarsnozo Kpyey. Bpaxosyiouu, wo yei
HANPAMOK AKMUBHO PO36BUBAEMbCA, 6 OAHIll pOOOMI HAMU 3YNUHEHA Y8a2d came HA CYYACHUX
HanpayioeanHsx, sKi € y HAyKosux nyonikayisx 3a ocmanui 5 pokis. Brasicemo, wo mym nac naubinouie
yikaguau pospoodKu y HANPAMKY HAHECeHHsi NOKPUMIMIE HA AIMA3Hi 3epHa, K Ou 3acmoco8ysanucs y
abpasueHUX KOMRO3UMAX MA KOMROZUMAX OIS Pi3ANbHO20 [HCMPYMEHMY, KOMIO3UMAX aAmMaz-meman i3
niO8UUIeHOI0 MENTONPOBIOHICIMIO, a MAKOXHC O0COONUBOCMI HAHECEHHS. MA 3ACMOCYBAHHS ANMASHUX
nokpummie na iHcmpymenmanvhux mamepianax. CyuacHi 00CHiONCeH s C8i0Uamy npo epexmusHicmy
3aCMOCY8anHs 6 NOKPUMMAX HA AIMAZHUX 3ePHAX MOHKUX WADI6 MUmana i Hikenwo, wobu sabesnequmu
WinbHe NOECOHanHs inmepgeiicy 3 Hikereoo Mampuyeio. 3MoYyeanHs aamasd i HIKelo NOTNULYEMbCsl 3a
PAxXyHOK HameceHHs MOHKUX wiapie mumana i Hikemo na yacmunku ammasa. Kap6io mumany, wo
ymeopioembcs migie Ti-nokpummsan i armasom, 3abesneqye Oibi CUTLHY CULY MIACPAZHO20 3UenTeHHs
Y NOpIGHAHHI 3 CUNOIO AIMA3HO20 MIKpOnopowky 3 Ni-nokpummsam. [{is noninuieHHs meniosux
gnacmueocmeil KOMRO3UMIE armas/mMeman nompiben wap memaniyno2o kapoioy, AKull NOEOHYE SK
Kpucmaniuwy cmpykmypy, maxk i Menjioguil NnepeHic 2emepoceHHux inmepgeticie. YV cyuacrux
oocnidocennsix ¢ nokpummsx okpim TiC, 3eepmaemvcs yeaea i na inwi kap6iou: B«C, V2C ma VC, a
maxkooic na kapoiou xpomy. OKpemum HanpsAMKOM € OKCUONT NOKpUmms na armasax. Mexanizm saxucmy
anMazie 8 YboMy HANPSMKY YAGIAE CODOI0 Nepedadichy OKUCHY OOHOPHY N0BeJiHKY nokpummie Mo—B—C
015 hopMyBanHsA cmabinbHO20 OKCUOHO20 WIAPY HA NOBEPXHI AIMA3A. AIMA3HI NAI6KU 3 MPbOMA PISHUMU
posmipamu 3eper Oyau OmpumMani Ha NOSePXHi MUMAHOB020 CNIABY MEMOOOM XIMIYHO20 OCAONHCEHHS 3
napoeoi ¢pazu (HFCVD). Koposiiina cmiiikicms niieok HaHokpucmaniyno2o ammasza (NCD) seHo suwye,
amigxc y naigox mikpoxpucmaniynozo aimasa (MCD). Ane ¢ppesu 3 nenowrxoooicenum noxpummsamn MCD
0eMOHCmpYIomb HAUOLIbW 0082Ull MepMiH cyxcou. 36epHeHo y8azy Ha NOKpUMMmS, AKi HAHOCAMbCA Ha
meepoi cnaasu ma cmani, NPUHOMY NePeaxtcHo OOCTIOHUKU MYyM HAOAIOMb Y6azy came NOKPUMMAM 3
nasenicmio mumany, a came TiAIN, TiN/CrN ma Al,03/TiO,.

Ki11040Bi ci10Ba: anvasu 3 nOKpummsmu; NOKpumms Hikeiem, NOKpUmMms mumanom; Kapoio mumany,
Kapbio b6opy, kapbio eéanadilo; OKCUOHE NOKPUMMSA; NIIBKU 3 HAHOKPUCMANIYHO20 AIMA3Y; NII6KU 3
MIKPOKpUCMANIYHO20 AAMA3).
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Abstract. In many manufacturing environments, procurement managers must regularly compare
suppliers with significantly different performance profiles, which makes structured evaluation essential.
Grouping suppliers with similar performance characteristics can make procurement decisions more
transparent and easier to justify in practice. However, supplier performance is typically described by
multiple evaluation criteria measured on different scales, and these performance characteristics may
change over time. For this reason, analytical approaches are required that can handle both the
multidimensional nature of the data and the changes in supplier performance over time. In this paper, an
adaptive supplier segmentation approach is developed based on hierarchical clustering techniques.
Supplier performance is evaluated using multiple operational criteria, including quality rate, on-time
delivery, unit price, lead time, complaint frequency, and operational flexibility. After applying min—max
normalization and weighted performance evaluation, supplier similarities are calculated using Euclidean
distance, and hierarchical clustering methods are applied to identify homogeneous supplier groups.
Several linkage strategies are compared, and the clustering quality is assessed using internal validation
indices such as the Silhouette, Davies—Bouldin, Calinski-Harabasz, and Dunn indices. The empirical
analysis is conducted on a dataset containing 15 suppliers observed in two consecutive evaluation
periods. The results indicate that hierarchical clustering can reveal interpretable supplier groups with
clearly distinguishable performance profiles. A comparison of clustering structures across consecutive
periods also shows that supplier segmentation evolves as new performance data become available.
Keywords: adaptive supplier segmentation; hierarchical clustering; supplier evaluation; cluster
validation; supply chain management; multi-criteria decision analysis; performance-based clustering;
supplier performance analysis.

1. Introduction

In industrial practice, procurement managers often deal with dozens of
suppliers whose performance differs not only in cost but also in reliability and
flexibility. Some suppliers consistently deliver high-quality products and meet
delivery deadlines, while others may offer lower prices but struggle with reliability
or flexibility. In such environments, evaluating and managing the supplier base
becomes a complex task. In most real-world cases, procurement decisions rely on
multiple performance indicators rather than a single metric [1,2].

In practice, organizations often monitor supplier performance using indicators

© A. Banyai, 2026
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such as product quality, delivery reliability, procurement cost, lead time, or the
frequency of service-related issues. These indicators provide valuable information
about the operational capabilities of suppliers. However, when several suppliers are
evaluated simultaneously across multiple criteria, interpreting the results becomes
increasingly difficult. Even experienced managers may find it challenging to identify
patterns in the data or determine which suppliers exhibit similar performance
profiles.

Another important challenge is that supplier performance is not static [3]. Over
time, suppliers may improve their processes, introduce technological innovations, or
adjust their pricing strategies. Conversely, operational disruptions, capacity
constraints, or logistical challenges may temporarily reduce supplier performance.
As a result, the structure of the supplier base can change continuously. A supplier
that was previously considered reliable may gradually lose its competitive position,
while another supplier may become more attractive due to improvements in quality
or delivery performance. This dynamic nature of supplier performance suggests that
supplier evaluation should not be treated as a one-time classification problem but
rather as an ongoing analytical process.

Data-driven analytical methods can support this process by revealing patterns
in multidimensional performance data. Among these methods, clustering techniques
have gained increasing attention in supply chain analytics [4,5]. Clustering methods
group entities according to similarity, allowing analysts to identify homogeneous
groups within complex datasets. When applied to supplier performance data,
clustering techniques can reveal groups of suppliers with similar operational
characteristics, thereby supporting more structured procurement strategies.

Despite the growing use of data analytics in supply chain management, many
supplier evaluation approaches still focus on static analyses. In practice, however,
supplier performance data are updated periodically, and analytical tools should be
able to incorporate these changes. This highlights the importance of adaptive
analytical frameworks that allow supplier segmentation to evolve when new
performance information becomes available.

Motivated by these considerations, this study proposes an adaptive supplier
segmentation framework based on hierarchical clustering techniques. The proposed
approach evaluates suppliers using multiple operational performance criteria and
groups them according to their performance characteristics. In addition, the
framework allows the clustering structure to be updated when new data become
available, enabling the analysis of how supplier groups evolve over time.

The empirical analysis is conducted using a dataset containing fifteen suppliers
evaluated across six performance indicators. Several hierarchical clustering methods
are examined and compared using multiple cluster validation indices. By analysing
supplier clusters across two consecutive evaluation periods, the study demonstrates
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how adaptive clustering can capture structural changes in supplier performance and
provide valuable insights for procurement decision-making.

2. Problem description

Supplier evaluation and segmentation represent a critical task in modern supply
chain management. Organizations typically cooperate with multiple suppliers whose
performance may differ significantly in terms of quality, delivery reliability,
procurement cost, operational lead time, and service flexibility. Effective supplier
management therefore requires analytical tools capable of identifying homogeneous
groups of suppliers based on their operational characteristics.

In many practical situations, supplier performance is evaluated using several
criteria measured on different scales. These criteria may include both benefit-type
indicators, where higher values indicate better performance (e.g., quality rate or
delivery reliability), and cost-type indicators, where lower values are preferable
(e.g., procurement cost or lead time). Because of this multidimensional structure, it
is often difficult for procurement managers to directly identify patterns in supplier
performance.

Another important challenge arises from the dynamic nature of supplier
performance. Operational conditions, production efficiency, logistics processes, and
service quality may change over time. As a result, supplier performance data must
be periodically re-evaluated, which may lead to changes in the segmentation
structure of the supplier base.

The objective of the present study is therefore to develop a data-driven
framework capable of grouping suppliers according to their performance
characteristics while also allowing the segmentation structure to adapt when updated
performance data become available. The proposed approach applies hierarchical
clustering techniques combined with multiple cluster validation measures in order
to identify meaningful supplier groups and evaluate the stability of the segmentation
over time.

Figure 1 illustrates the conceptual structure of the proposed supplier
segmentation problem. Supplier performance data are collected for multiple
evaluation criteria, normalized to ensure comparability, and then processed using
hierarchical clustering. The resulting clusters represent groups of suppliers with
similar performance characteristics. When new performance data become available
in a subsequent evaluation period, the clustering process is repeated, enabling the
identification of structural changes in supplier segmentation.

3. Mathematical Model of Adaptive Supplier Segmentation

The proposed adaptive supplier segmentation model is based on hierarchical
clustering techniques applied to supplier performance indicators. The objective of
the model is to identify homogeneous groups of suppliers according to their
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operational performance while allowing the segmentation structure to be updated
dynamically as new data become available.

Supplier Performance Data

Quality Delivery Price

Lead Time Complaints Flexibility

Data Normalization

Hierarchical Clustering

Supplier Clusters

Updated Performance Data

Adaptive Re-Clustering

Updated Supplier Segmentation

>
Adaptive Update

Figure 1 — Conceptual framework of adaptive supplier segmentation with feedback loop
[own elaboration].

Let S = {sy,s3, ..., S, } denote the set of suppliers where n represents the total
number of suppliers considered in the evaluation process.

Supplier performance is described using a set of evaluation criteria K =
{ki, k3, ..., k;n}, wWhere m denotes the number of performance indicators. These
criteria typically represent key operational indicators such as quality level, delivery
reliability, procurement cost, complaint rate or lead time.

The performance of suppliers with respect to the defined criteria can be
represented in the form of a decision matrix X = [xl-j], where x;; denotes the
performance value of supplier s; with respect to criterion k;. The matrix can
therefore be written as

X11 X1z v X1m
X X e Xom
x= |2 Xz Tamf
Xn1 Xn2 .. Xnm

Because the criteria are measured on different scales, normalization is required
before further analysis. The normalized performance value is calculated using min—
max normalization
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x;j — min (x;)

Z.. — y
N max(xj) —min (x;)
where z;; represents the normalized value of criterion j for supplier i. The
normalized matrix can be expressed as Z = [z;;].

In order to incorporate the relative importance of evaluation criteria, a weight
vector W = {wy, w,, ..., w,,, } is defined where

m
j=1

For cost criteria higher normalized values represent higher cost levels. The
weighted normalized matrix can therefore be calculated as v;; = w; - z;;.

The similarity between suppliers is determined by calculating the distance
between supplier vectors in the multidimensional performance space. In this study
the Euclidean distance is applied

where d;;, denotes the distance between suppliers s; and s;,. The resulting
distance matrix is defined as D = [d;;].

Based on the distance matrix, hierarchical clustering is performed in order to
identify homogeneous supplier groups. In hierarchical clustering the algorithm starts
with n individual clusters and iteratively merges the closest clusters until a
hierarchical structure is formed.

Let C = {c;, ¢y, ..., Cx } denote the set of clusters obtained during the clustering
process. Different linkage strategies can be applied to determine the distance
between clusters.

In the case of single linkage, the distance between two clusters is defined as the
minimum pairwise distance between their elements

d(C,,C,) = min d;

iecqjecy I’

For complete linkage, the distance is determined by the farthest pair of
elements

d(Cy, Cp) = max dy.

IECq,JECYH

The average linkage method calculates the mean distance between all elements
of the two clusters
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1
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Finally, the Ward method merges clusters based on the minimum increase of
within-cluster variance [6]. The merging criterion is defined as

na'nb

A(Cy, Cp) =
(a b) na+nb

Nug = wpll?,

where n, and n, denote the sizes of clusters C, and C,, while u, and p,
represent their centroids.

The hierarchical clustering process results in a dendrogram that represents the
nested grouping of suppliers.

Since different clustering strategies may produce different segmentation
results, cluster validation techniques are required in order to evaluate the quality of
the clustering structure.

One of the most widely used validation measures is the Silhouette index, which
evaluates how well each supplier fits within its assigned cluster. For each supplier i,
the average intra-cluster distance is defined as

The distance to the nearest neighbouring cluster is

1
b; =minleT Z dij |-

JECK
The silhouette value is therefore
_ bi—q
"~ max (a;, b;)’

The overall clustering quality is obtained by averaging over all suppliers

n
1
S=—'ZSl~.
n .
i=1

Another important validation measure is the Davies—Bouldin index [7], which
evaluates the ratio between intra-cluster dispersion and inter-cluster separation
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k
1 0; + 0']

DB =—- ) max|——=|,
k J# d(.ui'ﬂj)

i=1
where g; denotes the dispersion of cluster i.
The Calinski—Harabasz index [8] measures the ratio between between-cluster
and within-cluster variance
_Tr(By) n—k
TTr(wy) k-1
where B, and W, represent the between-cluster and within-cluster dispersion

matrices.
The Dunn index [9] evaluates cluster compactness and separation

h max diam(Cy)

where d(C;, C;) is the distance between clusters and diam(Cy) is the diameter

of cluster k.

In the proposed adaptive framework supplier performance data may change
over time. Let X(® represent the decision matrix observed in period ¢. The clustering
structure is therefore defined as

c® = HC(X(t)),

where HC denotes the hierarchical clustering operator.
The stability of supplier segmentation across consecutive periods can be
evaluated using the Jaccard similarity index [10,11]
|C(t) N C(t+1)|
T lcO U CcED|
Higher values of J indicate greater stability of supplier segmentation over time.
The proposed mathematical framework therefore enables adaptive supplier

segmentation by combining hierarchical clustering with multiple cluster validation
metrics and temporal stability analysis.

4. Numerical Results
4.1. Description of the Dataset

The empirical analysis was conducted using a dataset containing 15 suppliers
evaluated according to six performance criteria. Each supplier represents one row of
the decision matrix, while each column corresponds to an evaluation criterion. The
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suppliers are identified as S;,S,,..,S;5. The selected criteria represent key
operational and economic aspects of supplier performance, including product
quality, delivery reliability, procurement cost, operational lead time, service
reliability, and operational flexibility. Since these criteria are expressed in different
measurement units and value ranges, normalization is required before applying the
clustering procedure.

The criteria used in the evaluation process are summarized in Table 1.

Table 1 — Supplier evaluation criteria [own elaboration]

Criterion Type Measurement unit Weight
Quality Rate Benefit % 0.25
On-Time Delivery Benefit % 0.20
Unit Price Cost numeric value 0.20
Lead Time Cost days 0.15
Complaints Cost number of cases 0.10
Flexibility Benefit rating (1-10) 0.10

Quality Rate, On-Time Delivery and Flexibility are treated as benefit criteria,
where higher values indicate better supplier performance. In contrast, Unit Price,
Lead Time and Complaints are considered cost criteria, where lower values are
preferred. The weights assigned to the criteria reflect their relative importance in
supplier evaluation and sum to one.

The supplier performance data used in the analysis are presented in Tables 2
and 3. Table 2 shows the evaluation values in period t, while Table 3 contains the
updated performance values in period t + 1. The second dataset represents changes
in supplier performance over time and enables the demonstration of the adaptive
behaviour of the proposed clustering model.

Table 2 — Supplier performance data in period ¢ [own elaboration]

Supplier |Quality (?erl‘i'\t/gp; ;’rr;fe ]';Ifrf‘ed Complaints | Flexibility
S % o5 | 110 | 8 1 9
52 92 o1 | 104 | 10 2 8
s3 83 87 | 9 | 13 3 7
s4 84 82 | 9 | 14 4 6
S5 79 80 | 92 | 16 5 5
s6 98 o7 | 18 | 7 1 9
57 90 89 | 102 | 11 2 7
s8 76 78 | 80 | 18 6 5
s9 81 83 | 95 | 15 4 6
510 %4 92 | 108 | 9 2 8
si1 87 86 | 101 | 12 3 7
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S12 73 75 88 19 7 4
S13 85 84 97 14 4 6
S14 91 90 103 10 2 8
S15 78 79 91 17 5 5
Table 3 — Supplier performance data in period ¢t 4+ 1 [own elaboration]
Supplier |Quality (?erlli\tleT; ;f:::te l_iri?ed Complaints | Flexibility
S1 97 96 111 8 1 9
S2 90 89 105 11 3 7
S3 89 88 100 12 3 7
S4 82 80 95 15 5 6
S5 77 78 91 17 6 5
S6 99 98 119 7 1 10
S7 91 90 101 10 2 8
S8 74 76 87 19 7 4
S9 83 84 94 14 4 6
S10 95 93 107 9 2 8
S11 86 85 100 13 4 7
S12 71 73 86 20 8 4
S13 84 83 96 15 5 6
S14 92 91 104 10 2 8
S15 80 81 92 16 5 5

The presence of two consecutive datasets allows the evaluation of how supplier
clusters evolve when new performance information becomes available, thereby
supporting the adaptive nature of the proposed supplier segmentation framework.

4.2. Hierarchical Clustering Results

Hierarchical clustering was applied to identify groups of suppliers with similar
performance characteristics. Four linkage methods were tested in the analysis,
namely single, complete, average, and Ward linkage. The number of clusters was
fixed at k = 3, which provided an interpretable segmentation of the supplier base.

To determine the most appropriate clustering method, several internal
validation indices were calculated, including the Silhouette index, Davies—Bouldin
index, Calinski—-Harabasz index, and the Dunn index. The results for period t are
summarized in Table 4.
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Table 4 — Validation indices for different linka

e methods [own elaboration]

Method Silhouette | Davies-Bouldin | Calinski-Harabasz | Dunn
Single 0.483 0.448 23.77 0.285
Complete 0.435 0.547 29.77 0.221
Average 0.435 0.547 29.77 0.221
Ward 0.462 0.562 30.93 0.203

The single linkage method achieved the highest Silhouette value (0.483) and
the lowest Davies—Bouldin index (0.448), indicating the best balance between
cluster cohesion and separation. The Dunn index also reached its highest value
(0.285) for the single linkage solution. Although the Ward method produced the
largest Calinski—Harabasz value (30.93), its Davies—Bouldin index was higher,
indicating slightly weaker cluster separation. Based on the combined evaluation of
the indices, the single linkage method was selected as the primary clustering
approach.

The dendrograms obtained using the four linkage methods are shown in Figure
2. The graphical representation illustrates how suppliers are gradually merged during
the hierarchical clustering process. Despite differences in merging distances and
cluster compactness, the examined linkage methods consistently suggest the
presence of three main supplier groups.

Dendrogram - Single
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Figure 2 — The dendrograms obtained using the four linkage methods [own
elaboration].

In the single linkage dendrogram, several suppliers form compact subclusters
at low linkage distances. For example, suppliers S7 and S14 merge at very low
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distances, indicating highly similar performance profiles. Similarly, suppliers S4 and
S9, and S9 and S13, form closely connected subgroups within the second cluster. In
contrast, supplier S6 joins the clustering structure only at a much higher linkage
distance, indicating a significantly different performance profile compared to the rest
of the supplier base.

Using the selected clustering configuration, suppliers were grouped into three
clusters in period t. The resulting cluster composition was as follows: Cluster 1: S1,
S2, S3, S7, S10, S11, S14; Cluster 2: S4, S5, S8, S9, S12, S13, S15; Cluster 3: S6.

Clusters 1 and 2 each contain seven suppliers, while Cluster 3 consists of a
single supplier. The presence of a single-member cluster indicates that supplier S6
represents a distinct performance profile that differs substantially from the other
suppliers.

The cluster mean profiles provide further insight into the differences between
supplier groups. In period t, the normalized cluster averages show clear performance
differences. Cluster 1 exhibits relatively high values for key benefit criteria,
including Quality Rate (0.73), On-Time Delivery (0.68), and Flexibility (0.74).
These values suggest that suppliers in this group demonstrate generally strong
operational performance.

In contrast, Cluster 2 shows significantly lower performance levels in the
benefit criteria, with average normalized values of 0.26 for Quality Rate and 0.23
for On-Time Delivery. At the same time, the normalized value of Unit Price reaches
0.85, indicating higher cost levels compared to the suppliers in Cluster 1.
Consequently, Cluster 2 represents a group of suppliers with weaker overall
performance.

Cluster 3, consisting solely of supplier S6, demonstrates extreme values across
several criteria. The normalized performance values reach 1.0 for Quality Rate, On-
Time Delivery, Lead Time, Complaints, and Flexibility, while the normalized Unit
Price value equals 0, indicating the highest price level in the dataset. These results
indicate that supplier S6 represents a supplier with excellent operational
performance but relatively high procurement cost.

The clustering structure changed in the second evaluation period (t + 1),
reflecting changes in supplier performance values. In this period, the clusters were
formed as follows: Cluster 1: S8, S12; Cluster 2: S1, S2, S3, S4, S5, S7, S9, S10,
S11, S13, S14, S15; Cluster 3: S6.

Compared with period t, the cluster structure became more concentrated.
Cluster 2 expanded to 12 suppliers, while Cluster 1 decreased to two suppliers.
Supplier S6 remained isolated in Cluster 3 in both periods, confirming the stability
of its distinct performance profile.

A comparison of cluster memberships across the two periods reveals that 9 out
of 15 suppliers changed their cluster assignment, indicating substantial changes in
supplier performance patterns. In particular, several suppliers originally belonging
to Cluster 1 moved to Cluster 2 in the second period. Meanwhile, suppliers S8 and

29



ISSN 2078-7405 Cutting & Tools in Technological System, 2026, Edition 104

S12 formed a separate cluster, indicating that their performance profiles became
more distinct from the rest of the supplier base.

The clustering results reveal clearly distinguishable supplier groups that differ
in both performance and cost structure.

4.3 Cluster Validation

To evaluate the quality of the clustering solutions obtained using different
linkage methods, several internal validation indices were calculated. The analysis
included four widely used cluster validity measures: the Silhouette index, the
Davies—Bouldin index, the Calinski—Harabasz index, and the Dunn index. Each of
these indices captures a different aspect of clustering quality, including cluster
cohesion, cluster separation, and overall cluster structure.

The comparison of the validation indices for the examined hierarchical
clustering methods in period tis illustrated in Figure 3.
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Figure 3 — Comparlson of clustermg validation |nd|ces for dlfferent Imkage methods
in period t [own elaboration].

The Silhouette index measures how well each observation fits within its
assigned cluster compared with neighboring clusters. Higher values indicate better-
defined clusters. As shown in Figure 3, the single linkage method achieved the
highest Silhouette value (0.483) among the examined methods, suggesting the
strongest overall cluster cohesion and separation. The Ward method produced a
slightly lower value (0.462), while the complete and average linkage methods
resulted in similar values of approximately 0.435.

The Davies—Bouldin index evaluates the average similarity between clusters,
where lower values indicate better clustering performance. According to the results,
the single linkage method again achieved the most favorable value (0.448),
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indicating the best separation between supplier groups. The other methods produced
noticeably higher values, ranging between 0.547 and 0.562, which suggests weaker
cluster separation compared with the single linkage solution.

The Calinski—Harabasz index measures the ratio of between-cluster dispersion
to within-cluster dispersion. In this case, the Ward linkage method achieved the
highest value (30.93), followed by the complete and average linkage methods
(approximately 29.77). The single linkage method produced a lower value (23.77),
which can be explained by the presence of a small cluster consisting of a single
supplier. Such cluster structures often reduce the between-cluster variance measured
by this index.

Finally, the Dunn index, which evaluates the ratio between the minimum inter-
cluster distance and the maximum intra-cluster diameter, also supports the
effectiveness of the single linkage solution. The highest Dunn value (0.285) was
obtained using the single linkage method, indicating stronger cluster separation
compared with the other methods. The remaining methods produced lower values,
ranging between 0.203 and 0.221.

Considering all four validation indices together, most validation indices favour
the single linkage method for the examined supplier dataset. Although the Ward
method performs well according to the Calinski—Harabasz index, the single linkage
method consistently achieves better results in terms of Silhouette, Davies—Bouldin,
and Dunn indices. Therefore, the single linkage method was selected as the most
appropriate clustering approach for the subsequent supplier segmentation analysis.

4.4 Cluster Profile Analysis

The characteristics of the identified supplier clusters can be further examined
through the analysis of cluster mean profiles. Figure 4 illustrates the average
normalized performance values of the three clusters obtained using the single linkage
method in period t.

The cluster profiles reveal substantial differences among the supplier groups
across the six evaluation criteria: Quality Rate, On-Time Delivery, Unit Price, Lead
Time, Complaints, and Flexibility.

Cluster 1 represents a group of suppliers with relatively strong overall
performance. The average normalized value of Quality Rate reaches approximately
0.73, while On-Time Delivery equals 0.68, indicating a high level of product quality
and delivery reliability. Similarly, the normalized values of Lead Time (0.71) and
Flexibility (0.74) suggest that these suppliers are able to maintain efficient
operational processes.
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Figure 4 — Cluster profiles based on normalized supplier performance criteria [own
elaboration].

The value of Unit Price (0.47) is moderate compared with the other clusters,
indicating balanced cost performance. Additionally, the normalized value for
Complaints reaches approximately 0.81, which indicates a relatively higher
complaint frequency compared with the suppliers in Cluster 1.

Cluster 1 can be interpreted as a group of high-performing and reliable
suppliers, representing the core supplier base with stable operational performance.

Cluster 2 shows considerably weaker performance across most evaluation
criteria. The normalized value of Quality Rate decreases to approximately 0.26,
while On-Time Delivery reaches only 0.23, indicating significantly lower reliability
compared with Cluster 1. Similarly, the values for Flexibility (0.26) and Lead Time
(0.24) suggest less efficient operational performance.

At the same time, the normalized Unit Price value reaches 0.85, indicating that
suppliers in this cluster tend to have higher procurement costs. This combination of
lower operational performance and higher cost values suggests that the suppliers in
Cluster 2 represent a less competitive supplier group.

The cluster therefore can be interpreted as a group of average or potentially
underperforming suppliers, which may require performance improvement initiatives
or closer monitoring by procurement managers.

Cluster 3 contains a single supplier (S6) whose performance profile differs
significantly from the rest of the supplier base. The normalized values reach 1.0 for
Quality Rate, On-Time Delivery, Lead Time, Complaints, and Flexibility, indicating
the best observed performance for these criteria in the dataset. At the same time the
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normalized value of Unit Price equals 0, indicating the highest price level among the
examined suppliers.

Such extreme values indicate that supplier S6 exhibits a distinct performance
profile compared with the other suppliers. Consequently, Cluster 3 represents a
supplier with a unique performance structure characterized by excellent operational
indicators but relatively high procurement cost.

The comparison of the cluster profiles highlights clear structural differences
between the supplier groups. Cluster 1 demonstrates strong operational performance
with balanced cost levels, Cluster 2 exhibits lower quality and delivery performance
combined with relatively higher costs, while Cluster 3 represents a distinct supplier
with outstanding operational performance but unfavourable procurement cost.

These findings suggest that the clustering approach provides a useful, although
not exhaustive, representation of supplier performance patterns. Such segmentation
can provide valuable support for procurement decision-making, enabling managers
to distinguish between strategic suppliers, standard suppliers, and exceptional high-
performing suppliers within the supplier base.

4.5 Adaptive Supplier Segmentation

One of the key objectives of the proposed model is to demonstrate the adaptive
nature of supplier segmentation, meaning that supplier groups can change when new
performance data become available. To analyze these changes, the clustering results
obtained in periods tand t + 1were compared.

Table 5 summarizes the cluster memberships of suppliers in both periods. The
results reveal that several suppliers changed their cluster assignment when the
updated performance data were introduced.

Table 5 — Cluster memberships [own elaboration]

1234567891011 ]12]13]14]15
C'“ts‘“'“r111223122112212
Cluster
w122 2228 ]2|1]2]2]2|1]|2|2]|2

A detailed examination of the results shows that 9 out of the 15 suppliers
changed their cluster membership between the two evaluation periods. Specifically,
suppliers S1, S2, S3, S7, S10, S11, and S14 moved from Cluster 1 to Cluster 2, while
suppliers S8 and S12 moved from Cluster 2 to Cluster 1. These changes indicate that
supplier performance patterns evolved between the two evaluation periods, leading
to a different clustering structure.

In contrast, several suppliers remained stable in their cluster assignments.
Suppliers S4, S5, S9, S13, and S15 remained in Cluster 2, while supplier S6
remained in Cluster 3 in both periods. The stability of supplier S6 confirms the
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earlier observation that this supplier represents a distinct performance profile that
differs significantly from the rest of the supplier base.

The cluster size distribution also changed considerably between the two
periods. In period t, the clustering structure was relatively balanced, with Cluster 1
and Cluster 2 each containing 7 suppliers, while Cluster 3 contained a single
supplier. However, in period t + 1the cluster structure became more concentrated.
Cluster 2 expanded to 12 suppliers, while Cluster 1 decreased to only 2 suppliers,
consisting of suppliers S8 and S12. Cluster 3 remained unchanged with a single
supplier (S6).

These results indicate that the relative performance of suppliers changed over
time. Several suppliers that previously belonged to the higher-performing cluster
moved to a larger cluster representing average performance levels, suggesting a
relative deterioration in their competitive position. Conversely, the formation of a
small cluster containing suppliers S8 and S12 suggests that these suppliers became
more distinct in terms of their performance characteristics.

The results confirm that the proposed clustering framework is capable of
capturing dynamic changes in supplier performance. The adaptive clustering
mechanism allows procurement managers to continuously reassess supplier groups
as new performance information becomes available. Such dynamic segmentation
provides valuable decision support in supplier relationship management, enabling
organizations to identify stable strategic suppliers, suppliers with declining
performance, and suppliers whose performance is evolving over time.

5. Discussion

The results demonstrate that hierarchical clustering can effectively support
supplier segmentation based on multiple performance indicators. The applied
methodology successfully identified meaningful groups of suppliers with clearly
different operational characteristics. In particular, the clustering results revealed
three distinct supplier categories, reflecting differences in quality performance,
delivery reliability, procurement cost, and operational flexibility.

The comparison of clustering methods indicated that the single linkage
approach provided the most suitable solution for the examined dataset. This result
was supported by several internal validation indices, including the Silhouette,
Davies—Bouldin, and Dunn indices, which collectively indicated better cluster
cohesion and separation compared with the other linkage methods. Although the
Ward method achieved the highest Calinski—Harabasz value, the overall evaluation
of the indices favoured the single linkage solution.

The analysis of cluster profiles further highlighted the practical relevance of
the segmentation results. Cluster 1 represents suppliers with relatively strong
operational performance and balanced cost levels, while Cluster 2 contains suppliers
with lower reliability and higher procurement costs. Cluster 3 consists of a supplier
with a distinct performance profile characterized by excellent operational indicators
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but relatively high procurement cost. These findings demonstrate that clustering can
reveal complex performance patterns that may not be immediately visible in the raw
data.

An important contribution of the proposed framework is its adaptive nature.
The comparison of clustering results between periods ¢t and t + 1 showed that
supplier groups may change as new performance information becomes available. In
the presented case, nine out of fifteen suppliers changed their cluster membership,
indicating that supplier performance is dynamic and requires continuous monitoring.
Such adaptive segmentation enables procurement managers to periodically reassess
supplier relationships and identify changes in supplier competitiveness. One
limitation of the analysis is the relatively small sample size, which may influence
the stability of the clustering results. From a managerial perspective, the identified
clusters may support differentiated supplier management strategies, such as
performance monitoring or contract renegotiation.

The results confirm that hierarchical clustering combined with performance-
based evaluation criteria can provide a useful analytical tool for supplier
segmentation and decision support in supply chain management. Future research
may apply stability indices such as the Jaccard coefficient to further examine the
temporal stability of supplier clusters.
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Arota banpsi, Mimkosell, YropuuHa

CETMEHTANLIA IOCTAYAJIBHUKIB HA OCHOBI JAHUX ITPO
HNPOAYKTUBHICTD 3A TOIIOMOTI' OO IEPAPXIYHOI
KJIACTEPHU3ALII

AHoTanis. ¥ 6acambox mawunoOyoigHux GUpOOHUYUX CEPeO0BUax MeHeddcepu 3 3aKYNieeb NOGUHHI
pecyNApHO NOPIGHIOBAMU NOCMAYANLHUKIG i3 CYMMEBO PIZHUMU NPODINAMU epekmugHoCi, wo podums
CmpyKmyposamy oyinky neobxionoi. 06'conanus nocmaianbHuKie iz noOiOHUMU XapaKmMepucmuKkamu
APOOYKMUGHOCMI MOdice 3po6umu piuleHHsi wooo 3aKyniéenb Oilbui Npo3opumu ma Aeuumu Ons
obrpynmyeanna na npakmuyi. OOHax epexmusHicmv NOCMAYATLHUKA 3A36UYALl ONUCYEMbCS KITbKOMA
Kpumepisimu OYiHKU, GUMIPAHUMU HA PIZHUX WKANAX, I YI XapaKmepucmuKu MoiCyms 3MIiHIO8AMUCA 3
yacom. 3 yici npuyunu nompioni ananimuyni nioxXoou, 30amHi OnpPaybo8yeamu siKk 6a2amosuUMipHULL
xapakmep OaHux, max i 3MiHu nPOOYKMUSHOCMI NOCMAYAIbHUKIG 3 Yacom. Y yitl cmammi po3pooieHo
aoanmueHuil nioxio cezmeHmayii NOCMAYAIbHUKIE HA OCHOGI IEPAPXIYHUX Memodie Kiacmepuzayii.
Egexmusnicmv nocmauanivhuka oyiHIOEMbCs 34 KiIbKOMA ONEPAYIUHUMY KPUMEPIAMU, GKIIOYHO 3
pieHem AKOCMI, CBOE€YACHOI0 0OCMABKOI0, YIHOIO 3 OOUHUYEI0, MEPMIHOM 6UKOHAHHS, YACHOMOIO CKAP2
ma onepayitinoro enyukicmio. Ilicis 3acmocy8anHs MIHIMATbHO-MAKCUMANbHOI HOpManizayii ma
36adKCeHOI OYIHKU NPOOYKMUBHOCMI NOOIOHOCME NOCMAYANIbHUKIE PO3DAXOGYIOMbCsL 3d OONOMO20I0
eBK1i00601 siocmani, a 0as i0ewmudghikayii OOHOPIOHUX 2PYN NOCMAYANLHUKIE 3ACHIOCO8YIOMbCS
iepapxiuni memoou kiacmepusayii. ITopisHioomuscs Kiibka cmpameziii 36'a3Ky, a SKiCmb Kiacmepuzayii
OYIHIOEMbCSL 30 OONOMO2010 BHYMPIWHIX éanioayiinux indexcie, maxux sk indexcu Silhouette, Davies—
Bouldin, Calinski-Harabasz ma Dunn. Exnipuunuii ananiz npogooumscs na Habopi 0aHux, ujo Micmume
15 nocmavanoHuKie, SKi CROCMeEPI2anucy y 080X NOCIIO0BHUX Nepiodax oyinku. Pesyriomamu ceiouame,
wo iepapxiuna Kiacmepusayisi Mooice GUABUMU IHMePnpemosani cpynu noCMayaibHuKie i3 4imko
PpospisHAOuUMU  npopinamu  edexmusnocmi. I[lopiHsAHHA cmpyKmyp Kiacmepu3ayii npomscom
NOCHIO0BHUX NEPIOOI8 MAKOIC NOKAZVE, WO CE2MEHMAYIs NOCMAYAbHUKIE 3MIHIOEMbCSL 3 NOSIBOI0 HOBUX
O0aHUX PO NPOOYKMUBHICMb.

KuwuoBi ciioBa: adanmueHa ce2menmayisi NOCMAYaIbHUKIS, IEPAPXIYHA KIACMEPU3AYis, OYiHKA
NOCMAYATbHUKIG, 6ANI0AYis KIACMEPi6; YNPAGIIHHA JAHY2OM NOCMAYAHHS, AHANI3 pileHb 3a
MYT6MUKpUmepIisami; — KIACMepu3ayisi  HaA — OCHOGBI  eeKmueHOCmi;  ananiz — egexmueHocmi
NnoCMayanbHUKIe.
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Abstract. In recent years, additive manufacturing technologies have increasingly appeared in industrial
spare parts logistics systems. Instead of maintaining large inventories of finished components, companies
can increasingly rely on digital inventories and produce spare parts on demand using 3D printing. This
shift creates new decision-making challenges related to the management of raw printing materials and
the planning of production under uncertain demand. This paper proposes a two-echelon newsvendor
model for inventory planning in additive manufacturing-based spare parts supply systems. In the
proposed framework, the first decision stage determines the quantity of raw printing material to be
stocked before demand realization, while the second stage determines the number of spare parts produced
in response to stochastic customer demand. The model captures the trade-offs between material
procurement cost, inventory holding cost, and shortage penalties. The mathematical formulation is
developed as a two-stage stochastic optimization problem. Numerical experiments are conducted to
analyze the relationship between raw material inventory levels and expected system cost. The results
show that the cost function exhibits a well-defined minimum and that the optimal material inventory level
strongly depends on shortage cost parameters. Sensitivity analysis further demonstrates how shortage
penalties influence optimal inventory decisions. The findings highlight the strategic role of raw material
inventory in additive manufacturing supply systems and provide practical insights for companies
adopting 3D printing technologies in spare parts logistics.

Keywords: additive manufacturing; spare parts logistics; two-echelon newsvendor model; inventory
planning; stochastic demand; supply chain optimization.

1. Introduction

Efficient spare parts management is a critical component of modern industrial
logistics. Industries such as aerospace, automotive manufacturing, and heavy
machinery rely heavily on the availability of spare parts to maintain system
reliability and minimize downtime. However, spare parts demand is often highly
uncertain and intermittent, which makes traditional inventory management
approaches costly and inefficient. Maintaining large inventories to ensure
availability can lead to high holding costs, while insufficient stock may result in
service delays or production disruptions.

For several decades, the Institute of Logistics at the University of Miskolc has

© T. Banyai, 2026
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been actively engaged in the analysis and design of logistics systems [1-4]. This
research direction has played an important role not only in education but also in
industrial research and development activities. One of the strategic objectives of this
research field is to continuously explore new application areas where modern
optimization methods can support practical logistics decision-making. In this
context, additive manufacturing and the supply chains associated with 3D printing
represent a promising and emerging field of application [5, 6].

