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Abstract. The importance of developments to overcome friction and wear is largely due to the fact that
the energy consumed by the manufacturing industry is almost a third of the total energy consumed. That
is, the tribological aspect in the processes of diamond-abrasive processing is quite significant and must
be taken into account. Recently, new modern developments have appeared in the literature that somewhat
clarify this direction, both from the point of view of the diamond abrasive tool and the tribological
behavior of various diamonds, including those with coatings. It is these developments that are covered
further in our review of modern publications. Additive manufacturing (AM) methods have significant
advantages for obtaining individual products and prototypes, allow to reduce costs, and also speed up
the release of products to the market. Nowadays, this direction has begun to be used for diamond-abrasive
tools. Of course, new binders for the working layer of the diamond tool have been developed for such
energy-efficient AM technology. It is shown that the cutting forces and friction coefficients of
microtextured diamond tools are significantly reduced. The tribological behavior of diamonds against
various materials is fundamental for their use in the abrasive and bearing industries. It has been proven
that, in comparison with ordinary diamond grains, porous diamond grains with an increased number of
microedges effectively reduce the cutting force and heat generation. It is shown that the application of
the effect of further mechanochemical influence during the coating of diamond abrasives, both on the
diamond-bond boundary and on the contact of the surface of the diamond grain with the processed
material, allows to increase the efficiency of the use of the diamond-abrasive tool. Attention is drawn to
what kind of impurities are introduced into the contact zone during diamond-abrasive processing to
change the tribological parameters. At the same time, the most widely used is h-BN, which with a layered
crystal structure is one of the types of effective solid lubricants, especially at elevated temperatures.
Attention has been paid to emerging materials such as graphene oxide and carbon dots (CD), a kind of
carbon-based nanomaterials, which have been widely used as highly effective lubricant additives.
Keywords: diamond abrasive treatment; tribological behavior; diamond tool; diamonds; coatings; solid
lubricants; graphene oxide.
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At one time, in the article [1], the energy consumption in diamond abrasive
processing processes was analyzed and it was proved that the share of friction energy
in the total processing energy can be from 17 to 45 % for the processing of hard
alloys, from 29 to 42 % for the processing of non-tungsten solids alloys, from 20 to
29 % when grinding oxide-carbide ceramics and from 52 to 98 % when grinding
oxide ceramics. The importance of developments to overcome friction and wear is
also shown in a modern article [2], where it is indicated that the energy consumed
by the manufacturing industry makes up almost a third of the total energy consumed.
Wherein 20 % of the energy is used to overcome friction, and 14 % of the energy
loss is caused by friction that is a wear-related energy loss, including the energy for
making new parts and equipment downtime. In addition, taking into account the cost
of maintenance work due to wear, the overall cost of wear represents 35 % of the
cost of friction. The industrial production field causes a lot of energy consumption
due to overcoming friction and wear. That is, the tribological aspect in the processes
of diamond-abrasive processing is quite significant and must be taken into account.
Recently, new modern developments have appeared in the literature that somewhat
clarify this direction, both from the point of view of the diamond abrasive tool and
the tribological behavior of various diamonds, including those with coatings,
especially such coatings that contain additives to reduce friction, primarily the
newest — graphene and h-BN. It is precisely these developments that we will
highlight in our review of modern publications.

DIAMOND ABRASIVE TOOL WITH CHANGED TRIBOLOGY
CHARACTERISTICS

The article [3] presents a new, modern, in contrast to the traditional, but
energy-consuming, technology of pressing and sintering, a strategy for
manufacturing grinding tools with conventional crystalline structure by 3D printing
using multi-jet fusion technology (MJF), and five structures were selected to
evaluate its feasibility and achieve grinding performance. The analysis of the results
shows that the crystalline structure ensures the same macroscopic rigidity of the tools
and introduces a microscopic anisotropy of compliance (Fig. 1). The crystalline
structure resulted in a reduction of the grain pullout ratio by more than 82.60%, and
also facilitated adhesion and prevented the abrasive layer from falling off, resulting
in longer tool life. In addition, the grinding tools with crystalline structure achieved
better material removal capacity, lower surface roughness, and higher energy
efficiency, and they used only 29.06% to 36.22% of the materials compared to the

4



ISSN 2078-7405 Cutting & Tools in Technological System, 2025, Edition 103

tool with dense structure. It is noteworthy that the material removal rate of a tool
with a star structure can reach 94.72% of a tool with a dense structure.

..........................................................................

.
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Fig. 1. Schematic sequence of obtaining a diamond tool with a crystal structure by the
method of 3D printing [3].

Of course, such an energy-efficient technology of additive manufacturing
(AM) also requires new binders for the working layer of the diamond tool. AM
production methods have significant advantages for obtaining individual products
and prototypes, allow to reduce costs, as well as accelerate the release of products to
the market. The purpose of the article [4] was to study binders based on acrylate
resin with different mechanical and thermal characteristics for 3D printing of
grinding wheels. A noticeable improvement in grinding characteristics was achieved
due to the use of a heat-resistant bond, both for mild aluminum and hardened steel.
It was established that the use of a bond with higher mechanical and thermal
characteristics allows for good grain retention at elevated temperatures, which
contributes to reducing the grinding effort (up to 58 % and 18 % for soft and hard
metals, respectively). As a result, it allows you to significantly extend the service
life of the tool, for example, up to 80 % for hardened steel, and also to increase the
accuracy of dimensions.

To improve the retention of diamond grains in the working layer of a
diamond tool in the study [5], the surface of diamond grains was modified by
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applying a layer of SiO; by the method of isothermal hydrolysis. The results show
that due to the presence of hydrate ions on the surface of the diamond grains, a thin
film of SiO, was uniformly grafted to the surface of the diamond and this
significantly increased the adhesion to the bond.

In order to mitigate the problems of low processing quality, short tool life,
and low processing efficiency in the processing of 2.5D needle-like C/SiC
composites, a bionic idea was adopted in research [6] to develop a new single-layer
galvanic ordered tool (Fig. 2). The influence of ordered grinding wheels on surface
roughness, microstructure, grinding force, grinding temperature and wear conditions
was investigated. Compared with the unordered grinding wheel, the A-type and B-
type ordered grinding wheels can reduce the surface roughness of the bottom surface
of the C/SiC composite groove by 40.7 % and 35.8 %, respectively. In addition, they
can reduce the grinding force Fy to 68.3 % and 53.2 %, respectively, and the grinding
force Fz to 70.4 % and 46.9 %, respectively.

7]
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Fig. 2. Variants of the ordered end layer of a single-layer galvanic tool based on the bionic
idea [6].

In work [7], another new production process was used for the development
of a single-layer diamond wheel using bulk metallic glass (BMG) as a matrix and
diamond particles as abrasives. BMG effectively prevents graphitization and damage
to diamond abrasives due to the lower forming temperature. The coating of titanium
(Ti) on the surface of diamond abrasives contributed to the formation of diffusion
between the two components, creating a mechanical bond at the BMG-diamond
interface. In addition, the fabricated BMG-bonded single-layer diamond wheel was
preferentially worn uniformly instead of abrasives falling out during grinding of
Al>,O3 ceramics. Compared to modern electroplated grinding wheels, the developed
diamond wheel demonstrated a reduction in normal and tangential grinding forces
by 32.64 % and 35.86 %, respectively, and an increase in the grinding coefficient by

6
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28.22 %, making it an excellent solution for grinding conditions of hard and brittle
materials.

Grinding of railway rails can effectively remove their defects, such as
cracks and corrugations, to ensure the safety and stability of railway vehicles,
because the heat generated during grinding becomes a critical cause of pre-fatigue
or burn on the rail surface. In work [8] rail grinding wheels with different porosity
were produced. The results show that the pore structure can reduce the previous
fatigue caused by grinding. Importantly, grinding efficiency improves and grinding
effort/heat decreases with increasing porosity (Fig. 3). That is, such softer porous
wheels significantly reduce friction and temperature in the grinding zone.

Grinding derection l Fn
—_—

Abrasive grit -'?"

Spherical debris & r‘%
~
<

\ Flack'debris

A

Wheel loading

Rail ”S ) ” jeatfiowes \

Pore structure

~—

Debris

Binder

Rail Curled in pore

Fig. 3. Comparison of the structure and differences of chips when using solid and porous
wheels for grinding rails [8].

Soft tool grinding is known for its advantages, such as large contact areas,
conforming to curved surfaces based on deformation and effective vibration
absorption, resulting in increased efficiency and good surface quality. In the article
[9], a model of elastic extrusion was proposed, developed to calculate the pressure
distribution between soft tools and hard complex surfaces of the processed
workpiece (Fig. 4). The proposal lays new foundations for setting parameters during
precise grinding with a soft tool.
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Elastic layer

Hub, bearing and mandrel

Fig. 4. Towards an elastic model of elastic extrusion in contact between soft tools and
complex hard surfaces [9].

At the same time, discontinuity and elasticity can cause friction force
fluctuations, which is analyzed in the article [10]. A real-time Coefficient of Friction
(COF) analysis method combined with an in-situ contact area measurement method
is used here to determine friction behavior and material removal. The results show
that the material removal rate (MRR) is not correlated with the average friction
coefficient, but shows a strong relationship with the frictional force fluctuations, i.e.
the intermittent sliding phenomenon. In addition, a wavy topography is observed on
the treated surface, which is caused by the phenomenon of intermittent sliding.

The above indicates that, among other things, it is necessary to pay attention
to the condition of the cutting edge, which performs the cutting process, which was
done in the article [11]. An abrasive wheel for solid phase chemical mechanical
polishing (SPCMP) and effective sharpening of the cutting edge of a carbide tool
(WC-Co) was developed here. X-ray diffraction and electron backscatter diffraction
measurements showed that the SPCMP method removes latent scratches from the
surface of WC—Co materials applied by a diamond wheel. The 100 mm diameter
grinding wheel developed for SPCMP was produced in a phenolic binder using green
silicon carbide (GC) as the abrasive component. This made it possible to avoid the
transition from the WC phase to the W2C phase during the processing of the hard
alloy, and to provoke the oxidation of the WC phase and its removal by GC. When
cutting with WC—Co tools with cutting edges sharpened by SPCMP treatment, the
cutting resistance was low and the degree of wear was reduced. In addition, the



ISSN 2078-7405 Cutting & Tools in Technological System, 2025, Edition 103

cutting speed of WC-Co tools when cutting Ti-6Al-4V and Inconel 718 after
SPCMP wheel sharpening was about two times higher than before SPCMP.