In several industrial projects related to spare parts logistics, it can be observed
that many companies still rely primarily on traditional stocking strategies, even when
new manufacturing technologies could offer alternative solutions. This practical
observation highlights that the integration of new technologies into logistics
decision-making frameworks often lags behind technological development itself.

From the author’s perspective, additive manufacturing may fundamentally
reshape the traditional logic of spare parts logistics. While classical supply chains
were designed around centralized production and long-term storage of physical
products, 3D printing enables a more flexible, decentralized, and demand-driven
production approach. Instead of storing large quantities of finished products,
companies may increasingly rely on digital inventories and produce components
only when they are required.

Although additive manufacturing is frequently described as a disruptive
technology, its practical integration into analytical logistics models remains
relatively limited. In particular, the interaction between raw material stocking
decisions and on-demand production planning has received only limited attention in
the operations research literature. This raises an interesting research question: how
can classical stochastic inventory models [7,8] be adapted to capture the decision-
making challenges arising in additive manufacturing environments?

This observation motivates the development of analytical models that combine
established inventory theory with emerging manufacturing technologies. One of the
most widely used stochastic inventory models is the newsvendor model, which
determines the optimal order quantity for a single period under uncertain demand.
While the classical newsvendor model considers only a single decision point, many
real-world supply systems involve multiple sequential decision stages.

In additive manufacturing-based spare parts logistics, two key decision stages
can be identified. The first stage corresponds to the stocking of printing materials,
while the second stage represents the production of spare parts in response to
uncertain customer demand. These two stages are inherently connected, since the
number of parts that can be produced is limited by the available raw material.

In the author’s view, the integration of additive manufacturing technologies
with established operations research models offers an interesting opportunity to
bridge theoretical modeling and practical industrial challenges. Exploring such
hybrid manufacturing—logistics systems may contribute both to the academic
literature and to practical decision support in modern supply chains.
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This paper therefore proposes a two-echelon newsvendor framework for
modeling inventory decisions in a 3D printing-based spare parts supply system. In
the proposed system, the first stage represents the stocking decision for printing
material, while the second stage determines the number of parts produced to meet
uncertain customer demand. The model captures the trade-offs between material
procurement costs, inventory holding costs, and shortage penalties resulting from
unmet demand.

The main objective of this study is to develop a stochastic optimization model
that supports decision-making in additive manufacturing spare parts logistics under
demand uncertainty. By integrating raw material inventory decisions with
production planning, the proposed model provides a structured approach to
balancing supply chain costs and service levels in additive manufacturing
environments.

The remainder of the paper is organized as follows. Section 2 describes the
problem setting and system structure. Section 3 presents the mathematical
formulation of the proposed model. Section 4 discusses the numerical analysis.
Finally, Section 5 concludes the paper and outlines potential directions for future
research.

2. Problem description

This study considers a spare parts supply system supported by additive
manufacturing technology. The system is designed to provide spare components
under uncertain demand conditions while maintaining a balance between inventory
costs and service level requirements. In contrast to traditional spare parts logistics,
where finished products are stored in advance, the considered system relies on the
storage of printing materials and the possibility of producing parts on demand using
3D printing technology (see Figure 1).

Stagel Stage 2
Material Stocking Production Decision

Raw Material
Procurement

YT

/' Random

'~ Demand - /
C eman /
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) Demand
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Raw Material
Inventory
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3D Printing
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&8 Procurement Cost m Inventory Holding Cost /) Shortage Cost
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Figure 1 — Two-stage structure of additive manufacturing spare parts supply system [own
elaboration].
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The proposed system consists of two sequential decision stages. The first stage
corresponds to the inventory decision related to the raw material required for
additive manufacturing. The second stage represents the production decision, where
spare parts are produced in response to realized demand. These two stages form a
two-echelon decision structure, since the production of spare parts is directly
constrained by the availability of printing material.

At the beginning of the planning period, the decision-maker determines the
quantity of raw material to be stocked. This decision must be made before the actual
demand for spare parts becomes known. The stocked material represents the
available capacity for future production, and therefore it plays a critical role in
determining the responsiveness of the system.

After the demand for spare parts is realized, the second decision stage takes
place. At this point, the decision-maker determines how many spare parts should be
produced using the available material. Since the production quantity cannot exceed
the available raw material, the production decision is constrained by the initial
stocking decision. If the produced quantity is insufficient to meet demand, shortage
costs may occur, representing lost sales, delayed service, or other operational
penalties.

The demand for spare parts is assumed to be stochastic and is represented by a
random variable. This reflects the typical characteristics of spare parts demand,
which is often irregular and difficult to predict. The objective of the decision-maker
is to determine the optimal raw material stocking level and production quantity that
minimize the expected total cost of the system.

The total cost of the system may include several components. First, there is a
procurement cost associated with purchasing the raw printing material. Second,
inventory holding costs may arise if part of the material remains unused after the
production decision. Third, holding costs may also occur if produced spare parts
exceed realized demand. Finally, shortage costs are incurred when the realized
demand exceeds the available produced quantity.

The decision structure of the system can therefore be interpreted as a two-stage
stochastic decision problem. The first-stage decision determines the raw material
inventory level, while the second-stage decision determines the production quantity
after the uncertainty in demand has been revealed. This structure naturally leads to
a two-echelon newsvendor-type model, where the first echelon represents material
stocking and the second echelon represents spare part production.

From a practical standpoint, such a system can be observed in modern spare
parts supply chains where additive manufacturing technologies are used to
complement or partially replace traditional inventory-based strategies. Instead of
storing large numbers of finished components, companies may maintain a stock of
printing material and produce parts only when they are required.
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The decision process considered in this study can be conceptually illustrated as
a two-stage supply chain structure. In the first stage, printing material is procured
and stored, while in the second stage spare parts are produced using the available
material to satisfy uncertain customer demand.

To formally describe the decision problem, several key elements are considered
in the model. Let Q, denote the quantity of printing material stocked at the beginning
of the planning period, and let Q, denote the number of spare parts produced after
demand realization. The demand for spare parts is represented by a random variable
D. The model considers material procurement cost, inventory holding costs, and
shortage penalties associated with unmet demand. The following section presents
the mathematical formulation of the proposed optimization model.

3. Mathematical Model of the Two-Echelon Inventory System

This section presents the mathematical formulation of the proposed two-
echelon newsvendor model for additive manufacturing-based spare parts supply
under demand uncertainty. The model describes the sequential relationship between
raw material stocking and spare part production while capturing the main cost
components of the system.

The planning horizon is assumed to consist of a single decision period. During
this period the demand for spare parts is uncertain and is represented by a random
variable. The decision process therefore takes place in two stages. In the first stage
the decision-maker determines the quantity of raw material required for additive
manufacturing. This decision must be made before the actual demand becomes
known. After the realization of demand, the second stage begins, where the number
of spare parts to be produced is determined based on the available raw material.

Let D denote the stochastic demand for spare parts. The first-stage decision
variable is Q, which represents the quantity of raw printing material stocked before
demand realization. After demand becomes known, the second-stage decision
variable Q,(D) determines the number of spare parts produced in response to the
realized demand. Since spare parts can only be produced from available material,
the production quantity cannot exceed the available raw material inventory.

The cost structure of the system includes several components. First, a
procurement cost arises when raw printing material is purchased. In addition,
holding costs may occur if part of the raw material remains unused after the
production decision. Further holding costs may also appear when the produced
number of spare parts exceeds the realized demand.

Finally, shortage costs are incurred if demand exceeds the available production
quantity. In order to describe the inventory dynamics of the system, three quantities
are introduced. The first quantity corresponds to the unused raw material that
remains after production.

This quantity can be written as
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I = Q, — QD)

where I; denotes the remaining raw material inventory.

The second quantity represents the surplus finished spare parts that remain after
demand has been satisfied. This situation occurs when the production quantity
exceeds the realized demand. The surplus inventory can therefore be expressed as

I = (Q.(D) - D)*

where the operator (x)* = max (x, 0) denotes the positive part of a value.

The third quantity corresponds to the shortage that occurs when the realized
demand exceeds the produced quantity. The shortage amount can therefore be
written as

B = (D —Q,(D)*

These expressions allow both surplus inventory and unmet demand to be
represented in a compact mathematical form.

Based on these quantities, the total cost of the system can be defined. The
overall cost consists of four components: the procurement cost of raw material, the
holding cost of unused material, the holding cost of surplus finished spare parts, and
the shortage cost resulting from unmet demand. The objective of the decision-maker
is therefore to determine the decision variables that minimize the expected total cost
of the system. The expected cost function of the system can be written as

omin e+ Qy + Ehy - (@ = Q2(D)) +hz* (Q2(D) = D) +p - (D = Q2(D)")]

subject to the material availability constraint

0<0Q:(D) =y
and the non-negativity condition
Q. =0.

The operator E(-) denotes the expected value with respect to the stochastic
demand. The first term of the objective function represents the procurement cost of
raw material. The remaining terms describe the expected holding costs of unused
material, the holding costs of surplus finished spare parts, and the penalty associated
with unmet demand.

The structure of the model can also be interpreted within the framework of two-
stage stochastic programming. In this interpretation the first-stage decision
determines the raw material inventory level, while the second-stage decision
determines the production quantity after the realization of demand. This structure
reflects the operational flexibility offered by additive manufacturing systems, where
production decisions can adapt to realized demand within the limits imposed by the
available raw material.

4. Numerical results and sensitivity analysis

This section presents the numerical results obtained for the proposed model in
the context of additive manufacturing-based spare parts supply. The objective of the
analysis is to illustrate how the raw material inventory level influences the expected
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operational cost of a spare parts system where components are produced on demand
using 3D printing technology.

The numerical experiments also reflect the two-stage decision structure
introduced in the mathematical model. In the first stage, the decision-maker
determines the raw material inventory level Q,, representing the available printing
material. In the second stage, after the realization of demand D, spare parts are
produced using additive manufacturing technology up to the limit imposed by the
available material inventory.

Numerical Input Data

For the numerical experiments, the model parameters were specified based on
a simplified spare parts demand scenario. The demand for the considered spare part
was represented by three discrete demand scenarios in order to illustrate the
stochastic nature of spare parts demand. The demand levels were assumed to be d, =
80,d, = 100, d; = 120 units with corresponding probabilities 0.30, 0.50, and 0.20
respectively.

The cost parameters of the system were defined as follows. The procurement
cost of raw printing material was set to ¢ = 5 cost units per unit. The holding cost of
unused raw material was assumed to be h, = 1 cost unit per unit, while the holding
cost of surplus finished spare parts was h, = 2 cost units per unit. The shortage cost
associated with unmet demand was assumed to be p = 10 cost units per unit.

In the numerical analysis, the candidate raw material inventory level Q, was
evaluated within the interval 0 < Q; < 160. For each possible value of Q, the
production decision was determined according to the available raw material and the
realized demand scenario. Accordingly, the production quantity in scenario s was
defined as

QZS = min(Ql! ds):

which reflects the assumption that spare parts are produced on demand, but the
production quantity cannot exceed the available raw material inventory.

Based on these parameters, the expected total cost of the system was calculated
for each inventory level, and the optimal raw material inventory level was
determined. The numerical calculations and graphical illustrations presented in this
section were generated using MATLAB.

Expected Total Cost and Optimal Inventory Level

Figure 2 illustrates the relationship between the raw material inventory level
Q, and the expected total cost of the system. When the available material inventory
is very low, the system frequently experiences shortages because insufficient
printing material is available to produce the required spare parts. For example, when
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Q1 = 0, the expected total cost is approximately 980 cost units, mainly driven by
shortage penalties.

Expected Total Cost vs Raw Material Inventory
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Figure 2 — Expected total cost vs. raw material inventory [own elaboration].

As the inventory level increases, the expected cost decreases significantly
because the system gains greater production flexibility. When the inventory level
reaches Q; = 80 units, the expected cost decreases to 580 cost units.

The minimum expected cost occurs at Q; = 100, where the expected total cost
is approximately C(Q;) = 550.

This value represents the optimal balance between shortage costs and
inventory-related costs. If the material inventory increases further, the expected cost
begins to rise again. For example, at Q; = 160 the expected cost increases to 860
cost units, mainly due to increasing procurement and holding costs.

Analysis of Cost Components

Figure 3 decomposes the total cost into procurement cost, raw material holding
cost, finished goods holding cost, and shortage cost.
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Figure 3 — Cost components vs. raw material inventory [own elaboration].
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The procurement cost increases linearly with the inventory level according to
¢ * @1, which reflects the cost of acquiring printing material used in the additive
manufacturing process.

In contrast, the expected shortage cost decreases rapidly as the inventory level

increases. When no printing material is available, the system cannot produce spare
parts and shortages occur in every demand scenario, resulting in an expected
shortage cost of 980 cost units. As the inventory level increases, the additive
manufacturing system becomes capable of responding to demand more effectively,
significantly reducing shortage penalties. Around Q; = 100 the expected shortage
cost becomes very small and above 120 units it is almost negligible.

The expected holding cost of raw material gradually increases as the inventory
level grows, because larger inventories increase the probability that part of the
material remains unused during the planning period. At Q, = 160 the expected raw
material holding cost reaches 60 cost units.

The holding cost of finished spare parts remains minimal across most of the
examined range. This reflects one of the main advantages of additive manufacturing:
spare parts are produced only when demand occurs, reducing the need for storing
finished goods.

Sensitivity Analysis with Respect to Shortage Cost

Figure 4 presents the sensitivity of the optimal raw material inventory level to
changes in the shortage cost parameter p.

Sensitivity of Optimal 01 to Shortage Cost
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80 — ’

80— T

70 ’

60~ b

50 ’

40 T

30 - ’

Optimal raw material inventory Q;

20— 1

10 ’

I I I I I I I
2 4 6 8 10 12 14 16 18 20
Shortage cost p

Figure 4 — Sensitivity of optimal Q, to shortage cost [own elaboration].

When shortage costs are very low (p = 2 or p = 4), the optimal inventory level
is essentially zero, indicating that maintaining raw material inventory is not
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economically justified. When the shortage cost increases to p = 6, the optimal
inventory level rises sharply to Q; = 80 units.

For shortage cost values above p = 8, the optimal inventory level stabilizes
around Q7 = 100, which approximately corresponds to the most probable demand
level.

Sensitivity of the Minimum Expected Cost
Figure 5 illustrates how the minimum expected total cost changes as a function

of the shortage cost parameter. As expected, higher shortage penalties increase the
overall expected system cost.
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Figure 5 — Minimum expected cost vs. shortage cost [own elaboration].

When p = 2, the minimum expected cost is approximately 200 cost units.
When the shortage cost increases to p = 10, the minimum expected cost rises to 550
cost units. For higher shortage cost values the expected cost increases gradually,
reaching 590 cost units when p = 20.

Managerial Implications

The numerical results provide several insights for supply chain managers
implementing additive manufacturing technologies. First, raw printing material
inventory plays a critical role in ensuring the responsiveness of 3D printing-based
spare parts supply systems. Maintaining an adequate level of printing material allows
companies to exploit the flexibility of additive manufacturing and produce spare
parts on demand.

Second, the optimal inventory level strongly depends on the economic
consequences of shortages. In industries where equipment downtime is costly,
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maintaining higher levels of printing material inventory becomes economically
justified.

Finally, the analysis demonstrates that additive manufacturing can reduce the
need for storing finished spare parts. Instead of maintaining large finished goods
inventories, companies may rely on raw material inventory combined with digital
spare parts models, producing components only when actual demand occurs.

5. Discussion and Conclusions

The results of this study demonstrate how classical inventory theory can be
adapted to emerging manufacturing technologies such as additive manufacturing. By
extending the traditional newsvendor framework to a two-echelon decision structure,
the proposed model captures the interaction betwee n raw material stocking
decisions and on-demand production enabled by 3D printing. The numerical analysis
confirms that the optimal raw material inventory level is determined by a trade-off
between shortage penalties and inventory-related costs. When raw material
inventory is insufficient, the system experiences frequent shortages, leading to high
penalty costs. Conversely, excessive material inventory increases procurement and
holding costs. The optimal solution therefore emerges at the point where these
opposing cost components are balanced.

An important insight of the study is the strategic role of raw material inventory
in additive manufacturing environments. Unlike traditional spare parts supply chains
that rely on storing finished products, additive manufacturing enables a more flexible
production approach where raw material inventory effectively represents production
capacity. Maintaining an appropriate level of printing material allows companies to
respond to uncertain demand while avoiding excessive finished goods inventory.
The sensitivity analysis also highlights the strong influence of shortage cost
parameters on the optimal inventory decision. In industries where equipment
downtime is costly, maintaining higher levels of printing material inventory may be
economically justified in order to ensure service availability.

From a practical perspective, the proposed model provides a structured
analytical framework for supporting inventory decisions in additive manufacturing-
based spare parts logistics. The model can assist decision-makers in determining
appropriate raw material stocking levels while considering demand uncertainty and
cost trade-offs. Future research may extend the proposed framework in several
directions. Possible extensions include multi-period decision models, multiple spare
parts types, capacity constraints of additive manufacturing systems, and the
integration of distributed 3D printing networks within spare parts supply chains.
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Tamam banpsi, Mimkomsi, YropmmHa

INIAHYBAHHS 3AITACIB 3D-IPYKOBAHUX 3AITYACTHH 3A
HEBU3HAYEHOI'O ITIOITUTY

Awuoraniss. Ocmannimu pokamu mexHon02li aOumueHo20 eupobHuymea d0edali yacmiuie 3's6110mvcsi 6
JIO2ICIMUYHUX CUCIEMAX NPOMUCTIOBUX 3ANACHUX YACTUH. 3aMiCMb M020, W00 NiOmpumMyeamu 6enuxi
3anacu 20mosux KOMROHEHMI8, KOMNAHIl dedani Oilbule NOKIAOAIOMbCS HA Yu@posi 3anacu ma
BULOMOBIAIOMb 3ANYACMUHU 30 3aNUMOM 3a 0onomozoio 3D-0pyky. s smina cmeopioe HO8I GUKIUKU Ot
NPUITHAMMA piuieHb, N06'A3aHi 3 YNPAGLIHHAM CUPOSUHOIO 015l OPYKY Ma NAAHYBAHHAM BUDOOHUYMEA 34
VMO8 HeusHaueHo20 nonumy. Y yiil cmammi nponoHyemucs Mooeib pooasys HOBUH HA 06 PieHI O
NIAAHYBAHHS 3ANACI6 Y CUCIEMAX NOCMAYAHHA 3aNACHUX YACMUH HA OCHOBI AOUMUBHO20 6UPOOHUYMEA.
Y sanpononosaniii cmpyxkmypi nepuiuii eman npuiiHAmMmMs piienHa 6USHAYAE KITbKICMb CUPOGUHU OIS
OpyKy 0o peanizayii nonumy, mooi Ak Opy2uii eman U3HAYA€E KITbKICMb 3aNACHUX YACTUH, BU20MOGIeHUX
¥ 8i0n08iob Ha cmoxacmudHuil nonum Kaicumis. Mooenb 8i0006pasxcae KOMIPOMICU MIdHC UMPAMAMU HA
3aKYNieno mamepianis, eumpamamu Ha 30epicanns 3anacie i wmpagamu 3a degpiyum. Mamemamuune
popmynioeanns po3pobaero Ak 0soemanta 3a0ava cmoxacmuynoi onmumizayii. Ilpoeooameca ucenbui
excnepumenmu OJis AHANIZY 83AEMO38'A3KY MIXC pi6HeM 3aNacié CUpOSUHU MaA OYIKYS8AHOIO 8apmMicmio
cucmemu. Pezynomamu noxaszyioms, wo @yHKyia eumpam Mmae uimKo SU3HAYEHUL MiHIMYM, a
ONMUMANILHULL Pi6eHb 3aNAcCi8 mamepianie 3HAYHON MIpOIO 3aiedcums 6i0 napamempis Oegiyumy
eumpam. Ananiz yymaueocmi 000amK080 OEeMOHCMPYE, SK wmpagu 3a Odediyum naueaionv Ha
OnmMuMabHi pitenHst wodo 3anacis. Pezyiomamu niokpecionoms cmpameziyny poib 3andcie CuposuHu
6 CUCeMAaX NOCMAYAHHA AOUMUBHO20 6UPOOHUYMEA MA 0AIOMb NPAKMUYHI THCAUmMU 0N KOMNAHIN, AKi
8nposadcyioms mexuonozii 3D-0pyky 6 nocicmuyi sanachux 4acmuH.

Kuaroqosi ciioBa: adumusre 6upobHuymeo, 102icmuxa 3anacHux Yacmun, Mooeib npooagys 2asem, aKa
Mae 060pigHesy CMpPYKmypy, NIAHYSAHHA 3ANACI8; CMOXACMUYHUIL NONUM; ONMUMI3AYIL JIAHYI02A
nocmavanns.
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Abstract. This paper presents a methodology for 3D simulation of the thermo-forced deflected mode in
the sintering zone of diamond composite materials (DCM) and the grinding area, considering them as a
unified system: "material to be machined — grain — metallphase — bond." The approach includes experi-
mental studies of the 3D topography of interacting surfaces using laser scanning. A simulated 3D model
of the system "diamond crystallites — metallphase — grain — bond" enables analysis of its behavior under
various sintering and machining conditions, wheel performance parameters, grain anisotropy, and the
presence or absence of cutting fluid. This methodology supports the development of an expert system for
designing efficient, resource-saving combined processes for precision machining of superhard composite
materials, with full consideration of their anisotropy.

Keywords: Diamond composite materials (DCM); single point diamond tools; simulation; expert sys-
tems.

1. Introduction

Currently, in world practice, the methods of three-dimensional modeling are
most often used, which is due to the need to increase the adequacy and information
sufficiency of models. The prerequisite for such a transition is the development of
the finite element method (FEM), hardware and software [1]. A review of the rele-
vant publications shows that there is currently no complex three-dimensional meth-
odology for studying the processes of processing diamond-abrasive tools, but there
is a real prospect of its development. The creation of such a methodology will sig-
nificantly reduce the volume of experimental studies to determine the best design
data of diamond-abrasive tools, optimal conditions for their production and applica-
tion.

The unique, potentially high properties of DCMs can only be fully realized if

© V. Fedorovich, N. Kozakova, 2026
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their type, grain, and concentration are used rationally, which is optimal for the given
bond and the specified material to be processed (MM). To increase the efficiency of
diamond grinding, it is necessary to solve the problems of the optimal combination
of physical and mechanical properties of diamond grains, their granularity and con-
centration depending on the physical and mechanical properties of MM. These issues
should be explored throughout the DCM lifecycle, including design, manufacturing,
and application processes. Realization of the proposed methodology by experiment
is very labour-intensive and expensive process.

The main stages of finite element analysis: 1. synthesis of system functional;
2. partitions of system on finite elements and selection of coordinate functions; 3.
constructions of stiffness matrixes and reduction of load to vector of nodal loads; 4.
synthesis of canonical equations; 5. solutions of a system of canonical equations and
definition of values of degree of freedoms of a system; 6. definitions of DM of sys-
tem under consideration [2].

2. Simulation of DCM sintering process

Operating efficiency of tools from diamond-composite materials is stimulated
by a series of reasons, including structural defects connected with destruction of a
portion of grains during tool manufacturing process. It was demonstrated at the Ba-
kul Institute of Superhard Materials of National Academy of Sciences of Ukraine
under the direction of academician N.V. Novikov, that up to 90% of diamond grains
fail at sintering of composite diamond-containing materials such as "twesal” [2]. A
similarity of sintering processes of diamond-containing composite materials such as
"twesal" type and diamond-bearing layer of diamond wheels on metallic and ceramic
bonds, and also measurement of grain size of diamond dust extracted from a frag-
ment of diamond-bearing layer of a non-operated wheel, is evidence of breaking of
diamond grains during the wheel manufacturing process [3]. Bond composition,
mark of diamond grain, its graininess and concentration in cake, and also technolog-
ical features of DCM manufacture are the factors which essentially influence the
grain integrity.

The task, solved in the process of 3D simulation of DM of sintering zone of
DCM is the determination of optimal combination of strength properties of bond and
diamond grains, their graininess and concentration, at which integrity retention of
diamond grains is provided during the DCM sintering process.

At simulation of the sintering process, the fragment of diamond-bearing layer
of the wheel was presented as a cube of bond dimensioned 300x300x300 um, in
midpoint of which a diamond grain as an ellipsoid dimensioned 120x100 um was
placed, that corresponds to 100 % concentration of diamond wheel. The metallic
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phase in diamond grain was simulated as an interlayer of 5-10 um in thickness and
of various form and length. The schematic diagram and the FEM model of DCM
sintering process are shown in Fig.1.

metallphase

diamond gran

Fig. 1 (a) A schematic diagram and (b) the FEM model of "Bond - metallphase - grain” sys-
tem

The calculations based on FEM in application package "Cosmos" and "Ansys"
allow to obtain computerized quantitative assessment of principal and reduced stress,
strain energy and density of strain energy in the elements to be sintered, depending
on their sizes, physical-mechanical properties and conditions of sintering (tempera-
ture, pressure). The volumes of materials were considered as broken down, if re-
duced stress and/or density of strain energy in them exceeds the appropriate limiting
values [2].

The sintering process of DCM of various concentrations on various metallic,
ceramic and organic bonds with diamond grains of various strength from AC2 up to
AC160T was modeled. The model was loaded by pressure and temperature conform-
ing to an actual sintering process of DCM.

At the first stage the calculations were carried out for a fragment of diamond-
bearing layer which includes a single diamond grain, surrounded by solid metal
bond. Thus grain size, corresponding to the grain size of 50/40 up to 500/400, tem-
perature and pressure of sintering, and also physical-mechanical properties of exam-
ined components of the cake were varied. At the second stage the fragment of dia-
mond-bearing layer, which includes some diamond grains, integrated by means of
bond, see Fig.1a, was considered. In this series the size ratio of the diamond grains
and solid bond surrounding these grains was to varied that corresponded to various
values of grain size and concentration (from 5 up to 200 %) of diamonds in the layer
to be sintered. Grain and bond were considered as elastic solid bodies in the model.
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Diamond grains were modeled as ellipsoids dimensioned from 50x30 up to 500x300
um, depending on the grain size under consideration. Presence of metallic phase in
diamond grains was modeled as interlayers oriented at random, the volumetric con-
tents of which is 0,1-10 % depending on the marks of a grain [2,4]. The bond is
considered as prismatic fragment dimensioned from 0,5x0,5x1,1 up to 3x3x6, de-
pending on marks, size and grain concentration. The model is loaded by static mon-
oaxial evenly distributed load by means of applied pressure and temperature. Theo-
retical research of sintering process of DCM on various bonds is carried out with the
purpose to determine the conditions, under which the integrity of diamond grains in
a material is ensured.

It is established that stresses exceeding the ultimate stress limit of diamond
grains and placed along the metallphase interlayers results in the development in a
grain. The stresses on the periphery of the grain being sintered are distributed in such
a manner that can result in shearing grain submicroedges. As a result, the cutting
edges are circularized, that can subsequently lead to the negative influence on cutting
capacity of grains in diamond wheel. The outcomes of the 3D simulation of the DM
of sintering zone of DCM are shown in Fig. 2.

. 000060

Stress fields

Metallphase

Fig. 2 (a) Section of 3D model "Grain — metallphase - bond" (b) and fields of reduced stress
in the system at DCM sintering

By varying the combination of diamond grain strength and grain concentration
in the wheel for various bonds, one can determine such combinations, at which re-
tention of diamond grain integrity was provided. It is established, that not all of the
commercial wheels with usable combination of brand of diamond grains and brand
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of metal and ceramic bonds can be manufactured with standard concentration of di-
amond grains without failure of their integrity. So, for example, at sintering of wheel
on bond M6-14 with diamond grains of brand AC6, the grain concentration in the
wheel should not exceed 7 %, otherwise grains will be fracture as early as wheel
sintering. It is shown, that for guaranteed retention of diamond grain integrity prac-
tically in all commercial wheels, their concentration should be much less than the
applied one. Such tendency coordinates perform well with possibility and necessity
of lowering the diamond grain concentration for the wheel up to the level of 10-15
% at grinding of superhard materials [2,5].

Optimum combinations of properties of bond and diamond grains with maxi-
mum allowable concentration of them in DCM, which ensure retention of their in-
tegrity during the manufacturing process, are established due to the carried out cal-
culations. The optimum ratio of strength of bond, diamond grains and their concen-
tration in diamond-abrasive tool, obtained at the first stage, are only limiting param-
eters and should be determine more exactly for the process of diamond grinding
depending on the strength properties of material to be machined [6].

3. Simulation of process of diamond-abrasive machining of DCM

The reduced modulus of elasticity of the eutectic, see Table 1, and its thermal-
expansion coefficient differ essentially, about 4 times, i.e. the diamond «;=3.7x10®
and the metallphase a;=3.7x10¢, from the corresponding properties of diamond, at
heating (up to the temperature of the inclusion), this eutectic extends, creating, there-
fore, an internal pressure which may result to uncontrolled macrodestruction of the
diamond grains, to the occurrence of grids of microcracks and the migration of the
metallphase on a surface. The level of the pressure on a plane can be estimated from
the ratio [2,7],

q=K;(a;—a)(L - Tp) 1)

where Ks, ap, — are the reduced compression modulus and thermal-ex-

pansion coefficient of the metallphase nickel-manganese, respectively, being in an

equal proportion K;=150.77 GPa, a,=14.1x10®; T is the temperature at which there

is an output of the metallphase drops on the surface of the diamond accompanied

with formation of cracks. According to Ref. [8], this temperature corresponds to 973
K.

The thermal-expansion coefficient of diamond is in the range up to 750 K,
a1=3.7x10® K. The value of the thermal pressure in a cavity with metallphase ac-
cording to equations (1) will be equal to g=144.5 MPa. However, the given analytical
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sequence does not take into account the influence of the force factor on the stress
level in diamond grains and is solved in conditions of 2D simulation.

In our case three possible variants of orientation of a grain relative to polycrys-
tal in 3D modeling are considered: the contact of a grain to a polycrystal on the tip
of a grain (point contact); an edge (linear contact) and a face (flat contact — imitation
of wear platform on a grain). VVarious combinations of these variants were considered
when studying the combined action of the grains.

The loading of the models was associated by: specifying (o) the displacement
Uy of the top plane of a bond (kinematic influence — imitation of cross-feed Syan) and
(b) the imposition of the pressure of the top plane of a bond (force impact of normal
and tangential components of cutting force — imitation of the elastic grinding pat-
tern). The advantage of such an approach is the possibility to study the 3D DM, both
at the elastic grinding pattern and on the rigid one, allowing for the comparison of
results of these investigations.

The characteristic model parameters may be listed: the displacement of the av-
erage node of the top surface of a bond (value of cross-feed), U,?; the displacement
of the top node of a grain (embedding of grains in a bond), U,?; the displacement of
node of contact of a grain with a polycrystal (elastic embedding of grains in work-
piece material), U,¥; the reduced stresses (according to Mises criterion) in the top
node of the contact of a grain with a bond, ocg; the reduced stresses in node of con-
tact of a grain with a polycrystal, opk.

At temperature as early as 700-1000°C thermal stresses, which valued as com-
mensurable ones with the bending strength and the tensile strength of diamond
grains, can occur in microzones of several crystallites. Given technique allows to
estimate the "contribution” of the force and temperature factors to the DM of system.

From the analysis of the results presented in Table 1, it may be concluded that
the higher the temperature of grinding the more essential is the role of thermostress.

Table 1 — Dependence of intercrystallite thermal and thermo-forced stresses on temper-

ature
Value, Temperature, °C
MPa
500 | 600 | 700 | 800 | 900 |1000| 1100 | 1200
Vi | 24:04| 28,85 33,65 3846 | 43.27 | 48,08 528 | 57,69
aximal | = o | 20.56| 34,12 | 40,17 | 44,27 | 51,11 53,34 | 60,45
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9,55 |11,46|13,37|15,28 | 17.19 |19,10| 21,01 | 22,92
10,11 |13,34|15,21|17,54 | 19,98 |21,56| 23,57 | 25,12

Numerator — reduced thermostresses without taking into account force factor.
Denominator — the reduced thermo-forced stresses.

Minimal

Note that, at temperatures of the order 700-800°C tensile stresses, exceeding
the corresponding ultimate stress limit of diamond, occur in diamond matrix due to
the anisotropy of thermal expansion of diamond and the difference in coefficients of
thermal expansion of the diamond and the metals-catalysts.

If these stresses can initiate intercrystallite destructions in the areas adjacent to
non-oriented metal inclusions, then intracrystallite brittle fracture will be initiated in
the field of diamond, covering the oriented metal inclusions. Note, also, that, due to
these stresses the sites of flat compression of diamond appear where a crystal is sub-
jected by local destruction, if the stresses reach critical values and a grid of mi-
crocracks appear on the surface of diamond grains. Thus, thermally activated pro-
cesses can intensity microdestruction (self-sharpening) of diamond grains at grind-
ing.

Finite element modeling using the FEM package "COSMOS" was carried out
for the validation of the proposed hypothesis. The FE model and results of compu-
tation of the deflected mode of system "bond — grain — metallphase — workpiece
material” are presented in Fig. 3 (a) and (b), respectively.

Loading of model

Area of grain
destruction

a b

Fig. 3 (a) FEM model of system "bond — grain — metallphase — workpiece material™ and (b)
results of computation of deflected
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Since in the real process of diamond grinding the considered technical system
is loaded not only by force impacts, but also temperature ones, it is necessary to
determine the values of principal and reduced stresses and also the values of defor-
mations, strain energy and density of strain energy in each element of the system
"workpiece material — grain —bond" caused by force, temperature and total (thermo-
forced) loading. For this purpose the values of the contact temperature and the tem-
perature of lubricant-cooling agent input in the grinding area were specified, too, in
addition to the value of normal pressure or cross-feed.

The temperature in the grinding area predetermines the process of self-sharp-
ening of diamond grains in many respects. The FE simulation results reveal that the
value of the thermo-forced stresses in diamond grains and, consequently, the proba-
bility of their macrodestruction are reduced considerably, due to the presence of lub-
ricant-cooling agent in the grinding area, see Fig. 3.

Subsequently, affects the temperature factor essentially the efficiency of the
process of self-sharpening of diamond wheels. Both force (reduced stress exceeds
the tensile strength of the workpiece material) and power (strain energy in an element
exceeds the limiting value) criteria of destruction were used to determine the amount
of damage workpiece material and diamond grains. The package allows to calculat-
ing the values of strain energy and density of strain energy in each element of the
system. Thus, it is possible to determine the amount of elements with supercritical
values of reduced stress or supercritical strain energy. In order to obtain the most
reliable computing results of amount of destroyed workpiece materials and diamond
grains, the FEM grid of elements of the system "workpiece material — grain —
metallphase — bond™ was thickened when approaching the contact area (to damage
zone) up to the sizes of element volume not exceeding 10*um?3, i.e. much less than
the really damage amount obtained once by a diamond grain during grinding.

Using the 3D simulation of DM of system "workpiece material — grain —
metallphase — bond" and the specially developed program for computing the amount
of destroyed and dropped out (loss) grains and the amount of damage workpiece
materials, it is possible to theoretically estimate the major parameters of the self-
sharpening process at diamond grinding of superhard materials, namely the specific
consumption and the specific wear of diamond grains. Numerical results regarding
the amount of destroyed grains, V4 and dropped out from a bondgrains, Viess, depend-
ing on the working height of grains and the critical size of their embedding, h.

The specific wear is defined as

_M
qN_\é—M

and the specific consumption
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QN
NV

where Vsuwm is the volume of the damaged workpiece material. Calculation, of
these values, depending on the physical-mechanical properties of the workpiece ma-
terial, grains, modulus of elasticity of bond, cross-feed, grinding speed and normal
pressure.

It is possible to re-distribute the energy input in grinding area between the sys-
tem elements owing to control of the contact parameters (value of relative actual
area) and dynamics of interaction of the elements of the system "workpiece material
— grain — bond" (speed, feed, normal pressure, introduction of energy of ultrasonic
vibrations in the area).

The technique of 3D simulation of DM of system "workpiece material — grain
— metallphase — bond" allows to determine the conditions under which the maximal
part of energy input in grinding area will be directed to microdestruction of the work-
piece material, minimizing microdestruction — self-sharpening of diamond grains,
eliminating their loss from a bond.

Investigations of the effect of the wheel working surface (WWS) topography
parameters on 3D DM of the system have shown, that if the diamond grain even
insignificantly projects from a bond (hp#0), i.e. the bond does not contact to work-
piece material, so the stress occurs in the diamond grain, which is sufficient for the
process of self-sharpening (microdestruction). If the grain is completely embedded
in a bond (hp=0), it is not self-sharpened due to the volumetric "crimping" by a bond
and the absence of free boundaries. In this connection productive process of work-
piece material grinding should be put into practice only under condition of realiza-
tion of interaction of the first type in system "WWS — workpiece material" i.e. with-
out a contact of bond to workpiece material.

The time history of changing parameters of the topography of wheel working
surface (WWS) during self-sharpening was experimentally verified employing the
technique of laser scanning and electronic data processing the changes of 3D param-
eters of the WWS, sub-microrelief of separate diamond grains, were investigated in
order to estimate the relative reference area of the surface topography, tys [2,8]. Thus,
it is possible to determine the value tps both at macrolevel (WWS), and at microlevel,
i.e. a microrelief of separate diamond grains. The value of sub-microrelief of sepa-
rate diamond grains is the important parameter at definition of the actual contact area
in the system "DCM-grain”, which is difficult to obtain by other ways, since the sub-
microrelief of diamond grains determines the efficiency of self-sharpening of dia-
mond grains.

The experimental result reveal that, when grinding superhard materials by
wheels on an organic bond under theoretically determined conditions of wheel self-
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sharpening parameters, its relief remains practically constant for a long time, see Fig.
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Fig. 4 (a, c) 3D topography of WWS and (b,d) relative distribution function of relative ref-
erence area of WWS; a,b — after 30 s of grinding c,d — after 5 min of grinding

4. Conclusions:

Summarizing the main features of the numerical and experimental results re-
ported pertaining to 3D simulation of diamond composite materials, the following
conclusions may be drawn:

1. The methodology of 3D simulation of processes of manufacturing, machin-
ing and exploiting of DCM is developed and found as a result of use of CIT.

2. The methodology of 3D simulation of thermo-forced deflected mode of the
sintering zone of DCM and grinding area as the unified system "material to be ma-
chined - grain - metallphase - bond", which includes experimental study of 3D to-
pography of interacting surfaces by laser scanning is proposed. Simulated 3D model
of the deflected mode of the system "diamond crystallites — metallphase - grain -
bond", which allows to analyze its behaviour depending on modes and conditions of
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sintering and machining, wheel performances taking into account anisotropy of
grains, and availability or absence of cutting fluid is developed on this basis.

3. For the first time the rational compositions of type, graininess and concen-
tration of diamond grains with marks of metallic, ceramic and organic bond, which
ensure the integrity of grains in DCM are defined on the basis of 3D simulation of
deflected mode of DCM, originating in the sintering process of its components. It is
established that, decrease of diamonds concentration in the wheel up to 5-40 % al-
lows to ensure minimum defectiveness of wheel grains at optimum selection of their
marks, graininess and bond type. Recommendations on optimum diamond-metallic
and ceramic compositions for the manufacture of grinding wheels are provides.

4. Based on the worked out methodology it is possible to create the expert sys-
tem for development of effective technological resource-saving combined processes
of precision machining of superhard composite materials, taking into account their
anisotropy. The proposed methodology allows to elaborating high-effective techno-
logical processes of preliminary and precision machining of various DCM, that per-
mits an increase of productivity about 1,5-2 times, a reduce of the expenditure of
expensive diamond grains on 30—40 % and increasing reliability of single-point tool
from superhard materials by 20—40 %, that is very important in CAM. The developed
expert system for prediction and optimization of processes of manufacturing and
exploiting of diamond-abrasive tool will essentially promote tool production.
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Bonomumup ®enoposuy, Haramist Ko3akosa, XapkiB, Ykpaina

AHAJII3 BIVNINBY TEXHOJIOTTYHUX ITAPAMETPIB HA BJIACTH-
BOCTI AIMA30BMICHHUX KOMITO3HUTIB 3A JOITOMOTI'OIO 3D-MO-
JAEJIOBAHHSA

Awotauisi. ¥ yiti po6omi 3anpononosano memoodonociio 3D-modemogans mepmosumyuieno2o deghop-
MO6aH020 pexcumy 301U chikauusi AKM ma 30nu winipysanns six eounoi cucmemu "mamepian, wo oopo-
61r0eEMbCsl - 3epHO - Memanogasa - noe's3ok”, sKa eKIYAE eKcnepuMeHmanbhe 00cioxcents 3D-mo-
noepagii 63aeMoO0ilouUX NOGEPXOHL 3a OONOMO20I0 a3epHo2o ckanysanns. Ha yiil ocnosi pospobreno
imimayiiny 3D-mo0ens dedhopmosaro2o pedxcumy cucmemu "armasHi kpucmanimu - memanioghasa - ze-
PHO - ROB'I30K", iKA 0036015€ AHANIZYBAMU T NOBEOTHKY 3AJEIHCHO 8I0 PENCUMIE MA YMOE CRIKAHHI Md
006pOOKU, XAPAKMEPUCMUK KpY2ad 3 YPAXYEAHHAM AHI30MPONIi 3¢peH, a makoic HasgHocmi abo iocym-
Hocmi piouHu 01 pi3anHs. Bnepuie payionanbHi CKIadu muny, 3epHUCmMocmi ma KOHYeHmMpayii aimazHux
3epeH I3 O3HAKAMU MemAale8020, KePaMIuHO20 MA OPeAHIMHO20 NO8'3KY, Ki 3a0e3neyyiomsy YilicHICMb
sepen y AKM, eusnaueni na ocnosi 3D-mooentosanns ioxunenozo pescumy AKM, wo eunuxae 6 npoyeci
3anikauHs 11020 KOMNOHeHmis. Bcmanosneno, wo 3HudicenHs KOHYenmpayii aimasHux 3epe y kpysi 00
5-40 % 0o3zeous1€ 3a0e3neuumu MiHIMAIbHY 0egheKmHiCmb 3eper Kpy2a npu ONMuMAaibHOMY UOOPI IXHIX
NO3HAYOK, 3epHUcCmocmi ma muny nog'ssky. Haoaiomocs pexomendayii wjooo onmumansHo2o aimasHo-
Memanego2o ma Kepamiuno2o ckiaoy 0 aueomosnents wuigysanvhux kpyeis. Ha ocnosi pospobaenoi
MEmoO0n02Ii MOJHCIUBO CMBOPUMYU eKCHEPMHY cUCeMY 05 pO3POOKU eeKMUBHUX MEXHOIOSIUHUX pe-
cypco3bepieaiouux KOMOIHOBAHUX NPOYECi8 NPeYUusiiHoi 00PO6KU HAOMEEPOUX KOMNOIUMHUX Mamepia-
716 3 ypaxyeannam ix anizomponii. 3anpononoeana memooono2is 0036014€ po3poouUmu 6UCOKoepeKmu-
6HI MEXHON02IYHI npoyecu nonepedHboi ma mounoi 06pooxu piznux AKM, wo 0o36o5¢€ 30invuumu npo-
OyKkmueHicmv npubausno 6 1,5-2 pasu, smenwumu sumpamu na 0opozi aimasni sepua na 30-40 % i nio-
BULUMU HAOTIIHICHL OOHOMOYKOB020 IHCMPYMeHma 3 Haomeepoux mamepianie na 20-40 %, wo € dyouce
saxcnusum y AKM. Pospobrena excnepmua cucmema Oisi NPOSHO3Y8AHHSA MA ONMUMI3ayii npoyecie 6u-
PpobHUYmMea ma excniayamayii ariMazHo-adpasueHO20 ITHCMPYMEHNY @QAaKmuyHo cnpusimume 6upoo-
HUYmMEY iHCmpyMeHmie.

KurouoBi ciioBa: anmvasni komnosumui mamepianu (AKM); oOnomoukosi aimasHi incmpymernmu; Mooe-
JI0BANHSL; eKCNEePMHUI CUCTEMU.
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Abstract. The article presents one of the options for developing scientifically based recommendations
for choosing a rational combination of the strength of the binder, the size of the diamond grain, the
concentration of diamond grains with the physical and mechanical properties of different types of binders
in the manufacture of diamond grinding wheels. The conducted studies have shown the feasibility of using
detonation nanodiamond powders as a modifier of the polymer binder. The introduction of nanopowder
into the polymer leads to an increase in microhardness by 23%, and the recommended mass fraction of
nanodiamond should be about 1% of the weight of the binder. It is possible to use such polymer
compositions in the diamond layer of standard grades, which theoretically will increase their hardness
due to constant thermal conductivity.

Keywords: diamond grinding wheels; organic binder; nanodiamond.

1. Problem statement

At present the process of manufacturing of diamond wheels on the organic
binder is characterized by high labor intensiveness and low productivity, high
consumption of expensive diamond grains and, as a consequence, the high cost of
the process of further exploitation of diamond wheels. It is necessary to increase the
reliability and quality in the manufacture of diamond-abrasive tools, which is
indispensable to its effective use in production. Manufacturing of diamond-abrasive
tools is based on the establishment of physical laws and technological patterns of
grinding process, as well as a comprehensive understanding of the diamond layer
destruction process. Up to now there are no scientifically grounded
recommendations for choosing the rational combination of the binder strength, grain
grade, concentration with the physical-mechanical properties of different types of
binders. Available recommendations for the use of diamond wheels on various bonds
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are general in nature. Therefore, nonrational choice of component properties causes
damage to diamond grains during sintering and excessive wear of the wheel in the
operational phase of diamond tools [1, 2].

2. Analysis of recent research and publications

Analysis of recent research and publications showed that the problem of
increase of diamond grinding efficiency is still relevant and modern methods of
mathematical modeling can bring significant results. The studies of wear of diamond
grinding wheels showed that more than half of diamonds loss occurs due to falling
out grains from the binder. Therefore the study of the role of binders in the process
of grinding is an important and necessary task. Despite the fact that the wear of
binder depends on and is determined by the wear of abrasive grains, the binder has
a very significant impact on the process of grinding the details. Optimal
characteristic of the binder depends on many factors: chemical interaction of the
binder with the metal to be processed, thermal effect of chip on the binder, etc.
Problem of increase of binder efficiency is particularly relevant in view of the fact
that in recent few years it is possible to improve significantly the available binders,
despite the fact that they permit to use potential properties of abrasives by no more
than 20% [3].

In international practice, simulation of technological processes has proved to
be a great tool for the evaluation and optimization of cutting and grinding processes.
Information about the interaction between the elements of the “tool — workpiece”
system at grinding permits to choose selectively the process parameters in order to
achieve the best quality of the workpiece, minimum cutting time or high economic
indexes of grinding. Being based on an inclusive interaction between the system
parameters, processing parameters and results of grinding, the simulation of grinding
processes is widely used in theoretical and practical study of abrasive processes. [4].
Using modern software tools of computer modeling for grinding process it is
possible to implement the numerous empirical experiments in virtual space and the
search of the rational properties of the “binder — grain — workpiece” system as far
back as the design phase of diamond-abrasive tools.

The aim of the study. The aim is to develop a methodology for determining
the optimal combination of strength properties of the elements of the grinding wheel,
which will ensure the integrity of diamond grains in the manufacture and operation
of the diamond grinding wheel on an organic binder.

Basic research results. During the study the original techniques for calculating
the optimal properties of diamond grinding wheel for processing of different groups
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of materials (superhard materials, hard metals, ceramics, and so on) have been
developed.

In particular, the method of three-dimensional dynamic simulation of the
deflected mode of diamond grinding area has been developed. For the first time the
software package LS-DYNA has been applied in regard to grinding process, that
allowed to follow step by step the dynamic change of equivalent stresses,
temperature, strain and so on of the system «binder — grain — material-to-be-
processed» [5].

The algorithm for grinding process simulation and the creation of three-
dimensional model can be represented as a sequence: the creation of three-
dimensional geometry of the object of research, the creation of the finite element
mesh of the object components, parameterization of the mesh, parameter assignment
of the material behavior patterns, determining the properties of the contact
interaction, assignment of the loads on the components of the system, analysis of the
results.

A wide range of materials behavior is realized in LS-DYNA. To implement the
grinding process simulation a few models that correspond to the plastic or elastic
behavior of the material was used. For simulation of organic binder the solid body
model (initial mechanical properties of the material: elastic modulus E, shear
modulus G, Poisson’s ratio p, mass density of material p) was used. Metal-catalyst
in the diamond grain, metal coating and workpiece were described by the model of
plastic material behavior, which implements the basic Hooke’s law up to the
conditions of von Mises plasticity, ie the fourth criterion of strength. Series of
computational experiments allows to obtain the dependence of limit equivalent stress
in the system on the compound alloy content in the grain, its brand or the
concentration of grains in the diamond-bearing layer (Figure 1., Figure .2)
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Fig. 1 — Dynamics of change of stress in the system «diamond — binder» in granularity of
grains 63/50 on the temperature in the grinding area.

Diamond grain

Stress field

Fig. 2 — Distribution of stresses in the system «binder — grain — metal phase» with grain
concentration of 150%.

In the operating phase of diamond grinding wheel of various grit sizes,
concentration and grain drade, the modification of the standard nickel coating of
synthetic diamond using ultradispersed diamond is proposed. In addition,
ultradispersed diamond was also added to the resinbinder during sintering, which
allowed to improve the adhesion between diamonds and organic binder of the wheel.
Recently information about the possibility of further improvement of the properties
of metal, in particular nickel coatings is available. This can be achieved owing to
addition agents and obtaining new composite coatings that compare favorably with
pure nickel coatings because of their physical and mechanical properties [6]. Special
attention should be paid to the chemical reduction of nickel coatings with the
inclusion of nano (ultradispersed) diamonds. Such composite coatings significantly
improve the characteristics of conventional nickel coatings: increase strength,
improve wear resistance, increase microhardness, anti-adhesion and anti-friction
properties, reduce friction coefficient, increase the load carrying capacity, thermal
stability, etc.

To get in practice the composite coatings based on chemically deposited nickel
and nanodiamonds, the previously known technique to obtain nickel-plated synthetic
diamonds has been modified. The technique includes the following stages (Figure
3):
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Applying the first layer of nickel

Surface activation

1 2

Applying the second layer of nickel
Fig. 3 — The sequence of chemical deposition of nickel coating with inclusions of
nanodiamonds (1 — adding nanodiamond suspension during deposition of the second layer of
nickel, 2 — adding nanodiamond suspension during deposition of subsequent layers of
nickel).

Carried out tests of the resultant coatings have confirmed the theoretical
backgrounds and composite coating with the addition ultradispersed diamond
allowed to increase the performance of the diamond wheel by 27% compared with
the wheel, which uses conventional nickel.

3. Modification of the polymer bond by the introduction of a detonation
nanodiamond.

The bond, along with the grade, grain and concentration of the diamond grains,
is the most important characteristic of the diamond grinding wheel. The quality of
the bond determines the utilization rate of the potential of the diamond, the scope of
application and performance of the diamond tool, productivity, economic efficiency
and quality of grinding. More than 55% of the total range of produced binders is
occupied by bonds on an organic binder, which is explained by the ease of
manufacture and low cost of such diamond tools. At the same time, the problem of
excessive wear of the organic (polymer) diamondiferous layer remains relevant. The
standard modifier of the mechanical and chemical properties of the bond is the filler,
the percentage of which varies along with the concentration of diamond grains. The
properties of the filler may not be affected by thermal conductivity, hardness,
coefficient of friction or ductility of the bond. For example, dispersed graphite, the
content of which in the B2-01 bond is contained in the amount of 0.8% of the volume
of the diamondiferous layer and significantly increases its antifriction properties.
However, the most effective means of increasing diamond retention is the
introduction of components that chemically interact with diamond into the bind. In
this case, the strength of diamond retention depends on the adhesion activity of the
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bond components to the diamond surface and increases with increasing adhesion
work. Given the linear dependence of the amount of filler and diamonds in the
diamondiferous layer, there is a need to search for new modifying components that
will allow changing the mechanical properties of the bond with a constant ratio of
filler and diamond grains [11].

Studies conducted by foreign and domestic scientists have shown that one of
the applications of ultrafine diamond is its use as a polymer modifier. Filling the
aromatic polyamide phenylon C-2 with nanodiamonds makes it possible to increase
the abrasive wear resistance of samples by 3.5 times, increase the modulus of
elasticity by 104.5 MPa, and the compression yield strength by 6.5 MPa (Table 5.1)
[99,107].

Detonation nanodiamond can be successfully used as an additive to such
polymers as fluoroelastomers, polysilicones, isoprene rubbers (Table 5.1). When
creating a composition from such polymers and nanodiamonds, the elastic modulus
of the nanodiamond composite can be increased by 10 times, and the tensile strength
is increased by 1.3 to 11 times [99].

Table 5.1 — Strength characteristics of phenyl and phenyl-based nanocomposites.

Polymer Grade Mc_nd_ulus of Tensile Strength
Elasticity (MPa) (MPa)
Fluoroelastomer 8.5 15.7
Nanodiamond Composite 92 173
Polysilicon 19 52
Nanodiamond Composite 53 154
Isoprene rubber 7.7 20.5
Nanodiamond Composite 12.3 28.2

As you know, the binding element of bakelite bonds is a polymer - phenolic
binder SFP-012A. The binder is a mixture of pillow-case phenol-formaldehyde
oligomer SF-012 with a curing agent - hexamethylenetetramine. Taking into account
the positive effect of nanodiamond on the mechanical properties of polymers, it is
suggested that the addition of nanodiamond can change the physical and mechanical
properties of standard polymer bond grades, increasing their hardness, modulus of
elasticity, and at the same time reduce the temperature in the microcutting zone due
to changes in the frictional properties of the diamondiferous layer [3].

To confirm the hypothesis, samples of the diamondiferous layer were jointly
created, in which a modifying component in the form of a nanodiamond was
introduced. To avoid nanodiamond agglomeration and uniform distribution of
nanopowder particles in the polymer binder SFP-012A, pulverbakelite was mixed
with an aqueous suspension of nanodiamond and evenly dispersed in the resulting
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emulsion. Next, the emulsion was completely dried with subsequent mixing using
ultrasonic vibrations. The resulting composite was further sintered using the
standard technology for manufacturing diamond wheels on a polymer bond.

The effect of the presence of nanodiamond particles on the hardness of bakelite
was studied on two types of samples. The first is a B2-01 bundle based on the binder
SFP-012A and the content of urotropin (hexamethylenetetramine) is equal to 6% by
weight, the second is a similar composition of the polymer SFP-012A, filler and 6%
wt. GMTA with the addition of 0.5%, 1% and 2% wt. nanodiamond. The
composition of two types was made by sintering rings with a size of 125x3x3 mm
(Fig. 5.5).

Figure 5.5 — Prototypes of a polymer diamondiferous layer with a size of 125x3x3 mm.

Hardness measurement on the PMT-3 device at a load of P = 50 g with a
diamond pyramid with an angle at the apex of 136° showed that the introduction of
nanodiamond particles into the polymer binder leads to an increase in the Vickers
microhardness by 16 to 23%. Thus, the hardness of the bond sample without the
presence of nanodiamond was 78 HV. When ultrafine diamond with a mass fraction
of 0.5% was introduced into the composite, the hardness of the composition
increased by 16% and amounted to 91 HV. The largest increase in hardness was
observed on a sample with a 1% nanodiamond content (96 HV). With a
nanodiamond content of 1.5% by weight. the hardness was 93 HV.

Thus, the studies carried out have shown the expediency of using detonation
nanodiamond powders as a modifier of a polymer binder. The introduction of
nanopowder into the polymer composition leads to an increase in microhardness by
23%, and the recommended mass fraction of nanodiamond should be about 1% of
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the bond weight. It is possible to use such polymer compositions in the
diamondiferous layer of standard grades, which will theoretically increase their
hardness with constant thermal conductivity.

4. Conclusions and prospects for development.

1. The physical nature of the synthetic diamond destruction, where the decisive
factor is the temperature at the microcutting area is established. It is need to control
this factor, along with force.

2. It is established that metal phase material and its percentage of the volume
of the diamond influences significantly on the diamond grains efficiency. For
example, the replacement of compound alloy with prevailing Mn content by the
compound alloy with Ni reduces the probability of failure under conditions of force
and thermal load by 27%.

3. From the calculations one can see that the concentration of diamond grains
in diamond-bearing layer of the wheels can be significantly reduced compared to
conventional values used in serial production.

4. As a result of the investigations it is determined that in contrast to the
conventional thickness of the metal coating on the diamond surface within 56 —
100%% wt., the thickness of the coating should be recommended specifically for
each graininess. For example, 50/40 — 80/63 from 175 to 200%, 100/80 — 160/125
from 150 to 175%, 200/160 — 400/315 125% wt.
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€sreniit OctpoBepx, XapkiB, Ykpaina

NIABUIIEHHSA EOEKTUBHOCTI BUKOPUCTAHHS AJIMA3HUX
MJII®YBAJBHUX KPYI'IB HA OPTAHIYHOMY 3B'A3YIOUOMY
MATEPIAJII IVIAXOM PO3PAXYHKY PAIIOHAJIBHOI CTPYKTYPU
TA BUKOPUCTAHHS YJIBTPAIUCIIEPCHOTI'O AJIMA3Y

AHoTauis. YV cmammi npedcmaeieno 00uH i3 8apiaHmié pOo3POOKU HAYKOBO OOIPYHMOBAHUX
PpeKomeHOayiil wooo GU60OpPy PAYIOHANLHO20 NOEOHAHHS MIYHOCHIL 36'13VI040I PEHOGUHU, DOIMIDY
ANMA3HO20 3€PHA, KOHYECHMPAYLL AIMA3ZHUX 3ePeH I3 I3UYHUMU MA MEXAHIYHUMU G1ACMUBOCHISIMU PIZHUX
MUnNie 38's3y104uUx Mamepianie y UpOOHUYMEI AIMA3HUX WLIY8anbHUX Kpy2ie. [Iposedeni ocaioxncenHs
noxasam OOYINbHICMb BUKOPUCMAHHA OeMOHAMOPHUX HAHOAIMAZHUX NOPOWIKIE AK MOOudikamopa
nonimepnoi 38'a3yrouoi pewosunu. L1Jod ynukHymu aznomepayii HAaHOAIMA3i8 i PIBHOMIPHO20 pO3NOOiNy
HAHONOPOWKOBUX YACMUHOK V noJimepHitl 368'a3yiouiti pevosuni SFP-012A, nyiweepbakenim smiwysanu
3 BOOHOIO CYCNEH3IEI0 HAHOAIMA3Y MA PIBHOMIDHO OUCNEPCY8anu 6 OMPUMAHill emynvCii. Jlani emynbcis
nogHicmio  BUCYWLYBANIACS 3 NOOANLUIUM 3MIUYBAHHAM 3a OONOMOZ010 YIbMPA36yKOeUx Giopayil.
Ompumanuii KomMno3um 000amKo60 cnikagcs 3a CMAHOAPMHOIO MEXHONO02IEI0 6ULOMOBNEHHA AIMAZHUX
Kpy2ié Ha noiimepHomy nog'sa3ky. Bniue nasgnocmi wacmuHOK HAHOAIMA3Y Ha meepoicmb baxenimy
suguascs na 0gox munax 3paskie. Ilepuwuii — ye 3paszox B2-01, 3acnosanuii na 36'a3yiouiti pewosuni SFP-
0124, emicm ypomponiny (2ekcamemuienemempaminy) cmanosums 6% 3a 6azoro, Opy2uli — CXodcull
cknao nonimepy SFP-0124, nanosmwosaua i 6% eacu GMTA 3 0ooasannam 0,5%, 1% i 2% eaeu
Hanoanmasa. Komnoszuyis 3 060x munis 30iticnioganacsa wiaxom cRikants Kineys posmipom 125x3x3 mm.
Jlooaeanusi HaHoaimasy y NONIMepHUll 36'13Y6ay Npu3eo0ums 00 30LIbUEHHS MIKpOMeepoocmi no
Bixepcy na 16-23%. Takum uunom, meepdicmv 3paska Nnoe'si3ky 0e3 HAA6HOCMI HAHOOIAMAHMA
cmanosuna 78 HV. Konu 6 kxomnosum 0odasanu yiempadpionuil aimas 3 macoeoio uacmxoio 0,5%,
meepoicmb cknady 30invuwysanacs va 16% i cmanosuna 91 HV. Hatibinvuwie 3pocmanns meepoocmi 6y1o
3agpixcosarno na 3pasky 3 emicmom nanoamasy 1% (96 HV). Buicm nanoodiamanmy cmarnosums 1,5% 3a
8aeoro, meepoicmo cmarosuna 93 HV. Beedennss HAaHONOPOWKY 6 NOJMED NPpu3800Ums 00 30i1bIUeHHs
mixpomeepoocmi na 23%, a pekomen008ana Maco8a YacmKa HaHoaImMasy mac cmanosumu oausvko 1%
80 6acu 38's13y1040i peuosuru. Moxciuso suKopucmosysamu maxi noariMepHi KOMno3uyii 8 aiMasHoMy
wapi cmanoapmuux copmie, wjo meopemuyno nioguwyc ixmwio meepoicmo uepes Oinviu GUCOKY ma
noCmiliny menionposionicme.

Ku1rouoBi ciioBa: anvasui winipysanvhi Kpyeu, opeaniunuil 36 3y0uutl mamepiai,; HaHOOIAMAHM.
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Abstract. The lack of research on the specifics of the initiation of grinding cracks and their development
into main cracks depending on the design, technological, and structural inhomogeneities of the material
of the products does not allow for the unambiguous application of existing recommendations for
eliminating the defects in question. This work is devoted to investigating the influence of inherent
inhomogeneities in the surface layer, their geometry, and mechanical characteristics in products made
of functionally graded materials on the selection of technological conditions for defect-free machining of
parts. It has been established that the magnitude of the stress intensity factors for inherent
inhomogeneities formed in the surface layer of products made of functionally graded materials is
influenced by the size and orientation of these defects, their depth of occurrence and mutual arrangement,
and the magnitude of the heat flux during grinding. The geometry and properties of inclusions formed by
previous operations in the surface layer can create conditions for both the inhibition and the development
of grinding cracks. If the heat flux is directed parallel to the inclusion axis and a straight, thermally
isolated crack, then when the linear thermal expansion coefficient of the inclusion is greater than that of
the matrix, an increase in the stiffness of the inclusion leads to an increase in the stress intensity factors
K; (K,; = 0) for various ratios of the thermal conductivity coefficients of the material components. This
leads to the propagation of microcracks. Conversely, if the thermal expansion coefficient of the inclusion
is lower than that of the matrix, a decrease in the stiffness of the inclusion leads to a decrease in the stress
intensity factors K; (K;; = 0) for the same ratios of thermal conductivity coefficients, i.e., conditions
favorable for the non-propagation of microcracks are present. Therefore, when determining defect-free
grinding parameters, it is necessary, first and foremost, to establish the maximum permissible cutting
depths. In doing so, it is also important to have information not only on the thermophysical and
mechanical properties of the material and the presence of inhomogeneities in the surface layer, but also
on its processing conditions.

Keywords: functionally graded materials; inhomogeneities; grinding; crack formation.

1. Introduction

Establishing relationships between the most important operational properties

© A. Usov, M. Kunitsyn, Y.Sikirash, V. Davydiuk, 2026
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of parts (wear resistance, fatigue and long-term strength, contact stiffness, magnetic
properties, etc.) and the technological parameters of grinding—the micro-relief of
the machined surface, microhardness, the presence of microcracks and chips, and
the depth of the hardened layer—is one of the most important tasks in mechanical
engineering technology.

The works [1], [2] are devoted to the study of thermophysical phenomena
accompanying the finishing operation and determining the quality of the surface
layer of products made of functionally graded materials, as well as to establishing
their influence on crack and burn formation based on a quantitative analysis of the
thermal stress state.

However, the problem of ensuring the required quality of the working surface
of products made of functionally graded materials during finishing operations cannot
be solved by thermal criteria alone. Given that the materials used to manufacture
parts exhibit a high degree of heterogeneity, significant changes in the distribution
of temperatures and deformations should be expected in areas where heterogeneities
accumulate, as well as in their geometry; this, in turn, can lead to the formation of
local deformations and the appearance of cracks on the working surfaces of ground
products.

2. Analysis of sources and problem description

Stresses in workpieces during grinding typically propagate through a very thin
layer several hundredths of a millimeter thick. The counteracting compensating
stresses, on the other hand, are distributed over a significantly larger volume but
have a negligible absolute magnitude, so their influence on the part’s operational
properties can be disregarded. Maximum stresses thus occur near the machined
surface, at a shallow depth.

A number of studies [3] have proposed a method for calculating the maximum
thermoelastic stresses functionally related to the processing conditions. The resulting
relationships were used as criteria for defect-free processing based on the absence of
crack formation.

In cases where the workpieces being processed are homogeneous pieces
(coated workpieces), their stress-strain state depends on the properties of their
constituent materials. Taking into account their physical and mechanical properties,
as well as the coating thickness, allowed the author of [4], [5] to determine, based
on the solution to the problem [6], the stress state resulting from grinding
temperatures at the coating-matrix interface and to develop limit defect-free grinding
cycles for coated parts.

The studies of the causes of grinding cracks presented in the works [7], [8] from
the perspective of structural and phase transformations that generate corresponding
structural stresses— oy..(M, 7) —are also of a specific nature and do not allow for
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a comprehensive understanding of the true picture of crack-type defect formation on
the machined surface. The fact is that both structural and phase transformations (in
volumes sufficient to generate destructive structural stresses) must occur at relatively
low rates of heating (or cooling) and over a significant period of time. Meanwhile,
grinding is characterized by short durations, high heating rates of the order of 3,000—
50,000 °C/s, and approximately the same cooling rates [9]. These, in turn, are
conditions close to thermal shock [10], [11], during which thermal stresses reach
very high values.

The known functional relationships between process parameters and grinding
temperature [2], [12] make it possible, using appropriate techniques, to eliminate
burn marks on the machined surfaces of products made from functionally graded
materials that do not contain design- or process-related inhomogeneities and whose
material does not contain significant inhomogeneities. Studies of the conditions for
improving the quality of machined surfaces by eliminating defects such as cracks
were conducted primarily at the level of identifying qualitative relationships between
process parameters and the physical and mechanical properties of the materials being
ground [13]. The quantitative relationships between stresses and processing
conditions obtained in a number of studies [14] are of a specific nature and do not
reflect the general patterns of the stress-strain state of the surface layer depending
on technological conditions and the properties of the materials being processed. In
later studies [15], [16], the stress state of ground surfaces was evaluated using
numerical methods.

However, the lack of studies on the specifics of the initiation of grinding cracks
and their development into main cracks depending on the design, technological, and
structural inhomogeneities of the material of the products does not allow for the
unambiguous application of existing recommendations for eliminating the defects in
question.

3. Research objectives

Therefore, the objective of this work is to investigate the influence of inherent
inhomogeneities in the surface layer, their geometry, and mechanical characteristics
in products made of functionally graded materials on the selection of technological
conditions for defect-free machining of parts.

This objective can be achieved by solving the following tasks:

1. Create a mathematical model describing the thermomechanical processes in
the surface layer during the grinding of products made of functionally graded
materials, taking into account the inhomogeneities and their geometry formed during
previous operations, starting from the production of the blank.
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2. Select criteria for crack and burn formation on the machined surfaces and
establish their relationship with the investigated technological parameters of the
grinding process.

3. Develop the prerequisites for optimizing the thermomechanical state of the
surface layer of products made of functionally graded materials during the grinding
process, thereby preventing the occurrence of grinding defects such as cracks and
burn marks.

4. Determine the technological capabilities for controlling the quality of the
surface layer of parts using the established relationships between the physical and
mechanical properties of functionally graded materials, the inhomogeneities and
their geometry within the machined layer, and the technological parameters of the
grinding process.

4. Research methods

The grinding process of machine parts is accompanied by both thermal and
mechanical phenomena, which, interacting with each other, determine the quality of
the surface layer. A quantitative description of these phenomena requires the
selection of specific models. Due to the interconnection and interdependence of
phenomena and processes during metal grinding, it becomes evident that the stress-
strain state of the surface layer is determined primarily by the grinding temperature.
If we use a thermoelastic body model that reflects the interrelationship between
mechanical and thermal phenomena under finite heat fluxes, we can make significant
progress in research on the influence of thermomechanical phenomena
accompanying the grinding process on the quality characteristics of the machined
surfaces of parts

For further studies of the kinetics of thermomechanical processes, we will use
the following system of differential equations [17] as the main theoretical
framework, which describes the interaction between the strain field and the
temperature field:

—

2

. o 0%U;
GAU; + (A + G) grad div U; —pFZJ-F P =af; grad T 1
w29 i, = W+C‘262T ?
aor T YT T 9t

where A, G are Lame constants; §, = 34, + 2G; pis the density of the processed
material; «; is the thermal coefficient of linear expansion of the metal; a = 1/C, is
the thermal conductivity; A is the thermal conductivity; C, is the specific heat
capacity; U(®, t) is the total displacement vector of the internal point @ (x, y, z) of
the surface layer under the action of thermomechanical phenomena accompanying
the grinding process: [ = 1 + @ /6 ( v is the relaxation time); 7 =
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atptT(®,7) / A; W is the power of the heat source; C, is the heat diffusion
coefficient in the workpiece material; ris the time; P; are cutting forces;

0oy < g o, T
grad T(x,y,2) = =1 ay] 7

ind 20U Uy U, T

YU T ax dy 9z’ Je X%z

Since thermal phenomena prevail over mechanical forces during grinding, the
term accounting for the conversion of mechanical energy into heat can be neglected
in the heat conduction equation, and we arrive at a parabolic-type heat conduction
equation. To solve the given system (1) in explicit form, we will neglect the influence
of inertial terms and the finiteness of the heat propagation speed. Furthermore, to
overcome the analytical difficulties associated with solving spatial thermoelasticity
problems, we will consider a plane problem. This transition is justified by the fact
that, for investigating the thermomechanical state of ground surfaces, information
regarding the propagation of temperatures and deformations with depth and in the
direction of the tool’s movement is crucial.

An analysis of large-scale interaction schemes between the wheel and the
workpiece surface has shown [18], [19] that the curvature of the wheel and the
workpiece within the contact zone has a negligible effect on the geometric
interaction scheme between the wheel and the workpiece. Therefore, when
formulating the computational model, we assume that the workpiece is a half-plane
whose surface layer contains inhomogeneities of inherent origin. This allows us to
study thermomechanical processes during the grinding of workpieces with
inhomogeneities day having different geometries and locations within the matrix—
the material of the workpiece. This scheme determines the thermal and deformation
coupling conditions at their boundaries - ay.

We will account for the influence of structural inhomogeneities in the
machined surface in the model by the presence of inclusions and defects such as
cracks.

The equation of transient heat conduction:

or _ (9T 0T )
ot ¢ \oxz T 9y2 (2)
b) Lame’s elasticity equations in displacements:
9% 1 AU = b7 U v v v
ax 1-2u —7 ax’ 26 2G’ 3)
0 1 _ oT 4G(1+ p)
—- +AU=b"—, bT=—Lat
dy 1-2u dy 1-2u
c) Initial conditions:
T(x,y,0) = 0 4)

d) boundary conditions for the temperature and strain fields:
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g—i:—q()j{t), lyl < a, —z—i-i—jT:O, lyl > a; (5)
(0x(%, ¥y, Dlx=0 = Txy((XJ \ t)|x=0 =0
e) Coupling conditions between the boundaries of the inhomogeneities and the
base material:

for temperature fields for strain fields
k-1 k k-1 k
T (a,—0,,7) =T(a, +0,y,7) Vi (ax — 0,y) = Vi(a, +0,y)
k-1 k k-1
O-X(ak_oly)= (6)

aT aT
Heo T @ 0D = A @R OYD (a4 030/ (0~ 09) =

= ’If—xy(ak + 0')/)
e) Discontinuity conditions of the solution:

at inclusions: at crack-like defects:
<ii>=0, <o, >%0 <o, >=0, <u>#0
<v>=0, < Tyy >#0 < Tyy >=0, <P>%0

The conditions for the discontinuity of solution (6) at inhomogeneities such as
inclusions and crack-like defects should be understood as follows [2], [20]:
< =1a(-0,y) —a(+0,y), < 0y = 0,(—=0,y) — 0, (+0,y)
<v>=9(=0,) —9(+0,y),  <Tyxy >= Ty (=0,¥) — 7,y (+0,%)

5. Research results

The presence of stress concentrators in the surface layer of ground products—
which include various types of defects introduced during the production of the blank
and subsequent processing steps—significantly complicates the investigation of the
causes of crack formation. Therefore, when determining the limit equilibrium state
of the deformable surface layer, the values of the stress and strain components at the
tip of the stress concentrator must be substituted into the classical strength criteria.
This approach is used in fracture mechanics [21], where new strength criteria are
formulated as specific invariants, both in models of continuum mechanics and in
models that account for micro-inhomogeneities in the material being processed. Of
the criteria available in fracture mechanics, which are divided into energy, force, and
deformation criteria [22], [23], the most suitable for our case are the force-based
criteria associated with the use of the stress intensity factor (SIF) [23], [24]. In the
most general case, the distribution of strains in the vicinity of the crack-like defect
is represented as a superposition of three partial strains corresponding to the three
main types of crack surface displacement: normal separation, transverse, and
longitudinal shear.

The stress intensity factors K, K;;, and K;;; serve as a measure of stress
singularity near the tip of a crack-like defect. The critical stress intensity, K¢, is a
material property. When loading causes the stress intensity to reach the critical value,
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the crack-like defect transforms into a main crack. The critical stress is inversely
proportional to the square root of the initial length of the crack-like defect [25]:

Kic
Oc \/H
where 21 is the initial length of the crack-like defect, and the subscript 1 denotes the
first type of fracture.

The thermally stressed grinding process generates thermomechanical stresses
in the surface layer, which, in the presence of inhomogeneous defects, can lead to
their propagation in the form of chips and a network of cracks even in the absence
of external mechanical loads.

Let there be defects in an elastic half-plane on the lines a,, a,, ..., a; has
|9,] < U, |F,] < 1y,..., |Pk| < lg, across which the displacement and stress fields
undergo discontinuities. Hereinafter, we will consider a system of defects consisting
of two cracks (k = 1, 2) located in local coordinates at ¥,0,¥, (k = 1)and %,0,7,
(k = 2), respectively. Fig. 1 shows a computational scheme for determining the
influence of defects on crack initiation under thermal loading.

Let us consider the jumps in displacements and stresses at the defects:

() = (0.9 = Te(+0,9), (53] = 5:(=0.9) = 5:(+0,9)

(0@) = U=0.9) = Te(+0,9),  (Eey ) = Fay(=0,9) = Ty (+0,9)

(y) l Ply)

Yoi 0 Yoo A4

X

Fig. 1. Calculation scheme for determining the influence of defects on the intensity of crack
formation under thermal loading.
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According to conditions (6), at crack-type defects the jumps in normal and

tangential stresses are zero, i.e., < ar(y) >0, < Txy(y) > 0. The displacements
Uy (%,9), VK(x ¥), O (X, ¥) must satisfy the Lamé equations:

5 Op =Ty + 7

= = 4G(1 + p)dt
1_2H+Auk bTT), 1—2u+AV" T, §+2u)
- 2u

Using Treffz’s representations [2], [26], [27] in the Fourier transformants with
respect to the variable y, one can determine the displacements 1731((9?), VBK(E) and

the stresses a;ﬁ (f)r’;ﬁ (%), a’;ﬁ &) = a’;ﬁ ®y.

Returning to the original discontinuous solutions for the stress in local
coordinates %, 0, y, via the derivatives of the displacement jumps < U (%) >, <
Vi (¥) > are expressed as

kpoooo 1 G-l =3)(F -r)?+5*) -]
oi(%,5) = md—p) f(Uk( ) (G -2 + 2] dr
_ (7)
x (G-r*-39)

Tan(l-p) _ek<V"( Mo s e

I 5 ey~ T — 12 — x2
b5 ) = — <Uk(T))MdT
O R ©
__ * <I7,:(T)>%d
4-7'[(1 — ,l.l) —ep [(y _ T)Z + ;C‘E]Z

g-n x?
3 = Lkwk(r)) {411[(? 7+ 2 <1 Ta-wiG-nT+ x])} ar+
s oo x[iz + ()7—1‘)2]2 (9)
e el ek<vk<r)>{(1 WG =)+ 7]+ Je _T)z]z}dr

We find the compensating stresses as follows. We express the discontinuous
solutions (7) — (9) in global coordinates and, setting x = 0, find the stresses at the
boundary.

They will be equal to:

€k —~, k ~, k

50 = [ [0k 000 + T 00| dr = P (10)
ekp ok L,k

t ) = [ (TR0 + (TN dr = ) (11)

—ex
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K K
Here, R;j(x,y), N;(y,z) are the kernels (k = 1,2); characterizing the
coordinate transformation (local X, 0,7 to global XOY and the expressions of
stress components in global coordinates. Taking as boundary conditions (x = 0):
2

> 0:0.9) = ~Pi) = 0:(0,) (12)
k=1
2
k
D 1 0.) = ~4:0) = 1y (0.9) (13)

k=1
we find the stress state of the surface layer:

'w)—‘“”Zf[wm&w0+Mmmwﬂ

ek 962+(3’—T)2
[x* + (y —r)*]dr

2
2X ek
}Sf TR, 0) + T 01| o e

L
s if[mm&@ﬂHW”MWﬂ

= _ondr -
T oo
, —-7r)d
_ (::x f (TR 1) + (TN 0, T)]%
2
d
B0oy) = _(v T )Z (TR ) + (TN 1) Tr)—:)z
. =
Zﬂ(fﬂ [1) —ek [ Uk(T') R1(y )+ (Vk(r))Nl(y r)] e . |X7;) -
1
Zf Uk(T))R1(y r)+ (Vk(T))Nl(y T)} ln\/ﬁdr -
x?(1+v ) = (15)
T2m(1— Il) —ex l Ui () R1(y )+ (V"(r))Nl(y n m B

X+ -2
BT O

dr +

4n(1 - Z f_ek
477(1 w Z f

—ey

47r(1 u)zf

—ey

[ U (1) Rl(y )+ (Vk(r))l‘h(y 1)

-nNEx*+ (-2

o

[ U,.(M) R1(y )+ (Vk(r))Nl(y 7“)] o

[ (T ) + (TN, >] i IC Vit D

[x*+ (@ —r)?P
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1 d
X( pa )Z_[ Uk(T))R1(y )+ (Vk(r))Nl(y 8] WTA_N
2xd
ol (x,y) = Vlz.f Uk(r))Rl(y )+ (Vk(r))Nl(y 2 ﬁ_

2[x2 + (y —1)2]dr

k| k Lk
—XY2 kZl j_e}( [(Uk(r))Rl(y, )+ (Vk(r))N1(3’: T) 2t —nP

. k ) . (16)
pon ~ —r)ar
+27; Z | |G+ G o) | o -
) g, y
4x? (TL)R o &~ rydr
—4x V4 ﬁEk T (MR, 7) + (Ve (MIN, (v, 7) 2+ -
In equatlons (14) — (16), the following notation is used:
o _GB-4w -2 3—4/1.1/: 1-2u = 3—4u
TG 77) R R TC R 1) (A G 7)
L 1=2p . _ 1-2u P _ 1
:u_l* Zgl _ [,l) H1; ) Hy = 2&1 ) Ha; .u 4_7_[(1 _ [,l) B
a=1+llz+llzl azm—l—uz_ de = 1 v az.“z pr+1
1 2 T paopy BTHMtY wsToaT s
_HUE — ) — (i — 2p) Y
' an(1—p) C T =
_ 2y —ppy —w) — G —4w) + (1 — 2wy —2(1 — Wiy _m-pp -l
8r(1— 1) C T B

The thermoelastic stresses generated by the heat flux q(y,t) acting at the

boundary x = 0, in the contact zone |y| < a, and by heat transfer according to
Newton-Richman’s law AJT / &x + T = 0 [28], outside this zone, i.e., |[y| > a,
we obtain from the solution of problem (2)—(6) (the special case k = 0,0 <x < A).
In global coordinates, these stresses are expressed as:

i _2a(x® —y?)  2ay(3x% —y?) (a3 —xay) 2x(x* —3y?)
o' (x,y) =

[x2 + y2]2 - TL'[X2 + y2]3 T [XZ + y2]3
4x
r4) cos(?) (17)
+T3(E)Pp (x - - AZﬁZTﬁ (5)% (x — §)]dédp
”I(x y) Yszy )/Zx(xz - 3}’2) (18)

T[x? + y2]? - n[x? + y2]3
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4x

[(4) sin(——2—)
L1YBY -y yax Vet y?
m [x? +y?]3 T [x% + y2]?

bT © oo , )
o B R C G LR R QTR i

by x% — y? by +byx x(x% — 3y?)
T +y22 =« X2 + y2]3
4x
byxI'(4) cos(——)
* Jx2 + 92 (19)

+ [x2 + y2]2 -

pT © (® )
3] | e @ope - azap

Returnmg to the solutions found for the normal o/ (x,y), o/ (x,y), and
tangent t3), (x,y), Ty (x,y) stresses in local coordinates and using the obvious
condltlons

III(X y) —

llm [0 x99 + 0}; I(%, y)+ax”(x y)] =0
(20)

k k
le [rxy(x ) + i (%, y)+1',’(’3{ %, y)] =0

We finally arrive at a system of 4 singular integral equations with respect to the
sought-after derivatives of the displacement jumps < Ux(y) >, < V¢ (y) > (K =
1,2) [29], [30]:

Of greatest interest is the behavior of the stresses oy (0,y) + iT,(0,y) for
y — K +o. These stresses determine the nature of the stress intensity factors—SIFs:
K; and iK};.