Similarly, diamond grains must be sharp in order to obtain good dry
grinding performance. In the article [12], monocrystalline synthetic diamond grains
with different strength and fragility were used for the development of diamond
circles with a random and patterned distribution of grains (Fig. 5). Grinding wheels
containing loose diamond grains with an irregular grain structure showed better
results during dry grinding experiments on WC-6Co hard alloy than high-strength
cubo-octahedral grains.

Synthetic diamond grits
SDB 1125

ﬁ'em gri dx' : es
Fig. 5. High-strength (SDB 1125) and loose (PDA 446) diamonds in a single-layer tool and
the difference in their destruction during grinding [12].

The article [13] presents a new grinding wheel containing the porous (loose)
diamonds we mentioned above to improve ultra-precision processing.
Thermochemical etching is used to obtain porous diamond grains with varying
degrees of corrosion, and the cutting and wear mechanisms of these grains are
investigated using MD modeling and scratch tests with individual grains. Compared
to ordinary diamond grains, porous diamond grains with an increased number of
microedges effectively reduce the cutting force and heat generation. It is interesting
that the sizes of corrosion pores in the range from 2 to 5 um reduce their damage
during cutting. Conventional diamond grains are primarily damaged due to
graphitization of the crystal surface and block crushing, while porous diamond
abrasive grains are damaged primarily due to microcrushing and microfracture. Tests
during final grinding of 4H-SiC showed that ordinary diamonds here give cracks and

9
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punctures on the polished surface. Meanwhile, diamonds with corrosion pores of 2
pm showed mostly ductile removal with minimal cracks and pitting. Diamond
abrasives with corrosion pores of 5 um also demonstrated satisfactory performance.

At the end of this part of the review, let's pay attention to the features of the
latest processing methods with the use of additional influence on the processing
process.

Elastic Emission Machining (EEM) is one of the most effective
technologies for obtaining an ultra-smooth surface. A polishing particle is fed to a
certain place on the surface of the part by means of a polishing wheel and enters into
a chemical reaction with the workpiece, ensuring the removal of material. In the
study [14], the mutual dynamic interaction between the polishing wheel and the
suspension is considered in a three-dimensional state, and the rolling model is
developed to analyze the energy transfer during the removal of atoms. The rolling
model explains how a particle can disrupt the feedback of atoms on the workpiece
surface to achieve material removal. The results of the study indicate that the energy
needed to remove atoms is primarily supplied by the liquid. This understanding of
the energy source provides valuable information for proposals for methods to
increase material removal rates. Finally, in an experiment on surface polishing, the
application of EEM leads to the retention of an ultra-smooth surface with an rms
roughness of 0.1 nm, which demonstrates the excellent ability of EEM to effectively
reduce surface roughness [14].

In the article [15], a new technology of dynamic friction polishing of
diamonds with a low rotation speed using now ultraviolet irradiation is proposed.
This method is based precisely on the effect of ultraviolet radiation and the surface
of the diamond in combination with the friction between the diamond and the metal
disc to realize material removal. The process of phase transformation and oxidation,
which is facilitated by ultraviolet light, is the main mechanism for achieving
effective material removal at low rotation speed (Fig. 6). That is, under the
synergistic effect of ultraviolet light and frictional heating, the diamond can undergo
oxidation and interaction with iron at a low rotation speed of 8 m/s and, finally, this
allows to obtain an ultra-smooth diamond surface with a surface roughness of
R2=0.18 nm.

10
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Fig. 6. Illustration of the mechanism for achieving effective diamond polishing when
applying ultraviolet irradiation [15].

TRIBOLOGICAL BEHAVIOR OF DIAMONDS DURING DIAMOND
ABRASIVE PROCESSING

The tribological behavior of diamonds against various materials is
fundamental to their application in the abrasive and bearing industries. In the article
[16], friction and wear on GCr15 steel and SisN4 ceramics of two types of diamonds
were investigated: HFCVD - hot filament chemical vapor deposition and PCD
polycrystalline diamonds - sintered under high pressure and high temperature
(HPHT). It was established (Fig. 7) that, firstly, the coefficient of friction (COF)
increased with an increase in the roughness of the diamond surface; second, both the
COF and wear rate (K) of the SisN4 ceramic balls were generally lower than those of
the GCr15 steel balls, except for the COF of the HFCVD sample; third, the wear rate
(k) increased with increasing PCD grain size, which was accompanied by a decrease
in residual cobalt content. As we can see from fig. 7 CVD diamond has the lowest
coefficient of friction, and in terms of wear rate it is inferior only to polycrystalline
diamond with a grain size in the structure of 2 pm.

Modified diamond tools (MDT) with the help of a focused ion beam (FIB)
have to a certain extent reduced wear during dry single-point diamond turning, which
was proved in the article [2]. The reason why MDT cutting performance is better
than that of unmodified diamond tools is the reduced surface energy of modified
diamonds. It was found that the implantation of Ga ions (Fig. 8) reduces the surface
energy by 33% compared to pure diamond.

11
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Fig. 7. Change in coefficient of friction (COF) of PCD and HFCVD samples with increasing
roughness (a) and change in wear rate (k) of SisN4 ceramic and GCr15 steel balls with
increasing PCD grain size (b) [16].
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Fig. 8. Scheme of modification of the surface of a diamond tool using a focused ion beam

[2].

Under conditions of high friction temperatures, polycrystalline diamond
(PCD) can wear due to graphitization. PCD with cobalt removed and, as a friction
pair, silicon nitride balls in the article [17] were selected for friction wear
experiments at temperatures of 200, 300, and 400 °C, respectively (Fig. 9).

12
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The results showed that the coefficient of friction and the rate of wear increase with
increasing temperature. No graphitic phase was found by XRD, indicating that the
cobalt pre-removal process itself can effectively inhibit the graphitization of
polycrystalline diamond at high temperature. SEM images showed that increasing
the temperature does not contribute to the formation of a friction film, which can
increase the wear resistance of materials.

Heat source

/ {
(a) 200°C ) 00°C

Wear scars

Fig. 9. Scheme of experiments on frictional wear and the difference in wear debris on wear
scars [17].

In [18], the high-entropy alloy (HEA) FeCoCrNiBy1s and the diamond
composite based on it were produced by the spark plasma sintering (SPS) method at
a temperature of 950 °C. For comparison, samples of FeCoCrNiMogis and its
diamond composite were made and their friction and wear behavior on SizN4 balls
under conditions of dry sliding in air on a ball-on-disk tester was compared (Fig.
10). The results showed that in both HEAS, a chromium-rich phase separated from
the metastable matrix was observed on the friction surface. The wear resistance of
FeCoCrNiBy 15 was higher than that of the FeCoCrNiMog s alloy, and the SizNa
grinding speed of the FeCoCrNiBo 1s/diamond composite was higher than that of the
FeCoCrNiMog.1s/diamond composite. This study shows that the boron-doped HEA
matrix in diamond composites is a promising candidate for the manufacture of
diamond tools with a long service life and high processing efficiency.

As we have already indicated above, the rubbing behavior of raw surfaces
of polycrystalline diamond (PCD) is important for its application. The article [19]
shows the influence of the water environment on this. Here, the interfacial capillary

13
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adhesion force at the contact surfaces and its effect on the frictional response
between the colloidal microsphere and rough PCD films before and after

® 0 - Dlamond grits
P (] Excellent wear
° resistance
Planetary
Fe. Co  |pall milling ® @
Cr. Ni 009
." 0 Spark Plasma '
i ) Sintering
0o Mixture powder .
High wear
rate for Si;N,
Amorphous—
boron

Fig. 10. Scheme of obtaining a diamond composite base on e high-entropy
FeCoCrNiBo.1s alloy [18].

electrochemical corrosion under conditions of immersion in water, low relative
humidity, and humid air are quantified (Fig. 11). The combined results convincingly
indicate that the observed increase in the frictional force on electrochemically
corroded PCD surfaces (for microcrystalline MCD and nanocrystalline NCD) is
regulated by the strengthening of the capillary effect on the contact surface, which
depends on the hydrophilicity of the surface and the humidity of the environment.
Compared to MCD, NCD surfaces, which have a larger intercrystalline area,
experience more intense electrochemical corrosion and exhibit higher observed
frictional forces as a result of lower surface roughness and greater surface
hydrophilicity. The increased adhesion force of the capillaries contributes to normal
loading and reduces the interfacial gap (increases the contact area of the solid body),
thus increasing the frictional force. That is, the presence of water under conditions
of high humidity changes the contact conditions, increasing the force of friction.

As we can see above, the microrelief of the diamond surface plays an
important role in evaluating its frictional characteristics. In [20], the effect of special
microtextures on the frictional and cutting characteristics of monocrystalline
diamond tools was considered. Four types of microtextures, including an array of
straight grooves, a concentric circular texture, a ring sequence, and a mesh texture,
were created on their front surface using a femtosecond laser. The results of the
experiments showed that the cutting forces and friction coefficients of the
microtextured diamond tools decreased significantly, except for the concentric round
texture. At the same time, the cutting characteristics of monocrystalline diamond
tools were significantly improved.

14
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Fig. 11. Scheme of the electrochemical-atomic-force microscopy (EC-AFM) installation in
section and evaluation of the friction coefficient for the conditions of submerged state, low
and high humidity [19].

At the end of this part of the review, let's pay attention to the shape of
diamond grains during abrasive processing of brittle materials. Abrasive processing
can be simplified by presenting a series of scratches with indenters of various shapes.
In the article [21], a model of the stress field caused by scratches was built to analyze
the behavior of cracking when brittle materials are scratched. The model takes into
account conical, pyramidal and spherical (CPS) indenters. The results show that the
scratch load is reduced when a sharper indenter or a spherical indenter with a smaller
radius is used. The greater the depth of the scratch, the easier it is for radial, median
and lateral (RML) cracks to appear. A side crack easily occurs when the indenter
becomes sharp. Radial crack nucleation changes from the position in front of the
indenter to the position behind it as the depth of the scratch increases or the angle at
the top decreases. RML crack sizes increase with increasing scratch depth or apex
angle. The study provides recommendations for choosing the geometry of abrasive
grains to increase the speed of material removal and reduce cracks in the process of
abrasive processing of brittle materials.