Consider the case of a crack-type defect of length 21, located in a surface layer
of thickness 2h and arbitrarily oriented. The stress state of the surface layer is
determined by the disturbance near the crack of a given temperature field T, (x, y, 7).
If the temperature field is described by the function T,(x,y, 1) = q(2)(ycosB+
xsinf), then to determine the stress intensity factors, we have the formula:

‘/_ Hal cin(p— ¢

62
X {1 - 7(“1 —Niqp) — I[dz + Ed3 —dyNy; — Ny + N31] + 0(56)}

where g is the angle between the direction of the heat flux and the Oy axis; ¢ is the
angle between the defect axis and the Ox axis; § = [/h is the dimensionless width
of the band:

: 1 , , ,
dy =—(isin2¢ + e 4®)I, — 59‘2“”31 —(1—2e7%¢ — e=4¢)4, — 4e~4PE,
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1 . . 1 )
d; = 2 [(sin4 ¢ — 2e~4¢ + 2751, + 56_41"533
+ (47210 — e=HP — 4o 41b — o=6IP) |4, — 4e7CIPE,

®| -

d, ==[1—cos4¢ +8sin® ¢ + Sising (e 5 — 2¢719)]3,

1 . .
+ 5(6054([) —5Sising e 5®)l; + I3/, + 2e7PE, +
+[ising (3e7¢ — 2e71%) — e72i9]
1 . . . . . .
+ E[Zi(3el¢ —3e7 — 27 + e3¢ sin ¢ + 2P — 20729
—16sin? p e *?|E,

©

S, =4 f Y 2shaye(y)dy; Iy = f Y1 — e )sh2y — 4y?le(y)dy
0 0

Ay = f y™(ch2y — De(y)dy;
0

® 1
E = n d ;€ =
n fo yre()dy;e(y) 17— si2y
w2 I N3y
N11=E(0052¢i3); N31=ﬁ(cos4—¢/15ic052¢); N33=T

Here and hereafter, the upper index corresponds to the right end of the defect,
and the lower index to the left end.

Figures 2 and 3 show the relationships between K; = 1K, /v/rmlHql and K;, =
AK, /NmlHql as a function of the crack rotation angle ¢ for i/h = d = 0.1 (Curves
1 and 2 correspond to the boundary conditions of the heat conduction problem: if the
boundary temperature is specified as —1, or if the heat flux and heat transfer
conditions are specified as 2), when the heat flux is perpendicular to the OY axis;
solid lines correspond to the right end of the crack, dashed lines to the left; H =
at E /2.

The figures show that the values of K, and K}, in the absence of heat transfer
(curves 2) are greater in absolute magnitude than when the boundary outside the
contact zone is thermally insulated.

The value of K;; reaches its maximum when the heat flux is perpendicular to
the crack.

The normal stress intensity factors K;, which take on negative values, have no
independent significance, since in this case it is necessary to solve the problem in a
formulation that accounts for contact between the crack walls.

We investigate the stress intensity at the tips of a crack located at a depth of
o, when a temperature T, is maintained at its edges, and a heat flux q(T,y)
directed perpendicular (= 0 —the angle between the flux direction and the Ox
axis) to this surface is applied at the part’s surface (x = 0). The thermoelastic state

81



ISSN 2078-7405 Cutting & Tools in Technological System, 2026, Edition 104

of the machined surface will be determined solely by the disturbed temperature field.
Given that along the line of a crack-like defect T0 = 2q0 * ¢ * from equations (17)
—(19) and (21), we find:

!
K'* = FqeHWnl; K = +2HT, \E (22)

If we introduce the quantity Pn = q0 = HI5 *, where P is the tensile stress
formed under the action of temperatures, andh is a parameter, then the following
important characteristics for the behavior of defects can be established. If the values
of the stress intensity factors are known, then the initial crack propagation angle 6 *
and the limiting value of the heat flux for it are determined from the relations [31],

[32], [33]:
K; —K? + 8K?
0. = 2arctgD, D = S ‘S s 14 (23)
_ V3AKyc (24)
o = Hivmis®
K‘ KH*
HSH/H|¢<_3V
X gy I 2
2 ;//{'(0,@/y ———____\4
- / SN 04 T
oK Ot -
AN P
N~ P
N P
0,2 \\\\\ -0,4 I
2 \\\:\‘\~~\ """"""" ::-—’ 4
S T \,

0 /6 /3 o 0 n/b /3 9
Fig. 2. Dependence of K;' = AK;/ Fig. 3. Dependence of Kj; = AK;/
VrlHql = f(¢) on the crack rotation VrlHql = f(¢) on the crack rotation
angle pat 6§ = I/h = 0.1; 1 — when the angle pat 5 = [/h =0.1;1-Type |
boundary temperature is specified; 2 — stress state; 2 - heat flux and heat transfer
when the heat flux and heat transfer conditions are specified; solid lines 1, 2 -

conditions are specified; solid lines 1 and 2  right, dashed lines - left ends of the crack.
represent the right end of the crack, and
dashed lines represent the left end.
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Figs. 2 and 3 show the dependencies of the angle ¢and the reduced tensile
stress P, = v/l - P/K, at the right end of the crack on the angle « and various
values of n = g*HI" /p.

Under the action of the heat flux, the thermally insulated crack begins to grow
from both ends simultaneously. As shown in Fig. 2, with an increase in the heat flux,
the ultimate stresses decrease, i.e., a disturbance of equilibrium is possible in the
region of the defect under consideration, and a microcrack forms.

Let us consider the mutual influence of defects on stress intensity using the
example of two arbitrarily oriented inhomogeneities. We will choose the origin on
one of the inhomogeneities, and the second can move arbitrarily relative to the first.
From equations (21) — (24), with Iy = [, a;; = a, ¢, =0, ¢, = ¢, and 6 = 1/d,
after calculations accurate to & ,the SIF expression for the upper crack takes the
form:

Kt = 0,56 — 0,2563 + 0,2076° — 0,03716” 2
! \/Hqu[ ] (25)
1
K+ = 1—0,256%2 4+ 0,1956* — 0,178758 26
" \/Hqu[ ] (26)

Fig. 4 shows the dependence of the values of K, (S = I —solid line, S = II —
dashed line) on the dimensionless distance between cracks « = a/2l, calculated
numerically using equations (25) and (26). When § < 0.5, the presence of the
second defect has little effect on the value of K;;, whereas the coefficient K; still
depends significantly on the distance between the cracks. Fig. 5-10 shows the
dependence of SIF on the angle ¢ (the angle of rotation of the second crack relative
to the first) for 6 = 1/3 (a = 3l) when v = 0, z/6, 7/3, /2 (the curves are
labeled with numbers 14 for the moving crack and 1'—4’ for the stationary crack;
solid lines correspond to SIF at the right vertices of the crack (Kj+), dashed lines at
the left vertices (K;").

The figures show that, for certain crack configurations, the coefficient K, at one
end may be negative (this means that the crack edges come into contact in the
vicinity of that end). In this case, the SIF values in the vicinity of the other end of
the macrocrack remain practically unchanged and can be used to determine the
critical force at which the crack reaches a state of limit equilibrium.
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| /
v /.‘ Z
w6 ) f\
. \ \ /
-n/6 0.8
Z 2
-3 0,2
/3 21/3 o 0 /3 27/3 o
Fig. 5. Dependence of the reduced value
of on tensile stresses P, = vzl - P./K;¢

0
Fig. 4. Dependence of the initial crack
propagation angle @+ on the angle o for
various values of n = q3HL5"/P.

0.6

0.4

1

Fig. 7. Dependence of the value K;; on the
angle ¢ —the rotation of the second crack
relative to the first—when 6 = 1/3, v =

Fig. 6. Dependence of the value of K
0, v = 7/2.

(S = I—solidline, S = II —dashed
line) on the dimensionless crack spacing
a=a/2l.
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Fig. 8. Dependence of K; on the angle ¢ of
rotation of the second crack relative to the
firstat & = 1/3, when y, =0, y, = 7/2.

0.2

0,2

0 w3 2n/3 ®
Fig. 10. Dependence of K; = f(¢) for 6 =
1/3 when y, = 7/6, y, = z/3; solid
lines—at the right vertices of the cracks,
dashed lines—at the left vertices.

K

0.5

-0.5

-1.5

0 /3 2n/3 ®

Fig. 9. Dependence of K;; = f(¢) for 6 =
1/3, when y, = 7/6, y, = 7/3; solid
lines—at the right vertices of the crack,

dashed lines—at the left vertices.

¥ ¥ vdosva
W=l
?Dg‘

2
1 2 3 4
3l

e 7*—//\->%\

0.8

o] w3 2n/3 L

Fig. 11. Dependence of the critical heat

flux value §* = qolvml/v3K;cA on the
angle pwhen 6 = l/a = 1/3.

For the values of SIF obtained from equations (7), (8), (17), and (19), the
critical heat flux g is determined. The dependence of the reduced values §* =

q*/q1 (q; = V3K, A/ (HIN D) —corresponds to the value of the critical heat flux

in a plane with a single crack) on the angle pat == [/a =

1/3 is shown in Fig.

11. The curves labeled 1-4 correspond to the minimum value of §* at which crack
propagation will begin from the corresponding vertex; the initial numbering of the
crack vertices is chosen when ¢ = 0. Fig. 12 shows curves of the values §* for v, =

0and w, = n/2 — for y, = 7/6, w, = n/3 (the dashed curves correspond to the

values y, = z/2 and y, = 7/3).
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It follows from the figures shown that when 0 <y <7/6, a stationary crack
begins to propagate first, and for all values of ¢ (with the exception of a certain
region in the vicinity of ¢ = 7z/2) at vertex I. The critical heat flux has the smallest
value for w =0and ¢ = 0and for w = z/6 when ¢ = 7/2. If w = 7/3, then
crack propagation begins from the bridge side, and the minimum value of §* is
achieved when ¢ = 7z/4. In the case where z/2 <@ <57z/6, the cracks mutually
reinforce each other, i.e., the strength of the body in this case is higher than when
there is only one crack. When w = /2 and § = 1/3, the cracks practically do not
interact.

Analysis of equations (16), which describe the thermally stressed state of the
treated surface layer containing inclusions, allows us to determine the influence of
the mechanical and thermophysical properties of these inclusions on the nature of
their interaction with crack-like defects.

As an example, let us examine the stress state of a surface layer containing an
inclusion with a crack (Fig. 13). We will present the solution to the heat conduction
problem in the form:

i 2 4 6

T(S)=w\/ —s7|1-2.2 +,125——/1 (SZ+AE+%)%] @7)

12
where 1, =4, +4,,S =T/l, 0 = l/R, /1* = A,/A,. The stresses along the
crack line are determined by the formulas:
—0,(S) = —Ay — 34:S cos By

Tyy(S) = —A1S sin fo (28)
4G —aq)T, 2qolGiazD; 22 .
where A, = —20@zma)lo, 4 200161020z . e Zhat ;o are the linear
2G+x1-1 az(G+x1) A12

thermal expansion coefficients of the insert and the matrix, respectively, & = a, /a,

ar aly.)
¥,=n/b;
Y,=n/3

/f\&\

/3 2n/3 P
Flg 12. Dependence of the critical heat Flg 13 Calculatlon scheme for
flux value §* = qolVml/\/3K,cA on the determining the thermal stress state of a
rotation angle ¢ of the crack-like defect of ~ surface layer with an inclusion containing
the second crackat & = l/a = 1/3. a crack-like defect.
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G, G, - shear moduli of the inclusion and the matrix; G = G, /G, - relative shear
stiffness Hy () = (3 — 4Vy(2)) /(1 + Vi(2)), Vi(z) - Poisson’s ratio of the inclusion
(matrix): 4, , 4, - thermal conductivities of the inclusion and the matrix,
respectively; g, - heat flux acting on the boundary of the half-plane.

Substituting (28) into the formula:

l
Kt =+ f ll(ji(S)ax(S)dS (29)
we find:
1 1 1 3 1 1
Kt = H[AO (1 +5 B0+ 5B + EBH) + Ay cos By (il + 7B+ 5313)]

qoH;61
2‘12

1 1
Kt = \/H[Alsinﬁo (il +>B,, +—Bz3) +

4 8
N HVrl I If, A,

4 2X
where

§* 1
sin B, <if1i3sz+Zlez1)] + (30)

8¢ 82 5t 8¢
2-246%)==({1-B, =+ (9B, + €)=+ (18 + 9B, + C,) —=
@-2 )32{ 15+ 9By + )+ (184 9B, + 1)32}

_(n+1) o (qt+D)
T +6) T (G +1)

Analysis of the results shows that the presence of a hard switch (V; > V,) leads
to an increase in the value of K; under mechanical loading and to a decrease under
thermal loading. The thermal linear expansion coefficients of the composite have a
significant influence on the nature of the change in SIF. For example, when ¢;; <
s, K, > 0, and when a;; > a;,, K; < 0. The thermal conductivity coefficients A,
and A, do not qualitatively affect K; and K;;, but only alter them quantitatively.
Thus, when 1 = 4, the absolute value of SIF is greater than when 1 = 0.5.

If the inclusion is considered as an ellipse, then when g = 0, the heat flux is
directed parallel to the major axis; an increase in the stiffness of the inclusion (V; >
V,) according to the works [34], [35], [36], [37] leads to an increase in the stress
intensity factors K; (K;; = 0) for various composite 1.

The examples discussed above demonstrate the interaction between cracks and
inclusions, as well as the stress state of a material containing these inhomogeneities.
It has been shown that under certain conditions, stiffer inclusions strengthen the
material, while softer structural components help inhibit the development of
microcracks into main cracks. By appropriately selecting the material of the
inclusions, the stress concentration in crack-like defects can be reduced.

Thus, for defect-free machining of workpieces made of functionally graded
materials, their structural heterogeneity must be taken into account. The presence of
crack-like defects and inclusions means that when selecting machining parameters
and tool characteristics, one should be guided by the limiting values of the resulting
heat flux.
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To study the influence of the tool’s design parameters on the part’s temperature
field, we will use the following discrete model. In the contact zone of length 2a
between the wheel and the part, a heat flux q(y, T) is formed due to the superposition
of temperature pulses from individual grains of the wheel, equal to [38]:

c
a7 = \{1— [H) - H(Q - 2a)] Z §(y + kU = Vi) (31)
k=
here H(y) is the Heaviside function; 6 (y) is the Dirac delta function; k is the

number of grains passing through the contact zone during the time interval 7, =

—VD"*‘" a, A are the thermal diffusivity and thermal conductivity of the workpiece

VCT

material; C+/7 is the heat flux from a single grain; V/ g+ Vers tarina are the grinding

conditions.

The fundamental solution to problems (2), (4), and (5) is known [39]:
1 _(=x)?+(y=y)?

G(x—x',y—y',r—r')=me 4a(t-7)

Therefore, using Duamel’s principle [40], the solution to problems (2), (4), and
(5), taking (31) into account, can be expressed as:

HO) — Hiy — 20)] e~ 53BN 5 sk
| =] o) - -2 200"+ )

—VipT) dy' K =G + f ll(ji(S)ax(S)dS

T(x,y,1) =

or, moving to the desired function and applying the properties of the function H(y),
we obtain:

Lf : f B (y““{?zx S’ +kl-Vyt)dy'  (33)
2nd )y Nr=1'); - e

This expression is already a solution to the problem, but it is inconvenient for
practical calculations and research.

Using well-known transformations [41] and applying the properties of the delta
function, we reduce the solution to a simpler form.

Due to the uniform convergence of the series under the integral, it can be
integrated term by term, i e.,

T(x,y,1) =

L Va(y ¥) _Vai(r-t)_(y-y)2+x?
iR §(y +kl—Vipt)dy'  (34)

S ZHAZf Ne=eih

Expression (34) can be simplified by using the definition of the delta function
and the obvious inequality for the source coordinate y': 0 <y <L = ax*;
Kl/VKpSZJ <(L + Kl)/VKp

Sy = fLexp [_Va(y—y') V(r-t) G -y)P

k 0 2a 4a 4a(t—1)
—Vipt)dy' =

S(y' +kl

(35)

88


file:///C:/jrZa*

ISSN 2078-7405 Cutting & Tools in Technological System, 2026, Edition 104

oy | O =YY VPG -T) G —y)?
= e 2a 4a 4a(t—1)

Fort'€ [sz “kl] the integral I = 0. Applying the Heaviside function, this
k;

can be expressed as follows:

2a 4a 4a(t-1')

kl L kl Va(y+kl—Vka’) VBZ(T—T') (y+kl—Vka’)2+x2
%=P@L—ﬂ—HW— 4
Vkp kp
The integral solution to (34) then takes the form:
X .kl . L+kl Vy(y + kl = Viep©?)
T(x,y,r)—mkz;)[H(r _Wp)_H(T - 7 )] exp [— 72

VPt —1) 4kl =Vt +x?] dr’
B 4a B 4a(t—1") N
This expression contains a Heaviside function under the integral. Using its
properties, as before, we can determine the actual limits of integration. Solution (36)
can be written in a form convenient for calculation:

(36)

4 Kl L+
J. [H(T’—V—)—H(r’— ,Thdt’
’ i " ki L+kl (7 (37)
—H(‘r——) Ht——) | f(z,t)dr'
Vkl’ Y1
where
il () ()
LEET U Ver
L+ki L+kl (L+kl ki
va ==y —HEG) —( . r) H =D (38)
3 Va(y +kl=Vi,©) Va2 —1) (+kl—Vp,m)?+x%] 1
f@T) = exp [_ 2a T 4a 4a(t —1') l\/TTT'
And solution (36) takes the following form:
RN L+kl_ (7 ,
T(x,y,7) = HZ H(t — —)H( )y [ fe e (39)
k=0 "1

The initial conditions (Z,) imply that for aII K < 0, expression (39) vanishes,
and in fact the solution is constructed for K > 0.

The terms are the values of the function:
Y2 Vo(y+kl— Vkp‘L") Vaz(‘L'—‘L") (y+kl- Vka’)2+X dt’
'l’:f e
Y1

(40)

2a 4a 4a(t-1)
VT —1'

This solution converges rapidly and thus reflects the actual grinding conditions.
Indeed, the number of grains on the wheel passing along the contact arc at specific
values of V. and V, is limited. Therefore, the transition in expression (39) to a finite
sum is justified, i.e., the temperature distribution of the part can be represented as:
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; _CiH KL LKL . "
(5.1) = g 2 W= MG )| e (41)

Calculations in MathCAD for specific grinding conditions of magnetically hard
alloys make it possible to trace the process of temperature field formation in the
workpiece at the contact zone4 and study its kinetics.

The steady-state component of the temperature field, which does not depend
on time, can be isolated from the general solution (41) as follows. Let us represent
the intensity of the total heat flux as a time-periodic function with period T = 2.
We expand the delta function into a Fourier series over the interval (—1/2V,,.; /2V,,)
[42]:

y

O mVy
sle—2) = @Z ST )
Viep I L
Taking this into account, the boundary condition (31) takes the following form:
oT C\/— ”Vkv T_L
35 0D =——7 — Vip[H) —H(y — L)] kZ V"”)
The integral solution (3.2.3) in this case takes the form:
CVip VoQ=y) va® (ot) o= 3('92+;< WV [ '
T(x,y,7) = Zrtll_f \/‘:f b exp [lkT(T — Vkp)] dy’
Let us make the following variable substitutions: r— 7 = Z; d¢ = —dZt — t' =
Z we obtain:

4az

N
27l )y 7 )y L I (T Viw 42)

_ Z)] dy’

If weset K = 0, then this expression does not depend on time and numerically

characterizes the regular part of the part’s temperature field:

v v 24x?
J‘ J‘ a(y ¥ a *z_(y- XZZHC Edy' (43)
vz

CVep (2dz (v _v. (y ¥)_Votz_(r=yP4x? o v,
T(x,y,2) = —2 . 1z Zexp [ik kp

Tuy) =57
Using the known relations [43], [44] we can rewrite (43) in a simpler form:
TCxy, 1) = 2;‘;";— f Yoy e Tk, (O ) dy (44)
The impulsive component of the temperature field is explessed as:
CVip (7 dz (" [ Va(y—y) Vo’z (y—y)%+x? Zcosknlvkp .

B k=0 < (45)

Ty D =500l 7,

y' ,
On the surface (at X = 0), the expression for the steady-state component of
the part’s temperature field can be represented in terms of elementary functions. To

2a 4a 4az
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do this, we will use the well-known asymptotic representation of the Macdonald
function for large values of the argument [45], [46]:
T[ -
K1/2(2)=\/;e z (46)
Taking this into account, expression (44) takes the form:

cv, L=y, v
Ty 7) = Alllc/pza \E {exp [%] T ep [_ %y]} 4N
g

In [45], [47], it is shown that when U, /(2a) = 10, the maximum of the
temperature curve occurs at the point where the section of the machined surface exits
the heating zone. In our case, this will be the point y = L. Then, considering that
L = /Dt [47], [48] from (3.2.18), we will have:

Tkmax(L,O,t)=CVkpa \f [1—e < V"‘/—)] (48)

A2
kmax

The resulting expression (48) allows us to calculate the maximum contact
temperature of the workpiece, which forms at the boundary between the contact zone
and the zone of intense cooling, depending on the processing conditions, the
characteristics of the grinding wheels used, and the thermophysical properties of the
material being ground.

It is interesting to note that when calculating the maximum values of the steady-
state component (Tx) and the instantaneous temperature of individual grains (T,,)
for a specific material, and when experimentally evaluating the highest values of
contact and instantaneous temperatures, a fairly good agreement between theoretical
and experimental results was obtained.

The derived expressions for the instantaneous and contact grinding
temperatures, as seen in equations (44) and (47), (48), depend on many technological
parameters—qgrinding depth (t,,.), wheel speed (V;,) and workpiece speed (14, ), the
grit size of the wheels used, the bond characteristics y, the distance between cutting
grains [ and their number, as well as the thermophysical and mechanical properties
of functionally graded materials.

In this regard, it appears possible to use these expressions as criteria for
predicting the conditions under which defects such as burn marks form and the depth
of their occurrence.

As for the study of the causes of grinding cracks, the micro-discontinuity of
temperature fields, which is a consequence of the cutting process by individual
grains, has a negligible effect on the nature and intensity of crack formation. The
magnitude of the heat flux plays a greater role here.

Qualitatively new phenomena in the behavior of crack-like defects occur
during macro-intermittent grinding, i.e., when wheels with an intermittent working
surface are used [37], [49], [50].
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Of interest is the behavior of the stress intensity factor K; in the case of a non-
stationary temperature field formed in the surface layer during grinding with
intermittent wheels. To this end, let us consider the following problem.

In the contact zone [—a *, a ], between the circle and the workpiece, there is
a linear defect of length 21, part of which is located beneath the recess, while the
remaining portion 21 — d is beneath the cutting edge. The heat conduction equation
for this case takes the form:

0%T 9°T aT
R NN R o (49)

27TT'
& n— coordinates of the heat source; 6(r) —delta function. The boundary
conditions will be, respectively,
TO,y,1)=T,, at d<y<at>0
aT (50)
a(o,y,r) =T, at 0<y<d,t>0
The initial conditions coincide with (4).
The problem is solved using the Laplace integral transform [51] with respect
to t and the Hankel transform [47], [51] with respect to the variable 7

Ty (x,y) =f T(x,y,0)e Prdt; The(x) =f Ty (r)Sp(ar) dr
0 0
Performing the inverse Laplace transforms, we find

T'2

0 ) _4_
Bp(xy,m) = ZZaJ- e ¥ 3y (ar)da = ae " (51)

2mart
We determine the thermal stresses by solving the Lamé equations (3) with
boundary conditions (5).
We are interested in the case where an instantaneous heat source with intensity
g *= lacts at the pointX =&, =0,Y = ¢,. In this case, the solution takes the

form:
pum _rr y—¢§? _r2
oy(x,y,7) = —m{<1 —e 4af> (1 2 > o ——— ¢ 4ar

rum e 4at
—O)x _

Ty (x,y,7) = _F( (52)

Using expressions (51)—(52), we can determine the temperature and stresses

for heat sources q(x,t) distributed along the axis X = 0,Y > d, with time-
varying intensity. We previously established that the heat flux intensity is not
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constant over time. Therefore, determining the thermal stresses for this case is of
interest.
The temperature distribution in the part under these conditions will be:
T (T (9 S 53
=] ] ooyt Jo o
Then, the stress components can be found using the following formulas:

g}',zf d{f q(e. 7)oy (y—d—&x,v—1)dr

0 0

o= [ g [ a(er)oly-d-gxo-r)ar 54)
0 0

Tyy = J- dff q(&, )Ty (y —d — & x, T — 7)dT’
0 0
The stress state of the surface layer will not change if we replace the
temperature function T'(x,y, ) with the expression T(x,y, 7) — TK, since the
stress components corresponding to uniform heating of the surface layer of the parts
and vanishing at infinity are identically equal to zero. Therefore, equation (54) can

be written as follows:
1

0,(0,y,7) = uxTy + ,uxf T(0,y, %)da —2uxT(0,y,7) (55)
0

Substituting the expression for the temperature distribution in item (53) into
formula (55), we obtain the following expression for determining the stress state
components on the surface X = 0 in the form:

, pxTye (21 a-y7l, .
0,(0,v,7) = uxT, + f er c[ dt +
) Ny e A W=
2 Aar  _@-p?r? 2at’ (d—y)t (56)
+———¢ 4at — 5 ,zerf -
Vr(d -y (d—-y)t 2Var

0:(0,7,0)| ., =0
To ensure that the edges of crack-like defects are stress-freeat y > 0, consider
a stress state with components gy, o, g,, chosen such that the following conditions
are satisfied:
Try(0,%,7) = 0;  0,(0,y,7) + o (57)
For the normal stress g, along the crack path, we obtain the expression:
“\uo,(o,u,1)
du
my/lylJo YUY
Based on (53), (58), and (30), we find the stress intensity factor for the crack
in the case of continuous contact, i.e., when the machined surface with a defect in
the contact zone with the tool is subjected to continuous heating:

0x(0,y,7) = (58)
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= llm[\/ﬂax(O Y, 1:)] = 2\/:/1ka \/:,uka\/_ f \/1T

X{J:erfc(' )f\/(fT \/— (59)
[ g2 / d
Fel [ e (R
here -

T*zT! O'X(O,y,‘[) =0"x(0,y,‘[)+0'”x(0,y,‘[)

Fig. 14 shows a graph of the dependence of the value.
K VE
= ———F7=AQaT
2V2uxTiNa

As can be seen from the graph, the initial moments of time are the most
dangerous in terms of crack propagation.

Consider the case where the surface layer with a defectat X = 0,y > 0is
subjected to a temperature field satisfying the following conditions on the X = 0
axis:

TO,y,1) =T, at d<y<d+l
T,y,7) =0, at y>d+1
aT
™ o 0, at y<d

In this case, the expression for the temperature on the X = 0 axis takes the

form:

(60)

1, d<y<d+l e
T(0,y,7) = {1 w{ ly—dit] Iy—d—llr]} =, y<d (61)
{n,[ S ey A ey | S G
For the stress intensity factor corresponding to this temperature field, we obtain
the expression:

K=j%z#ka\/E[1—\/1+s+F(r*,5)—F(r*,O)] (62)
here
. B 1 © 1 T, dsz
=1/d, F(T,S)——T[f1 {J; erfc(;(5+f)>m+
1 13 _(5+{)22 2 Vrr® d¢ } dt’
\/—Tf {e 2‘[’(5+§)erf( Q +€))}(5+§),/ —&)vr' -1

=

The dependence of K* = N_M P

on z* is shown in Fig. 14.
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The temperature field, in the case of intermittent contact between the tool and
the workpiece with a crack-like defect in the machined layer (Fig. 15), leads to the
emergence of compressive normal stresses along the defect, which helps to inhibit
fracture propagation.

Thus, it appears possible to use local thermoelastic fields as a tool capable of
controlling the trajectory and rate of defect propagation into cracks.

™~

\:\ s/..-—l

0 5 T 0 5 .
Fig. 14 Dependence of the stress intensity ~ Fig. 15 Dependence of the stress intensity
factor on time when the heat source is in factor with time for intermittent contact
full contact with the defect. between the heat source with the defect

1 —24=052-2=1(p = lpy).

The cutting depth t,.;,4 is a determining factor in the formation of grinding
cracks. The tensile transient stresses forming in the processing zone, which
contribute to crack formation, are proportional to tg;.ing, Since T (0, ¥, D~tgrina-

maxit—zt< X )
k 2\/&
P

Therefore, when determining defect-free grinding parameters, it is necessary,
first and foremost, to establish the maximum permissible cutting depths. In doing so,
it is also important to have information not only on the thermophysical and
mechanical properties of the material and the presence of inhomogeneities in the
surface layer, but also on its processing conditions.

As heat transfer increases, high tensile stresses arise, contributing to the
formation of grinding cracks on the machined surface.

Since the stress intensity factor for an isolated defect is determined by the

formula [52], [53]:
K = 1 ! 0 l+xd
1= Ne=i _lay(x, ,T) —x x
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then, finally, p we obtain:

GTk(1+v)at l+

K, = { 1+ — J. larctg 2(f+b) + arctg Z(b f) ] {—
(E+b)? _b=9?* VDh\ [L+¢&

szf e S @ -pe T e f<4r>/ dds‘}

In the case where the stress intensity factor approaches the local failure
criterion K in magnitude, the crack-like defect begins to develop into a crack. Thus,
from the last relation, we obtain the equilibrium conditions for defects of length 21
in the form:

KC
w[GT (1 +v)a,]? (64)

In this formula, the contact temperature T in the grinding zone depends on the
process parameters and properties of the material being machined and can be
determined by the formula:

CVkp T _Vom
T = Zli—e e
AVDAVZ [an

where V,,., V;, h are machining conditions; D, C are tool parameters; 1, a, —
thermophysical characteristics of the workpiece material.

6. Conclusions

1. The values of the stress intensity factors for inherent inhomogeneities formed
in the surface layer of products made of functionally graded materials are influenced
by the size and orientation of these defects, their depth, their relative arrangement,
and the magnitude of the heat flux during grinding.

2. For any values of the thermal conductivity, linear thermal expansion
coefficient, and shear modulus of the material of the product and the inclusions
located in the surface layer, when the stress intensity factors K; = 0, K;; # 0 if the
heat flux is directed perpendicular to the inhomogeneity within the inclusion, and
conversely, if parallel to the crack, then K; # 0, K;; = 0.

3. The geometry and properties of inclusions formed by previous operations in
the surface layer can create conditions for both the inhibition and the propagation of
grinding cracks. If the heat flux is directed parallel to the inclusion axis and a straight
thermally isolated crack, then when the linear thermal expansion coefficient of the
inclusion is greater than that of the matrix, the increase in the stiffness of the
inclusion leads to an increase in the stress intensity factors K; (K;; = 0) for various
ratios of the thermal conductivity coefficients of the material components. This leads
to the propagation of microcracks. Conversely, if the thermal expansion coefficient
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of the inclusion is lower than that of the matrix material, a decrease in the stiffness
of the inclusion leads to a decrease in the stress intensity factors K, (K;; = 0) for the
same ratios of thermal conductivity coefficients, i.e., conditions favorable for the
non-propagation of microcracks are present.

4. For crack-like inhomogeneities located in a layer with a lower thermal
conductivity coefficient a,, the orientation of the microdefect strongly influences the
value of SIF. When a microcrack located in a stiffer layer of the material being
processed is significantly distant, the stress intensity factor K; reaches its maximum
values when the microdefect is oriented parallel to this line, and as the
inhomogeneities approach, the maximum K; is achieved when they are oriented
perpendicular to the direction of the heat flux

5. The presence of a hard inclusion leads to an increase in K; under mechanical
loading and to a decrease under thermal loading. In this case, the thermal
conductivity (TLCR) a; has a significant influence on the nature of the stress
intensity factor (SIF) variation. When the inclusion’s a; < a, of the matrix, K, > 0,

and when /™! > at(M), K; < 0. In a soft inclusion, a microcrack will begin to
propagate at a lower heat flux than in a hard inclusion; that is, the strength of a body
with a hard inclusion is higher than that with a soft inclusion

6. The micro-intermittent nature of the grinding process generates compressive
stresses in the machined zone, which help reduce the incidence of grinding cracks.
The stress intensity factor reaches its lowest values when the lengths of the cutting
ridges and grooves of the intermittent grinding wheels are equal.
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Amnaromniii YcoB, Makcum Kywnirms, FOmnis Cikipamn, Banepiit JaBuarok
Oneca, Ykpaina,

BIVINB MEXAHIYHUX TA TEOMETPUYHUX XAPAKTEPUCTHUK
HEOJHOPIJHUX JIVISHOK HA IHTEHCHUBHICTB YTBOPEHHS
TPIIIWH I YAC HIJTI®YBAHHS JETAJER, BATOTOBJIEHUX 13
MATEPIAJIIB 3 ®YHKIHIOHAJIBHUM I'PAJIEHTOM

AHoTauis. Biocymuicms docniodcerv wooo 0cobausocmeli GUHUKHEHHs. WLI(DYBATbHUX MPiWuH ma ix
nepepocmanis @ OCHOGHI MPIWUHU 3ANEHCHO 610 KOHCIMPYKMUBHUX, MEXHONOSITUHUX MA CIPYKMYPHUX
HeoOHopiOHOCmell Mamepiany eupobis He 00380JA€ 0OHOZHAYHO 3ACMOCO8Y8AMU ICHYIOUI peKoMeHOayii
w000 YCyHeHHs 3a3Hauenux Oeghexmis. s poboma npucesueHa O0CHiONCEeHHIO BNIUGY BHYMPIUIHIX
HeOOHOpIOHOCHEll Y NOBEPXHE6OMY wiapi, iX 2eomempii, ma MexaHiuHux Xapaxmepucmux eupooig 3
DYHKYIOHAILHO-2PAdIEHMHUX Mamepianié Ha 6ubip MexXHONO2IUHUX YMO8 05l be30epexmHoi 0bpobKu
demaineti. Bcmanogieno, wo Ha eeauduny KoeQiyicHmie iHmeHCUBHOCI HANPYIHCeHb OJisl BHYMPIUHIX
HeoOHOpIOHOCHEl, WO YMBOPIOIOMbCS 8 NOBEPXHEBOMY WApPi 8uUpo6i8 3 (PYHKYIOHATLHO-PAOIEHMHUX
mamepianie, 6naueaioNy po3mMIp i opienmayis yux deghekmis, 2ubUNHA IXHbO2O 3aNAAHHS MA 83AEMHE
PO3MAULYBAHHA, A TAKOJIC BEIUYUHA MENI06020 NOMOKY nid yac wnigpysanns. Ieomempis ma
671ACMUBOCTI GKIIOYEHD, WO YMBOPUTUCS 8 Pe3yIbmami nonepeoHix onepayii y no6epxHeeomy wapi,
MOJHCYMb CIMEOPIOSAMU YMOGU SIK 0I5 2AIbMYBAHHS, MAK I 0151 PO3GUMKY WILIQYSanbHUX mpiwun. AKujo
Meniosull NOMIK CNPAMOBAHULL NAPANIETLHO OCI 6KIIOYEHH | YMEOPIOEMbCA NPAMA, MEPMIUHO i30/16068AHA
mpiwuHa, mo Koau Koe@iyienm NiHIlIHO20 MENI08020 POWUPEHHS BKIIOYEHHS Dbl 3a KoeqiyicHm
mampuyi, 30IIbWEHHST  JICOPCIMKOCMI  GKIIOYEHHS  Npu3eooums 00 30ilbuwientss  Koeiyicnmie
inmencusnocmi nanpyocens K; (K;; = 0) ons pisnux cnigsionowens koegiyicumie menionpogionocmi
Komnonenmie mamepiany. Lle npuzeooums 0o nowupenusi mikpompiwun. I Haenaxu, axuo Koegiyicum
MENNI0B020 POIUUPEHHS GKIIOYEHHST HUICUULL 3 KOCQDIYICHM MAMpUuyi, mo 3MEeHUEHH s HCOPCMKOCHIL
BKIIOUEHHS NPU3600UMb 0 3MeHuien s Koediyicumie inmencusnocmi nanpysicenv K, (K;; = 0) npu mux
CAMUX CRi6BIOHOUEHHSAX KOeQIYICHMIE MenIonpoSIOHOCI, MOOMO CMEOPIOIONbCSL YMOBU, CHPUSNIUGI
0151 HEPO3N0BCI00NCEeHHS MiKpompiwun. ToMy npu eusHaveHHi napamempis wiighysants 6e3 oepexmis
HeoOXIOHO, neput 3a 6ce, 6CMAHOBUMU MAKCUMATLHO OONYCIMUMI eubuHU pizanus. [Ipu ybomy eaxciueo
mamu iHopMayito He minbKu npo MenaoGizuuHi ma Mexaniuti 61acmugoCnii MAmepiany ma HasiGHiCMb
HEOOHOPIOHOCMeEl Y NOBEPXHEBOMY Wapi, da 1 npo YMO8U 1020 00POOKU.

KarouoBi ciioBa: mamepiaru 3 (QYHKYIOHATbHUM 2PAOICHMOM; HEOOHOPIOHOCME; WLNIQY6aHHs,
YMBOPEeHHs MPIuH.
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Abstract. This study investigates the combined effect of cutting insert geometry and feed rate on surface
roughness in turning of 42CrMo4 alloy steel. Controlled experiments were conducted on a CNC lathe
using three insert geometries (C, D, and V types) and three feed rates (0.15, 0.25, and 0.35 mm/rev),
while maintaining constant cutting speed and depth of cut. Surface characteristics were evaluated
through quantitative roughness measurements and qualitative microscopic analysis. The results
demonstrate that feed rate is the dominant factor influencing surface roughness, with increasing feed
leading to a significant deterioration in surface quality, as reflected by higher R, and Rt values. Insert
geometry also plays a critical role: C and D inserts produce consistently lower roughness values, whereas
the V insert results in inferior surface quality under identical cutting conditions. Notably, despite identical
nose radii, substantial differences were observed between C and V inserts, highlighting the pronounced
influence of edge geometry, particularly the end cutting edge angle. The findings indicate that
conventional geometric models based solely on feed and nose radius are insufficient to accurately predict
surface roughness. Instead, insert shape parameters must also be considered. This study contributes to
improved understanding of the interaction between tool geometry and machining parameters and
provides practical guidance for optimizing surface quality in turning operations.