In the study [22], the mechanism of plasticity with a deformation gradient
was used to study the dimensional effect in the behavior of single-crystal copper
during scratching. The results of this study showed a significant effect of size on
scratch hardness values and the amount of layering. This indicates that the degree
and nature of the dependence of these two parameters on the size differ significantly
and oppositely depending on the direction of scratching. For example, although the
[001] direction exhibits the greatest degree of dimensional effect on scratch
hardness, it exhibits the least dimensional effect of side layers. Such an opposite
effect is explained by the contribution of different sliding systems to the resistance
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to dislocations and slander. It is also shown that the scratch hardness, which takes
into account both the size effect and the dependence on the crystallographic
direction, is a suitable material property for wear evaluation.

The hydrogen index (pH) of the process fluid is important for diamond
abrasive processing processes. Thus, the article [23] shows the effect of a liquid
medium with different pH on the wear of a WC/Co hard alloy with different
percentages of cobalt. Diamond scratch tests were conducted on three grades of
W(C/Co, with a Co content of 6, 11, and 28% by mass and in liquids: distilled (pH6),
acidic (pH2), and alkaline (pH10) water. It was established that the cobalt content
significantly affects the load in the scratch zone and the coefficient of friction. The
latter increases with increasing CO content due to a greater degree of plastic
deformation. In addition, it has been proven that at loads less than 62 N, the hydrogen
index of the liquid does not affect friction. But at higher loads, the influence of the
liquid medium is statistically significant, and distilled water gives a lower coefficient
of friction. It should be noted that the influence of the pH of the electrolyte on the
change in the composition of the cathode films on the cutting surface of the diamond
wheel was also addressed in the article [24]. It was shown that, under such
conditions, the polarization of the liquid changes the content of the cathode film on
the surface of the wheel in contact with a hard alloy, and with a decrease in the pH
of the liquid from 10 to 4, the composition of the film changes dramatically, in which
the content of elements of the hard alloy, which is in contact with the grinding
medium, increases significantly around. In fact, this means that as the pH value
increases, the machinability of the hard alloy deteriorates, since cobalt is less lost
from the hard alloy, and therefore, according to [23], not only the loads in the cutting
zone, but also the friction coefficient increase.

THE INFLUENCE OF COATINGS ON THE TRIBOLOGICAL BEHAVIOR OF
DIAMONDS DURING DIAMOND ABRASIVE PROCESSING

In the article [25], to apply the mechanochemical effect, the diamond film
was polished using a grinding wheel containing nickel-plated (Ni) diamond
abrasives. The rapid reaction of removing the diamond film is explained by the
catalytic effect of the Ni coating, which causes the graphitization of the diamond
film at the contact points of the interface under the influence of the high temperature
generated during friction; later it can be removed by mechanical action of abrasives
(Fig. 12).

Another variant of grinding diamond films (DF) is considered in work [26],
based on the application of mechanochemical influence when coating diamond
abrasives with titanium (Ti) coatings sprayed in a vacuum. The coating layer forms
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Fig. 12. Scheme describing the interaction of uncoated diamond (a) and nickel-coated
diamond (b) with the processed diamond surface [25].

a diamond-TiC-Ti structure extending from the diamond matrix in the direction of
the Ti coating. The material removal rate (MRR) of DF is significantly increased as
a result of the available active Ti-coating on diamond abrasives, which reacts with
DF at the contact points.

In the article [27], another option for accelerating DF grinding based on the
mechanochemical effect is proposed. The vacuum evaporation method was used to
apply a catalytically active Cr coating on diamond abrasive grains. During grinding,
the Cr coating on active abrasives reacted with the diamond film with the formation
of CrsC, or caused graphitization at the contact points at high temperature due to
friction. It was shown that the chrome-coated grinding wheel exhibited a higher
MRR compared to the uncoated diamond grinding wheel.

In the article [28] thin films of turbostratic boron nitride (t-BN) and cubic
boron nitride (c-BN) grown on B-doped polycrystalline and monocrystalline
diamond were considered. High-resolution transmission electron microscopy
analysis revealed that the cubic boron nitride thin films consist of a mixture of c-BN
and t-BN phases, with c-BN being the dominant phase. These findings provide
valuable information on the characteristics of c-BN and diamond interfaces and are
important for temperature control in their applications.

In work [29], to increase the wear resistance of diamond cutting tools,
carbon nanosheets (CNS) were obtained in a strong covalent diamond-graphite
structure obtained by laser-induced solid-phase diffusion by electrochemical
removal of a graphite layer on a diamond matrix. After 14,400 cycles of
reciprocating sliding on a GCr15 ball under a normal load of 2-8 N, friction
decreased 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
oxidation at the sliding edge. In comparison, the relative wear rate of bare diamond
was 4.1-15.4 times higher than that of CNS.

The low interfacial strength between the iron-based matrix and the
diamonds causes the diamond particles to fall off prematurely, which significantly
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affects the cutting efficiency of diamond composites. Work [30] was aimed at
optimizing the interfacial microstructure and mechanical properties of diamond/Fe-
Ni-WC composites by applying a Mo2C layer on diamond particles. Mo,C-coated
diamonds were obtained using the molten salt method (Fig. 13). Diamond/Fe-Ni-
WC composites were sintered by hot pressing under vacuum. Energy dispersive
spectroscopic scanning showed that the Mo,C coating layer changed the interfacial
composition between the matrix and Fe—C alloy diamonds to Mo.C, improving the
interface strength.

That is, the above in [25-30] indicates that the application of the effect of
further mechanochemical influence, both on the diamond-bond boundary and on the
contact of the surface of the diamond grain with the material being processed, when
coating diamond abrasives, allows to increase the efficiency of using diamond
abrasives. - abrasive tool.

50nm |9
e

50nm

Fig. 13. Micro-morphology of uncoated diamond (a) and Mo2C-coated diamond prepared at
1050 °C for 15 (b), 30 (c), and 60 min (d) [30].

In the article [31], the microtexture of the CVD-diamond coating was
investigated, which, along with the function of retaining wear particles, can to a
certain extent reduce the coefficient of friction due to the graphitization of the
diamond coating. Graphitization of the textured surface allows to quickly reduce and
stabilize the coefficient of friction at the initial stage of friction. After stabilization,
the friction coefficient of the diamond coating decreases as the degree of
graphitization increases. This is of great importance for expanding the field of
application of diamond coatings [31].
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In the article [32], the use of solder coating on different types of diamond
grains is proposed to improve their retention in the working layer of grinding wheels
on a polymer bond. Brazing can successfully cover most of the diamond grains with
a layer of additive alloy. Pores and bulges several micrometers in size were observed,
as well as the formation of titanium carbide between the coating and the surface of
the diamond grains. The viscosities of monocrystalline coated diamond grains
(RVD) decreased only slightly, but increased more significantly for polycrystalline
coated diamond grains (PDGF1). The wheel containing PDGF1 diamond grains
showed the lowest grinding force and the highest performance, while the wheel with
RVD coated diamond grains had the highest grinding force and a fairly low grinding
ratio.

In the article [33], to determine the features of the reaction of the diamond
surface with various types of metals and metal oxides, the activation energy of the
reaction between diamond and metals, as well as between diamond and metal oxides,
was calculated from the first principles. For the transition metals of the fourth period
of the Periodic Table of the Elements, when they react with diamond to form the
corresponding metal carbides, the order of increasing activation energy for the
metals is: Mn, Fe, V, Ti, Cr, Co, Ni, Zn, and Cu. And when diamond reacts with
MnO, FeO, CoO, NiO and CuO to form metals and CO, the calculated activation
energy in descending order is: MnO, FeO, CoO, NiO and CuO. Thus, it has been
established that NiO and CuO are reduced by diamond to Ni and Cu, which indicates
that an oxidation-reduction reaction takes place between diamond and metal oxides.

In [34], achemical vapor deposition method was proposed, when a diamond
coating with CuO particles was applied to a WC/Co substrate. For comparison, a
pure diamond coating was produced. The surface morphology proved that the
diamond coating can be deposited on a substrate with CuO particles. But CuO
particles can lead to the formation of amorphous carbon. Indentation tests showed
that the diamond coating with CuO particles showed higher adhesion strength and
cracking resistance than the diamond coating without CuO particles. That is, the
content of CuO particles affected the crack resistance of the diamond coating. Thus,
the dispersion of CuO particles on the surface of the substrate can be considered as
a potential technology for adjusting diamond grains due to the inclusion of carbon
phases, which, in turn, can increase the crack resistance of the diamond coating to
meet industrial requirements.

In work [35], diamond particles were covered with aluminum oxide by the
method of atomic layer deposition. As a result, the temperature at which the
decomposition of diamond to CO; begins shifted towards higher temperatures (= 50
K) due to the protective effect of Al,Os. It was concluded that the mechanism of
diffusion through the protective layers is responsible for this moderate increase in
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the oxidation temperature. The authors [35] claim that although the amount of
improvement is small enough to be used for high-temperature applications, these
results indicate that this type of protective coating can be used to protect diamond
grains from oxidation.

This was confirmed in [36], where Ti—B-C protective coatings on diamond
particles were investigated. The results showed that it is the boron content that is
important for the adhesion of the Ti—B—C coating to diamond. Such a coating with a
boron content of 60% (at.) protected the diamond from oxidation for more than 1
hour when heated to 1000 °C in air. That is, oxides play a very important role. Thus,
in the case of annealing coated diamond in air, the a priori formed B,O3 and TiO;
protected the diamond from oxidation as oxygen-impermeable layers. In addition,
with the help of the formation of B2Os3, it was possible to avoid the delamination of
TiO; caused by volume expansion during oxidation [36].