Keywords: surface profile; turning; insert shape; feed; surface roughness; main effect plot.

1. Introduction

Machining is a process used to create a part or shape with precise dimensions
and tolerances [1]. Surface roughness plays a crucial role in determining the quality
of the product [2], as it directly impacts the product's performance during use. The
quality of the surface significantly enhances properties such as fatigue strength,
corrosion resistance, and creep life [3]. With the increasing demand for improved
surface quality, especially in industries like automotive, aerospace, and die and
mould manufacturing, achieving a smooth surface finish is essential. Surface
roughness is typically measured by a specific value, where a higher value indicates
a rougher surface and a shorter fatigue life. Therefore, it's important to clearly
specify the required surface roughness in designs to ensure the machining process is
appropriately adjusted to meet these standards [4].

© S. Nuriddinov, B. Miké, 2026
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Achieving an ideal surface finish in machining remains a significant challenge
due to the complex and interdependent interactions between the cutting tool, the
workpiece material, and the machining environment. Several factors contribute to
surface imperfections, including the formation of a built-up edge (BUE) [5], which
alters the effective geometry of the cutting tool; surface damage caused by chips
curling back and impacting the freshly machined surface; tearing during chip
formation in ductile materials; and surface cracks resulting from discontinuous chip
formation in brittle materials [8]. Friction between the tool’s flank and the workpiece
further degrades the surface finish. Beyond these, key machining parameters - such
as feed rate, cutting speed, and depth of cut - along with the process kinematics,
cutting tool geometry and material, mechanical properties of the workpiece, and
dynamic issues like machine vibrations and tool deflection, play crucial roles. The
precision, rigidity, and overall condition of the machine tool itself also significantly
influence surface quality [6,7].

Surface roughness measurement is essential for evaluating the quality and
performance of machined components, as it directly affects factors like friction, wear,
fatigue strength, and sealing capability [8]. Depending on the required accuracy,
surface type, and application, different measurement techniques are used. Contact
methods, such as stylus profilometers, are widely adopted for their reliability and
standardized outputs, while non-contact optical methods, like interferometry and
confocal microscopy, offer high-resolution analysis without risking surface damage.
Advanced techniques like atomic force microscopy enable nanoscale assessments,
although they are limited to small areas and specialized applications. Selecting the
appropriate method depends on balancing precision needs, surface characteristics,
and practical constraints such as speed and cost [9,10].

Predicting surface roughness in machining is critical for ensuring product
quality and process optimization. Multiple approaches have been developed, each
leveraging different principles, tools, and technologies. Below are five key
approaches to surface roughness prediction, along with expanded explanations
[11,12]:

e Approaches that are based on machining theory to develop
analytical models and computer algorithms to represent the machined
surface,

o Approaches that examine the effects of various factors through the
execution of experiments and the analysis of the results,

e Approaches that use designed experiments,

o Artificial intelligence (Al) approaches,

o Surface roughness characterization by using image processing.

Numerous roughness parameters have been developed to describe surface
textures. These parameters describe different characteristics of surface roughness, so
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we can choose the parameter most suitable for describing the surface, knowing the
purpose under investigation [13]. Whitehouse proposed an approximation technique
to estimate the maximum peak-to-valley roughness (R;) and the arithmetic average
roughness (Ra) for surfaces generated using a circular tool nose. Similarly, Vajpayee
provided an approximation for estimating R; for surfaces created with a circular tool
nose. Qu and Shih formulated mathematical models to predict Ry, R, and root-mean-
square roughness (Rq) for ideal tool nose shapes composed of elliptical and circular
arcs, using both implicit and approximation methods. Their work is further analysed
and compared to the digital simulation method introduced in this study [14].

The aim of this research is to investigate the influence of insert geometry and
feed rate on surface roughness during the turning process. The study focuses on
analysing how different insert shapes affect the quality of the machined surface
under three different feed conditions.

2. Material and methods

The experiment was carried out using a CNC turning on a Euroturn 12B CNC
turning machine. The workpiece material used was 42CrMo4 (1.7225) alloy steel,
which is commonly used for high-strength mechanical components and an often used
reference test material in cutting experiments.

Each test was performed under the same machining conditions except for the
feed rate, allowing a comparison of the machining behaviour and surface
characteristics produced during the CNC turning process. Three specimens were
machined with three tools, and each test part contain 3 separate surfaces (Figure 1).
The cylindrical workpiece had a diameter (D) of 34 mm and a length (L) of 30 mm.
During the turning operation, a constant cutting speed (v¢) of 120 m/min and a depth
of cut (ap) of 0.5 mm were maintained throughout the experiment. To investigate the
influence of feed rate on the machining process, three different feed values were

applied: 0.15 mm/rev, 0.25 mm/rev, and 0.35 mm/rev.

| 4

o <

Figure 1 - Turned specimens.

Three different cutting insert and tool-holder combinations were used during
the CNC turning experiments to evaluate their influence on the machining
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performance and surface quality of the workpiece. The inserts were manufactured
by Sandvik Coromant and TaeguTec (Table 1, Figure 1), which are widely
recognized suppliers of cutting tools for metal machining applications.

Table 1. Data of three turning tools.

Insert KAPR SIG ECEA RE
CCMT 09T304-PM4225 (Sandvik) 95 80 5 0.4
DCMT 117308 FG TT8125 (TaeguTec) 93 55 32 0.8
VBMT 110204-UF4315 (Sandvik) 0.4
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Figure 2 - Cutting insert geometries and tool holder configurations.

The first cutting tool used was the CCMT 09T304-PM4225 insert mounted on
an SCLCR 1616 H9 tool holder (Figure 2). This tool configuration has a tool cutting
edge angle (KAPR) of 95°, a clearance angle (SIG) of 80°, an end cutting edge angle
(ECEA) of 5°, and a nose radius (RE) of 0.4 mm. This geometry is typically used
for stable turning operations and is suitable for medium machining conditions due
to its balanced cutting forces and good chip control.

The second tool consisted of a DCMT 11T308 FG TT8125 insert mounted on
an SDJCR 1616 H11 tool holder, produced by TaeguTec. This configuration has a
KAPR of 93°, SIG of 55°, ECEA of 32°, and a nose radius of 0.8 mm. The larger
nose radius can improve surface finish and distribute cutting loads more evenly,
which may reduce tool wear during machining.

The third tool used in the experiment was the VBMT 110204-UF4315 insert
mounted on an SVJBR 1616 H11 tool holder, produced by Sandvik. This tool also
has a KAPR of 93°, but with SIG of 35°, ECEA of 52°, and a nose radius of 0.4 mm.
The sharper geometry and smaller nose radius make this insert suitable for finishing
operations and precision machining where lower cutting forces and improved
surface quality are required. The larger end cutting edge angle (ECEA) ensures
turning a steep undercutted feature.
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The use of these three different tool geometries allowed the investigation of
how insert shape, cutting edge angle, and nose radius affect the machining process,
tool performance, and the resulting surface characteristics of the turned specimen.

Surface roughness of the machined surfaces were measured after the turning
process. Surface roughness measurements were carried out using a Mitutoyo SJ-301
Surface Rroughness Tester (Figure 3). The instrument was used to determine the
roughness parameters of the machined surfaces. Each surface was measured ten
times, so the analysis was performed based on 90 data sets.

Three surface roughness parameters were analysed:

. R; — Average Maximum Height of the Profile is the average of the
successive values of Ry.

. R: — Maximum Height of the Profile is the vertical distance
between the highest and lowest points of the profile.

. Rsm - Mean Spacing of Profile Irregularities is the mean value of
the spacing between profile irregularities.

Figure 3 - Measurement and testing of the three machined specimens for surface roughness
analysis: a) Digital microscope b) Mitutoyo SJ-301.

For the qualitative roughness measurements, the surface topography of the
specimens was examined using a digital microscope (Figure 3). The microscope
images allowed a detailed observation of the surface texture, feed marks, and
machining patterns generated during the turning operation. The combination of the
roughness measurements obtained from the surface tester and the visual analysis
from the digital microscope provided a more precise evaluation of the surface quality
of the machined specimens.

The data analysis was performed with Jamovi v2.6.44 and Minitab v22
software.
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3. Results

The most significant results of the surface roughness measurements under
different machining conditions are presented below. Figure 4 shows that at a feed
rate of 0.15 mm/rev, the surface profiles exhibit low amplitude with shallow valleys,
indicating smoother surfaces. At 0.25 mm/rev feed rate, the peaks become more
noticeable and regularly spaced, showing a moderate increase in roughness. At 0.35
mm/rev feed rate, the profiles display high, sharp peaks and deeper valleys,
indicating a significantly rougher surface. It can be observed that the surface profile
produced with inserts C and D is similar for all three feeds.

This similarity can also be seen in the microscopic images (Figure 5). However,
the V insert shows a significantly different profile and image. In case of small feed,
the V insert produced more regular profile, than C and D.

Table 2 shows the mean values of the measured R, R; and Rsm values as a
function of the insert shape and feed. The values of R, and R; are almost the same.
The V insert shows a substantially stronger sensitivity to feed rate, with R, increasing
by up to 254%, compared to 159-168% for C and D inserts. The values of Rsm
increased by 99%, 53% and 116% for the feed. The Rsm mean value is highly

correlated with the feed, no clear dependence on insert geometry can be identified.
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Figure 4 - One measurement results of surface profile.
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Figure 5 - Images of three inserts taken with a digital microscope.

Table 2. Mean value of Rz, Rt and Rsm parameters.

Insert f Rz Rt Rsm
0.15 7.57 9.16 0.175

C 0.25 14.20 15.60 0.269
0.35 20.30 21.70 0.349

0.15 7.06 8.16 0.228

D 0.25 10.50 11.70 0.277
0.35 18.30 19.30 0.348

0.15 11.60 12.90 0.164

\Y 0.25 21.00 22.90 0.262
0.35 41.10 42.80 0.355

4. Discussion

Three surface roughness parameters were selected from the results, because
several of the parameters show high correlation. Based on the measured results
presented in Figure 6, it can be concluded that both insert geometry and feed rate
have influence on surface roughness parameters (R;, Rt, and Rsm) during the turning
process. The distributions clearly demonstrate that variations in feed rate (0.15, 0.25,
and 0.35 mm/rev) lead to noticeable changes in roughness values across all insert
types (C, D, and V).

As the feed rate increases, there is a general trend of increasing roughness
values, particularly evident in R, and R; parameters, indicating a deterioration in
surface quality. Lower feed rates produce more concentrated and stable distributions
with smaller roughness values, which suggests better surface finish. In contrast,
higher feed rates result in wider distributions and higher peaks, reflecting increased
variability and roughness.
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The effect of insert shape is also prominent. The V insert geometry tends to
produce higher roughness values under similar cutting conditions, while C and D
demonstrate more stable and lower roughness profiles. This indicates that insert
geometry plays a crucial role in controlling surface characteristics.

Additionally, the Rsm parameter shows sensitivity to both feed rate and insert
type, reflecting changes in the spacing of surface irregularities. This suggests that
not only the height but also the pattern of surface texture is influenced by machining
conditions.

Based on the geometric model of the theoretical surface roughness of the
turning, the nose radius (RE) and the feed (f) have influence on the surface
roughness. Based on it, the C and V insert should be produces similar profile and
surface roughness parameters because of the same RE. However, the more favorable
ECEA angle of insert C in terms of surface roughness compensates for the
unfavorable nose radius. Thus, the roughness of the surfaces created by inserts C and
D is similar, while insert V with a large ECEA angle and a small tip radius shows
much higher roughness results.

The statistical analyses of the measured data by Main Effect Plot (Figure 7)
shows that feed rate has the strongest influence on surface roughness, which meet
with the theory. As the feed rate increases, R, and R; values rise, leading to poorer
surface quality, while lower feed rates ensure a smoother finish.

Insert geometry also plays an important role: C and D inserts produce lower
roughness, whereas the V insert results in higher values. The analysis confirms the
effect of the insert shape on the surface roughness, the average roughnesses for
inserts C and D are almost the same, while the values for insert V are significantly
higher. It can also be observed that the effect of the shape of insert C does not
completely eliminate the difference, insert D with a larger nose radius provides better
surface roughness.
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Figure 6 - The results of the measure.
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The Rsm parameter in the feed direction shows a different pattern. Based on the
measured data (Figure 6), the C and V inserts show a similar pattern, while the D

insert has a significantly higher variance, especially at low feed rates.

The main effects plot shows the ratio of Rsm to feed, which is ideally 1. At
higher feed rates, the Rsm parameter approaches the feed rate value. As can be seen,
the C and V inserts with the same radius resulted in almost the same average value,
which is also shown by the radius effect. In this case, the shape of the C insert has

no compensating effect.
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Figure 7 — Main effects plots for Rz, Rt and Rsm.

Overall, the results confirm that optimal surface quality can be achieved by
selecting appropriate insert geometry and maintaining lower feed rates. These
findings provide a useful basis for improving machining performance, enhancing
product quality, and optimizing cutting parameters in turning operations.

5. Summary

This study investigates the surface profile and roughness values of turned
surfaces as a function of feed and insert geometry for 42CrMo4 steel alloy. Three
insert geometries (C, D, V) were compared. Feed rate was found to be the dominant
factor in terms of surface roughness of the turned surface, but edge geometry
variations resulting from insert shape have significant secondary influence on
surface roughness.

The future work of the research is to develop a roughness prediction model
based on a geometric-kinematic model. The model, supplemented with statistical
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elements, creates an equivalent replacement profile (ERP), which allows for the joint
estimation of several roughness parameters. Based on the current results presented
in the article, when designing the statistical model, not only the classical feed and
nose radius parameters should be taken into account, but also the shape of the insert.
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Cyparxon Hypinninos, banam Miko, Byaaneur, Yropinza

BILIUB ®OPMH PI3AJIbHOI BCTABKH TA ITOJIAUI HA
MPO®LIb OBPOBJEHOI HOBEPXHI

AHoTauist. Le 0ocniONnceHHs BUBUAE CYKYNHUL BNIUE 2e0MempIi PI3albHOI 6CMABKU MA GEUYUHU NOOAY]
HA WOPCMKICMb NOBEPXHI npu MoKapHiu 006pobyi aecosanoi cmani 42CrMo4. Koumponvoeani
excnepumenmu npogoounucs na eepcmami 3 4I1Y 3 euxopucmanHam mpoox ceomempiil 6Cmagox (munu
C, D i V) i mpvox weuoxkocmeti nooaui (0,15, 0,25 i 0,35 mm/obepm), 36epicarouu nocmiiiHy weuoKicms
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pizanns ma emubumny pisy. Xapaxmepucmuxu NOGepXHi OYIHIOBATUCS 34 OONOMO20I0  KilbKICHUX
BUMIPIOBAHL WOPCMKOCMI mMaA AKICHO20 MIKpOCKONIYHO20 aHanizy. Pesyibmamu noxasyiomo, wo
WEUOKICMb n00ayi € OOMIHYIOUUM AKMOPOM, W0 6NIUBAE HA UWLOPCMKICHb NOBEPXHI, A 30ibUleHH s
nooaui npuzeo0unmsv 00 3HAYHO20 NOIPUIEHHS SKOCHI NOBEPXHI, WO BIi000PANCAEMbCS Y BUUUX
sHauennsx R, i R. Teomempis ecmasxku maxooc sidiepae kpumuuny pons. ecmaeku C i D oaromo
CMabinbHO HUICYT 3HAUEHHSL WOPCMKOcmi, Mmool sk V-6cmagka npu3eooums 00 2ipuioi sKocmi nogepxii
3a 00HAKOBUX YMO8 pizanna. Bapmo 3aznauumu, wjo, nesgadicaiouu na idenmuyHi padiycu GepuiuHu,
cnocmepieanucs cymmesi giominnocmi migie ecmaekamu C i V, wo niokpecitoe supad)iceHuil 6nius
2eomempii Kpais, ocobaueo Kyma pidcyuoi Kpauku gepwunu. Pesynoemamu ceiouamv, wo 3eéuuaiini
2eomempudHi MoOei, 3ACHOBAHI BUKIIOYHO HA NoOdayi ma paodiyci npu epuiuni, HeOOCMmAamHi Ois
MOYHO20 NPOSHO3Y8AHHA WOpCcmKocmi nosepxwi. Hamomicmo cnid épaxosysamu napamempu gopmu
ecmagku. Lle 0ocniodcens cnpusie Kpawjomy po3yMiHHIO 63ACMOOIL MIdIC 2e0MempIcIo iHCmpyMenma ma
napamempamu 00poOKU ma HAOAE NPAKMUYHI peKomendayii Ons onmumizayii SKOCmi NOBepXHi &
moxapHux onepayisx. Maiioymus poboma O0O0CHONCEHHS NOAA2AE Y PO3POOYI MOOeNi NPOCHO3YEAHHSL
WOPCMKOCHIL HA OCHOBI 2eoMempudHo-Kinemamuunoi moodeni. Mooens, donognena cmamucmuyHumu
eleMeHmamu, cmeoproe exgieanrenmunuti npoine 3aminu (ERP), wo do36os¢e cninono oyiniosamu kinoka
napamempie wiopcmxocmi. BuxoO0sauu 3 nomounux pesynbmamis, npeocmagieHux y cmammi, npu
PO3pobyi cmamucmuynoi Mooeni cli0 6paxogyeamu He uwie KIACUYHI napamempu nooayi ma paoiyc
npu 6eputuHi, a il popmy ecmasxi.

KawuoBi cioBa: npogine noeepxui; mouinus, @opma 6cmaeku; nooaud; wopcmKicmv NOGEpPXHi;
epagik ocnosHozo epexny.
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Abstract. The article discusses the development of an automated system for controlling the surface
roughness parameters of parts, integrated directly into the machining process on CNC machines. The
relevance of the study is due to the increasing requirements for the quality of surfaces that determine the
operational characteristics of products, in particular wear resistance, tightness and strength of joints.
The object of the study is the process of non-contact measurement of the surface microprofile by the laser
triangulation method. The paper proposes a method for determining the microrelief parameters based on
the analysis of the laser spot displacement on the CMOS matrix. To increase the accuracy, an algorithm
for subpixel determination of the signal energy center and digital filtering using a Butterworth filter are
used, which allows minimizing the impact of noise, vibrations and production interference. The results
obtained confirm the effectiveness of the proposed approach and allow reducing the percentage of defects
by 12-15%. The proposed system corresponds to the concept of Industry 4.0 and contributes to increasing
the level of production automation.

Keywords: roughness parameter control; laser triangulation; non-contact measurements; production
automation; CMOS matrix; signal filtering.

1. Introduction

The modern development of mechanical engineering and instrument-making is
characterized by a transition to a high level of automation of production processes,
which involves minimizing operator participation and ensuring stable product
quality. In these conditions, control of surface roughness parameters of parts
becomes of particular importance [1].

Surface microgeometry directly affects the operational properties of products,
including wear resistance, joint strength, friction and durability. Ensuring specified
roughness parameters is an important component of the technological process of
processing.

At the same time, traditional approaches to surface quality control do not fully
meet the requirements of modern production. This necessitates the development of

new methods and measuring tools that can be integrated directly into the processing
© V. Shevchenko, M. Polushko, 2026
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process.

The paper considers an approach to automated control of roughness parameters
based on laser triangulation, which allows for non-contact measurement of the
microprofile in real time.

2. Problem statement

Ensuring stable parameters of the surface roughness of parts during mechanical
processing remains a difficult scientific and technical task, especially in automated
production. The main requirement is the ability to carry out control directly during
processing without stopping the technological process [2].

Existing contact methods are characterized by limited speed and are not
suitable for use in real time. Non-contact optical systems, although they provide high
accuracy, often turn out to be insufficiently resistant to the influence of production
factors, such as vibrations, noise and pollution.

In this regard, the task of developing a control method that combines high
speed, sufficient accuracy and the ability to integrate into automated control systems
is relevant. Of particular importance is increasing the reliability of determining
microprofile parameters by improving signal processing algorithms and reducing the
impact of measurement errors.

3. Literature review

Methods for controlling surface roughness parameters are conventionally
divided into contact and non-contact. Contact methods, in particular profilometry,
provide high measurement accuracy, but their application is limited by low
productivity and complexity of use in automated production [3].

Among non-contact approaches, confocal and interferometric methods have
become widely used. They allow achieving high resolution, but are characterized by
complexity of implementation and increased sensitivity to external influences [4].

The laser triangulation method is considered an effective alternative, since it
provides a compromise between accuracy and speed. Its application in industrial
conditions is promising due to the relative simplicity of implementation and the
possibility of integration into automated systems [5].

At the same time, an analysis of literary sources shows that the issue of
increasing measurement accuracy and noise immunity of such systems in real
production conditions remains insufficiently studied.

4. Materials and Methods
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The functioning of the developed automated system is based on the principle
of active optical triangulation, which is based on solving the geometric parameters
of the triangle formed by the radiation source, the investigated surface and the
receiving optical system. Unlike passive methods, this technology involves active
probing of the microprofile with a narrowly focused laser beam. The laser diode
projects a light spot onto the surface of the part, and the scattered (diffuse) radiation
is collected by a lens and focused on a photosensitive CMOS matrix located at a
certain angle to the radiation axis. The optical diagram of the measuring module
based on laser triangulation is presented in fig. 1.
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Figure 1 — Optical scheme and geometric model of the laser triangulation method

The fundamental task of the mathematical apparatus of the system is to convert
the displacement of the light spot on the plane of the photodetector into a real change
in the height of the microrelief. When the surface of the part has a protrusion or a
depression, the point of incidence of the laser beam is shifted along its axis, which
leads to a corresponding shift of the image of this point on the matrix. The
mathematical dependence describing this process is derived from the trigonometric
ratios of the optical scheme:
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A Ax - L 1
Z = ]
f - sinf + Ax - cos@ )

Where Az — the desired change in the height of the microprofile (vertical
deviation), which determines the amplitude parameters of the roughness, mm; Ax —
the physical displacement of the energy center of the light spot on the CMOS sensor
plane relative to the base point, mm; L — the working distance from the main optical
plane of the lens to the zero measurement line, which determines the range of the
sensor operation, mm; f — is the effective focal length of the receiving lens system,
which affects the magnification factor of the scheme, mm; 6 — the triangulation
angle, i.e. the angle between the optical axis of the laser emitter and the axis of the
receiver, degrees.

Since the image of a laser spot on the matrix usually covers an area of several
pixels, there is a problem of discretization, which limits the measurement accuracy
to the physical size of the pixel. To overcome this barrier and achieve the nanometer
resolution necessary for the analysis of finished surfaces, the system implements an
algorithm for calculating the centroid (energy center) of the spot. This allows
determining the position x, with an accuracy that is 10-20 times greater than the
physical pixel pitch:

m o,
izl " I

X =~
MDY

)

Where x. — the calculated coordinate of the spot center; i — the pixel index; I;
— the signal amplitude (light intensity) recorded by the pixel; k and m — the
boundaries of the reading area. This approach minimizes the influence of digital
noise and provides high linearity of measurements.

The minimum step of roughness change, which is able to record the optical
path, determines the sensitivity threshold of the system. It directly depends on the
geometric configuration of the sensor:

s, = Pt 3
27 f - sinf’ @)
Where S, — the theoretical limit of vertical resolution, um; p — the physical size
of the matrix pixel. From the analysis of the formula it follows that to increase the
accuracy it is necessary to increase the triangulation angle 6 or reduce the working
distance L, which is taken into account when designing the measuring head for
different types of machines.
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Since the measurements are carried out "in-situ", the received signal contains
components of low-frequency vibrations and waviness. To isolate the roughness
parameters, a Butterworth filter is used, the transfer function of which has the form:

1
1+ (i)n' “)

We

H(s) =

After filtering the array of z; values, the system calculates the arithmetic mean
deviation Ra, which is the basic indicator of processing quality:

n
1
R = — . — 7
a nzlzl 2, 5)
i=1

Where n — the number of measurement points; z; — the current deviation; z —
the average profile line. Additionally, to assess the metrological reliability in
conditions of shop noise, the total error o, is calculated, which takes into account
the instability of the beam incidence angle due to microvibrations of the machine
tool (ap):

eEe

This set of mathematical models allows the system not only to measure
microgeometry with high accuracy, but also to adapt to the dynamic conditions of
the industrial environment, ensuring the reliability of data for further control of the
technological process.

The developed automated roughness control system is integrated into the
overall control structure of the metal-cutting machine as an intelligent feedback
node. The interaction between its components and information flows is presented in
the structural and functional diagram in fig. 2, and the algorithm of its operation is
presented in fig. 3.

The main source of primary information about the surface microprofile is the
measuring head, which contains a laser emitter (pos. 1, fig. 2) and focusing optics.
The optical signal reflected from the part is recorded by a high-speed CMOS matrix
(pos. 2), where light energy is converted into an array of electric charges. The
received primary signal passes through the pre-processing block (pos. 3), which
includes an amplifier and a hardware module for subpixel localization of the spot
centroid to increase the accuracy of reading coordinates.
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Next, the digital data is fed to the central computing module (pos. 4), the key
element of which is the digital Butterworth filter (pos. 5). In this block, signal
separation is carried out: separation of the high-frequency component (actually
roughness) from low-frequency vibrations and waviness. Further analysis of the
parameters is performed in the statistical evaluation block (pos. 6), where the Ra and
Rz indicators are calculated based on mathematical models.

In the comparison block (pos. 7), continuous quality monitoring is carried out
based on data on the regulatory tolerance limits (pos. 8), which are set by the
technological map. In case of detection of critical deviation of parameters, the
system through the logical decision-making module (pos. 10) sends an emergency
stop signal to the machine tool actuators (pos. 13), in particular to the feed and main
motion drives.

In addition, the system provides an adaptive control loop. Information about
the current processing modes (speed, feed) comes from the CNC block (pos. 11)
according to the control program (pos. 12). This data, together with the calculated
roughness, is processed in the tool condition prediction block (pos. 9).

After determining the level of wear of the cutting edge, the data is transmitted
to the correction formation block (pos. 10), where commands are generated for the
CNC (pos. 11) to change the processing parameters in real time. If the correction
does not allow the roughness indicators to return to normal, the system initiates a
tool replacement cycle. The CNC, receiving the appropriate signals, makes changes
to the control commands that are sent to the actuators (pos. 13) to safely complete or
interrupt the operation.

Figure 2 — Block diagram of an automated system for controlling surface roughness
parameters of parts
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5. Experiments

The following parameters of the laser triangulation scheme were selected for
the  numerical  experiment: L =100mm, f = 50mm, 0 = 45°(sinf =
0,7071; cos 6 = 0,7071); o, = 0,00036 mm; o5 = 0,0001745 rad

Partial derivative formulas:
1. By displacement: LY S 19 __ _ 282843
- By disp “Sx  f-sind  50-0,7071 "

6z _ Ax-L-cos@ _ Ax-100:-0,7071

2. Around the corner: — = - = = Ax-2,8284
56 f -sin26 50-0,5
Let Ax; = 0,005 mm, then:
1. Height: Az, = 0005109 = 05 =0,01413 mm

50:0,7071+ 0,005-0,7071 - 35,3553+ 0,0035
2. Error according to the formula (6):

0,, = +/(2,82843)? - (0,00036)% + (0.005 - 2,82843)% - (0,0001745)>

Oy, = \/0,00000103675 + 0,00000000000607 =~ 1,0182 um

Let Ax, = 0,015 mm, then:

- 1,5 1,5
1. Height: Az, = =
35,3553+ 0,0106 35,3659

2. Error according to the formula (6):

= 0,04241 mm

Oy, = 4/0,00000103675 + (0,015 - 2,82843)2 - (0,0001745)2

Oy, = \/0,00000103675 + 0,0000000000546 ~ 1,0183 um

Let Ax; = 0,040 mm, then:
1. Height: Az; = * =

35,3553+ 0,0282 - 35,3835
2. Error according to the formula (6):

=0,11305 mm

Oy = 4/0,00000103675 + (0,040 - 2,82843)2 - (0,0001745)2

Oy, = /0,00000103675 + 0,0000000003886 ~ 1,0184 um

Let Ax, = 0,085 mm, then:
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1. Height: Az, = 85 =25 =0,24001 mm
35,3553+ 0,0601 35,4154

2. Error according to the formula (6):

Oy, = \/0,00000103675 + (0,085 -2,82843)% - (0,0001745)?

Oy, = \/0,00000103675 + 0,0000000017551 = 1,0191 um

Based on the calculations, a data set was formed that reflects the dynamics of
changes in the metrological characteristics of the system within the specified
measurement range. The generalized results of the calculations of the microprofile
height and the corresponding values of the mean square error are given below in
table 1.

Table 1 — Simulation results

Ne | Ax, mm Az, mm Oz, UM Recommended control system action
1 0,005 0,0141 1,0182 Continuation of processing
2 0,015 0,0424 1,0183 Continuation of processing
3 0,040 0,1131 1,0184 Feed reduction
4 0,085 0,2400 1,0191 Stop / Tool Correction
6. Results

Analysis of the simulation results allows us to formulate the logic of the
automated system. At Az values from 0,014 to 0,042 mm, the surface condition
meets the requirements of finishing, and the measurement error remains stable,
which allows us to continue the process without correction.

When the microprofile height increases to 0,113 mm, the system records the
beginning of process destabilization: despite the fact that the total error increases
only by fractions of a nanometer, a threefold increase in the measured value indicates
initial tool wear or increased vibrations. In this case, the system initiates a feed
reduction to stabilize quality. Reaching the critical mark of 0,240 mm by the Az
parameter indicates significant wear or breakage of the cutting edge, which is
accompanied by the highest rate of error growth. In such a state, further processing
will inevitably lead to a defect, so the intelligent algorithm issues a command to
completely stop the equipment to replace the tool or introduce technical correction.
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7. Discussion

The results of the study indicate the feasibility of using the laser triangulation
method to implement non-contact control of surface roughness parameters in
automated production.

The main advantage of the approach is the ability to combine sufficient
measurement accuracy with high speed, which makes it suitable for use as part of
process control systems. This opens up the possibility of transitioning from periodic
to continuous control of the surface condition.

At the same time, the efficiency of the system is largely determined by the
choice of optical circuit parameters and signal processing algorithms. In real
production conditions, equipment vibrations and lighting instability can have an
additional impact, which requires further improvement of filtering methods and error
compensation.

Conclusions

Automation of non-contact control of surface microgeometry in real time is a
key stage in the development of modern intelligent production. The introduction of
"in-situ” laser diagnostics systems allows to radically increase the stability of
technological processes and ensure guaranteed product quality in finishing
operations. The use of progressive methods of digital filtering and subpixel
processing of optical signals provides high metrological reliability of control of
roughness parameters even under conditions of intense vibrations and dynamic
interference inherent in the operation of metal-cutting equipment.

The integration of active control tools with the CNC architecture allows the
system not only to record deviations, but also to promptly adjust processing
parameters, minimizing the impact of tool wear and the human factor. This approach
contributes to a significant reduction in production costs, optimization of equipment
service life and increase in the overall energy efficiency of industrial complexes.
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Banuwm [lleBuenko, Muxona ITonyuiko, Kuis, Ykpaina

ABTOMATHU30BAHA CUCTEMA KOHTPO.IIO IAPAMETPIB
IIOPCTKOCTI MOBEPXHI JIETAJIEM 3A TOIMIOMOI'OKO METOAY
JIABEPHOI TPIAHTYJISILIIT

AHoTanis. Y cmammi npedcmasneno po3pooxy asmomamu308anoi cucmemu KOHMpouo napamempis
WOPCMKOCHIL ROGEPXHI OemaJetl, IHmezpo8anoi 6e3nocepeonbo y GUPOOHUYUL YUK MEXAHIYHOI 06pOOKU.
Axmyanvricms  00CHIONHCEHHA — 3YMOBNEHA  3POCMAHHAM — BUMOZ — CYYACHOI  NPOMUCTIO80CMI 00
EeKCNIYAMAYItIHUX XAPAKMePUCUK 8UPOOI8, OCKIIbKU MIKPO2EOMempisi NOBEPXHI CYMMEBD GNIUBAE HA
3HOCOCMIUKICMb, 2epMemuyHicmy | 6MOMHY MiyHicmb 3 '€OHanb. Tlokazano, wo mpaouyitini memoou
KOHMPOIIO, 30KpeMa KOHMAKMHe NpOMiNoeants ma SUKOPUCMAHHA XPOMAMUYHUX 30HOI8, MAIOMb
00MedCERY eheKmuUeHicmb Y BUPOOHUYUX YMOBAX Hepe3 uymausicmb 00 i0payill, 3a0pyOHeHHs ma
SHAYMI BUMPAMU YACY HA 6UMIPIOBAHHS | noemopHe bazyeanns demanei. 06 '€kmom OocniodceHHs €
npoyec 6e3KOHMAKMHO20 GUMIPIOBAHHSI MIKDONPOQINIO NOBEPXHI i3 3ACMOCYBANHIM MemOoOy NA3epHOL
mpianeynayii. Poskpumo @izuuni npunyunu GopMySaHHs MPUAHSYIAYIUHOL cXeMu ma HA8eOeHO
ananimuyni  3anexchocmi  migic  3miugennsm  aasepnoi nasimu Ha CMOS-mampuyi @ pearvnumu
napamempami ucomi HepigHoCmell noGepxHi. 3anpononoeana CMpykKmypa Cucmemu OXone noGHU
Yuki 00poOKU OaHUX: 6i0 NEpeUHHOT hinbmpayii ONMUYHO20 WyMy ma KOMReHcayii Nnoxubox,
CHPUHUHEHUX PO3CIIO8AHHAM CEIMAa, 00 OOYUCIEHHS. CIAHOAPMU306AHUX NAPAMEMpPI6 WOPCMKOCMI.
Jlooamkoso ob1pynmosano 6ubip napamempie ONMUYHOI cxeMu ma YYMIUGUX elleMeHmi6 cucmemu 3
YPAxXy6anHAM YMOB peanvo20  eupobHuymea. Ocobrusy ysazy npuodileno  aneopummivHoMy
3a6e3neueHHIo, peani3o8anoMy 3a NPUHYUNOM 360POMHO20 38 ‘A3KY. Pospobnenuii aneopumm 3abesneuye
He Juue OYIHIOBANHSL 8IONOGIOHOCHIL NAPAMEMPI8 WOPCMKOCMI 3A0aHUM GUMO2aM, d U (POpMYy6anHs
KepyIouux 6n1usi6 015 nPOMUCIOBUX KOHIMPOLEPIE 3 MenoI0 ONepamueHoi Kopexyii pescumie pisanus npu
3Hoci incmpymenny. Ilpakmuune 3navenns pooomu Noisaeac y MOACIUBOCHI] CMEOPEHHS 3AMKHYMUX
iHMeNeKmyanbHux cucmem KOHMpPOIO AKOCMI MUYy in-situ, wo CNpUsE 31U CeHHIO pieHs Opaky na 12—
15% i niosuwenHro pisHs aemomamuzayii MauuHoOyOi6HUX ma npuiad06yOi6HUX BUPOOHUYME Y MeNCax
xonyenyii Inoycmpii 4.0.

KaiouoBi cioBa: xoumpons napamempie wopcmkocmi; 0Oe3KOHMAKMHI GUMIPIOBAHHSA, JlA3epHA
mpianeynayis; CMOS-yuampuys; 06pobxa cuenanie; asmomamuszayis 6upooHuYmMed.
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Abstract. The study proposes a multi-criteria machinability evaluation based on cutting forces, surface
quality, and productivity characteristics obtained from CNC milling experiments. Three tool steels
(1.2379, 1.2842, and ES Aktuell 1200) and four long-reach milling cutters were tested under controlled
machining conditions. The experimental data set, including force components and surface roughness
parameters, was analysed using the TOPSIS (Technique for Order Preference by Similarity to Ideal
Solution) method to integrate multiple performance indicators into a single metric, referred to as the
Cutting Ability Index (CAl). The results show that the proposed approach enables the ranking of material-
tool combinations and provides a more comprehensive interpretation of machinability compared to
single-parameter evaluations. However, the resulting rankings are sensitive to the selection and balance
of input criteria and, in certain cases, deviate from expected physical behaviour. This highlights the
limitations of equally weighted multi-criteria approaches and underscores the importance of appropriate
parameter selection and weighting. The study confirms that while TOPSIS can serve as an effective
decision-support tool in machining analysis, its application requires careful methodological
consideration.

Keywords: machinability; CNC milling; TOPSIS; multi-criteria decision making; surface roughness.

1. Introduction

In machining technology, process parameters and circumstances such as
cutting speed, feed rate, and depth of cut, tool and material properties also
significantly influence surface quality, tool wear, energy consumption, and
productivity. However, these performance measures often conflict with each other.
Therefore, parameter selection cannot be treated as a single-objective optimization
problem [1].

Traditional optimization approaches typically focus on a single objective
function, which cannot adequately handle the multivariate and complex nature of
machining processes. As a result, increasing attention is being paid to Multi-Criteria
Decision Making (MCDM) methods, which enable the simultaneous consideration
of multiple conflicting criteria [2].

In machining applications, performance evaluation often requires the joint

© B. Mészéaros, B. Miko, 2026
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consideration of quality, economy, and process stability. Such problems can be
addressed using MCDM methods, which provide a structured and mathematically
based ranking of alternatives by evaluating multiple criteria simultaneously [3].
MCDM approaches typically rely on a decision matrix, followed by normalization,
weighting, and aggregation steps. Several methods have been developed, including
AHP, ELECTRE, VIKOR, and TOPSIS, all aiming to compare alternatives across
multiple, often conflicting criteria [4].

TOPSIS (Technique for Order Preference by Similarity to Ideal Solution) was
introduced by Hwang and Yoon as a multi-attribute decision-making method based
on the principle that the optimal alternative has the shortest distance from the ideal
solution and the greatest distance from the anti-ideal solution [5]. The method is
particularly suitable for processing engineering and experimental data due to its
simple mathematical structure and clear ranking procedure.

The application of TOPSIS has been reported in machining research. Previous
studies have investigated the multi-criteria optimization of CNC turning parameters,
where surface roughness and material removal rate were evaluated simultaneously
[6]. Other studies have combined TOPSIS with statistical and optimization
techniques to achieve a more comprehensive evaluation of machining responses [7].

The aim of this study is to develop a multi-criteria framework for assessment
of machinability, integrating cutting force and surface quality into a unified
performance indicator. The approach enables the interpretation of machinability as
a composite, data-driven property. The TOPSIS method is applied to construct a
Cutting Ability Index (CAl), supporting the ranking of technological alternatives.
The aim of this article is to examine the applicability and sensitivity of the method.
The novelty of this study lies in modelling machinability as a unified and
interpretable performance measure.

2. Material and methods

The study is based on an end-milling experiment, which varies the cutting
parameters, tool geometries and workpiece materials. The test ensures different
types of comparisons. The cutting experiments were performed on a Mazak Nexus
410A-11 CNC machining centre. During the experiments, long-reach milling tools
were used, which represent particularly critical, vibration-sensitive machining
conditions in manufacturing technology. The experiments were designed to evaluate
different material-tool-parameter combinations under identical machining
conditions, considering multiple performance criteria simultaneously.