INFLUENCE OF ADDITIVES IN THE CONTACT ZONE ON TRIBOLOGICAL
INDICATORS DURING DIAMOND ABRASIVE PROCESSING

At the end of this review, let's pay attention to what kind of impurities are
introduced into the contact zone during diamond-abrasive processing to change the
tribological indicators. At the same time, the most widely used is h—-BN, which with
a layered crystal structure is one of the types of effective solid lubricants, especially
at elevated temperatures.

Obtaining a surface of fused silica at the atomic level with a high MRR with
the help of chemical mechanical polishing (CMP) is a difficult task. To solve this, a
new suspension for CMP was developed based on potassium oleate and deionized
water using CeO, abrasive coated with hexagonal boron nitride (h-BN), which
reduces friction in the contact zone [37]. Cerium abrasives have implemented a new
superlubrication function during CMP thanks to this coating, preventing damage and
achieving an ultra-smooth surface (Fig. 13).

In the article [38], the formation energy and stability of h-BN clusters on
10 types of transition metal surfaces were investigated. The results show that h-BN
clusters on different metal substrates can undergo a transition to the most stable
structure at a critical size, but it is different for metal substrates. The most stable
structures for BN clusters on Cu, Pd, and Co surfaces change from chain-like to sp?-
cell at critical size n = 8, 7, and 8, respectively. After that, the cellular structure
becomes the most energetically beneficial and continues to grow until it covers the
entire substrate. The study of BN nucleation at the atomic scale can be useful for
planning experiments on the fabrication of h-BN films.
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Fig. 13. Schematic representation of the mechanism of superlubrication using h-BN during
CMP of fused silica [37].

In [39], the interfacial interaction between diamond and hexagonal boron
nitride (hBN) is considered. The weak van der Waals (vdW) interaction between
hBN and hydrogen-terminated diamond (H-diamond) provides the basis for
introducing the twist angle as a new degree of freedom to modulate the properties of
heterostructures. The results showed that the additional free orbitals, which are
formed due to the spontaneous relaxation of hBN at higher deformation caused by
twisting, can strengthen the vdW bond between hBN and H-diamond, which will
promote charge transfer at the interface, thereby weakening the surface scattering of
impurities and increasing the accumulation of holes on the H-diamond surface.

In [40] h-BN with a relative density of about 91% was obtained by spark
plasma sintering (SPS) technology and its tribological behavior at 1200 °C was
investigated. The results showed that the coefficient of friction of h-BN was
relatively stable in combination with Si3N4 and remained in the range of 0.215—
0.305. It is believed that the low coefficient of friction at 1200 °C is mainly a
consequence of weaker interlaminar bonding of h-BN and easier sliding of h-BN
plates at high temperature.

The article [41] presents the self-lubricating material Al,O3-cBN-hBN. The
influence of the cBN/hBN additive on the mechanical and thermal properties of
sintered composites was analyzed, and friction and wear tests were conducted. It was
established that the addition of cBN particles significantly improves the mechanical
and thermal properties of composites. Different hBN content can change the wear
mechanism of composites. The release efficiency of hBN particles in the composites

21



ISSN 2078-7405 Cutting & Tools in Technological System, 2025, Edition 103

was enhanced due to the larger difference in moduli between cBN and hBN. The
hardness of Al,O3-cBN-hBN composites is improved by at least 54% compared to
traditional self-lubricating materials due to the provision of crack resistance and
lubricating properties.

The improvement of thermal conductivity is crucial for tribological
performance. In [42], a three-dimensional structure with layered elements is
obtained by electrostatic assembly of h-BN and graphene oxide (GO) nanosheets.
Such a structure helps reduce friction and increase wear resistance based on
"synergistic lubrication". As a result, this affects excellent self-lubricating and wear-
resistant properties and a noticeable increase in thermal conductivity (1039.16%) of
the composite.

Gallium nitride (GaN) is a modern material used for the production of chip
boards and powerful devices. In work [43], molecular dynamics modeling was used
to study the mechanism of removal of gallium nitride crystals during diamond-
abrasive processing using graphene lubrication. The results show that graphene can
significantly increase the wear resistance of GaN substrates due to the reduction of
surface wear and subsurface damage. That is, graphene has a lubricating and
protective effect on the substrate when cutting GaN single crystals with diamond
abrasives.

The study [44] studied the nanofriction characteristics of composite thin
films of graphene oxide (GO) and cellulose nanocrystals (CNC), as well as reduced
graphene oxide (rGO) and CNC, namely GO/CNC and rGO/CNC thin films, under
an applied electric potential and humidity using an atomic force microscope (AFM).
For all films, the coefficient of friction (COF) depended on the applied electric
potential. In addition, the friction force with electric potential increased at low
humidity (relative humidity (RH) < 40%) due to the effect of electrostatic force. At
high humidity (RH>40%) and high electric potentials (>4 V), the friction force
decreases as the electric potential increases due to the phenomenon of electron
leakage.

Attention was also paid to the influence of humidity in the article [45],
where the characteristics of friction and wear resistance of C/C-CuNi composites
under conditions of different humidity were investigated. Lower humidity levels
(30-50% RH) led to the formation of a lubricating layer consisting mainly of
graphite and CuO, which was manifested in the adhesive wear of the composites
together with stable and low coefficients of friction (~0.144) and low wear rates (
Fig. 14). While at a relative humidity higher than 70%, there was an increased
tendency to form a brittle layer, mainly consisting of Cu(OH), and Cu,(OH),COs
compounds, due to tribochemical reactions between the composites and H,O and
COz in humid air. In the future, this brittle oxide layer led to abrasive wear, which

22



ISSN 2078-7405 Cutting & Tools in Technological System, 2025, Edition 103

was accompanied by fluctuations in the coefficient of friction and an increase in the
rate of wear.
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Fig. 14. Schematic presentation of wear mechanisms of C/C-CuNi composites under
conditions of different humidity [45].

In the article [46], the microtexture of the CVD-diamond coating has the
function of retaining wear particles and can to a certain extent reduce the coefficient
of friction due to graphitization. It was established that the degree of graphitization
of the microtexture of the diamond coating decreases by an order of magnitude
within concentric circles. At the same time, it correlates with the density of the
microtexture. Texture depth has a weak positive effect on the degree of
graphitization. Graphitization of the textured surface allows you to quickly reduce
and stabilize the coefficient of friction at the initial stage of friction (Fig. 15). After
stabilization, the friction coefficient of the diamond coating decreases with an
increase in the degree of graphitization. A layer of graphite on a microtextured
surface with a diamond coating can improve dry friction characteristics. This is of
great importance for increasing the accuracy of processing diamond-coated tools.
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Fig. 15. Schematic representation of the formation of the microtexture of the CVD-diamond
coating and the change in the coefficient of friction over time [46].

The above indicates that it is carbon materials that are particularly suitable
for reducing friction. Attention is also drawn to this in the article [47], where it is
shown that carbon dots (CD), a kind of carbon-based nanomaterials, were widely
used as highly effective lubricant additives. Studies show that doping the surface
with heteroatoms, especially several heteroatoms, can significantly improve their
tribological characteristics. Moreover, it was established [47] that the tribological
behavior of N,B,P-CD is better than that of N,B-CD and P-CD under identical test
conditions, demonstrating a multiatomic synergistic lubrication effect. The excellent
tribological characteristics of N,B,P-CD are explained by their favorable film-
forming ability and effect of nanolubrication at various stages of friction.

In [48], a multilayer composite coating of cBN/NCD (cubic boron nitride
and nanocrystalline diamond) with modulation periods of 1 um, 1.5 um, and 3 pm
was deposited using a linear ion source of radio frequency magnetron sputtering and
microwave plasma chemical vapor deposition (MPCVD) on tungsten cobalt hard
alloys (YG6) and silicon substrates. It was found that as the modulation periods
decreased, the surface roughness of cBN/NCD multilayer composite coatings tended
to increase, but the mechanical properties improved significantly. Friction and wear
tests proved that the wear resistance of the cBN/NCD multilayer composite coating
is related to residual stresses and fracture toughness, the friction coefficient remains
stable at about 0.12-0.15, and the rate of wear decreases significantly with a decrease
in the modulation period. Thus, the tribological behavior of the N,B,P-CD described
above in the article [47] was confirmed in [48].

However, as shown in the article [49], diamond-like carbon (DLC) films
quickly lose lubricity due to oxidation and mechanical breakdown when used at
temperatures higher than 300 °C. Doping with molybdenum disulfide (MoS>) is
considered as a possible method of improving the high-temperature properties of
DLC films. The results showed that MoS; was successfully incorporated into the
DLC matrix, and the Mo content in the films ranged from 0 to 6.15 at. %. It was
established that MoS,-DLC composite films with 3.78-6.15 at. % Mo retain good
anti-friction and anti-wear properties in the temperature range of 25-450 °C. The
friction mechanism of the films changed depending on the temperature. At 25 °C,
MoS,-DLC composite films showed good lubricating and antiwear properties, since
the carbon bond is passivated by H>O molecules. At 250 °C, the MoS; phase was
deposited on the surface of the films, which led to low friction. At 350 °C, a solid
solution of Mo0S,.Ox was formed on the surface of the wear track, which ensured
low values of the coefficient of friction and wear even up to 450 °C.
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In work [50], Cu-Sn matrix composites were prepared by the sintering
method with the addition of MoS,, graphite, and the MoS,/graphite mixture,
respectively. Frictional wear characteristics and contact resistance of these
composites at different currents were investigated. The results showed that MoS;
and graphite have a synergistic lubricating effect. The Cu-Sn-graphite-MoS;
composite showed low wear rates and contact resistance. That is, MoS; can
effectively promote the formation and integrity of the friction film and optimize the
friction wear characteristics.

In the article [51], to enhance the lubricating effect and stimulate the
development of methods for manufacturing self-lubricating cutting tools, powders
based on Ni, dispersed with MoS; and Al,Os particles, were previously planted on
the substrate of the tool; subsequently self-lubricating coatings (SLCs) were applied
using laser powder melting additive manufacturing (AM) with a nanosecond fiber
laser for cutting. The results showed that the developed SLC tools reduced the
coefficient of friction by 8.8-11.7%, the cutting forces by 17.6-29.6%, and the
cutting power by 17.3-22.0% compared to with conventional high-speed steel (HSS)
cutting tools.