Four different long-reach milling tool types (F1-F4) were used for the test,
which differed in the number of teeth, edge geometry and tool rake angle. Figure 1
shows the main tool characteristics. Every tool contains partially polished blade for
cutting corner reinforcement. The F1 and F3 tools have special protective chamfer,
which allows higher feed; and they have variable helix angle, which ensures higher
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material removal rate and tool life by minimizing the vibration and oscillation. The
F3 and F4 tools contain special edge conditioning, which increases the edge stability
and tool life. The F2, F3 and F4 tools contain chip breakers, which are advantageous
for large depth of cut. Finally the F2 tool has variable tool pitch to reduce vibration
and noise, and ensures better surface quality; further, the increased core diameter
improves the tool rigidity.

m:mn

QAL

SAAANANIAANN
z | D|R A 58| SN VA W =S
F1 |P46210450 4 10 02 43 | 6 X X X
F2 |P45280450| 4 | 10 | 0.2 | 43 3 X X X X
F3 | P8315450| 5 | 10 | 02| 45 | 10 | X X X X X
F4  P8311450| 7 | 10 | 02| 55 | 10 | X X X

Figure 1 - Applied tools and their properties.
The tests were carried out on three alloyed tool steel grades: 1.2842
(90MnCrV8), 1.2379 (X153CrMoV12), and ES Aktuell 1200. Their tensile strength
(Rm) and chemical compositions are summarized in Table 1.

Table 1. - Chemical composition and mechanical properties of the investigated materials.

Material Rm C% Cr% Mn% Mo% Ni% Si% V%
[MPa]

1.2842 1050 0.90 0.35 2.00 - - 0.25 0.10

1.2379 1000 1.55 11.30 0.30 0.75 - 0.30 0.75

ES1200 1200 0.26 1.25 - 0.50 1.05 0.10 0.10

The materials differ significantly in carbon and alloying element content,
resulting in distinct mechanical and machining properties. Steel 1.2842 provides a
balanced combination of hardness and machinability. In contrast, 1.2379, with its
high carbon and chromium content, exhibits high hardness and wear resistance but
reduced machinability. The ES Aktuell 1200 is a non-standard grade. It has a lower
carbon content and a more complex alloying system, leading to improved toughness
and different cutting characteristics, particularly under dynamic loading conditions.

The cutting speed was constant (v¢ = 50 m/min, n = 1590 1/min) throughout the
entire series of experiments, in order to ensure that the effects examined were
primarily due to changes in the feed parameters, tool geometry and material
properties. The feed per tooth (f,) was varied at four levels: 0.03; 0.05; 0.07 and 0.09
mm. The axial depth of cut was fixed at a, = 35 mm throughout the entire series of
experiments, while the radial depth of cut was fixed at a. = 0.2 mm. Table 2 shows
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the cutting parameters. The feed rate (vs) is determined by feed per tooth (f,), spindle
speed (n) and number of teeth (z). The feed rates (vs) for the different tool and feed
combinations were determined based on the number of teeth and the feed per tooth.
These values are detailed in Table 2.

Based on the cutting parameters the material removal rate (MRR, mm3/min)
was calculated, as the indicator of the productivity.

MRR =V - a, - a Q)
Table 2. - Cutting parameters.
f; Vf -
Tool [mm/tooth] | [mm/min] Ve [m/min]
0.03 190.8
0.05 318.0
F1 0.07 445.2
0.09 572.4
0.03 190.8
0.05 318.0
F2 0.07 445.2
0.09 572.4
0.03 238.5 50
0.05 397.5
F3 0.07 556.5
0.09 715.5
0.03 333.9
0.05 556.5
F4 0.07 779.1
0.09 1001.7

The cutting performance was characterised by cutting force components and
surface roughness parameters. The cutting force components were measured by a
Kistler 9257B piezoelectric dynamometer during the cutting process. The measuring
system recorded the three orthogonal cutting force components, namely the axial
force (F;), the feed force (Fr) and the passive force (Fp). The force data were
evaluated using the Kistler DynoWare software, which enabled the processing of
time-dependent force signals and the determination of statistical characteristics.
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Figure 2 - Surface roughness measurement.

To characterize the quality of the machined surfaces, surface roughness
measurements were performed by a Mahr-Perthen GD120 roughness measuring
device. For each parameter setting, the roughness parameters were measured at
seven different positions on the machined surface (Figure 2). During the roughness
evaluation, the parameters R, R; and Rsm were examined, and the mean value and
the standard deviation were calculated in each case.

The cutting force components, surface roughness characteristics and material
removal rate together formed an extensive database, which served as the basis for
the subsequent multi-criteria decision support analysis. Using the collected data, the
different material-tool-technology alternatives were objectively compared and
ranked using the TOPSIS method.

3. Multi-criteria decision and the TOPSIS method

The TOPSIS (Technique for Order Preference by Similarity to Ideal
Solution) method used in this research is one of the best-known and most widely
used MCDM methods. The basic idea of the method is that the optimal alternative
is the one that is as close as possible to the ideal solution, while being the farthest
from the anti-ideal solution. The ideal solution is a theoretical reference state that
contains the most favourable values for each criterion, while the anti-ideal solution
consists of the most unfavourable values [8].

The first step in applying the TOPSIS method is to establish a decision matrix
that contains the criterion values for the alternatives:
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Due to the different units of measurement, the elements of the decision matrix
cannot be directly compared, so normalization is necessary. The most common
method used in TOPSIS is vector normalization, which can be described by the
following equation:

xl'j
Tij = T—— 3)
}111xi2j

The elements of the normalized decision matrix were then multiplied by weight
factors expressing the relative importance of the criteria, resulting in the weighted
normalized decision matrix. In the present study, all criteria in the decision matrix
were assigned the same weight values, i. e. each characteristic contributed equally
to the evaluation of the alternatives. This approach was used to avoid prior
preference for a single cutting characteristic and to ensure a balanced consideration
of cutting force and surface quality parameters. The weighting thus created does not
result in an absolute machinability index, but expresses a compromise performance
interpreted based on the criteria involved.

Based on these, the so-called ideal and anti-ideal solutions can be determined.

The ideal solution represents a theoretical reference state that contains the most
favourable values possible for the criteria under study, while the anti-ideal solution
is built up of the most unfavourable values. Based on the nature of the criteria, the
ideal solution is determined by selecting the maximum values for benefit-type
criteria, while the minimum values for cost-type criteria; the anti-ideal solution
accordingly contains the opposite extreme values.

Subsequently, the distance from the ideal and anti-ideal solutions is determined
for each alternative examined. These distances express the extent to which the given
alternative approaches the optimal state and how far it is from the most unfavourable
solution. This step of the method allows for an objective comparison of alternatives
in the multidimensional criterion space and establishes the basis for the subsequent
ranking, which takes into account the proximity to the good solution and the distance
from the bad solution together (Figure 3).
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Figure 3 - Interpretation of the distance measured from each alternative in the TOPSIS

system.

During the ranking, the evaluation of each alternative is done by taking into
account the distances measured from the ideal and anti-ideal solutions together. To
quantify this, the TOPSIS method uses the relative proximity coefficient, which
expresses how close the given alternative is to the ideal solution compared to the
most unfavorable state. The basis for the final ranking is the relative proximity
coefficient:

__Db
€= pjt+D; (4)

The value of C; ranges between 0 and 1; the higher its value, the more favorable
the given alternative is, since it is closer to the ideal solution and further away from
the anti-ideal state. The advantage of the TOPSIS method is that it has a simple and
understandable mathematical structure, provides a complete ranking of alternatives,
and can be effectively applied to multi-criteria evaluation of engineering
experimental data, especially when the examined criteria can be measured
numerically [5][9].

4. Results and Discussion

Because of the interdependence of the evaluated parameters, the results and
their interpretation are presented together in this section.

Table 3 summarises the type of parameters used in the TOPSIS analysis and
their roles. The selected variables represent the key aspects of machining
performance, including cutting forces, surface quality, and productivity. Only the
most representative parameters were considered in order to ensure a balanced and
transparent evaluation while avoiding redundancy in the dataset.
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Table 3. - Criteria used in the TOPSIS analysis

Parameter Description ;(;Iley ;?s Type
Fi Radial cutting force Load Cost

Ri Surface roughness Surface quality Cost
MRR Material removal rate Productivity Benefit

Cutting force and surface roughness parameters were treated as cost-type
criteria (lower values are preferable), while material removal rate was considered a
benefit-type criterion. During the analyses the following parameters were
considered: Ff_mean, Ff_max, Fp_mean, Fp_max, Fz_mean, Fz_max, Ra_mean, Ra_SD, Rz_mean, RZ_SD,
Rsm/fz, Rsm_sp and MRR (SD means standard deviation).

The presentation of all data is not possible because of the amount and variation
of measured parameters, but some examples are presented in order to demonstrate
the problem of the assessment. Figure 4 shows the measured surface roughness (Ra)
and axial cutting force (F;) data as a function of material grade. The mean value of
Ra is the smallest in case of ES1200, but the mean of F; is the largest.

an [N]

Ra [um]

St
SEE

12842 ES1200 12379 1.2842 ES1200
Material grade Material grade

Figure 4. Distribution of surface roughness (Ra) and axial cutting force (Fz) values for
different material grades.

Figure 5 shows the measured surface roughness (Rz) and axial cutting force (F)
values as a function of cutting tool. The results indicate that the applied tool
geometry has a noticeable influence on both surface quality and cutting forces. Tool
F2 performs the highest R, values and the greatest variation, while tool F4 results in
lower R, values with reduced variability. In contrast, the axial cutting force shows
an increasing trend from F1 to F4, with tool F4 producing the highest force levels,
because of the 7 teeth.
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Figure 5. Distribution of surface roughness (Ra) and axial cutting force (Fz) values for
different cutting tools.
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Figure 6 presents box plots of the average passive cutting force (Fp _mean) vValues
as a function of both material grade and cutting tool. The results indicate that ES1200
exhibits the highest average passive force, while materials 1.2379 and 1.2842 show
lower and comparable values. A clear increasing trend can also be observed across
the cutting tools, with tool F4 producing the highest and tool F1 the lowest force
levels, while tools F2 and F3 form an intermediate group.
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Figure 6 - Average passive cutting force (Fp_mean) values for different material grades and
cutting tools.

The elevated force levels observed for tool F4 may be attributed to its higher
number of cutting edges (z = 7). Under identical feed conditions, a larger number of
teeth are engaged simultaneously in the cutting process, which can increase the
contact area and, consequently, the passive cutting force. In addition, reduced flute
space may hinder chip evacuation, further contributing to higher force levels.

The difference between tools F1 and F2, despite having the same number of
teeth, may be related to their different rake angles. Tool F1, with a higher rake angle
(y = 6°), promotes more favourable chip formation, resulting in lower cutting forces,
whereas the lower rake angle of tool F2 (y = 3°) may increase cutting resistance.
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Figure 7 shows the material removal rate (MRR) values as a function of cutting
tool. The results indicate a clear increasing trend from tool F1 to F4, with tool F4
achieving the highest MRR values, while tool F1 presents the lowest productivity.
This trend is directly related to the number of cutting edges, as a higher tooth count
increases the feed rate under identical feed per tooth conditions, resulting in a higher
material removal rate.

6000 1
5000 1

o J

o 4000 }

= ¢ . - .

]

1000 =

F1 F2 F3 F4
Tool

Figure 7. Material removal rate (MRR) values for different cutting tools

The larger deviation observed for tool F4 may be attributed to the wider range
of applicable cutting conditions, as well as increased sensitivity to process
parameters such as feed rate. In addition, the higher number of engaged cutting edges
may lead to more complex chip formation and evacuation conditions, which can
contribute to increased variability in the calculated MRR values.

The presented particular parameters cannot be used to evaluate the performance
of the cutting tools, or machinability of the materials. Therefore, an overall
assessment is required. Now the application of the TOPSIS method is presented.

The TOPSIS method enables the reduction of a large set of measured data into
a single performance indicator, allowing the ranking of materials, tools, and process
parameters. In this study, a Cutting Ability Index (CAI) was introduced to quantify
machinability by integrating multiple performance criteria into a unified metric.

Figure 8 presents the TOPSIS-based ranking of the investigated materials and
cutting tools expressed by the CAIl values. Among the materials, 1.2379 achieved
the highest relative proximity coefficient (Ci = 0.75), followed by 1.2842 (Ci = 0.48),
while ES1200 exhibited the lowest value (Ci = 0.31). According to the CAI, material
1.2379 shows the most favourable overall machinability under the investigated
conditions. This result is somewhat unexpected, considering that its higher alloying
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content and mechanical strength are generally associated with less favourable
machinability. However, the CAI reflects the combined effect of cutting forces,
surface quality, and productivity, indicating a more balanced overall performance.

1.0 1.0

0.8 0.75 0.8 0.70
_ _ 0.55
T 0.6 0.48 = 0.6 0.52 045
< <
© 0.4 0.31 0.4

02 I 0.2

0.0 0.0

1.2379 1.2842 ES1200 F1 F2 F3 Fa
Material Toaols

Figure 8. TOPSIS-based ranking of the investigated materials and cutting tools expressed by
the Cutting Ability Index (CAI).

For the cutting tools, tool F1 achieved the highest ranking (Ci = 0.70), followed
by F3 (Ci =0.55) and F2 (Ci = 0.52), while tool F4 exhibited the lowest value (Ci =
0.45). This result highlights that the best overall performance is not determined by a
single parameter, but by the balance between competing criteria. Although certain
tools may provide advantages in specific aspects, the CAl identifies tool F1 as the
most favourable option due to its balanced machining performance.

Figure 9 presents the TOPSIS-based ranking of the investigated cutting tools
for each material separately. The results show that tool F1 consistently achieves the
highest CAI values across all materials, while tool F4 generally exhibits the lowest

performance.
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Figure 9. TOPSIS-based ranking of cutting tools for each material using the Cutting Ability
Index (CAI).

These results highlight that the performance of cutting tools is strongly
dependent on the material-tool combination, and that different evaluation
perspectives can reveal additional relationships within the dataset. While global
rankings provide an overall comparison, the material-specific analysis allows a more
detailed interpretation of machining performance.

Figure 10 presents the TOPSIS-based ranking of the investigated materials for
each cutting tool. The results indicate that the relative performance of the materials
varies depending on the applied tool, confirming that machinability cannot be
described independently of the tool geometry. While material 1.2842 achieves the
highest CAl values for tools F1, F2, and F3, tool F4 shows a different trend, where
ES1200 exhibits the most favourable performance.

This variation highlights the interaction between tool geometry and material
properties, suggesting that the optimal material-tool combination depends on the
specific cutting conditions. The results further demonstrate that the proposed CAI-
based approach enables multi-perspective evaluation, providing deeper insight into
machining behaviour beyond conventional single-factor analyses.
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Figure 10. TOPSIS-based ranking of materials for each cutting tool using the Cutting Ability
Index (CAI).

5. Summary

This study presented a multi-criteria evaluation for machinability based on
cutting force, surface quality, and productivity characteristics, using the TOPSIS
method. The proposed approach integrates multiple, often conflicting performance
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indicators into a single comparative index, defined as the Cutting Ability Index
(CAl), enabling the ranking of materials and cutting tools under identical machining
conditions.

The results confirmed that machinability strongly depends on the material—tool
combination. However, the obtained rankings revealed several inconsistencies with
expected physical behaviour. Material 1.2379 achieved the highest CAIl value
despite its unfavourable composition and mechanical properties, while tool F4,
although providing the highest material removal rate, exhibited one of the lowest
overall rankings. These findings clearly demonstrate that the results are highly
sensitive to the selection and interaction of input parameters.

This observation highlights a fundamental limitation of the TOPSIS-based
approach: the resulting ranking does not necessarily represent the actual
machinability behaviour. Favourable values in certain criteria (e.g., cutting force or
surface quality) may not compensate for disadvantages in others (e.g., productivity),
which may lead to misleading conclusions. The inconsistencies observed do not
indicate limitations of the TOPSIS method itself, but rather reflect the sensitivity of
multi-criteria evaluation to the definition of input parameters.

Therefore, the appropriate selection, weighting and number of input parameters
are critical for obtaining reliable results. The selected parameter set in this study does
not fully capture the complexity of the machining process. Additional factors such
as tool wear, vibration, temperature, or energy consumption may also significantly
influence machinability and should be considered in future studies. Furthermore, the
applied cutting conditions, particularly the cutting speed, may alter the relative
performance of the tools, indicating that different parameter ranges could lead to
different rankings.

The proposed CAI represents a step toward a data-driven and quantitative
characterization of machinability as a measurable and comparable property.
However, its effectiveness strongly depends on the appropriate definition of the
evaluation model; therefore, it should be interpreted as part of a broader analytical
framework rather than as a standalone indicator.

Overall, the study demonstrates that while TOPSIS provides an effective
framework for integrating multiple machinability-related criteria into a single
performance index, the validity of the resulting rankings critically depends on
careful model definition. When appropriately applied, the method can support
advanced, data-driven approaches for machining process evaluation and
optimization.
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Bena Mecapomn, banam Miko, Byaanemr, Yropiuna

OLIHKA OBPOBJIIOBAHOCTI MATEPIAJIY BUPOBY HA OCHOBI
CHUJIN PI3BAHHS TA XAPAKTEPUCTHK SAKOCTI IOBEPXHI 3
BUKOPUCTAHHSM METOAY TOPSIS.

AHoTauis. /JocniodxcenHs nponoHye 6a2amokpumepitiHy oyiHKy oOpoOHOCMI HA OCHOGI CUL PI3aHHS,
AKOCII NOBEPXHI Ma NPOOYKMUBHUX XAPAKMEPUCTNUK, OMPUMAHUX Y eKCNEPUMEHMAX 3 (pe3epy8aHHIM
na eepcmami 3 9I1Y. Tpu incmpymenmanvui cmanu (1.2379, 1.2842 ma ES Aktuell 1200) ma womupu
Yuninopuuni  pesu  30i1bueHol Q0BXCUHU MeCmY8AIUCs 8 YMOBAX KOHMPOIbOBAHOL 00pOOKU.
Excnepumenmansrutl Habip 0aAHUX, 8KIIOYHO 3 KOMNOHEHMAMU CUTU MA NAPAMEMPAMU WOPCMKOCMI
nogepxni, 6yé npoananizosanui 3a memooom TOPSIS (Technique for Order Preference by Similarity to
Ideal Solution) ons inmezpayii’ kirvkox noxaznuxie egexmusnocmi 6 00Ky Mempuxy, idomy sk Inoexc
Cutting Ability (CAl). Pesyremamu nokasyroms, wo 3anponoHoganuii nioxio 00360J5€ PAHNICYEaAmMu
KOMOIHayii mamepianie i iHcmpymenmie i 3a0e3neyye Oilbul KOMNJIEKCHe MIYMA4eHHs 00poGHOCmi
nopisHAHO 3 oOHonapamempuyHumu oyinkamu. OOHAK ompumani peimunau 4ymausi 0o 6ubOpy ma
banancy Kpumepiie 6xXiOnux OaHuX [ 6 NeGHUX GUNAOKAX GIOXUNSIOMbCS 6I0 OYIKYEaHoi ¢izuunol
nogedinku. Tomy 6i0nosionuil eubip, 36adiCy8anHs mMa KilbKiCmb 6XIOHUX napamempie ¢ KpUMuyHo
BadNCIUBUMU O OMPUMAHHA HAOTHUX pesyrbmamie. Bubpanuii nabip napamempie 'y ybomy
00CTiOHCeHHI He NogHICMIO 8I00bpadicac ckiaduicms npoyecy 0opodku. Jooamkosi axmopu, maxi sk
3HOC [HCMpyMeHmy, 6ibpayii, memnepamypa abo eHepOCNONCUBAHHS, MAKOHNC MONCYMb CYMMEEO
snaueamu Ha 0OpooIEanHicmy i cid 6paxogysamu 6 Matdymuix 0ocuiocennsx. Kpiv mozo, npuxnadeni
YMOBU pI3anHs, 0COOIUBO WBUOKICMb PI3AHHA, MONCYMb BNAUBAMU HA SIOHOCHY NPOOYKMUBHICTIb
IHCMpYyMeHmis, wo c8iouums npo me, Wo pisHi OlanazoHu NApamMempie MOXCyms npu3eooumu 00 pisHux
pienis. Lle niokpecnioe 00MedCeHHs. PIBHOBANCHUX OA2AMOKPUMEPIUHUX Ni0X00i6 [ NIOKpecae
sasxcIugicmy iONOBIOHO20 8UOOPY MA 36AHCYBAHHS napamempie. [JoCHiOxHceHHs NiOMBepOXCYE, Wo xoua
TOPSIS moorce cnyeysamu epexmusnum incmpymeHmom NiOMPUMKU RPULHAMMS Piuenb Y ananizi
MawunHoi 06pobKuU, 11020 3aCMOCY8anHs NOMpPedye PemeabHO20 MEMOO0I02IYHO20 PO32TAY.

Kuarouosi ciioBa: oopobniosanicme,; @peszepysanns 3 4I1Y,; TOPSIS; 6acamoxpumepianvue npuiinsammsi
piulens;, nogepxnesa WopCcmKicme.
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Abstract. Abrasive waterjet machining is a widely used technology for cutting metal, ceramic and
polymer sheets. Nowadays, it is becoming important that the applied technological parameters are
efficient and economical. This requires the appropriate selection of the most important technological
parameters. In this paper, we report on research in which the combined effect of technological parameters,
i.e. the relationship between the input energy and the efficiency, was examined when machining three
material qualities (metal, ceramic, polymer). The article examines the relationship between the depth of
kerf and the amount of energy input by the jet and formulates conclusions regarding the machinability of
different materials.

Keywords: abrasive waterjet machining; technological parameters; cutting energy; input energy.

1. Introduction

The efficiency of abrasive waterjet cutting is most often characterized by
researchers [1] with the so-called kerfing depth. When making kerfs, the material is
not cut across its entire cross-section, but a certain depth of kerf is made in the
material. This type of investigation is referred to as a kerfing test. The depth of kerf
depends on the set technological parameters and other conditions of waterjet cutting.
The interpretation and measurement of the depth of kerf is illustrated in Figure 1.
Abrasive waterjet cutting can machine a wide range of materials, including difficult-
to-cut metals like ceramics and polymers. The literature extensively studies the depth
of kerf achievable as a function of process parameters [2,3,4]. The depth of kerf of
abrasive waterjet cutting is influenced by various parameters, such as water pressure,
abrasive flow rate, feed speed, nozzle height, and nozzle geometry [5,6,7].
Researchers primarily investigate the efficiency and accuracy of cutting in relation
to these parameters when machining different materials [8,9,10,11].

The effect of the energy input by the jet on the cutting efficiency has been
studied by few researchers, mostly through theoretical studies [12]. The aim of this

© Z. Maros, K. Kun-Bodnar, 2026
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Figure 1 — Interpretation and measurement of kerf depth

research is to determine how the amount of energy input by the jet into the material
during abrasive waterjet cutting affects the depth of kerf, i.e. the efficiency, when
cutting different materials.

2. Theoretical energy of the jet

The combined effect of the technological parameters can be examined by
determining the theoretical energy of the beam during the various parameter settings.
For this, we need to write down the theoretical kinetic energy represented by the
beam and introduced into a given point on the entry side of the workpiece, which
can be determined in the simplest way as follows:

12
Ep =72 (1)

where  m,: mass of abrasive added to the during the contact time, kg
v: velocity of the flowing particles, m/s

The actual energy of the beam is of course not exactly this value, because it is
influenced by a lot of factors - the beam does not consist only of abrasive particles,
the speed and size of the particles are not the same, etc. - but this value is proportional
to the real energy of the beam.

According to the simplified Bernoulli equation, the velocity of the water
flowing out of the nozzle is:

v= |2 )
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where p: applied pressure, Pa
p: density of the water (1000 kg/m3)

Mass of the abrasive powder:

m, =m-t, 3)
where m : extent of abrasive flow rate, kg/s
ta: the time of impact, s (the time the jet is in contact with a given

point)

Considering that the exposure time:

dm
ty = ; 4
where  dm: diameter of the abrasive nozzle, m
V¥ feed speed of the cutting head, m/s

Combining equations (1)-(4) yields that

o
B = =0 (5)

Using equation (5), we determined the theoretical energy of the abrasive water
jet for each technological parameter setting during the experiments.

3. Experimental conditions
3.1 Machined materials

Our tests were conducted on materials with significantly different properties:
* White marble (Carrara marble).

« General purpose structural steel S235JR.

* PVC (polyvinyl chloride).

White marble is a chemically metamorphosed rock from sedimentary limestone.
Pure marble contains more than 95% calcite. Its structure is dense and granular. The
typical compressive strength of white marble is 90-150 MPa, its modulus of
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elasticity is 50-70 GPa, and its hardness on the Mohs scale is 3.5, which corresponds
to a hardness of approximately 229 HV. A 50 mm thick piece of white marble was
used for the experiment.

S235JR general purpose unalloyed structural steel is an unalloyed structural
steel with excellent weldability, machinability and cold forming properties. Its
chemical composition is shown in Table 1.

Table 1 —Chemical composition of unalloyed structural steel S235JR

Material C, Si, Mn, P, S, Cu, N,
% % % % % % %
S235JR 0.17-0.2 | <03 | <14 <0,045 | <0,045 | <04 3012

The typical tensile strength of S235JR steel is Rn=340-510 MPa, yield strength
Ren=225-235 MPa, and specific elongation at break is 21-26%. The test piece was
a 40 mm thick rolled plate.

PVC (polyvinyl chloride) is a thermoplastic, flammable, chemically resistant,
hard, amorphous plastic. It is the third most mass-produced synthetic polymer. The
typical tensile strength of soft PVC is 15 MPa, the density is 1.2 g/cm3, and the
melting point is 140 °C. The workpiece used was 40 mm thick PVC.

3.2 Technological parameters

Among the technological parameters influencing the efficiency, the effect of
the feed speed (Vvr), the pressure (p) and the abrasive flow (m,) — the mass of abrasive
powder added to the water jet per unit time — was investigated. The values of these
parameters were changed within predetermined ranges based on the conducted
preliminary experiments. The other parameters, such as the type of abrasive material,
the height of the nozzle, the diameter of the abrasive and primary nozzles, were kept
unchanged throughout. The values of the changed technological data (Table 2) were
determined based on literature and empirical data [13].

Table 2 — S235JR Technological parameters changed during the cutting experiments

White marble
Water pressure, p [bar] 1380 — 2500 — 3590
Feed speed, vi [mm/min] 650 — 750 — 850 — 950 - 1050
Abrasive flow, m, [g/min] 320 - 550
S235JR
Water pressure, p [bar] ‘ 1380 — 2500 — 3590
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Feed speed, vs [mm/min] 100 -120 - 140 - 160 — 180 — 200
Abrasive flow, m, [g/min] 320 - 550

Water pressure, p [bar] 1380 — 2500 — 3590

Feed speed, vs [mm/min] 1000 - 1400 — 1800 — 2200 - 2600
Abrasive flow, ma [g/min] 320 - 550

The diameter of the primary nozzle was 0.41 mm, the diameter of the abrasive
nozzle was 1.07 mm, and the height of the nozzle was 2 mm. Garnet #80 abrasive
powder was used. In industrial practice, this is the most commonly used abrasive
type in abrasive waterjet cutting.

Figure 2 shows the kerfs made in the S235JR structural steel material during
the experiments.

Figure 2 — Results of kerf tests

] §

n S235JR strdcural eeI

4. Experimental results

After performing the cutting experiments on marble, steel and PVC materials,
we measured the cutting depth corresponding to the given parameter combinations
and illustrated the change in the cutting depth as a function of the different
combinations of the changed parameters. Figure 3 shows the change in the depth of
kerf as a function of the feed speed and pressure with two types of applied abrasive
flows, on white marble material.

It can be seen from Fig. 3 that increasing the feed speed reduces, and increasing
the pressure and abrasive flow increases, the depth of kerf.
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Figure 3 — Variation of depth of kerf as a function of feed speed at different pressures and
abrasive flow on S235JR structural steel

Figure 4 illustrates the machinability of the three tested material qualities at a
given pressure and abrasive flow.

143



ISSN 2078-7405 Cutting & Tools in Technological System, 2026, Edition 104

45 +

40 A"'A

35 % S
T o L - ePVC
ETN ‘T‘\\ = S2350R
=~ 25 L |
pe e \.\ AMarble
£ 20 » |
s e
= 15+
& 10

5 4 p=3590 bar

m =550 g/min
0
0 500 1000 1500 2000 2500 3000
feed speed, v; [mm/min]

Figure 4 — Effect of feed rate on depth of kerf for different materials

Based on Figure 4, it can be concluded that of the three materials, structural
steel is the most difficult to cut and polymer is the easiest. Polymer can be cut at
about ten times and marble five times the speed of steel. This can be explained by
the appearance of different erosion mechanisms in addition to physical mechanical
properties.

However, the combined effect of the technological parameters cannot be read
from Figures 3 and 4. The combined effect of the parameters was examined using
the input energy. As described in chapter 2, we determined the theoretical input
energy for each technological experiment and examined the change in the depth of
kerf as a function of this. The change in the depth of kerf as a function of the input
energy is shown in Figures 5. and 6. for marble and PVVC materials.
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Figure 5 — Variation of the depth of kerf as a function of the input energy
on white marble material
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Figure 6 — Variation of the depth of kerf as a function of the input
energy on PVC material

It can be seen from Figures 5 and 6 that the energy input clearly increases the
depth of kerf, i.e. the efficiency of the cut. The change is not linear, for larger depths,
the application of higher energy increases the efficiency of cutting less.

Comparing the Figures 5 and 6 also shows that the machinability of marble and
PVC materials is very similar, both can be cut with a low energy input.

Figure 7 shows the change in the depth of kerf of all three materials as a
function of the energy input.
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Figure 7 — Variation of cutting depth as a function of energy input on marble, P\VC and
structural steel materials
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Based on Figure 7 it can be said that cutting S235JR structural steel requires
the highest energy input of the three materials. The energy required can be up to ten
times greater than when cutting PVC or marble. Increasing the energy increases the
cutting efficiency for all the three materials.

5. Conclusions

Based on the evaluation of the experimental results, the following conclusions
can be drawn regarding the kerf tests of the three types of machined materials:

e Increasing the feed speed reduces the depth of kerf, i.e. the efficiency of the
cut, while increasing the pressure and abrasive flow increases it.

e Comparing the machining of different materials, it can be concluded that
cutting steel is the least efficient and cutting PVVC is the most productive.

e When using low feed speeds, marble - despite its relatively higher hardness -
can be cut with a productivity similar to PVC. This can be explained by the
so-called brittle erosion that occurs in marble.

e By examining the combined effect of the technological parameters using the
theoretical energy input, it can be stated that the depth of kerf clearly
increases with increasing cutting energy. This increase is not linear; the slope
of the change is smaller for higher energy inputs.

e  Cutting structural steel is much more difficult than cutting marble or PVC,
requiring up to ten times more energy.

The results obtained show that in abrasive waterjet cutting, the cutting
efficiency can be changed by controlling the input energy, which allows us to choose
the feed-pressure-abrasive flow combination that provides the energy required to
reach a given depth, according to the possibilities. In other words, we can ensure the
same cutting efficiency for a given task at different pressures, abrasive flows and
feed speeds.
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XKont Mapom, Kpicrina Kyn-Bognap, Mimkons1, Yropumiaa

JOCJIJIKEHHA B3AEMO3B’SI3KY BXIJTHOI EHEPTTI TA
E®EKTUBHOCTI OBPOBKH ITPU I'TTPOABPA3UBHOMY PI3AHHI

AHoTauist. Abpasusna o0ocmpymeHHa 00poOKA — ye WUPOKO BUKOPUCMOBYBAHA MEXHON02IS Ol
PI3aHHA Memanesux, KepamiyHux ma noximeprux aucmis. Cb0200Hi cmae éce Oilbul 8aNCIUBUM, UWOO
3acmocogyeani  mexHono2iyni napamempu Oy egexmueHumu ma exoHomiunumu. Lle eumazae
NPAsUIbHO20 8UOOPY HAIBANCTUBIUUX MEXHONO2IYHUX napamempis. Y yii cmammi Mu po3nosioaemo npo
00CNIONCEHH S, 6 AKUX CYKYNHULL BNIUG MEXHON02IUHUX NapamMempis, Moomo 63aEM036'A30K Midic 6XIOHOO
eHepeicio ma egpekmugHicnIo, po321s10ascsi npu 06podYi mpvLox Mamepianie (Memarn, Kepamika, nouimep).
Ha ocnosi oyinku excnepumenmanvhux pesyiomamie Oyau 3pobreni OesKi GUCHOSKU. 30inbuienis
WBUOKOCME NOOAYT 3MEHULYE TUOUHY NPOPI3Y, MOOMO eheKmueHicmob po3pisy, a 30LIbUWEHHs. MUCKY md
abpazueno2o nomoky 30inewye tioeo. Ilopienioouu o6pobKy pisHUX mamepianie, MOdiCHA 3podumu
BUCHOBOK, WO pi3anis cmali € natimenut egpekmuenum, a pizanns I1BX — naunpodykmueniwum. Ilpu
HUBLKUX WBUOKOCIAX NOOAYT MAPMYP — He36aACAIOYU HA BIOHOCHO BULLY MEEPOICb — MOJICHA Pi3amu
3 npodykmuenicmio, nodionoio 0o IIBX. Lle mooicna noschumu max 36aHol0 KPUXKOIO €po3icio, o
8i00y8acmvcs 6 Mapmypi. Ananizyiouu cymapHuil 6naue mexHol02iuHUX napamempie 3a meopemuyHuMU
eHepeeMUYHUMU BXIOHUMU OAHUMU, MOJICHA CMEEPOACYBAMU, WO 2IUOUHA NPOPUBY AGHO 3POCMAE 3i
30inbuennsam enepeii pizauus. Lle 30invuwienna He € niHivnum; Haxun 3minu meHwiutl Ons 8UUUX
eHepeemuyHux eumpam. Pizamu koncmpykyitiny cmane Habazamo cKkiaoHiule, Hixc pisamu Mapmyp abo
IIBX, i ye sumaecac 0o Oecamu pasie Oimvuie enepeii. Ompumani pe3yabmamu NOKA3VIOMyb, Wo npu
abpasusHomMy 6000CMPYMEHHOMY PI3aHHi eQeKmusHiCmb pi3anis MOJICHA 3MIHUMU, KOHMPONIO0YU
6XIOHY eHepeito, w0 00380JIA€ 00pamu KOMOIHAYII0 NOOAYI-MUCKY-abpa3usHO20 NOMOKY, AKa 3abe3nevye
eHepeito, HeOOXIOHY ONIst O0CACHEeHH S 3A0aHOT 2IUOUHU BIONOBIOHO 00 MONCIUBOCMEN.

KurouoBi ciioBa: adpasusna eooocmpymenna o6podKa; mexHon02iuHi napamempu, eHepeis pi3aHHs,
6XIOHA eHepaisi.

147



ISSN 2078-7405 Cutting & Tools in Technological System, 2026, Edition 104

UDC 621.91.01 doi: 10.20998/2078-7405.2026.104.11

COMPARATIVE STUDY OF SURFACE HEIGHT AND GRADIENT
PARAMETERS IN TURNING OF 42CRMO4 AND X5CRNI18-10

Istvan Sztankovics [0000-0002-1147-7475]

University of Miskolc, 3515 Miskolc-Egyetemvaros, Hungary
istvan.sztankovics@uni-miskolc.hu

Received: 10 April 2026/ Revised: 19 April 2026/ Accepted: 29 April 2026 / Published: 15 May
2026

Abstract. This study presents a comparative investigation of surface topography in turning of two
engineering materials, 42CrMo4 alloy steel and X5CrNi18-10 austenitic stainless steel. A full factorial
experimental design was applied to evaluate the effects of cutting speed, feed, depth of cut, and material
type on selected areal surface roughness parameters. The analysis focused on Sg, Sp, Sy, and Sy,
representing surface height and gradient characteristics according to 1SO 25178. The results show a
strong dependence of surface topography on material properties. The 42CrMo4 steel exhibited
significantly higher roughness and steeper surface features compared to the stainless steel under identical
cutting conditions. Increasing cutting speed led to a consistent reduction in all evaluated parameters,
while feed rate primarily influenced the amplitude-related characteristics. The Sqq parameter showed
lower sensitivity to cutting conditions but highlighted clear differences in surface slopes between the
materials. The findings demonstrate that the combined evaluation of height and gradient parameters
provides an effective approach for characterizing machining-induced surface features and supports
improved selection of cutting conditions.

Keywords: tangential turning; surface topography; roughness parameters; material comparison.

1. Introduction

Surface quality is a critical aspect of machining performance, as it directly
influences the functional behaviour, reliability, and service life of mechanical
components [1,2]. In turning operations, the generated surface topography is
controlled by a complex interaction between cutting parameters, tool geometry, and
material properties [3]. While conventional surface characterization has long relied
on profile-based parameters, the increasing availability of three-dimensional
measurement techniques has led to a growing interest in areal surface roughness
evaluation based on ISO 25178. These parameters provide a more comprehensive
description of surface features, enabling improved interpretation of machining-
induced surface characteristics.

Among the various groups of areal parameters, height-related metrics such as
Sq, Sp, and Sy are widely used to quantify the amplitude of surface irregularities [4].

Sq represents the overall magnitude of surface deviations, while S, and Sy describe
© I. Sztankovics, 2026
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the extreme peak and valley features, respectively. In addition to amplitude, the
functional performance of a surface is also influenced by its local slopes and
gradients [5,6]. The Sqq parameter, defined as the root mean square gradient, provides
insight into the steepness of surface features and complements the information
obtained from height parameters. The combined evaluation of these parameters
enables a more complete understanding of surface formation mechanisms during
machining.

The generation of surface topography in turning is strongly affected by
technological parameters such as cutting speed, feed, and depth of cut. Feed rate is
typically considered the dominant factor influencing surface roughness, as it directly
determines the theoretical surface profile [7,8]. Cutting speed can modify the cutting
process through thermal and tribological effects, often leading to improved surface
finish at higher values [9]. Depth of cut, although generally less influential than feed,
can affect process stability and material deformation behaviour [10]. However, the
extent to which these parameters influence areal surface characteristics may vary
depending on the material being machined.

Material properties play a particularly important role in surface generation.
Differences in hardness, ductility, strain hardening behaviour, and thermal
conductivity can lead to distinct chip formation mechanisms and tool-workpiece
interactions [11-13]. For example, high-strength alloy steels typically exhibit more
stable cutting behaviour but may generate pronounced surface irregularities due to
their resistance to plastic deformation [14,15]. In contrast, austenitic stainless steels
are characterized by high ductility and significant strain hardening, which can result
in smoother surfaces but may also introduce phenomena such as material smearing
or adhesion.

Despite the numerous research on machining-induced surface roughness,
comparative studies focusing on the combined analysis of amplitude and gradient
parameters for different materials under identical cutting conditions remain limited.
There is a need for systematic investigations that evaluate how material-dependent
behaviour influences not only the magnitude but also the morphology of surface
features [16]. Such studies are essential for improving the understanding of surface
generation mechanisms and for supporting the selection of appropriate machining
parameters in industrial applications.

In this context, the present study aims to perform a comparative analysis of
surface height and gradient parameters in turning of two widely used engineering
materials: 42CrMo4 alloy steel and X5CrNil18-10 austenitic stainless steel. These
materials were selected due to their distinctly different mechanical and physical
properties, which are expected to result in different surface formation characteristics.
A full factorial experimental design was applied, considering cutting speed, feed,
depth of cut, and material type as input factors. The surface topography was
evaluated using selected ISO 25178 parameters, namely Sq, Sp, Sy, and Suq. This
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selection enables a focused yet comprehensive characterization of both amplitude
and slope-related surface features. The study seeks to identify the dominant factors
affecting these parameters and to quantify the differences between the two materials
under identical machining conditions.

The results of this work contribute to a better understanding of material-
dependent surface generation in tangential turning and provide practical insights for
the optimization of cutting conditions when surface quality is of primary importance.

2. Experimental conditions and methods

Machining tests were performed using a CNC turning centre (EMAG VSC
400 DS) under stable operating conditions. A tangential turning approach was
applied, where the cutting edge is oriented at an inclination angle relative to the
workpiece surface (S117.0032.00 insert mounted in an H117.2530.4132 tool holder).
This configuration alters the mechanics of material removal compared to
conventional turning processes. Cutting was carried out under dry conditions using
an uncoated cemented carbide insert. The tool geometry was kept constant
throughout the experiments, and the cutting edge condition was controlled by
regularly replacing inserts to avoid the influence of tool wear.

The experimental investigation was carried out on two metallic materials with
significantly different mechanical behaviour in machining. The first material was
42CrMo4 alloy steel in quenched and tempered condition, exhibiting a hardness of
approximately 410 HV10. The second material was X5CrNil8-10 austenitic
stainless steel with a hardness of around 300 HV10. While the alloy steel represents
a relatively stable cutting material, the stainless steel is characterized by higher
ductility and strain hardening, which can affect chip formation and surface
generation.

Surface characterization was conducted using a three-dimensional optical
measurement system (AltiSurf 520). For each machined sample, a 4 mm x 4 mm
area was analysed in the steady-state region of the cut, excluding entry and exit zones.
The acquired topography data were evaluated in accordance with ISO 25178. To
maintain a focused analysis, four areal surface parameters were selected:

e Sy - root mean square height, representing the
overall surface height variation;

e Sp - maximum peak height, indicating the highest
point above the mean plane;

e S, - maximum pit depth, corresponding to the
deepest valley below the mean plane;

e Sy - root mean square gradient, describing the
average slope of the surface.
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These parameters jointly characterize both amplitude and gradient features of
the machined surface.

The experimental plan was based on a full factorial design including cutting
speed, feed, depth of cut, and material type. Each numerical factor was examined at
two levels: cutting speed of 100 and 200 m/min, feed of 0.3 and 0.6 mm/rev, and
depth of cut of 0.1 and 0.2 mm. Together with the two material types, this resulted
in 16 distinct machining conditions, which are summarized in Table 1.

Table 1 — Experimental setups

Setup 1 2 3 4 5 6 7 8

Ve 100 100 100 100 200 200 200 200
[m/min]
[mfm] 0.3 0.3 0.6 0.6 0.3 0.3 0.6 0.6
[mam] 0.1 0.2 0.1 0.2 0.1 0.2 0.1 0.2

3. Experimental results

The measured surface topography parameters obtained from the full factorial
experiments are summarized in Tables 2 and 3 for X5CrNil18-10 and 42CrMo4,
respectively. The results clearly indicate substantial differences in both magnitude
and variability of the evaluated parameters (Sq, Sp, Sv, Sdq) between the two materials,
as well as notable dependencies on the applied cutting conditions.

Table 2 — Experimental results — X5CrNi18-10
Setup 1 2 3 4 5 6 7 8

Sq 050 040 053 061 029 030 049 058
[um]

S 329 545 397 543 303 181 194 240
[um]

Su 344 581 320 550 159 176 195 250
[um]

[Sji* 014 016 013 015 016 013 016 013

For X5CrNil18-10, the Sq values range from 0.288 pm to 0.605 pm. The lowest
Sq value is observed at the higher cutting speed (200 m/min) combined with low feed
(0.3 mm/rev) and low depth of cut (0.1 mm), while the highest Sq occurs at lower
cutting speed (100 m/min) and higher feed (0.6 mm/rev) with increased depth of cut.
In general, Sq values remain within a relatively narrow band, indicating a stable
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surface generation process across the investigated parameter space. The S, parameter
for X5CrNi18-10 varies between 1.805 um and 5.453 um. The highest peak values
are associated with lower cutting speed and higher depth of cut, whereas increasing
cutting speed tends to reduce peak height. A similar tendency is observed for S,,
where values range from 1.594 um to 5.812 um. The highest valley depths occur at
lower cutting speed and higher depth of cut, while reduced values are observed at
higher cutting speeds. The Sqq parameter for X5CrNi18-10 shows limited variation,
with values between 0.127 and 0.163. No extreme deviations are observed,
suggesting relatively uniform surface slopes across all cutting conditions.

Table 3 — Experimental results — 42CrMo4
Setup 1 2 3 4 5 6 7 8

Sq 291 190 127 356 058 036 054 051
[um]

S 939 707 850 1231 377 316 418 3.20
[um]

S 9429 881 700 1332 413 423 230 215
[um]

?_di* 040 032 025 040 023 021 024 025

In contrast, significantly higher values are observed for 42CrMo4. The Sq
parameter ranges from 0.360 um to 3.556 um, with the highest values occurring at
lower cutting speed and higher depth of cut. A pronounced reduction in Sq is
observed when increasing cutting speed from 100 m/min to 200 m/min. The S,
values for 42CrMo4 range from 3.164 um to 12.312 um, while S, varies between
2.145 um and 14.29 um. These values are substantially higher than those measured
for X5CrNil18-10, indicating more pronounced peak and valley formation. The
highest S, and S, values are consistently associated with low cutting speed and high
depth of cut. The Sqq parameter for 42CrMo4 ranges from 0.209 to 0.404, showing
considerably higher values compared to the stainless steel. This indicates steeper
surface gradients and more irregular surface features.

Overall, the results demonstrate a strong material dependency of all
investigated surface parameters, as well as consistent trends with respect to cutting
speed, feed, and depth of cut.

4. Discussion

The experimental results reveal clear and systematic differences in surface
topography between X5CrNil8-10 and 42CrMo4, which can be interpreted by
considering both the machining parameters and the intrinsic material properties.
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As shown in Figure 1, a comparison of Sy values indicates that the surfaces
generated on 42CrMo4 exhibit significantly higher roughness levels than those on
X5CrNi18-10. At a cutting speed of 100 m/min, Sy values for 42CrMo4 reach up to
3.556 pum, whereas the corresponding maximum for X5CrNi18-10 remains below
0.61 um. This represents a difference of more than a factor of five. When the cutting
speed is increased to 200 m/min, Sq values decrease markedly for both materials, but
the relative difference remains substantial. This behaviour may be attributed to the
higher hardness and lower ductility of 42CrMo4, which can promote more brittle-
like material removal and the formation of irregular surface features. In contrast, the
more ductile X5CrNi18-10 likely undergoes greater plastic deformation, leading to
smoother surface profiles. Feed rate exhibits a strong influence on Sq for both
materials. Increasing the feed from 0.3 mm/rev to 0.6 mm/rev generally leads to
higher Sq values. This effect is particularly pronounced for 42CrMo4 at low cutting
speed, where Sy increases from approximately 1.265 um to 3.556 um. This trend is
consistent with the increased uncut chip thickness, which directly affects the
resulting surface geometry.

4.00 m X5CrNil18-10
—.3.00 m 42CrMo4
g
=2.00
“1.00 I I
0.00 . O . . -. 1| .. ..
1 2 3 4 5 6 7 8

Setup number

Figure 1 — Alteration of the Sq in the studied range

The analysis of Sy and Sy provides further insight into the asymmetry of surface
features (Figure 2 and 3). For X5CrNi18-10, Sp and Sy values are relatively balanced,
typically remaining within a similar range. In contrast, 42CrMo4 often exhibits
higher Sy values than Sp, particularly at lower cutting speeds, where S, reaches 14.29
pum compared to Sp of 9.39 um. This indicates the presence of deeper valleys relative
to peak heights. Such behaviour may be related to material fracture and localized
material pull-out, which can generate deeper surface defects. For X5CrNil18-10, the
more homogeneous deformation behaviour appears to limit the formation of extreme
valleys. Cutting speed has a consistently beneficial effect on both S, and S..
Increasing the cutting speed from 100 m/min to 200 m/min results in a significant
reduction in both peak and valley magnitudes for both materials. For example, in
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42CrMod4, S, decreases from 14.29 um to approximately 4 um or lower at higher
cutting speed. This suggests improved surface formation stability at elevated speeds.

15.00 m X5CrNil8-10
m 42CrMo4
E 10.00
=
I il
. 1 il 0 sl &
1 2 3 4 5 6 7 8
Setup number
Figure 2 — Alteration of the Sp in the studied range
20.00 m X5CrNil8-10
— 15.00 m 42CrMo4
g
=10.00

' 5.00 I I I
0.00 l I . I || I | I [ | | [ ]
1 2 3 4 5 6 7 8
Setup number

Figure 3 — Alteration of the Sy in the studied range

The Sqq parameter provides additional insight into surface slope characteristics
(Figure 4). The results show that Sqq values for 42CrMo4 are approximately 1.5 to 3
times higher than those for X5CrNi18-10. For instance, maximum Sqq values reach
0.404 for 42CrMo4, compared to approximately 0.16 for the stainless steel. This
indicates that surfaces produced on 42CrMo4 are not only rougher in terms of
amplitude but also exhibit significantly steeper gradients. From a functional
perspective, this may have implications for contact behaviour, friction, and wear
performance. The influence of cutting parameters on Sqq is less pronounced than for
Sq Sp, and Sy, particularly in the case of X5CrNi18-10, where Sqq remains within a
narrow range across all conditions. However, for 42CrMo4, higher Sqq values are
observed at lower cutting speeds and higher feeds, indicating that aggressive cutting
conditions promote sharper surface features.
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Figure 4 — Alteration of the Sqq in the studied range

A combined interpretation of Sq and Sqq highlights an important aspect of
surface characterization. While Sy describes the overall magnitude of surface
deviations, Sqq reflects the local steepness of these features. The results show that
high Sq values are generally accompanied by high Sqq values for 42CrMo4, indicating
that rougher surfaces are also steeper. In contrast, X5CrNi18-10 maintains relatively
low Sqq values even when Sq increases, suggesting smoother transitions between
peaks and valleys. From a practical standpoint, the results suggest that cutting speed
is the most effective parameter for improving surface quality for both materials.
Increasing cutting speed consistently reduces Sq, Sp, and Sy, and also contributes to
lower Sqq values. Feed rate remains a dominant factor influencing surface amplitude,
while depth of cut shows a secondary but still noticeable effect.

Finally, the observed differences between the two materials emphasize the
importance of material-specific parameter selection in turning operations. Identical
cutting conditions do not yield comparable surface characteristics, and the choice of
parameters must consider the underlying material behaviour.

5. Conclusions

This study presented a comparative experimental investigation of surface
topography generated during turning of 42CrMo4 and X5CrNil18-10, based on
selected ISO 25178 areal parameters (S, Sp, Sv, Suq)- The applied full factorial design
enabled a systematic evaluation of the effects of cutting speed, feed, depth of cut,
and material type on both amplitude- and gradient-related surface characteristics.
The results clearly demonstrate that both machining parameters and material
properties play a decisive role in surface formation. Significant differences were
observed not only in the magnitude of the measured parameters, but also in their
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sensitivity to changes in cutting conditions. While similar trends were identified for
certain parameters, the extent of these effects varied considerably between the two
materials. The main findings of the study can be summarized as follows:

1. The material type has a dominant influence on surface topography. The
42CrMo4 alloy steel consistently exhibited higher values of the analysed
parameters compared to X5CrNil18-10, indicating rougher and steeper surface
profiles. In contrast, the austenitic stainless steel produced smoother and more
uniform surfaces under identical cutting conditions.

2. Cutting speed proved to be an influential technological parameter in improving
surface quality. Increasing the cutting speed from 100 m/min to 200 m/min
resulted in a significant reduction in all evaluated parameters for both materials,
particularly in the case of 42CrMo4, where substantial decreases in peak and
valley magnitudes were observed.

3. Feed rate primarily affected the amplitude-related parameters (Sq, Sp, Sv), with
higher feed values leading to increased surface roughness. The Sqq parameter
showed lower sensitivity overall, but higher values were associated with more
aggressive cutting conditions, especially for 42CrMo4.

In summary, the findings highlight that identical machining conditions can lead
to markedly different surface characteristics depending on the workpiece material.
The combined evaluation of height and gradient parameters proved to be an effective
approach for capturing these differences. The results provide a useful basis for
selecting appropriate cutting conditions in practical turning operations where surface
quality is a critical requirement.
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Irrean [lltankoBry, Minikosbil, Y ropiiuHa

MOPIBHAJILHE JTOCJII)KEHHA MOBEPXHEBOI TOINOT' PA®II TA
T'PAJIIEHTA TIAPAMETPIB OBPOBKH ITPH TOYTHHI CTAJIEN
42CRMO4 TA X5CRNI18-10

AHoTanist. ¥V yvomy docuiodcenni npedcmasneno nopisHsibie 00CTioiceH s nosepxHegol monozpagpii
npu MoKapHiti 06po6yi 080X IHJCeHepHux mamepianie — neeosanoi cmani 42CrMo4 ma aycmenimnoi
Heporcagitovoi cmani X5CrNil8-10. Byno 3acmocosano nosHull paxmopiansHuti eKxcnepumeHmanibHuil
Ou3aiin 015l OYIHKU GNAUBY WGUOKOCIE PI3anHsl, NOOAyi, 2IUOUHU PO3PI3y ma Muny mamepiany Ha 6ubpani
napamempu wopcmxocmi nogepxmi. Ananiz 6ys 3ocepedcenuii na Sq, Sp, Sv ma Sdq, wo eidobpasicaioms
8UCOMY HepIGHOCMEN NOBEPXHI MA Xapakmepucmuku epadieHma 6ionogiono 0o IS0 25178. Pezynvmamu
NOKA3VIOMb CUNbHY 3ANeHCHICMb monozpadii noeepxui 8io enracmueocmeti mamepiany. Cmans 42CrMo4
O0eMOHCIPY6ANA 3HAYHO BULYY WOPCMKICTb | KPYMIULY NOBEPXHIO NOPIGHAHO 3 HEPIICABIIOYOIO CIALTIO 3a
0O0HAKOBUX YMO8 Di3aHHA. 30i1bleHHs WEUOKOCHI PI3aHHS NPU3B0OUTO 00 NOCTIO08HO20 3HUMCEHHS BCIX
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OYIHIOBAHUX napamempis, mooi SK GelUdUHd NoOaui 20JOBHUM HUHOM 6NIUBANA HA AMAIIMYOHI
xapaxmepucmuku. ITapamemp Syq NOKA3a6 HUIICHY LYMAUBICIL 00 YMO8 PI3AHHA, ajle YimKo NiOKpecius
GIOMIHHOCII Y HAXULAX NOGepXHI Midc mamepianavu. Tun mamepiany mac OOMIHYIOUUU 6NAUE HA
nogepxuesuti  penve@. Jlecosana cmanv 42CrMo4 cmabinono Odemoncmpysana euwi 3HayeHHs
ananizosanux napamempis nopisuano 3 X5CrNil8-10, wo ceiouums npo 6inbws wopcmxi ma kpymiuti
nogepxuesi npogini. Hamomicme aycmenimna nepoicasioua cmanv 3abesneuygana 6inbui 2naoki ma
00HOpIOHT noGepxHi 3a 00HAKOBUX YMOG pisanns. Llleudxicms pizanns 6uUAGUAACA BAXACIUBUM
MEeXHON02IYHUM NAPAMEMPOM O NOKpawens AKocmi nogepxui. 36invuenns weuoxocmi pizanns 3 100
m/x6 00 200 m/x6 npu36eno 00 3HAUHO20 3HUICEHHSL BCIX OYIHIOBAHUX napamempis 051 060X Mamepiaie,
ocobnuso y eunaoky 42CrMo4, oe cnocmepizanocs 3uaune 3HUICEHHS NIKOGUX § OOIUHHUX MASHIMYO.
Pesyromamu noxaszyrome, wjo kombino8ana oyinka napamempis eucomu ma cpadienma sabdesneuye
eghekmusnull nioxXio 00 Xapakmepucmuku NnO8epXoHb, SUKIUKAHUX MeXAHIuHOI 06pobKoio, i cnpusic
Kpawjomy 6ubopy ymos piansi.

KouoBi caoBa: mancenyianohe obmouyeanus, monozpais noeepxui, napamempu wopcmkocmi,
NOPIGHAHHS MamMepianie.
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Abstract. The widespread adoption of Fiber Reinforced Polymers (FRPs), such as CFRP and GFRP, in
weight-critical industries has necessitated highly precise secondary machining operations. However, the
heterogeneous and anisotropic nature of these composites makes them susceptible to severe machining-
induced defects, including delamination, matrix smearing, and rapid tool wear. To mitigate these issues,
selecting and controlling optimal machining parameters (cutting speed, feed rate, and depth of cut) is
critical. This paper comprehensively reviews the evolution of process optimization strategies in composite
machining. It begins by examining established traditional statistical methods, including the Taguchi
Method, Analysis of Variance (ANOVA), and Response Surface Methodology (RSM), which offer robust,
data-efficient frameworks for linear process control. Subsequently, the paper explores the paradigm shift
toward Artificial Intelligence (Al) and machine learning techniques, specifically Artificial Neural
Networks (ANN), Genetic Algorithms (GA), and Fuzzy Logic systems. These data-driven approaches
successfully overcome the limitations of traditional models by capturing complex, non-linear thermo-
mechanical dynamics and resolving multi-objective conflicts. Ultimately, this review highlights that the
future of zero-defect composite manufacturing lies in integrating these methodologies into intelligent
hybrid models that bridge the gap between experimental efficiency and advanced predictive accuracy.
Keywords: composite machining; process parameter optimization; artificial intelligence.

1. Introduction

Composite materials, particularly Fiber Reinforced Polymers (FRPs) such as
Carbon Fiber (CFRP) and Glass Fiber Reinforced Plastics (GFRP), have
revolutionized modern engineering. Characterized by their exceptional strength-to-
weight ratios, high stiffness, and excellent corrosion resistance, these materials have
become indispensable in weight-critical sectors such as the aerospace, automotive,
and marine industries. While composite components are typically molded to near-
net shapes, secondary machining operations such as drilling for fastener assembly or
milling for precise edge trimming are inevitably required to achieve final
dimensional tolerances.

However, the machining of composite materials presents profound challenges
© M. Valizada, |. Sztankovics, 2026
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compared to traditional homogeneous metals. Composites are inherently
heterogeneous and anisotropic; their mechanical properties vary significantly
depending on the fiber orientation. Furthermore, the highly abrasive nature of the
reinforcing fibers leads to rapid tool wear. If the machining process parameters,
primarily cutting speed, feed rate, and depth of cut, are not meticulously controlled,
the resulting mechanical and thermal stresses can induce severe workpiece damage.
These defects include matrix smearing, fiber pull-out, and most critically,
delamination (the separation of adjacent composite layers), which drastically
reduces the structural integrity and fatigue life of the final component.

Given the high material and manufacturing costs associated with aerospace-
and automotive-grade composites, relying on trial-and-error to find the optimal
machining parameters is economically unfeasible. Consequently, the manufacturing
industry has historically relied on robust statistical optimization strategies.
Techniques such as the Taguchi Method, Analysis of Variance (ANOVA), and
Response Surface Methodology (RSM) have provided structured, highly data-
efficient frameworks to minimize surface defects and maximize tool life.

As manufacturing demands stricter tolerances and composite structures
become more complex, the limitations of linear, discrete statistical models have
become apparent. This has prompted a paradigm shift toward data-driven Artificial
Intelligence (Al) techniques, including Artificial Neural Networks (ANN), Genetic
Algorithms (GA), and Fuzzy Logic systems. These intelligent systems excel at
recognizing the complex, non-linear thermo-mechanical behaviors inherent in
composite cutting. This paper comprehensively reviews both the traditional and Al-
driven methodologies used to optimize composite machining. Furthermore, it
explores how the future of process optimization lies not in choosing between
traditional and Al methods, but in integrating them into intelligent hybrid models
that pave the way for zero-defect, highly efficient manufacturing.

2. Review Methodology

To ensure transparency and reproducibility, a systematic approach was
adopted to select, screen, and categorize the literature reviewed in this manuscript.
Relevant studies were identified through comprehensive searches across major
academic databases, primarily relying on Scopus, Web of Science, ScienceDirect,
and Google Scholar. The search strategy utilized targeted combinations of keywords
including "Composite machining,” "Process parameter optimization,” "Taguchi
method," "Response Surface Methodology," "Artificial Neural Networks," "Genetic
Algorithms," and "Fuzzy Logic."

The screening process focused strictly on peer-reviewed journal articles and
conference proceedings published within the last two decades. Studies were selected
based on their explicit focus on optimizing secondary machining parameters (cutting
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speed, feed rate, depth of cut, tool geometry) for fiber-reinforced polymers
(specifically CFRP and GFRP). Articles focusing purely on composite synthesis,
primary forming processes, or non-machining applications were excluded to
maintain focus. Once screened, the selected literature was logically categorized into
two primary domains: traditional statistical optimization strategies (Section 3) and
predictive modeling using artificial intelligence (Section 4), enabling a structured
comparative discussion.

3. Traditional Optimization Strategies

In the machining of composite materials, selecting the correct process
parameters, such as cutting speed, feed rate, and depth of cut, is critical. Unlike
metals, composites are heterogeneous and anisotropic, meaning their properties vary
with direction. This makes them prone to specific defects like delamination
(separation of layers) and fiber pull-out. To address these challenges without wasting
expensive materials on trial-and-error, researchers rely on statistical optimization
strategies. The most established "traditional” methods are the Taguchi Method,
Analysis of Variance (ANOVA), and Response Surface Methodology (RSM) [1].

3.1 The Taguchi Method

Developed by Dr. Genichi Taguchi, this method is widely regarded as a robust
design strategy for quality engineering. Its primary goal is not just to maximize
performance, but to make the manufacturing process insensitive to "noise,” which
represents uncontrollable variables such as machine vibrations or slight
inconsistencies in the composite material. The methodology relies fundamentally on
Orthogonal Arrays (OA), which are specialized standard tables that allow
researchers to investigate a large number of variables with a minimum number of
experiments. For instance, while a full study of three factors at three levels would
typically require 27 separate experiments, a Taguchi L_9 array can derive
statistically significant results in just 9 runs. This efficiency is particularly crucial in
machining composites, where tool wear is rapid, and the workpieces are often
prohibitively expensive to waste.

Another distinct feature of this approach is the use of the Signal-to-Noise (S/N)
ratio to analyze data. Instead of simply evaluating the average result, the S/N ratio
consolidates the mean and the variance into a single metric. The "Signal" represents
the desirable value, such as a smooth surface finish, while the "Noise" represents the
undesirable variability. In composite machining research, the "Smaller-the-Better"
category is typically selected for minimizing defects like surface roughness (R_a) or
delamination factor (F_d), where a higher S/N ratio indicates a more robust and
stable process. Research by Palanikumar demonstrates the effectiveness of this
method in turning Glass Fiber Reinforced Plastics (GFRP) [2]. Using an L_27
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orthogonal array, the study optimized cutting parameters to minimize surface
roughness. The analysis revealed that the Taguchi method successfully identified a
robust operating window, highlighting that low feed rates and high cutting speeds
are generally preferred to minimize the brittle fracture of fibers.

Similarly, Erkan et al. applied the Taguchi method to optimize the end milling
process for Glass Fiber Reinforced Polymer (GFRP) composites [3]. By employing
an L27 orthogonal array, they systematically evaluated the effects of cutting speed,
feed rate, and depth of cut, along with tools with varying numbers of flutes, on the
resulting surface roughness. Through the analysis of S/N ratios, the study
corroborated that higher cutting speeds paired with low feed rates produced the
optimal, smoothest surface finish, successfully minimizing surface roughness down
to 1.626 pm.

3.2 Analysis of Variance (ANOVA)

While the Taguchi method is excellent for identifying the best levels for
parameters (e.g., determining that Speed Level 2 is superior to Level 1), it does not
explicitly quantify the magnitude of influence each parameter has on the final
outcome. To bridge this gap, researchers employ Analysis of Variance (ANOVA).
This statistical tool calculates the percentage contribution of each machining
parameter to the total variation in the result, effectively separating the variation
caused by control factors from that caused by experimental error. By establishing a
hierarchy of influence, ANOVA allows engineers to prioritize which settings must
be strictly controlled and which can be adjusted with less risk.

The utility of ANOVA is evident in studies such as those by Davim et al., which
analyzed the milling of GFRP composites [4]. Their statistical analysis of machining
forces and surface roughness provided a clear breakdown of parameter influence,
revealing that the feed rate was the dominant factor, contributing over 70% to the
variation in machining force, while cutting speed had a much smaller impact.
Similarly, a simplified version of this technique, known as Pareto ANOVA, based
on the Pareto principle (80/20 rule), is often utilized in industrial settings. This
method allows engineers to quickly identify the "vital few" parameters, typically,
feed rate in composite machining, that drive the majority of quality issues, ensuring
that optimization efforts are focused where they will yield the most significant
reduction in defects.

Further highlighting the necessity of ANOVA in varying contexts, Rao et al.
applied this statistical method to a different machining operation: the drilling of
GFRP composite laminates using High Speed Steel (HSS) twist drills. Using a Full
Factorial Design, they measured the resulting surface roughness and applied
ANOVA to evaluate the exact percentage contribution of drill diameter, feed rate,
and spindle speed [5]. They found that the drill diameter was the most critical factor,
contributing a massive 75.76% to the total variance in surface roughness, while feed
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rate and spindle speed had marginal impacts of 8.34% and 7.57%, respectively. This
specific quantification allowed the researchers to confidently conclude that selecting
a smaller drill size (such as the 6 mm diameter in their optimized setup) is the most
decisive parameter for achieving high surface quality and dimensional accuracy in
composite hole-making.

3.3 Response Surface Methodology (RSM)

Response Surface Methodology (RSM) represents a more advanced statistical
technique used for modeling and analyzing problems where a response of interest is
influenced by several variables. Unlike the Taguchi method, which identifies the
best point from discrete, pre-defined levels, RSM fits a mathematical equation
(usually a second-order polynomial) to the experimental data. This creates a
continuous "map" of the entire experimental region, allowing for the prediction of
results at any point within the design space, even those that were not experimentally
tested. The output is often visualized through 3D surface plots or 2D contour graphs,
which are instrumental in visualizing the interaction between parameters—for
instance, demonstrating how a high cutting speed might improve finish only if the
depth of cut remains low.

The precision of RSM was demonstrated in a study by Nor Khairusshima et al.,
which utilized a Central Composite Design (CCD) to optimize the milling of Carbon
Fiber Reinforced Plastics (CFRP) [6]. The developed mathematical model allowed
the researchers to pinpoint a precise global optimum, specifically, a spindle speed of
3061 rpm and a depth of cut of 0.72 mm, rather than settling for a general level. The
study confirmed that RSM is particularly superior when the interaction effects
between variables are significant and need to be understood to prevent complex
failure modes like delamination.

In another compelling application, Parida et al. utilized RSM to develop a
second-order mathematical model for predicting surface roughness during the
drilling of GFRP composites with High-Speed Steel (HSS) tools [7]. While many
studies isolate the effects of individual parameters, the RSM approach successfully
mapped the continuous, interacting relationships among spindle speed, feed rate, and
drill bit diameter. The resulting response surface models and ANOVA validation (at
a 95% confidence level) showed that spindle speed was the overwhelmingly
dominant factor driving surface roughness, while feed rate had a statistically
insignificant effect. By visualizing these mathematical relationships on a plotted
response surface, the researchers were able to pinpoint a highly specific optimal
operating window, using a low spindle speed, a medium feed rate, and a medium
drill bit diameter that minimized surface defects, proving RSM's efficacy in
generating highly reliable predictive equations for composite machining.
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4. Artificial Intelligence and Predictive Modelling in Composite
Machining

While traditional statistical methods like Taguchi and RSM are effective for
defining linear relationships and robust operating windows, they often struggle to
capture the complex, non-linear, and stochastic nature of composite machining. To
overcome these limitations, researchers have increasingly adopted Artificial
Intelligence (Al) techniques. These data-driven approaches require less domain-
specific physical knowledge and can uncover intricate patterns within experimental
data, enabling highly accurate predictions of process characteristics such as cutting
force, temperature, and surface defects [8]. This section explores the application of
Acrtificial Neural Networks (ANN), Genetic Algorithms (GA), and Fuzzy Logic
systems in the optimization of composite machining.

4.1 Artificial Neural Networks (ANN)

Artificial Neural Networks (ANN) are computational models inspired by the
human brain, consisting of interconnected neurons arranged in layers. They are
particularly powerful in machining research for their ability to model non-linear
relationships between input parameters (such as speed and feed) and outputs (such
as delamination or tool wear) without needing a pre-defined mathematical equation

[8].
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Figure 1 - a) ANN structure with one neuron. b) ANN scheme [9]

A significant application of ANN in composite machining is the prediction and
prevention of delamination, a critical failure mode where layers separate. Research
by Karnik et al. utilized ANN to model high-speed drilling of Carbon Fiber
Reinforced Polymers (CFRP) [10]. Their study processed experimental data to
predict the delamination factor based on spindle speed, feed rate, and point angle. A
key finding from their ANN model was the counterintuitive benefit of high-speed
machining; the model correctly predicted that higher spindle speeds generated
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frictional heat, which softened the polymer matrix (matrix softening), thereby
reducing the thrust force and subsequent delamination damage.

Similarly, Popan et al. developed a feed-forward ANN model trained with
backpropagation to optimize the piercing phase of Abrasive Water Jet (AWJ)
machining of CFRP [11]. This phase is notorious for causing delamination due to
the high initial impact pressure. The ANN analyzed inputs including water pressure
(100-400 MPa), standoff distance (0.5-10 mm), and abrasive start synchronization
(On/Off). The model predicted that reducing the water pressure to 100 MPa and
maintaining a low standoff distance of 0.5 mm, combined with abrasive start
synchronization ON, would eliminate delamination for the piercing process.
Validation experiments confirmed the ANN's predictions, producing defect-free
holes and preventing the rejection of expensive aerospace components.

Furthermore, researchers like Stone and Krishnamurthy implemented ANN for
real-time process control [12]. They developed a neural network controller that
monitored thrust force during drilling. The system could predict the onset of
delamination and dynamically adjust the feed rate in real-time, effectively
maintaining forces within a safe envelope and preventing damage at the hole exit.

4.2 Genetic Algorithms (GA)

Genetic Algorithms (GA) are optimization techniques based on the principles
of natural selection and genetics. Unlike ANN, which is primarily a predictive tool,
GA is an optimization search tool used to find the "global optimum™ in a vast
solution space. It operates by evolving a population of potential solutions through
operations like selection, crossover, and mutation to find the best possible
combination of machining parameters [8].

Kumar and Sait applied GA to optimize the turning parameters of composite
pipes [14]. Their objective was to optimize the machining parameters to yield a
minimum cutting force. The GA processed the experimental data and converged on
a specific optimal set of parameters. From this analysis, the following conclusions
are drawn: Force acting on the cutting tool is found to be minimum at a cutting speed
of 75 m/min, a feed rate of 0.2 mm/rev, and a depth of cut of 0.5 mm.

To further enhance accuracy, researchers often combine GA with Neural
Networks. Cao et al. utilized a hybrid GA-BPNN (Genetic Algorithm optimized
Back-Propagation Neural Network) to model the high-speed milling of Carbon
Fiber/Polyetheretherketone (CF/PEEK) laminates [15]. In this hybrid approach, the
GA was used to optimize the initial weights and thresholds of the neural network,
preventing it from getting stuck in local optima. This improved model was used to
predict surface roughness (S_q) and fractal dimension (D_s). The results showed
that the GA-BPNN model achieved a prediction accuracy exceeding 90%,
significantly outperforming standard regression models in predicting the complex
surface topography of machined thermoplastic composites.
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These advanced optimization techniques are essential not only in the machining
phase but also in the broader structural design of composites. Demonstrating this,
Al-Hamzawi and Kovacs developed a novel multi-objective optimization
methodology to simultaneously minimize the weight and improve the structural
responses of corrugated composite sandwich structures [16]. In their study, they
utilized a hybrid framework that integrated Finite Element Analysis (FEA) for data
generation with Artificial Neural Networks (ANN) to create highly accurate
predictive models for structural behaviors such as deflection and stress. A Genetic
Algorithm (GA) was then applied to these models to systematically identify optimal
design variables, including ply orientations and core geometric dimensions. The
approach successfully yielded a set of Pareto-optimal solutions that achieved
significant weight reduction while maintaining and even improving the structural
integrity of the composites. By leveraging these advanced algorithmic approaches,
their research proves the effectiveness of navigating complex, multi-objective
composite design problems, which share the same underlying mathematical
complexities found in multi-objective machining parameter optimization.
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Figure 2 - Genetic algorithm scheme [13]

In the context of composite machining, GA is often used to find optimal
parameters that lie between the discrete levels tested in standard experiments.
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4.3 Fuzzy Logic and Adaptive Neuro-Fuzzy Inference Systems (ANFIS)

Fuzzy Logic is a computing approach based on "degrees of truth" rather than
the usual "true or false" (1 or 0) Boolean logic. It uses linguistic variables (e.g.,
"High," "Medium," "Low") and rule-based inference (IF-THEN rules) to model
uncertainty. When combined with the learning capabilities of neural networks, it
forms an Adaptive Neuro-Fuzzy Inference System (ANFIS), which is highly
effective for modelling complex, ambiguous systems [8].

Fuzzy logic is particularly useful for multi-objective optimization, where
manufacturers must balance conflicting goals, such as minimizing force while
maximizing speed. Hari Babu et al. employed a Fuzzy Inference System (FIS) to
optimize the drilling of hybrid Glass-Carbon Fiber Reinforced (GCFR) epoxy
composites [17]. The study aimed to simultaneously minimize four distinct
responses: Thrust Force, Torque, Delamination Factor, and Surface Roughness. The
FIS combined these four values into a single metric called the Multi-Response
Performance Index (MPI).

The experiments involved varying spindle speed (1000-3000 RPM), drill
diameter (5—7 mm), and feed rate (50-150 mm/min). The FIS analysis identified that
the optimal parameter combination for the best overall quality was a spindle speed
of 3000 RPM, a drill diameter of 5 mm, and a feed rate of 50 mm/min. Furthermore,
Analysis of Variance (ANOVA) on the MPI revealed that drill diameter was the
most significant factor influencing the overall drilling quality of the hybrid
composite, followed by feed rate.

In another application involving biocomposites, Tran et al. used ANFIS to
predict surface roughness and thrust force [18]. Biocomposites often exhibit high
material variability, which makes standard regression difficult. The ANFIS model,
by adjusting its internal membership functions, was able to map the non-linear
relationships between cutting parameters and surface quality more accurately than
linear regression models, providing reliable predictions despite the "noise™ inherent
in natural fiber materials.

EEI=

ey ()b (Comm ) ()b

Figure 3 - Fuzzy logic scheme [9]
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5. Comparative Discussion

The evolution of process optimization in composite machining, from statistical
designs (Taguchi, RSM) to data-driven intelligence (ANN, GA, Fuzzy Logic),
represents a shift from "robust design" to "intelligent manufacturing." While both
approaches share the ultimate goal of improving quality and efficiency, their
underlying mechanisms, capabilities, and applications differ significantly. This
section compares these methodologies and highlights the emergence of hybrid
models that leverage the strengths of both.

5.1 Linear Approximations vs Non-Linear Dynamics

Traditional methods, particularly RSM and Taguchi, are founded on the
assumption that the relationship between machining inputs (e.g., speed, feed) and
outputs (e.g., delamination, thrust force, surface roughness) can be approximated by
smooth, continuous functions. Typically, linear or quadratic polynomials. This
assumption holds well for homogeneous metals but often falls short for composites
like CFRP and GFRP. As noted in the study by Karnik et al. [10], effects such as
"matrix softening” introduce sharp non-linearities where an increase in speed
suddenly reduces damage due to thermal softening. Traditional regression models
might average this effect out, whereas Al models like ANN can capture the specific
inflection point, providing a more accurate representation of the thermo-mechanical
reality.

Furthermore, traditional methods generally require rigid experimental designs
(e.g., Orthogonal Arrays) that test parameters at discrete levels (Level 1, 2, 3). If the
true optimum lies between Level 2 and Level 3, the Taguchi method may miss it. In
contrast, Genetic Algorithms (GA) operate as global search heuristics. As
demonstrated by Kumar and Sait [14], GA can search the continuous space between
discrete experimental levels, identifying a precise global optimum (e.g., 75 m/min)
that was not explicitly tested in the initial design.

5.2 Multi-Objective Conflicts

A significant limitation of traditional methods is their struggle with multi-
objective optimization. In composite machining, higher feed rates typically increase
productivity (a positive outcome) but also increase thrust force and surface
roughness (negative outcomes). Standard Taguchi analysis optimizes each response
individually, often leading to conflicting optimal parameter sets. Researchers must
then rely on engineering judgment to find a compromise.

Al methods, particularly Fuzzy Logic, offer a mathematical solution to this
ambiguity. By converting disparate responses into linguistic variables and fusing
them into a single index (such as the MPI used by Hari Babu et al. [17]), fuzzy
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systems provide a structured way to balance competing goals. This allows for the
identification of a single "best compromise™ setup that satisfies multiple quality
criteria simultaneously, a capability that is less intuitive in standard ANOVA or

Taguchi analysis.

Table 1 - Comparison of Traditional and Al Optimization Methods

Traditional Methods

Al Methods (ANN, GA,

L9, L27) require fewer
experiments.

Feature (Taguchi, RSM, Fuzzy Logic/ANFIS)

ANOVA)

Statistical inference, Pattern recognition, non-linear
Primary linear/quadratic mapping, evolutionary search,
Mechanism regression, signal-to- linguistic reasoning.

noise ratios.

Best for linear or Excellent for complex, highly
Relationship simple non-linear non-linear, and discontinuous
Modelling relationships. Assumes | relationships.

continuity.

Discrete (local). Continuous (global).
(S)Cp:)trlglzatlon Limited to specific Can find optimal points

levels tested in the between tested levels (GA).

experiment.

Low. High.
Data Requirement | Efficient designs (e.g., | Generally, requires larger

training datasets to avoid
overfitting.

Multi-Objective
Capability

Limited.

Optimizes responses
individually; requires
manual trade-offs.

High.

Fuzzy logic and neural
networks can fuse multiple
outputs into a single index.

Interpretability

High.

ANOVA explicitly
quantifies the %
contribution of each
factor.

Low/Medium.

ANNS are often "black boxes";
Fuzzy Logic provides
interpretable rules.
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5.3 Data Efficiency and Prediction Accuracy

The primary advantage of traditional methods remains their efficiency. A
Taguchi L_9 array can yield statistically valid conclusions with only 9 experiments,
making it highly cost-effective for industrial screening. In contrast, Al models,
especially Deep Learning and complex ANNSs, typically require large datasets to
train effectively without overfitting. The "data scarcity” problem in composite
machining—where experimental data is expensive to generate—is a key hurdle for
Al. However, methods like ANFIS (used by Tran et al. [18]) and GPR (Gaussian
Process Regression) are gaining popularity precisely because they can provide
accurate non-linear predictions even with smaller datasets, bridging the gap between
data hunger and experimental constraints.

6. Conclusions

The optimization of machining parameters for composite materials has
undergone a significant evolution, transitioning from traditional statistical designs
to advanced, data-driven artificial intelligence. The inherent heterogeneity and
anisotropy of composites like GFRP and CFRP make machining a complex process,
highly susceptible to defects such as delamination, fiber pull-out, and poor surface
finish. As this review highlights, traditional methodologies (such as the Taguchi
method, ANOVA, and RSM) have long provided robust, cost-effective frameworks
for identifying critical parameters and establishing stable operating windows. They
remain highly valuable for initial process screening and quantifying the linear
impacts of factors like feed rate, cutting speed, and tool geometry.

However, the non-linear, stochastic nature of composite machining often
exceeds the capabilities of standard regression models. Al techniques, including
Artificial Neural Networks (ANN), Genetic Algorithms (GA), and Fuzzy Logic
systems, have emerged as powerful alternatives that require less domain-specific
physical pre-definitions. These intelligent systems offer superior predictive accuracy
by mapping complex thermo-mechanical behaviors, such as matrix softening, and
by enabling continuous global optimization beyond discrete experimental levels.
Furthermore, tools like Fuzzy Logic provide structured mathematical solutions to
multi-objective conflicts, allowing manufacturers to simultaneously optimize
competing goals like productivity and surface quality.