Thus, from the above review, dedicated to the features of tribological
processes during diamond-abrasive processing and the behavior of diamonds and
other carbon-containing materials during friction and wear, it is possible to draw the
following conclusions:

Additive manufacturing (AM) methods have significant advantages for
obtaining individual products and prototypes, allow to reduce costs, and also
accelerate the release of products to the market. Nowadays, this direction has begun
to be used for diamond-abrasive tools. Of course, new binders for the working layer
of the diamond tool have been developed for such energy-efficient AM technology.
It is shown that the cutting forces and friction coefficients of microtextured diamond
tools are significantly reduced.

The tribological behavior of diamonds against various materials is
fundamental for their use in the abrasive and bearing industries. It has been proven
that, in comparison with ordinary diamond grains, porous diamond grains with an
increased number of microedges effectively reduce the cutting force and heat
generation. It is shown that the application of the effect of further mechanochemical
influence during the coating of diamond abrasives, both on the diamond-bond
boundary and on the contact of the surface of the diamond grain with the processed
material, allows to increase the efficiency of the use of the diamond-abrasive tool.

Attention is drawn to what kind of impurities are introduced into the contact
zone during diamond-abrasive processing to change the tribological parameters. At
the same time, the most widely used is h—-BN, which with a layered crystal structure
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is one of the types of effective solid lubricants, especially at elevated temperatures.
Attention has been paid to such new materials as graphene oxide and carbon dots
(CD), a kind of carbon-based nanomaterials, which have been widely used as highly
effective lubricant additives.
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AJIMA3HO-ABPA3MBHA OFPOBKA: TPUBOJIOTTYHHUIA ACTIEKT
(OTJISI] CYYACHMX JOCJUKEHD)

AHoTaniss. [lonepednvboio npakmMukol IHCMPYMEHMANbHO20 SUPOOHUYMBA Md  3ACHOCYBANHS
PI3anbHO20  THCMPYMEHNY Y HPOMUCA0BOCHIE 008e0eH0, W0 0151 OOCASHEHHS eeKmugno2o ma
EKOHOMHO020 BUKOPUCMAHHA YbO20 CYYACHO20 6UCOKOBAPMICHO20 IHCMpYMenmy mpeda He milbKu
3a6e3neuumu BUCOKOSAKICHY winipoeany ix nosepxwio, aie i mamu 008edeHy pizanvHy Kpauky. /locsaenymu
YbO2O MOICTUBO JUute 008EOCHHAM NICHA WAIQY8anHs pizanbHol KpaiKku, a i HAgimb ii noxipyeantsm,
KOJU WopCmKicmb nepednboi ma 3a0Hb0i N08epXOHb IHCMpYyMeHmy 00800umbcs 00 Ra 0,05 mxm, a inodi
Hasimb MeHule, Wo 3HAYHO NIOBULLYE SHOCOCMITKICIb PI3ATIbHO20 IHCMPYMEHNY ma AKichb 00po6ieHoi
num nosepxui. Cyuacui 0ocniodcents ceiouamos npo eQexmusnicms 3acmocy8ants npu noipyeanHi
abpasusHux i XiMiko-MeXaHiuHux Memooié ma 6paxy8aHHi npu ybomy ocobrusocmetl abpaszueis, sKi
3aCmMOCco8yIombCsl, momy memoio danoi cmammi Oyno oocnioumu navnogiwi (20242025 pp.) pospodku
6 MeXHONO2iAX 006e0eHHs Ma NONIPYAHHs NOBEPXOHb WIUPOKOI 2amu CYYacHux mamepianie ma
BUBHAUUMY  HANPAMKU NIOBUUeHHS egeKkmusHocmi makux po3pobok. IIpu yvomy Ona Xximixo-
mexaniunoeo nonipyeanns (CMP) Oocrionukamu pozensoaemvcs 06a HANPAMKU: GHAUE PIZHO20
abpazusy, mobmo nazonoc na mexaniunui cxkaadositc CMP, ma ennue cycnensii, moomo nazonoc na
XIMIYHIT CKMAO08IU. JJOCTIONCEHHS 8 HANPAMKY NPIOPUMEMHOCMI aOpa3ueHoi cKIadosoi npedcmasieni
HO60I0 cmpamezielo 3acmocysans inmepmemaniunoi cnoayku CugSNsy aKocmi 36 ’a3Ku 6 aiMasHOMY
wiighysanvhomy Kpysi ons winigpysanns i 0osedenns naacmun SiC 3 GUCOKUM MepMIHOM Cyoucou i
00pOOKU 3 HUSLKUM PIGHEM NOULKOOMCeHb. []0CiOHNCeHO HOBULL MEMOO 080CMOPOHHbO20 WINIQYBAHHS i3
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3ACMOCYBAHHAM — AIMA3HUX — NIIBKOBUX HAKIAOOK 0Asi 00poOKu  yuninOpuunux poaukie SigNg.
3anpononosanuii exonoiyHO wUCMUL MeMOO NONINUEHHS NPOOYKMUBHOCHI NOTIPOBKU I3 3aCMOCy-
6aHHAM 3MiWaHOl abpazusHoi cycnensii yepiio i armasa. JJocniodcenns , Ik nepexione 8io MexaniuHoi 0o
XIMIYHOT CKIA00B0L, po3KpUBAE XimMiuHy pois abpasusnoi Al,Os—yacmunxu npu CMP pymenino winsxom
nopiensinns  enacmueocmeii i npooykmugnocmi nonipogku Al,O5-SiO, smiwanumu uacmunkamu i
yucmumu — SiOy. IIpeocmasgineni Hogi po3pobku 3 6u2omosienHs adpasusie muny s0po-o00IOHKA
SiIO,@A-TIO, 6 Hosill cycnensii ona peanizayii ucoxkoepexmusHoi Gomoxamanimuunoi Ximiko-
MEXAHIYHOI NONIPOBKU NPU ONPOMIHEHHT WMYYHUM COHAYHUM c8imaom. JlocniodceHi xapakmepucmuxu
CMP 3a noeoi cycnensii, wo micmuna Fe, Al,Ozi nogimuiti mamepian — okcuo epaghena, ocKilbKu
ocmannuiti € 4y0o8uUM MAmMepianomM-HOCIEM, XAPAKMEPUCMUKU K020 MOJICYNb 3HAYHO NOTNUUMU
Kkamanimuyni xapakmepucmuxu cycnensii. Okpemo 36epneno yeazy na 3sacmocysanns npu CMP
0€iOHI306aHOI 600U, OCKIIbKU e € NEGHUM CYHUACHUM MPEHOOM OOCTIONCEHD.

Kao4oBi ciioBa: 006edenHs noeepxui, XiMIKO-MeXaHiyHe NONIPYSAHHS, AIMA3HI adpasusu, OKCuo
epacpena; oeionizoeana ooa.
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Abstract. In recent years, shell and tube latent heat thermal energy storage system (LHTESS) with phase
changing materials (PCM) are used to store energy. The major drawback of latent heat storage system
is due to low thermal conductivity of PCM the heat transfer is low. In this study, a 2-dimensional
horizontal shell and tube latent heat storage system is considered, the rotation is implemented to
accelerate charging process of the system. ANSYS FLUENT 2022 R2 software is used for the simulation
and calculation. Paraffin wax (n-octadecane) and water are used as PCM and hot fluid (HTF)
respectively. The simulation and calculation are carried out for 0.5 rpm, 1 rpm and 1.5 rpm and these
results are compared with stationary counterpart. The result show that rotation accelerate melting
process. The percentage thermal enhancement between rotation and stand stand still for 0.5 rpm, 1 rpm
and 1.5 rpm are 8%, 18.61% and 25.38% respectively.

Keywords: Rotating latent heat storage system; ANSYS; Paraffin wax (n-octadecane).

1. Introduction

A rotating latent heat storage system (RLHSS) is an innovative thermal
energy storage technology that utilizes phase change materials (PCMs) to store and
release thermal energy. Rotating latent heat storage system consist of a cylindrical
container filled with PCMs that is rotate around its axis to enhance heat transfer
during charging cycle. The PCMs undergo phase change (solid-liquid or liquid-
solid) during thermal energy storage and release, resulting in high energy density
and efficient heat transfer. RLHSS has potential application in various fields, such
as solar energy storage, waste heat recovery and thermal management of buildings.
The Latent heat storage system stores heat in a storage medium in the form of
potential energy between the particles of the substance. The conversion between the
heat and the potential energy within the substance involves a phase change thus heat
storage occurs without significant temperature changes in the storage medium.
Digant S.Metha, Bhavesh Vaghela, Manish K. Rathod studied about the heat transfer
intensification technique by imparting eccentricity and imparting rotation and
providing multi hot fluid tube [1]. Stearic acid (5.57-56.6° C) is the melting time is
reduced by 47.75%. Binjian Nie, Xiaohuishe studied about compact thermal storage