Ultimately, the future of composite machining optimization lies not in choosing
between traditional and Al methods, but in integrating them. Hybrid approaches (e.g,
using GA to optimize neural network weights (GA-BPNN) or combining fuzzy logic
with adaptive learning (ANFIS)) demonstrate the highest potential.
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Despite these advancements, several concrete research gaps remain to be
addressed in future studies. First, the industrial implementation of Al-driven real-
time adaptive control is heavily restricted by computational latency and a lack of
robust, sensor-integrated edge computing solutions on the shop floor. Second, the
training of highly accurate predictive models is frequently hampered by a scarcity of
standardized, publicly available machining datasets. Finally, the inherent "black-
box" nature of many deep learning algorithms limits their interpretability and hinders
trust among manufacturing engineers. Future research must prioritize the
development of Explainable Al (XAI) frameworks to clarify how these models reach
their predictions. Furthermore, bridging these hybrid algorithms with Digital Twin
technology could enable dynamic, real-time optimization and autonomous error
correction, propelling the industry closer to the ultimate goal of zero-defect
composite machining.
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Mikain Banizana, ImrrBan IlITankoBud, Mimkosnbil, YTopiyHa

OIITUMIBALISI IAPAMETPIB ITPOLIECY OBPOBKH BOJIOKOHHO-
APMOBAHHX MOJIIMEPIB: OI'JISIJ METOJIOJIOT' T BIJ TAT'YYI 10O
HEWPOHHUX MEPEXK

Awnotauist. [lupoxe enposadiicenns 6onokHo-apmosanux nonimepie (FRP), maxux six CFRP ma GFRP,
Y KDUMUYHO BANCIUBUX 2ANY35X, 6UMALAN0 BUCOKOMOYHUX 8MOPUHHUX onepayili 3 06pobku. Oonax
2emepozeHHUl | AHI30MPONHULL XApaKkmep Yux KOMNO3UMIe pooums ix 6paziueumi 00 cepuo3Hux
Oeghexkmis, cnpuuuneHux 0OPOOKOIO, BKIIOYHO 3 POIUAPYBAHHAM, POSMA3YEAHHAM MAMPUYT MA WUEUOKUM
SHOWEHHAM [HCmpyMenmie. J{na eupiwenHs yux npobiem KpUMUYHO 6axciuso eubpamu ma
KOHMPOA08amu OnmuMdaibHi napamempu 06pooxKu (ueuoKicmo pi3anHs, WUOKICMb NO0Ayi ma 2iuOuHy
pizy). 'V yiu cmammi pynmosno poszensioacmucsi egonoyis cmpameeii onmumizayii npoyeci¢ y
KoMno3umHitl 00pobyi. Bin nouuHaemo s 3 BUBYEHHS YCMANEHUX MPAOUYITIHUX CIMAMUCIUYHUX MemOoOis,
30kpema memody Taeyui, ananiszy oucnepcii (ANOVA) ma memodonocii nogepxti 6io2yky (RSM), ski
npononylomy HaOliHi, eexmueni O OaHUX pamku Oiis JIHIUHO20 KepyeamHsi npoyecamu. [lani y
cmammi  po32na0acmspcs 3¢y8 napaoueMu Ha KOpucms wmyunozo inmenekmy (Al) ma memoois
MAUUHHO20 HABYAHHS, 30KpeMa WmyyHux neupouuux mepeosic (ANN), cenemuunux aneopummie (GA) ma
cucmem neuimkoi noeiku. Li nioxoou, 3acHo8aHi Ha OAHUX, YCRIUHO 00AAI0Mb 0OMENCEHHS MPAOUYITHUX
Mooenetl, QIKcylouu CKIaOHy, HeMHItHY MePMOMEeXaniyny OUHAMIKy ma eupiwyiouu 6a2amoob 'ckmmui
xkongaixmu. Hessadcaiouu na yi OocacHeHHA, e KilbKa KOHKPEMHUX OOCTIOHUYbKUX NPO2ATUH
3anUUalomvcst 0Nl YCYHeHHs 8 mMaudymuix odocniodcennsx. Ilo-nepuie, npomucioge 6npogaoicents
adanmueHo20 KepyeamHsi 8 peaibHOMy 4aci Ha ocnosi LI cymmeeo obmedicene 06UUCTIOBANLHOIO
3AMPUMKOIO MA 8IOCYMHICMIO HAOTIHUX PilleHb 3 IHMe2payiero ceHcopie Ha nepuepii Ha upPOOHUYMEI.
Tlo-Opyze, HaguamHs BUCOKOMOUYHUX NPOCHOCHUYHUX MOOenell Yacmo YCKIAOHIOEMbCS Yepe3 HeCmady
CManoapmu308anux, nyoaiuHo 00CMynHux Habopie oanux ons 06podxu. Hapewmi, npumamanna «uopna
CKPUHbKAY» 6a2amboXx anzopummie 2nuboko20 HAGYAHHA 0OMEJCYE IXHIO IHmepnpemayilo ma 3mMeHuLye
008ipy cepeo injicenepi-eupobnuKie. 3pewimoro, yeti 02110 NiOKpecuioe, wo Matlbymue eupooHUymaa
KOMNO3Umie 3 Hy1bosumu Oeghekmamu noaseac 8 inmezpayii yux memooonoeitl y iHmeneKmyaibti
216puoni mooeni, AKI NOCOHYIOMb eKCREPUMEHMATLHY ePeKMUSHICID | nepedo8y NPOSHO3HY MOYHICTD.
Kuaio4oBi c1oBa: 06podxa komnozumis; onmumizayis napamempie npoyecy; wWmyyHuil inmenexmn.
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Abstract. The tribological effects of diamond burnishing are investigated on EN AW-2011 aluminium
alloy cylindrical surfaces. In engineering practice, the tribological behaviour of machined parts is often
characterized using functional surface roughness parameters such as the Sy (core roughness depth), Sy
(reduced peak height), and Sy (reduced valley depth) 3D roughness parameters. In the present study, the
influence of various burnishing parameter settings is evaluated comprehensively through both their
quantitative roughness values and the corresponding Abbott-Firestone material ratio curves. This
combined approach enables a deeper understanding of how the burnishing process modifies the surface
topography and, consequently, the tribological performance of the material under operational conditions.
Keywords: diamond burnishing; surface roughness; functional parameters, Abbott-Firestone.

1. Introduction

Surface burnishing is a cold plastic finishing technique in which a hard (typically
PCD) tool plastically deforms the surface layer of a workpiece to improve its overall
surface integrity. During the process, the applied force, in combination with the
selected burnishing parameters, induces material flow in the near-surface region,
resulting in enhanced smoothness and improved functional properties [1-3]. In
contrast to conventional abrasive methods such as grinding or honing, burnishing does
not involve material removal; instead, it generates beneficial compressive residual
stresses, increases surface hardness, and significantly reduces surface roughness. The
appropriate selection of burnishing parameters is therefore essential to achieve optimal
performance characteristics in the final component [4].

Due to various disturbances inherent in machining processes, the resulting
surface profile often contains irregular features whose geometry may deviate
significantly from idealized forms. Consequently, surfaces produced by manufacturing
operations typically exhibit highly complex topographies and textures. In such cases,

three-dimensional surface roughness analysis provides a more comprehensive
© V. Ferencsik, 2026
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characterization of surface features compared to conventional two-dimensional
evaluation methods [5]. Therefore, Sztankovics [6], in order to ensure a comprehensive
evaluation of surface topography, selected six S-parameters for tangential turning
analysis. A general parameter was chosen to describe the overall surface texture. In
addition, three parameters derived from the Abbott-Firestone curve were included to
characterize the material ratio curve and to provide insight into the load-bearing
properties of the surface. Furthermore, two functional parameters were also considered
in the surface description, as they are critical for evaluating surface functionality in
machining applications.

Nagy [7] examined the functional parameters in the case of face milling, while
Kebede et al. [1] also examined them in the case of surface burnishing because slide
burnishing plays a significant role in improving surface quality, but there is a
noticeable lack of studies addressing the efficiency of the process.

The current paper aims to contribute to a deeper understanding of burnishing
process and its role in enhancing the functional performance of critical mechanical
components with particular emphasis on the tribological significance of functional
surface parameters governing friction, wear, and lubrication behaviour on low alloyed
aluminium workpieces.

2. Experimental conditions

For the investigation, burnishing experiments were carried out on an E400
universal lathe (the surface of the workpiece was pre-machined by finishing turning
set at f; = 0.2 than f, = 0.15 mm/rev) using PCD (polycrystalline diamond) tool with
3.5 mm radius (r). During cylindrical surface burnishing, the workpiece rotates at a
defined speed (ww) while a deforming tool passes over its surface under burnishing
force (Fp) with defined feed rate (f), causing elastic-plastic deformation in the near-
surface layer [8], as shown in Figure 1.

Figure 1 — Scheme of burnishing process on external cylindrical surface [8]
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The application of this finishing process aims to improve surface quality and
prolong component lifetime by inducing compressive residual stresses and
increasing the hardness of the near-surface layer [9, 10].

Table 1 summarizes the adjusted burnishing parameters (F — burnishing force,
f — feed, v — burnishing speed, i — number of passes) derived from preliminary
experimental work, with due consideration given to the mechanical properties of the
workpiece material (EN AW-2011) subjected to burnishing.

Table 1 — Numerical value of the analysed burnishing parameters

No F [N] f [mm/rev] v [m/min] i[-]
1 15 0.05 50.54 2
2 25 0.05 50.54 2
3 35 0.05 50.54 2
4 25 0.01 50.54 2
5 25 0.1 50.54 2
6 25 0.05 35.71 2
7 25 0.05 71.43 2
8 25 0.05 50.54 1
9 25 0.05 50.54 3

3. Evaluation of 3D surface roughness

The 3D surface roughness of turned and burnished surfaces was measured in
three 2 x 2 mm regions, separated by a 120° rotational angle. Measurements were
performed using an Altisurf 520 surface profiler with a CL2 confocal chromatic sensor
and MG140 magnification. Data evaluation was carried out using Altimap Premium
software.

To evaluate the surface topography, three S-parameters were selected for the
analysis: Sk — core roughness depth, Sy — reduced valley depth, Spc — reduced peak
height. These parameters, derived from the Abbott-Firestone curve, are used to
characterize the material ratio curve and to determine the load-bearing properties of
the surface [9]. Their selection is further justified by the fact that burnishing improves
the bearing area ratio by effectively flattening surface asperity peaks, thereby
modifying the functional surface profile. Using this approach, the aim of the study was
to define a practical and effective evaluation range that provides reliable S-parameter
values.
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4, Results

The surface topographies obtained from the measurements were analysed
together with their corresponding Abbott-Firestone material ratio curves in order to
evaluate the functional characteristics of the machined surfaces. Representative
examples of the measured 3D surface topographies and material ratio curves are
presented in the paper for specimens No. 1 and No. 9 to illustrate the effects of the
applied processing conditions.

The evaluated 3D surface topographies reveal a clear modification of the
surface structure induced by the burnishing process. Compared to the turned surfaces,
the burnished specimens exhibit a more uniform height distribution, reduced peak
prominence, and smoother surface features aligned with the processing direction.
These changes indicate effective plastic deformation of surface asperities, consistent
with the observed improvements in functional roughness characteristics and the
corresponding behaviour of the Abbott-Firestone material ratio curve.
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Figure 2 — Measured 3D surface morphology illustrating the effect of burnishing

Table 2 presents the averaged values of the measured roughness parameters
and includes dimensionless ratios introduced to facilitate a clearer interpretation of
the observed changes. The calculations were performed in accordance with the
methodology proposed by El-Taweel and EI-Axir [10].

Apsx% — <beefore_sxafter> . 100%, (1)
beefore
where:
Sx before Surface roughness parameter measured after turning,
Sy after Surface roughness parameter measured after burnishing,
ApSx% Percentage value of the calculated ratio.

Table 1 — The results of Sk, Svk and Spk with the calculated ratios of the experiment

No. Sk [um] Apsk

before after [%]
1 3.232 2.251 30.359
2 2.982 0.878 70.557
3 0.809 0.904 -11.743

4 0.839 0.917 -9.297
5 0.845 1.063 -25.799
6 3.285 0.933 71.598
7 3.042 1.063 65.056
8 3.643 1.341 63.189
9 3.351 1.038 69.024

No. Svk [um] Aps,,

before after [%]
1 0.601 1141 -89.850
2 0.733 0.509 30.559
3 0.674 0.371 44.955
4 0.422 0.375 11.137
5 0.413 0.466 -12.833
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6 0.711 0.344 51.617
7 0.593 0.394 33.558
8 0.654 0.700 -7.034
9 0.829 0.528 36.309
No. Spk [mm] APs,,k
before after [%]
1 1.311 0.479 63.463
2 1.255 0.297 76.335
3 0.402 0.419 -4.229
4 0.325 0.292 10.154
5 0.351 0.770 -119.373
6 1.761 0.321 81.771
7 1.603 0.436 72.801
8 1.153 0.424 63.226
9 1.443 0.483 66.528

The evaluated improvement ratios indicate that the surface labelled No. 6 was
produced under the most favourable set of process parameters. The optimal surface
roughness characteristics were achieved with a burnishing force of F = 25 N, a feed
rate of f = 0.05 mm/rev, burnishing speed of v = 35.71 m/min, and two burnishing
passes (i = 2). Furthermore, the influence of the investigated burnishing parameters,
presented along the horizontal axis, on the corresponding improvement ratios shown
on the vertical axis is illustrated in Diagrams 1-4.
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The presented diagrams provide a comparative overview of the influence of the
investigated burnishing parameters on surface roughness improvement ratios. In
general, higher improvement values correspond to a more pronounced enhancement
of surface condition as a result of the burnishing process. The observed trends clearly
demonstrate that the applied technological parameters have a significant impact on
the achievable surface quality, thereby underlining the importance of parameter
optimization in burnishing operations.

5. Conclusions

The paper presents an experimental investigation of slide burnishing applied to
low-alloyed aluminium workpieces, focusing on the effects of burnishing force, feed
rate, burnishing speed and number of passes on selected functional 3D surface
roughness parameters. The surface integrity was evaluated using the Sk (core
roughness depth), Spk (reduced peak height), and Sw (reduced valley depth)
parameters, which are closely related to load-bearing capacity, initial wear behaviour,
and lubricant retention.

Based on the measured values before and after burnishing, the calculated
improvement ratios, and their graphical representation, the following main
conclusions can be drawn:

e The most favourable overall modification of the functional surface
characteristics was observed for the specimen marked No. 6. In this case, Sk
decreased from 3.285 pm to 0.933 um (71.6% improvement), Spk was reduced
from 1.761 pm to 0.321 pm (81.8% improvement), while Sw decreased from
0.711 pm to 0.344 um (51.6% improvement). These results indicate a
significantly smoother surface with reduced asperity peaks and a stabilized core
structure as a result of the burnishing process.

e The numerical results clearly show that unfavourable parameter combinations
can lead to a deterioration of functional roughness properties. This
phenomenon is evident for example in specimen No. 5, where increases in Sk
(+25.8%), Spk (+119.4%), and S (+12.8%) were observed, confirming that
higher feed rate and burnishing speed settings adversely affect the surface
modification efficiency.

e The tendencies observed in the improvement ratio diagrams suggest that the
burnishing parameters should not be considered independently but rather in a
combined manner; an increased burnishing force is particularly effective at
moderate feed rates, where longer tool-surface contact time enhances the
redistribution of material from peaks toward valleys, leading to reduced Sp«
values and a more stable Sk core structure. Overall, the results indicate that
optimal burnishing performance is obtained through a well-balanced
combination of process parameters, in which a moderate feed rate, adequately
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high burnishing forces, and modest speeds act synergistically to improve the

functional surface roughness parameters.

e The simultaneous reduction of Sy and Sk, together with a controlled
modification of Sw, indicates that slide burnishing leads to a more favourable
functional surface topography. These changes result in improved load-bearing
capacity, reduced initial wear tendency, and a more balanced lubricant retention
behaviour. Consequently, the optimized burnishing conditions enhance the
overall tribological performance of the machined surface.

Future research will focus on the investigation of additional functional and
spatial 3D surface parameters, as well as on further optimization of burnishing
parameters, in order to gain a more comprehensive understanding of the surface
transformation mechanisms governing tribological performance.
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Bikropis ®epenunk, Mimikousli, YropumHa

AHAJII3 ®YHKIIMHO-BU3HAUEHUX IAPAMETPIB 3D-IIOBEPXHI,
ITPU AJIMA3ZHOMY ITOJIIPYBAHHI

AHortauiss. Tpubonociuni epexmu arMazsHo2o BUSIAOHCYBAHHA OOCHIOHCYIOMbCA HA  YUNTHOPUYHUX
nogepxusx aniominiceoco cnaagy EN AW2011. B inowcenepniii npaxmuyi mpubonociuny nogeoinky
00pobnenux Odemaneil 4ACMO  XAPAKMeEPU3yiomv 3  OONOMO20I0 NAPAMEMPI8  WOPCMKOCHI
pyHKYiOHANbHOT NOBEPXHI, MaKUX K S (enubuHa wopcmrocmi s10pa), Sy (3MeHueHa nikosa eucoma) ma
Sw (3menwena enubuna 3anadunu) 3D wopcmrocmi. ¥V ybomy 00CHIONCEHH] KOMNIEKCHO OYIHIOEMbCS
BNIUS PIZHUX NAPAMEMPIE NONIPYBAHHS Yepe3 IXHI KibKICHI 3HAYeHHs WOopCMKOCmi ma 8i0N0GIOHI Kpuei
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cniggionowenns mamepianie E6oomma-@aiipcmoyna. Takuii kombinosanuil nioxio 0036oase aaubuie
3po3ymimu, AK npoyec NOMPYBAHHA 3MIHIOE Monozpaghilo noeepxui i, 6i0n0GioHo, mpubono2iyni
Xapakmepucmuku Mamepiany 6 eKCniyamayitnux ymogax. Buxoosuu 3 eumipsinux 3uavenv 00 i nicis
NONIPYBanis, Po3Paxo8anux Koegiyicnmie nokpawenus ma ix 2pagiuno2o npedcmasienis, MONCHA
3pobumu 0esKi OCHOGHI 6ucHO6KuU. Haulbinbw cnpusmiuéa 3a2anvHa MOOUQiKayis GyHKYIOHANbHUX
Xapaxkmepucmuk noeepxmi 0yna 3zagixcosana 0ns 3paska, nosuauenoco NO6. V yvomy eunaokxy Sy
smenwugces 3 3,285 mxm 0o 0,933 mxm (noxpawjennsn na 71,6%), Spx smenwuecs 3 1,761 mxm oo 0,321
MM (nokpawgenns Ha 81,8%), a S VK smernwuecs 3 0,711 mxm 0o 0,344 mxm (nokpawenns na 51,6%). Lfi
pesyrbmamu  ceiouams npo 3HAYHO 2NAOKIULY NOGEPXHIO 3 3MEHUWEHUMU RNIKAMU ACnepHocmi ma
Ccmabinizoeany cmpykmypy 50pa 6HACIIOOK npoyecy RNoNipyeanHs. YucenvHi pesyiomamu yimko
NOKA3VIOMb, WO HECRPUAMIUG] KOMOIHAYIl napamempie MOXNCYMb NPu3600umiu 00 NO2ipUuleHHs
Gynxyionanenux eracmueocmeii wopcmkocmi. Lle sieuwe nomimne, nanpuknad, y spasxky NoOS5, de
cnocmepizanocs 30inouenns Sy (+25,8%), S pk (+119,4%) ma Sy (+12,8%), wo niomeepoorcye, wo suwya
wWeUOKicms nooawi ma weUOKicmy NOAIPYBANHS He2AMUSHO 6NIUBAIOMb HA eeKMUSHICMb MOOUQIiKayii
nogepxui. Tenoenyii, eusigneni Ha oiazpamax Koepiyicnmie NOKpawenns, ceiouamo, wo napamempu
NOMPYBAHHS CIO pO32a0amu He OKPeMo, a 8 KOMOIHOBAHOMY 8u2isdl; 30ilbuleHa CUd NONiPY8aAHHs
0C0OIUBO eheKMUBHA NPU NOMIPHUX WBUOKOCMAX noOayi, 0e € Q0BUWULL 4adC KOHMAKMY 3 NOBEPXHE
iHCMpyMenmy, NOKpaugye nepepo3nooil Mamepiainy 6i0 niki¢ 00 3anaout, Wo npu3eoo0unb 00 3HUIHCEHHS!
snauens Sy [ Oinbw cmabinbhoi cmpyxmypu sopa S K. 3aeanom pesynemamu ceiouams, wo onmumMaibHa
eexmugHicmb NOMPYSaAHH 00CA2AEMbCI 3A605KU 000pe 30ANAHCOBAHOMY NOEOHAHHIO NAPAMEMPIE
npoyecy, 0e nOMIpHa WEUOKICHb Nodayi, O0OCMAMHbLO GUCOKI CUU NOTIPYBAHHS MA NOMIPHI WEUOKOCHII
83A€MO0IIOMb  CUHEPIIYHO OJil NOKPAWEHHs. (DYHKYIOHAIbHUX RApAMempié WOPCMKOCMI NOBEPXHI.
Oownouacue smenuwenna Sp i Sy, pasom i3 KOHMPOILOBAHOI MOOUDIKAYIEID Sy, CEIOYUMb NPO Me, Ujo
NONIPYBAHHS 3pA3KA NPU3EOOUNTL 00 OibIU CRPUSIMAUEO20 PYHKYIOHATLHO20 penbedy nosepxi. Li sminu
npu3eo0ams 00 NOKPAWEHHs HECYHOi 30aMHOCTIE, 3HUMCEHHS NOYAMKOBOT CXUTLHOCHIT 00 3HOULYBAHHS
ma Oinbwt 36a1aHCOBAHOT NOBEOIHKU YMPUMAHHA Macmuad. Bionosiono, onmumizosaui ymosu
NONIPYBAHHS NOKPAWYIOMb 3A2ANbHI MPUOONO2IYHI XapakmepucmuKku 06pobnenoi nosepxui. MatioymHi
docnidoicentss 6y0ymb 30Cepeddceri Ha BUBYEHHI 000amKO8UX QYHKYioHanvux i npocmoposux 3D-
napamempis NOBEPXHi, & MAKONC HA NOOALULIL ONMUMI3AYIT napamempie noxipyearHs, wjoo ompumamu
6ilbul NOBHE PO3YMIHHA MeXAHi3Mie mMpaHchopmayii NoeepxHi, Wo pezyuoloms mpuboIoiuny
NPOOYKMUBHICb.

KaiouoBi ciioBa: awvasue nonipyeanns, wopcmkicmes nogepxui; gyukyionanohi napamempu Abbott-
Firestone.
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Abstract. Monowheels, in which the disk and working blades constitute a single structure without
detachable connections, are critically important components of new generation gas turbine engines for
aviation and power engineering. The use of such structures allows to reduce the weight and increase the
reliability of the units. However, errors in the shape of the functional surfaces of the blades that arise
during mechanical processing lead to a decrease in the engine efficiency and an increase in fuel
consumption. To ensure the accuracy of manufacturing the functional surfaces of the blades during the
technological process, it is necessary to know the conditions under which cutting occurs. The work uses
an approach based on the distribution of the entire range of cutting speeds into five speed oscillation
zones. It was established that the third speed zone is the most unfavorable during milling of blades on
multi-coordinate CNC machines. It is characterized by high-intensity vibrations, which worsens the
quality of the machined surface and reduces the stability of the cutter. Their cause is regenerative
oscillations, which are excited during machining by the trace left on the cutting surface by the
accompanying free oscillation. The purpose of the study is to determine the influence of the axial depth
of cut on the quality of the machined surface during milling in the third speed zone of vibrations. The
results of the experiments showed that due to the peculiarities of up-milling with an axial depth of cut of
a, = 1 mm, waviness on the machined surface is not formed, even in the presence of regenerative
oscillations. The obtained data allow us to develop recommendations for the selection of cutting modes
that minimize the amplitude of oscillations and ensure that the monowheel blades meet high operational
requirements.

Keywords: milling; end-mill; cutting surface; waviness; regenerative oscillation; forced vibrations;
accompanying free oscillation.

1. Introduction

Ensuring the accuracy of high-tech products, such as gas turbine engines and
power plants, and the productivity of their production are urgent tasks in the
aerospace and energy industries. A characteristic feature of new generation gas
turbine engines is the use of monowheels in compressors and turbines. The
monowheel is a single design of the disk and blades without detachable connections.

The error in the shape of the complex-profile functional surfaces of the blades
© S. Dyadya, O. Kozlova, P. Tryshyn, E. Kondratiuk, O. Kramarenko, 2026
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reduces the efficiency of the engine and increases fuel consumption. Because of this,
much attention is paid to the conditions in which they are processed. Thin-walled
elements of the blades, which are located on a massive hub, are very sensitive to
vibrations that arise during surface milling and affect the accuracy of its shape and
roughness [1, 2]. Vibration-free milling conditions are achieved by selecting spindle
speeds and cutting depths using stability lobe diagrams [3-5] or by suppressing
vibrations with tools with special geometry [6].

Analysis of the influence of vibrations on the quality of the machined surface
shows that the greatest contribution is made by regenerative vibrations [7, 8], which
arise due to the phase difference between the waves on the cutting surface on the
current and previous rotation of the part or tool pass. It should be noted that
regenerative vibrations do not always act, but only in cases where there is waviness
on the cutting surface. To determine such conditions during milling with end mills,
the division of the cutting speed range into five speed vibration zones is used [9]. In
the first, fourth and fifth speed vibration zones, only forced vibrations act. There is
no waviness on the cutting surface, so there is no reason for the occurrence of
regenerative vibrations. It is for these speed zones that stability lobe diagrams are
suitable, when the assigned cutting speed is coordinated according to the ratio of the
frequency of free oscillations of the part to the frequency of forced oscillations [6].
During milling in the second and third speed oscillation zones, when the cutter is cut
into the part, forced oscillations are excited, which are superimposed by
accompanying free oscillations (AFO) [10], which act for a short time [11].
However, during milling of thin-walled elements of the part (TWE) with end mills,
which include monowheel blades, this time is enough to form waviness on the
cutting surface [12]. It contributes to the excitation of regenerative oscillations. At
the same time, their greatest intensity falls on the third speed zone. To ensure stable
milling in the second speed oscillation zone, a concomitant feed direction is used.
Milling under this condition has a damping property at the beginning of cutting due
to the greatest thickness of the cut layer, which suppresses the occurrence of
accompanying free vibrations and the formation of waviness on the cutting surface.
Therefore, the current task remains to ensure the accuracy of manufacturing parts
during milling in the third speed zone of oscillations. One of the directions of its
solution is to determine the optimal cutting modes. This article shows how the axial
depth of cut affects the intensity of regenerative vibrations and the formation of the
machined surface during up- and down-milling of the TWE by an end mill in the
third speed zone of oscillations.

2. Research methodology

The research was conducted on a special stand [13], where the oscillator is an
elastic plate with a processed sample, which models a thin-walled element of a part
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with one degree of freedom. This simplification allows us to study the most
unfavorable conditions during the action of the first mode of oscillations, which are
bending in shape, have the highest intensity of action and the lowest frequency of
natural oscillations. To record oscillations, the sensor (proximeter XS1M18AB120)
was fixed in the stand and located in the middle of the elastic plate. The signal from
its oscillations during cutting was digitized using an analog-to-digital converter and
recorded on a computer. The processing of samples from St3, was performed with a
carbide milling cutter from VK8 according to the initial data given in Table 1. The
cutting speed was chosen such that milling took place in the third speed zone of
oscillations, when regenerative oscillations act. The reliability of the obtained results
was checked by variance analysis with an assessment according to the Fisher
criterion [14].

Table 1 - Input data for studying the influence of axial depth of cut on the laws of motion
of the TWE during up- and down-milling

Frequency/period of free oscillations of the elastic 415/2.4-10 — up-milling
element with the sample in the feed directions, /T, Hz/s | 415/2.4-10° — down-milling
Milling cutter stiffness, j, N/m 21805555
Frequency/period of free oscillations of the milling 833/1.2.103
cutter, f/T, Hz/s
Milling cutter diameter, d, mm 50
Number of milling cutter-teeth, z 1
Rake angle of the milling cutter tooth, deg 0
Flank angle of the milling cutter tooth, deg 10
Angle of inclination of the milling cutter teeth, , deg 0
Feed per tooth, Sz, mm 0.1
Spindle speed, n, rpm 280
Radial cutting depth, ae, mm 0.5
Axial cutting depth, ap, mm 1;2;3;4

3. Experiments and discussion of results
After milling, profilograms were recorded (Fig. 1), which determined the pitch

— Sw and the waviness height — Wz of the machined surfaces, the values of which
are given in Table 2.
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Sw, Wz — pitch and height of waviness on the machined surface of the TWE

Figure 1 — Profiles of machined surfaces after up- and down-milling of the TWE with
different axial cutting depths

Table 2 — Pitch and height of waviness on machined surfaces after up- and down-milling
of TWE with different axial depths of cut

Axial Waviness pitch, Sw, mm Waviness height, Wz, mm
depth of
cut ap, mm | Up- milling Down-milling Up- milling Down-milling
1.0 - 1.14 - 0.054
2.0 2.78 1.09 0.055 0.060
3.0 2.72 1.05 0.086 0.065
4.0 2.68 1.23 0.096 0.105

On the profilegraphs obtained after milling, waviness is observed on all
machined surfaces, except for the surface after up-milling with an axial cutting depth
of 1 mm. To determine the influence of the axial cutting depth on the pitch and height
of waviness on the machined surfaces, an analysis of variance was performed with
an assessment using the Fisher criterion. The calculation results are given in Tables
3-6. The Fisher criterion determined by the results of measuring the waviness pitch
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is less than the critical value. This indicates that the axial cutting depth does not
affect the waviness step during up- and down milling.

Table 3 — One-way analysis of variance of the influence of axial depth of cut on the
waviness pitch of machined TWE surfaces during up-milling

Number of
Sum of squares degrees of Variance Fisher's exact test
freedom
04 Ow Ja fw 52 Sz, F Fer
0.050 1.405 2 27 0.025 0.052 2.08 3.354

Table 4 — One-factor analysis of variance of the influence of axial depth of cut on the
waviness height of machined TWE surfaces during up-milling

Number of
Sum of squares degrees of Variance Fisher's exact test
freedom
04 Ow fi | fw Y SZ, F For
0,010 0,007 2 | 30 0,005 0,00023 21,74 3,316

Table 5 — One-way analysis of variance of the influence of axial depth of cut on the
waviness pitch of machined TWE surfaces during down-cutting

Number of
Sum of squares degrees of Variance Fisher's exact test
freedom
Ou Ow fa fw S2 Sz, F Fer
0.128 0.734 3 23 0.0427 0.0319 1.338 3.028

Table 6 — One-way analysis of variance of the influence of axial depth of cut on the
waviness height of machined TWE surfaces during down-cutting

Number of
Sum of squares degrees of Variance Fisher's exact test
freedom
Ou Ow fa fw 52 Sz F Fer
0.019 0.008 3 40 0.00633 0.0002 31.65 2.827 |

The Fisher criterion determined by the results of measuring the waviness height
is greater than the critical value. This indicates that the axial depth of cut affects the
waviness height during up- and down milling. The results shown in Table 2 confirm
these conclusions.
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To study the waviness on the cutting surfaces, which causes regenerative
vibrations, fragments of oscillograms were considered, on which the vibrations of

the part during cutting were recorded (Fig. 2).
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PEE — position of elastic equilibrium; Tro — period of the AFO; R2— AFO range; teut — cutting
time; Bx — maximum static displacement of the TWE from PEE; Aprot —deflection from PEE
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of the first wave of the TWE during up-milling and the last wave of the TWE during down-
milling
Figure 2 — Fragments of oscillograms of the oscillations of TWE obtained during up-
and down-milling with different axial depths of cut

The recorded oscillation oscillograms of the thin-walled element of the part
during cutting are identical in shape to the cutting surfaces [15]. Based on this, it can
be said that the waviness on the cutting surfaces is present at all axial depths of
cutting, which contributes to the excitation of regenerative oscillations. To determine
their influence on the machined surface, graphs of changes in the deviation
deflection from the initial equilibrium position (PEE) Apor Of the first wave of the
AFO during up-milling and the last wave of the AFO during down- milling were
plotted (Fig. 3).

Up-milling
_\pro:';
mm
0,15
0.10
0,08
0 s 10 18 20 28 30 35 10 Cut number
ap=1.0mm
Aprof)]
mm
0.15
0,10
0.05 A R .'-,,;a‘.o«.»q—:"v"., o e
0 10 20 30 40 50 60 70 Cut number
ap=2.0mm
Aprof,
mm
0.15
0,10
o RRTe] P i N [ G Comreny o e F
00< b - p SO “A.' e e b 2 =
4 - b ¥ | -
0 10 20 30 40 50 60 70 Cot number
ap =3.0 mm

188



ISSN 2078-7405 Cutting & Tools in Technological System, 2026, Edition 104

. Aprof,
mm
0.15
M
od0l [\ A P [
0.05 Nateee” Theses e~ “'\.‘ |
Plad J =
0 10 20 30 40 50 60 70  Cot aomber
ap =4.0 mm
Down-milling
Aprof,
mm
0,18
0.10
00| \ AL/
0 10 20 30 10 50 60 0 Cot coibes
ap =1.0 mm
Aprof]
mm
0.15
0.10 R
00s| oo AT ]
w/ ‘Q \/
0 10 20 30 40 50 60 70 Cot numder
ap =2.0mm
Apro:
mm
0,15
0.10, A f
i, PR Y NG
0.05 “J “““J “‘y
0 10 20 30 40 50 60 70 Cut number
ap =3.0mm
Aprof,
mm
0.15
I .
0,10 (=, \ "
o . ¥ /8 11 o YO
.05 \/ \J o)
0 10 20 30 40 50 60 70 . Cot nomber
ap =4.0 mm

Figure 3 —Deflection from the PEE of the first wave of the AFO - Apror during up-
milling and the last wave of the AFO - Apror during down-milling of the TWE with different
axial cutting depths
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These deflection characterize the marks on the machined surface after moving
the sample by the feed rate per tooth. The graphs show that the deflection from the
PEE of the first wave of the AFO during up-milling and the last wave of the AFO
during down-milling have a periodicity of changes and increase with increasing axial
depth of cut, except for the values obtained during up- milling with an axial depth of
cut of 1. mm. This is facilitated by the peculiarities of up- and down-milling, which
determine the influence of regenerative oscillations on the formation. During up-
milling, it occurs at the beginning of cutting, when regenerative oscillations have not
yet arisen. It is precisely because of the identical conditions for cutting the allowance
during cutting with an axial depth of 1 mm that marks of the same depth remain on
the machined surface and waviness is absent. With an axial cutting depth of more
than ap = 1 mm during up-milling, the height of the waviness at the beginning of the
cutting surface increases from the AFO, which affects the change in the depth of the
marks that remain on the machined surface and form waviness on it. Its height
increases with increasing axial depth. During up-milling, surface generation occurs
at the end of cutting, when the regenerative vibrations are already excited during the
movement of the cutter along the wave trace and the conditions change during
cutting the allowance, due to which the marks that remain have different depths and
form waviness on the machined surface at all axial cutting depths. Such features of
the formation of the machined TWE surface must be taken into account when
choosing the feed direction and assigning the axial cutting depth to ensure the
accuracy of manufacturing complex-profile functional surfaces of the blades of
monowheels during milling with end mills in the third high-speed oscillation zone.

4. Conclusions

Milling of thin-walled elements of parts by an end mill in the third speed zone
of oscillations occurs with regenerative oscillations, which are excited when moving
along a wavy trace formed on the cutting surface from accompanying free
oscillations, and affect the stability of the tool and the quality of the machined
surface. When assigning the axial cutting depth under such conditions, it should be
taken into account that during up-milling, regenerative oscillations are excited after
the tool passes through the surface generation zone, and during down-milling, their
effect covers the area. Therefore, preference is given to down-milling. In this case,
the axial cutting depth is assigned to the minimum so that during cutting the
allowance, the conditions for surface generation the machined surface are the same,
in which depressions of the same depth remain on it and there is no shape error in
the form of waviness.

The results obtained can be used to substantiate rational cutting modes to
ensure the accuracy of the functional surfaces of complex-profile thin-walled
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monowheel blades under the action of regenerative vibrations during milling with
an end mill.
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AwuoTtaniss. Monokxoneca, y saxux Ouck ma po6oui JIONAMKU CMAHOGIAMb COUHY KOHCMPYKYIo 6e3
POSHIMHUX 3’ €0HAMb, € KPUMUYHO 6AXCIUSUMU KOMNOHEHMAMU 2a30MYpOiHHUX OBUSYHIE HOB020
nokoninHa 014 agiayii ma enepeemuku. Buxopucmanns maxux KoHcmpyKyiti 0036014€ 3HU3UMU 8azy ma
niosuwumu Haoiiinicms azpezamis. OOHax noXubKu opmu GYHKYIOHATLHUX NOBEPXOHb IONAMOK, WO
BUHUKAIOMb NIO 4AC MEXAHIYHO20 06pPOONeHHs, NPu3go0sms 00 3HUJICEHHS Koepiyicnma KopucHoi Oii
0guUeyHA mMaA 3pOCMAMMA  GUMpAm  NAAbHo2o. J{na  3abe3neuenHs MOYHOCMI  GU2OMOGICHH
yHKYIOHATLHUX NOBEPXOHb TONAMOK BNPOO0EHC MEXHON02IUHO20 NPoyecy HeOOXIOHO 3HAMU YMOSU, 30
AKUX 6i0bysacmucs pizanns. 'Y pobomi euxopucmano nioxio, wo 06a3ycmucsi HA po3nooili 8Cb020
dianasony weuoKocmell pizauHs HA Nn’simb WEUOKICHUX 30H KOJueauv. Bemanosneno, wo Hatibinsw
Hecnpuamaugolo nio yac gpesepysans 10namox Ha bazamoxoopounamuux eepcmamax 3 4YI1IK € mpems
weuoKicha 30na. Bona xapaxmepuzycmucsi 6i6payisamu UCOKOL IHMEHCUBHOCTI, WO NOZIPULYE SIKICMb
06pobnenoi nosepxui ma suudcye cmitikicmo @pesu. Ix npuuunoro € pecenepamusni Konueanus, AKi
30Y00iCyIombCst npu 00poOAEHHT NO COY, WO 3ATUUACMbCS HA NOBEPXHI PI3AHHS 80 CYNPOBOOICYIOUUX
BLILHUX KONUGAHb. Memoio 00CHiOdcentss € GUSHAYEHHsI 6NIUEY OCbOGOI NUOUHU PI3AHHS HA SKICMb
00pobenol nosepxui nio wac ¢hpesyéamHs y mpemiil WBUOKICHIU 30HI Koaueanv. Pezynomamu
eKCnepuMeHmié noKa3au, o 3a805Ku 0COONUBOCMAM 3YCMPINHO20 (PPe3yBaAHHA 3 0CLOBOIO 2NIUOUHOIO
pisanna ay = 1 mm xeunsicmicme na 06poOneniti nO8epxHi He YMEOPIOEMbCA, HABIMb 3A HAAGHOCHI
pezenepamueHux Koausanb. Ompumari Oaui 0036015810Mb poO3podumu pekomeHoayii uooo eubopy
DedNCUMIB PI3aHHS, SIKI MIHIMIZYIONb aMIIINYO0y KOIU8AHb ma 3abe3nedyionv 6iONn0GIOHICHb JIONAMOK
MOHOKONIC 8UCOKUM eKCNIIYamayitinum GUMO2AaM.

KawuoBi cioBa: ¢hpesysanns; xinyeea ¢ppesza; noGepxHs pPi3aHHs, XEUNACMICMb, pPe2eHepaAmuGHi
KONMUBAHHSA, GUMYULEH] KOIUBAHHS, CYNPOBOOICYIOUT GillbHi KOIUBAHHS.
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