device containing phase change material is designed and experimentally investigated
© A.G. Guna, M. Sudharshan 2025
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two types of fins were used serrated and perforated fins. The efficiency is increased
by 43.3%[2]. Teng Xiong, Long Zhung Flat plate collector and evacuated tube
collectors are used Phase changing material used is Ethylene glycol and Aluminium
fins were used [3]. Lihar Asipkhan, Muhammad Khan investigated the heat of latent
heat storage system with shell and tube heat exchange. The shell consist of annular
fin Performance is increased by 10% [4]. Alberto Pizzolato (2017): This paper
presents a unique solution to the problem of heat transfer in shell-and-tube latent
heat thermal energy storage units by means of high conducting ns [5]. We
developed a design approach using topology optimization and multi-phase
computational fluid dynamics. No assumption is made about the _ns layout, which
freely evolves along the optimization process resulting in more efficient non-trivial
geometries. At each optimization iteration, the fluid-dynamic response in the phase
change material is computed by solving the transient Navier-Stokes equations
augmented with a phase-change porosity term. Coupling large design freedom to
detailed physics modeling allowed studying the effect of convective transport on
both design and performance of latent heat thermal storage units. Results indicate
that accounting for fluid design optimization studies is crucial for performance. It is
shown that melting and solidification can be enhanced remarkably through natural
convection by using well engineered with specific design features, that could hardly
be revealed with alternative design routes. These features make designs optimized
for melting fundamentally from those optimized for solidification. Mr. K.
Manikandan (2021): Convective heat transfer between a surface and the surrounding
has been a major issue and a topic of study for a long time [6]. In this project, the
heat transfer performance of fin is analyzed by ANSY'S workbench. Various design
configuration are performed such as Cylindrical configuration, Square configuration,
and Rectangular configuration. The heat transfer performance of fin with same base
temperature having various geometry is compared. In this thermal analysis
Aluminium was used as the base metal for the fin material and for various
configuration. Fin is major component used in many systems for increasing the rate
of heat transfer. In order to cool the system fins are provided on the surface of the
system to increase the rate of heat transfer. By doing thermal analysis on the fins, It
is helpful to know the heat dissipation and rate of heat transfer in different types of
fins. By increasing the surface area of fin configuration we can increase the heat
dissipation rate of this process, so designing the large complex is very difficult. A
fin for the Circular, Square, Rectangular and conical surface that extends from a fin
configuration to increase the rate of heat transfer. Azeem Anzar (2016): The present
work is a numerical study consisting of thermal analysis of various configurations
of finned heat sink with PCM [7]. The configurations considered are finned heat sink
with PCM and without PCM, fin filled with half PCM material, towards the fin tip
side and cases which includes forced convection for systems which continuously
operates. The transient nature of problems were recorded for performing unsteady
analyses. Evaluation of design operational time and characteristics of PCM are
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carried out. By analyzing these different configurations and valid picture of the
physics of heat transfer in PCM based heat sink is imaged out. Pawar Shreekant
Prabhakar (2015): Modern portable electronic devices are becoming more compact
in space, the exponential increase in thermal load in air cooling devices require the
thermal management system (i.e. heat sink) to be optimized to attain the highest
performance in the given space [8]. In this work, experimentation is performed for
high heat flux condition. The heat sink mounted on the hot component for cooling
the component under forced convection. The two different orientation of fan i.e.
“fan-on-top” and “fan-on-side” are tested for different air mass flow rate and cooling
rate is validated with numerical results for the same amount of heat flux. The
numerical simulation are performed using computational fluid dynamics (CFD). The
primary goal of this work is to do the thermal analysis and comparison of fan
orientation on cooling efficiency and to find the optimum parameters for a natural
air-cooled heat sink at which the system will continue its operation in natural
convection mode (i.e. fan-failed condition). The CFD simulations are performed for
optimization of heat sink parameters with objective function of maximization of heat
transfer coefficient. In this study, CPU cooling has been investigated in the acrylic
cabinet with chosen heat sink and the performance of the heat sink is investigated
experimentally and then validated using CFD. P. M. Deshpande & Dr. S. Dawande
studied horizontal zigzag coil tube (HSTC) for various forces (viscous, buoyancy
and centrifugal force) acting on fluid element in coil; of which the centrifugal force
is predominant and results in secondary flow [9]. This phenomenon also depends on
the physical fluid at a given temperature. They also concluded that as the coil
diameter reduces the curvature ratio increase that increases the pressure drop. °Yan
Ke, G. P. Qi, etal. [10]. They had analyze transverse vibration of conical zigzag tube
bundle. The effect of the external fluid flow on the transverse vibration of tube
bundle is studied with the combination of experimental data, empirical correlations
and FEM. The external fluid flow has a significant effect on the frequency of the
tube’s transverse vibration, which are decreased by about 18% to 24% when the
external fluid flow speed is 0.3 m/s. 1'Dr. M. S. Tandale & S. M. Joshi provided
analytical model to design of zigzag tube heat exchanger and experiments were
performed [11]. The experimental results show that the deviation between calculated
values of overall heat transfer coefficient from the experimental results and
theoretical values obtained from the analytical model are within 12%. Also, the
accuracy is found to be within 8 % in approximation. The pressure drop estimated
is also compared with actual values observed during experimentation, which is found
in acceptable range. R. K. Patil, & B. W. Shende et al. proposed that heat transfer
rate of helical coil heat exchanger is better to compare another types of heat
exchanger [12]. In the helical coil heat exchanger space is limited so not enough
straight pipes should be laid. The helical tube heat exchangers consist of helical coil
fabricated out metal pipe that is fitted in the annular portion of two concentric
cylinders. M. P. Nueza & G. T. Polley provides the design space where the available
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options that meet the heat duty and allowable pressure drops are displayed for the
various geometrical parameters. the design space is determined considering standard
exchanger by a set of set of three curves: a curve that represents the heat duty
(thermal length) and two curves that represent the pressure drop on the hot and cold
streams [13]. They conclude that the graphical representation of the design
parameters that fulfil the process heat load and pressure drops. They refer to the
selection of the exchanger dimensions that will meet the heat duty within the
limitations of pressure drop and the space between the streams is same.

2. Need of the study

The major drawback of latent heat storage system is due to low thermal
conductivity of PCM, heat transfer is low. So PCM takes more time to melt. To
overcome this rotation is implemented to accelerate the charging process of the
system. Simulation and calculation are carried out for three different rotational speed
such as 0.5 rpm, 1 rpm and 1.5 rpm.

3. Research methodology

DETAILED STUDY OF THE LATENT HEAT
SYSTEM&DPCM

.
[ FIND OUT THE PROBLEM IN EXISTING ]

SURVEY OF EXISTING RESEARCH PAPERS ]

L}
SELECTING MODELING SOFTWARE ]

L 3

[ MATERTAL SELECTION ]

L]
[ MAKNG OF THE XD MODEL LATENT HEAT SYSTEM J

L 3

PERFORM NEUMARICAL FLOW SIMULATION IN
ANSYS FLUENT

x
[ COMPARTSON OF RESULTS ]

CONCLUSION ]

Fig. 1 Research methodology
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4. Design configuration

A cross section of the shell-and-tube LHTES unit is considered. LHTES is
made of copper. Water flows through the inner pipe while the PCM fills the external
shell. The pipe has an external diameter of 13 mm, while the shell has a diameter of
30 mm. The charging process was considered in the analysis. That is, the PCM
melting process. In such a case, PCM is initially solid and at temperature below the
melting point. When water flows through the pipe at a temperature higher than the
PCM melting point then heat is transfer to the PCM delivered. The process proceeds
until PCM is completely melts and the energy is stored in PCM. A paraffin wax (n-
octadecane) was considered as PCM. Its thermo-physical properties are listed below
Design of the latent heat storage system is created with help of Ansys design modeler.

Fig 2. Design of latent heat storage sy%féhi

Properties of phase changing material (PCM) are treated as temperature
dependent by adopting polynomial and power law functions. The temperature
dependent properties are PCM are taken from J.C.Kuria et al. /Applied Thermal
Engineering 50 (2013) 896-907 [14].

4.1 Properties of Paraffin Wax:

e The density ppcm is given by ppcm = 750/(0.001(T-319.15)+1) ,where T
is the temperature of PCM.

e  Thermal conductivity of PCM is estimated by Kpem = [0.21 if
T<Tsolidius or 0.12 if T>Tliquidius].

e The PCM viscosity is defined as ppcm = 0.001exp(-4.25+1790/T).

e Specific heat Cp = 2890 J/Kg K.
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e  Melting point of PCM = 28 to 30°C.
Properties that depend on temperature were fed as user defined function.
4.2 Assumptions for Simulation:

For carrying out numerical simulations, some assumptions are made and
simplifications are applied to the system. The liquid phase of PCM is considered as
incompressible, Newtonian, homogenous, and isotropic medium, and the radiation
heat transfer is considered negligible as compared to natural convection heat transfer.
The buoyancy force due to temperature-dependent density variations during the
melting of PCM is modeled by Boussinesq approximation. Considering Boussinesq
approximation, the volume expansions of the PCM are also neglected, and natural
convection is assumed laminar . The two-dimensional enthalpy porosity method is
used to solve the problem numerically.

Set of under relaxation factors that is suitable to avoid divergence, for
pressure, density, body forces were 0.3, 0.8, 1, while momentum, liquid fraction and
energy were 0.3, 0.1, and 0.9. (from soibam J 2017) .

At step of solution the pressure was corrected using PRESTO scheme and
pressure velocity coupling is implemented by semi implicit pressure linked equation
(SIMPLE) algorithm .

4.3 Boundary conditions:
The initial temperature of the system for all cases was assumed to be298k.
The outer wall is assumed to thermally insulated. Hot fluid(water) enters the storage

at 305k.

5. Liquid Fraction Contours for Stationary Case:

OlOIOLO)

Time =500 s. Time = 1000 s. Time = 2000 s. Time = 3000 s|
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Fig. 3 Liquid Fraction Contours for Stationary Case

Temperature Contours for Stationary Case:

0101010
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Fig 4. Temperature Contours for Stationary Case

Liquid Fraction Contours for 0.5 Rpm Rotation Case:

0JOJOIO)
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Fig. 5 Liquid Fraction Contours for 0.5 rpm Rotation Case
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Temperature Contours for 0.5 rpm Rotation Case:
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Fig. 6 Temperature Contours for 0.5 rpm Rotation Case

Liquid Fraction Contours for 1rpm Rotation Case:
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Fig. 7 Liquid Fraction Contours for 1rpm Rotation Case
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Fig. 8 Temperature Contours for 1 rpm Rotation Case

Liquid Fraction Contours for 1.5 rpm Rotation Case:
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Fig. 9 Liquid Fraction Contours for 1.5 rpm Rotation Case

Temperature Contours for 1.5 rpm Rotation Case:
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Fig. 10 Temperature Contours for 1.5 rpm Rotation Case

6. Tablel: Volume Average of Liquid Fraction for Different Rotation
Speed and Stand still Case:

. Stand still R_otation Rotation R(_)tation
S.No | Time (s) With (0.5 - With (1.5
case (0 rpm) With (1rpm)

rpm) rpm)
1 500 0.240 0.200 0.222 0.232
2 1000 0.343 0.318 0.328 0.331
3 2000 0.411 0.442 0.463 0.487
4 3000 0.515 0.528 0.530 0.613
5 4000 0.573 0.637 0.658 0.672
6 5000 0.641 0.662 0.715 0.746
7 6000 0.650 0.702 0.771 0.815

7. Calculation of Percentage of Thermal Enhancement

Percentage of Thermal Enhancement = liquid fraction of rotation -
liquid fraction of stand still/liquidfraction of stand still*100

* Volume average of liquid fraction for stand stand still case = 0.650
* Volume average of liquid fraction for rotation with 0.5 rpm= 0.702
* Volume average of liquid fraction for rotation with 1 rpm = 0.771

* Volume average of liquid fraction for rotation with 1.5 rpm = 0.815
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Percentage enhancement between stand still and rotation with 0.5 case =
0.702-0.650 *100/ 0.650

Percentage enhancement between stand still and rotation with 0.5 rpm
case = 8%

Percentage enhancement between stand still and rotationwithlrpm case =
0.771-0.650 *100 /0.650

Percentage enhancement between stand still and rotation with 1 rpm
case = 18.61%

Percentage enhancement between stand still and rotationwith1.5 rpm case
=0.815-0.650 *100 /0.650

Percentage enhancement between stand still and rotation with 1.5 rpm
case = 25.38%

8. Graph:
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Fig. 11 Time Vs Volume Average of Liquid Fraction
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9. Result and Discussion:

Stand stand still case

From the contours , when the hot water flows through hot fluid tube, the
phase changing material starts melting. At, the beginning small layer of molten PCM
is formed around the hot fluid tube. As, the melting goes on PCM is heated, it
expands and become less dense, causing it to rise. As it rise, it carries heat away
from the heat source and transfer it to cooler regions of the PCM. At the same
time ,cooler, denser PCM sinks down to replace the rising molten PCM. This result
in faster melting of PCM in the upper region of storage unit. The effect of buoyancy
is negligible in the lower region of storage unit. The heat transfer in the lower region
of the system is mainly due to conduction. Hence the melting is slow in region below
the hot fluid tube. In stand still case the natural convection makes the molten PCM
to rise on the upper region of latent heat storage unit. Thus a high rise in temperature
is noted on the upper half of latent heat storage unit .

Rotation case

Rotation is implemented to enhance the heat transfer. In this study three
rotational speeds are evaluated 0.5 rpm, 1 rpm,1.5 rpm. Performances of these cases
are compared with stationary case. Rotation seems to have negative effect on the
beginning of melting of PCM. In rotation latent heat storage system, the phase
changing material (PCM) is subjected to centrifugal forces due to rotation of system.
This can result in an angular component of the PCM, which affects the heat transfer
and melting process of the PCM. Because of centrifugal forces on PCM, the PCM is
pushed outwards towards the outer wall of the system. Once the sufficient melted
liquid PCM available (time = 2000 s.) because of rotation, molten PCM starts
circulating in the system. The rotation promote mixing of PCM. This helps to
eliminate any regions of PCM that are cooler or denser than others. This result in
more uniform melting of PCM in the latent heat storage system. The effectiveness
of this method is calculated by percentage of thermal enhancement between stand
still case and rotation case. The percentage of thermal enhancement between stand
still case and rotation case for 0.5 rpm, 1 rpm and 1.5 rpm are 8%, 18.61% and
25.38% respectively. When the faster rotational speed is given the parasitic load
will be higher and the advantage of having rotation may vanish. Hence the rotational
speed should be maintain low to minimize parasitic load for rotating latent heat
storage system.

10. Conclusion
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A shell and tube latent heat storage system was numerically studied to
inspect the effect of rotation in the melting process. The system was simulated as 2D
model. ANSYS FLUENT 2022 VERSION R2 was used to simulate and calculate
the solution. The system was studied with three different rotational speeds 0.5 rpm,
1 rpm and 1.5 rpm as well as stand still case. Paraffin wax (n-octadecane) was used
as PCM while the water is used as hot tube fluid. The conclusions drawn from the
study are:

« Rotation will have negative effect until sufficient amount of molten PCM
is formed.

* When enough molten PCM is formed because of rotation the molten PCM
starts circulating, this promotes of mixing of PCM. This helps to eliminate any
regions of PCM that are cooler or denser than others.

* This result in more uniform melting of PCM in the latent heat storage
system.

* The percentage of enhancement for 0.5 rpm,1 rpm and 1.5 rpm are 8%,
18.61% and 25.38% respectively for 6000 seconds of charging process.
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AHAJII3 TPOJAYKTUBHOCTI OBEPTOBOI CUCTEMHA
HAKOIIMYEHHS TPUXOBAHOI'O TEILJIA

AHoTaniss. B ocmanni poku 0na 36epicanns eHepeii GUKOPUCTOBYIOMbCS KOJCYX06i ma mpyouacmi
NpUX06ari mennosi cucmemu Hakonuderus mennoeoi enepeii (LHTESS) 3 mamepianamu, wo sminorome
pazy (PCM). Ocrosrum nedorikom npuxo8aHoi CucmeMu HaAKONUYeHHs: Menid € me, o 4epe3 HU3bKY
mennonpogionicme PCM mennonepedaua nusvka. Y 0anomy 00CmiodiceHHi po32ns0acmucs 2-6UMipHa
20pU3OHMANbHA 0O0NOHKA | MpY6Yacma cucmema nNpuUxo6ano2o 30epieanHa menia, obepmauus AKoi
peanizosano OnsA NPUCKOPeHHs npoyecy 3apsoku cucmemu. [ia MOOenO8aHHs . Ma PO3PAXYHKY
suropucmosyemvcs npocpamue 3abesnevenns ANSYS FLUENT2022 R2. Ilapaghin (n-okmadexan) i 600a
suxopucmosyromocsi sk PCM i eapsiua piouna (HTF) 6ionogiono. s nposedenHs HuUceibHO20
MOOeno8anHs poOIAMbCsL OesKi NPUNYWEHHS | 3aCMOCco8yIombCs cnpowjerts 0o cucmemu. Pioka gasa
PCM posensioaemocs sk Hecmucauge, HbIOMOHIBCbKe, 20MO2eHHe I I30mponHe cepedosuwye, a padiayitina
menionepeoaud 66adlCAEMbC HE3HAYHOW 6 NOPIGHAHHI 3 NPUPOOHUM KOHBEKYIHUM Meni000MIHOM.
Cuna naagywocmi uepes 3MiHY WiNbHOCMI 6 3anexcHOCMI 6i0 memnepamypu nio yac niaenenuss PCM
MoO0enoemvesi 3a 00nomo2or Habaudxcenus Byccinecka. 3 oensidy na nabauscenmns bByccinecka,
obcaerumu posutupenuamu PCM makooic nexmyroms, i npupoOHa KOHEeKYis NPUILMAEMbCA TAMIHAPHOIO.
s poss'azanus 3a0aui 4ucenbHUM CHOCOOOM BUKOPUCIIOBYEMbCA MEMOO 080BUMIPHOI eHMAnbNIlHOT
nopucmocmi. Moodemogannss ma pospaxynox npogoosmuvcsi ons 0,5 06/xe, 1 06/xé ma 1,5 06/xé i yi
pe3ybmamu NOpieHIOIOMbCA 3i cmayionaprum ananoeom . Ompumani pe3yibmamu nOKA3yoms, uo
00epmanHs NPUCKOPIOE npoyec niaeiexus. Bucrnoeku, 3pobaeni 6 pesynomami 00cuiodxceHHs ceiduams
npo me, uwjo 0OepMAHHA Mamume He2amMueHul epekm 00 Mux nip, NOKU He YMBOPUMbCA OOCMANHA
Kinbkicms posnaasienoco PCM. Konu 6 pezynibmami 06epmants ymeopoemobcs 00OCmMamusi KilbKicmb
posnnaenenozo PCM, posnnasnenuii PCM nouunac yupkynrosamu, ye cnpuse nepemiuiysannio PCM. e
donomazae ycynymu 0yov-axi obnacmi PCM, axi € xonoOHiwumu abo wineHiwumu 3a inwi. Lle
npu3600ums 00 Oiibut pieHomipHo2o niaeiennss PCM 6 npuxoeaniti cucmemi HAKONUYeHHs Menid.
Biocomox nocunenns 01 0,5 06/xs, 1 06/x6 ma 1,5 06/x6 cmanoeums 8%, 18,61% ma 25,38% sionosiono
3a 6000 cekyHO npoyecy 3apao0HCaAHHS.

KarouoBi ciaoBa: obepmosa cucmema naxonuuenns npuxoeanoeo menna, ANSYS; napaghin (u-
OKMAOeKaH).
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Abstract. The article presents analytical models for evaluating the process of drilling holes in parts made
of fibrous composite materials by drilling, which is accompanied by unusual defects that are not typical
for metal cutting, such as delamination, chips, hairiness, composite chipping, thermal destruction and
uncut fibers around the drilled hole, as they affect the service life of composite details. The influence of
processing conditions and modes (feed, spindle speed and drill tip angle) of carbon fiber on the drilling
quality parameters (delamination coefficient and roughness of the machined surface) and axial cutting
force is established. The delamination coefficient (Kgr) in composite materials was taken into account, for
which the critical axial force was determined, the excess of which leads to delamination of the hole
surface, by an indirect method - by measuring the axial force. Measurement of the axial force and
determination of its parameters were performed using an experimental setup. The machining modes
during experimental studies varied within the following limits: the number of revolutions n - from 1250
t0 4000 rpm and the feed S - from 50 to 800 mm/min. Drilling was performed on a vertical milling machine
with a CNC SMG-300 with a maximum spindle speed of 5000 rpm. carbide drills with a diameter of 5
mm SANDVIK class 1ISO K20. Analytical dependencies were constructed using modern methods of
multivariate statistical analysis - by the method of group consideration of arguments for calculating the
quality parameters of holes in composite materials from cutting modes: the number of revolutions of the
drill n, the feed S and the angle ¢ at the tip of the drill. An optimization problem of nonlinear programming
was solved where the material removal rate was chosen as the optimality criterion. The value of the
optimal mode for drilling holes in carbon fiber with a carbide drill VK8 with a diameter of 5 mm with an
angle at the edge 29 = 100° (V = 2.83 m/min, S = 406.26 mm/min) was established, which ensures
maximum hole processing performance. The results of the study are the practical importance for
mechanical engineering and the aviation industry, as they allow to increase the stability and productivity
of technological processes for manufacturing products from composite materials.

Keywords: Composite materials; drilling; carbon fiber plastics; quality parameters; delamination;
roughness; experimental researches; experimental setup; axial cutting force; modeling; optimization.

1. Introduction

Fibrous polymer composite materials, such as carbon fiber and fiberglass,
© V. Antonyuk, S. Vysloukh, O. Voloshko, 2025
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are widely used in various branches of modern instrument and mechanical
engineering, in particular in the aircraft industry [1, 2], due to their unique physical
and mechanical properties.

Composite materials are characterized by high strength, stiffness, corrosion
resistance, low coefficient of thermal expansion, improved fatigue performance
during operation, electrical insulation properties and anisotropy, which allows you
to control the properties of the final product by changing the number of fibers, their
orientation and the type of layer arrangement. Polymer composite materials with
carbon fibers and a flexible epoxy resin matrix have become particularly widespread

[3]-
2. Problem statement

Despite the high physical and mechanical performance of multilayer composite
materials, their use in various industries, especially in aircraft construction, requires
taking into account the peculiarities of drilling polymer composite materials, which
is accompanied by the occurrence of specific geometric defects, including uncut
fibers, delamination, hairiness, chipping of the composite, shrinkage of the material,
as well as thermal destruction and high roughness of the machined surface.

Therefore, an urgent task is to study the process of processing composite
materials by modeling the quality parameters of the process of drilling holes in
details made from polymer composite materials for its optimization.

3. Literature review

For critical structures made from composite materials, drilling is used,
which is accompanied by unusual defects inherent in metal cutting, such as
delamination, chips and uncut fibers around the drilled hole. The presence of such
defects leads to the formation of gaps between parts, as a result of which the
connections of structures are weakened, which is unacceptable for the general
requirements of mechanical engineering [4]. This is due to such characteristics of
the material as heterogeneity, anisotropy, the presence of highly abrasive reinforced
fibers, the combination of hard abrasive fibers with a soft matrix [5].

The widespread use of composite materials in obtaining holes for fasteners
requires ensuring high-quality holes for connections between details and increasing
the efficiency of the drilling process, which is possible by determining the optimal
cutting modes [6].
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The machinability of composite materials can be analyzed using: axial

cutting force, torque, roughness of the machined surface, delamination of the hole,
the degree of uncut fibers and tool wearing out [7].
These parameters are influenced by cutting modes (feed and speed), properties of
the workpiece material and tool material. Intensification of these modes leads to an
increase in cutting force and increased tool wearing out. In the process of drilling
composite materials, axial force can lead to delamination and interlayer cracking at
the exit of the hole, where the low thickness of the layered material provides less
resistance to tool penetration [8]. At the same time, a higher cutting speed allows for
better hole quality.

Surface roughness is one of the main characteristics in the drilling process
of composite materials, which is used to analyze the quality of the machined surface
by studying the microroughness of the detail’s surface, which is most often estimated
by the parameters R, and R; [7, 8].

4. Materials and Methods

To implement the tasks of researching the quality of machined hole surfaces
in polymer composite materials, drilling efficiency indicators were considered, since
they affect the service life of composite details. During the drilling of polymer
composite materials, various defects can be formed, such as delamination, damage
to the surface layer, high roughness of the machined surface, dimensional error and
deviation from roundness [9].

Delamination is the most common defect during drilling of composite
materials. This quality parameter is divided into delamination at the entrance of the
cutting tool into the material and delamination at the exit from it. There are many
ways to assess the quality of the hole for fiber-reinforced polymers, including
delamination and uncut fibers. One of the methods for non-destructive assessment
of the drilled holes quality is the analysis of the hole exit in carbon fiber plastics,
which is a simple measured variable that reflects the quality of the hole. [10].

The most common characteristic of the delamination parameter when drilling
composite materials is the delamination coefficient (Ksr), proposed by Chen [11], the
value of which is determined by the formula:

K =

where Dmax is the maximum diameter of the hole with the damaged area; D is the
nominal diameter of the hole. To analyze delamination in compaosite materials, Ho-
Cheng used a fracture mechanics approach [12]. To do this, they determine the
critical axial force Pcar , exceeding which leads to delamination of the hole surface.
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This parameter relates delamination to the properties of the composite material
according to the following formula:

b |BGER
caf =T 131 —v2,)

where G,, is the interlayer fracture toughness, J/m?; E; is the modulus of elasticity,
N/m?; h - the thickness of the uncut layer of the workpiece, mm; v1, - Poisson's ratio.
Compared to other fibrous polymer composite materials, carbon fiber composites
are most prone to delamination, which is accompanied by an excess of the critical
axial force, although their interlaminar fracture toughness is lower (Table 1). This is
due to the fact that these materials have a higher elastic modulus [13].

Table 1 — Critical axial force for carbon fiber composites, fiberglass composites and
hybrid composites at a layer thickness of h = 0.5 mm.

Material G, JIM? | E;, GPa V12 I\
Carbon fiber 290 150 0,25 391
Fiberglass 568 25 0,18 220
Hybrid material 299 52,5 0,20 231

To obtain mathematical dependencies of the parameters of the quality of
processing holes in composite materials, corresponding experimental researches
were conducted.

5. Experiments

In the experimental researches, carbon fiber composite with a carbon fiber
content of 50% with an orientation of 0/90° was used as the processing material [14].
The matrix material was epoxy resin LY564 and hardener HY 564 manufactured by
Huntsman Co. The total thickness of the composite material was 8+0.1 mm and
contained 32 layers with a thickness of 0.25 mm. The carbon fiber composite was
manufactured using the transfer molding technology (RTM). The workpiece was a
sheet of material 160 mm x 160 mm x 8 mm, which was cut into bars 20 mm wide
for further processing. In the experimental researches, carbon fiber composite with
a carbon fiber content of 50% with an orientation of 0/90° was used as the processing
material.

The total thickness of the composite material was 8+0.1 mm and contained
32 layers with a thickness of 0.25 mm.

The holes were drilled on a vertical milling machine with a CNC SMG-300
with a maximum spindle speed of 5000 rpm. As a cutting tool, carbide drills with a
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diameter of 5 mm SANDVIK class ISO K20 were used.
The angles at the apex 2¢ of the drills were 60°, 100° and 140°, they were
formed by the grinding operation.

To measure the axial force signal, the workpiece was mounted on a four-
component piezoelectric dynamometer Kistler 9272, which in turn was fixed on the
machine table. The experimental data were transmitted via an RS-232C data
interface using three Kistler 5070A amplifiers and processed on a PC using the
corresponding DynoWare software from Kistler. The surface roughness of the
machined holes, according to the parameter Ra, was measured using a Perthometer
M2. The base length value was 0.8 mm..

The value of the delamination coefficient was determined by photographing
the drilled hole using a microscope with a 500-fold magnification, on which a
camera was installed.

The maximum diameter of the hole was calculated by processing images
using the LabView v. 6 system.

The study of the process of drilling holes with measurement of axial force and
determination of its parameters was performed using an experimental machine. The
general scheme of the experimental machine for studying the process of drilling
carbon fiber parts is shown in Figure 1

Cartridge

Drill
Preparation

+—Machine table

Workpiece "
1 i Computer
[ - 11 I
Fol | Analog-
Ll to-gigzifal
Dvnamometer, L} converer J
L L 3
i
I

Figure 1 — Scheme of the experimental machine for studying the drilling process of
carbon fiber parts
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The purpose of experimental research on the drilling process of carbon fiber
parts is to study the influence of processing conditions and modes (feed, spindle
speed and drill tip angle) on the parameters of carbon fiber drilling quality (layering
coefficient and roughness of the machined surface) and axial cutting force. The
processing modes during the research varied within the following limits: speed n —
from 1250 to 4000 rpm and feed S — from 50 to 800 mm/min.

6. Results

Processing of the results of experimental studies to obtain the corresponding
mathematical models was performed using modern effective methods of
multivariate statistical analysis [15].

Using the GMDH Shell DS software, which implements the advantages of
group argument accounting methods (MGAA), mathematical dependences of
quality parameters on the number of revolutions of the drill n, feed S and sharpening
angle ¢ at the tip of the drill were obtained [16].

When obtaining the mathematical dependence of the axial force P =f(n, S, ¢)
on the number of rotations, feed and angle at the tip of the drill, 25% of the initial
data were used as a test sample to assess its accuracy.

As a result, the following dependence was obtained with a coefficient of
determination R% = 0.994 on the test sample:

P =0,37403531 -5 + 0,80636969 - ¢ — 0,042552536 - n +

+2,5174804 - 1072 -5 - ¢ —1,1838289-107*-S - n
—2,8640392-107*- ¢ -n—

—6,6437653 -1077 - S - 92 4+ 1,5512999 - 1078 - § - n? +

+3,7530623 - 1078 - ¢ - n? + 7,5583524 - 1078 - 2 - n —

—1,983767 - 10™* - ¢? + 5,5761222 - 107% - n? — 9,9045321

.10712. (pZ -n? —

—2,7554812 - 1071 .5 - 92 -n? —7,9678736-10"7-S- ¢ -n
+

+1,0441172 - 10710.5. Q- n? + 2,1027644 - 10710.5. (p2 ‘n
+ 99,778598

Since it is practically impossible to measure the value of the delamination
coefficient during the machining process, it is proposed to determine this parameter
by an indirect method - by measuring the axial force. For this purpose, the
dependence Kqe=f(P) was obtained, which allows determining the value of the
delamination of the hole in the processed material by the value of the axial cutting
force.
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A similar approach is also proposed to be performed to determine the
roughness of the hole surface.
To obtain an analytical dependence of the delamination coefficient, a 5th order
polynomial regression was used based on the results of experimental studies:

Kger = 1,58379455006 - 107*2P5 — 1,7774707523 - 10-°P* +
+7,0153442442 - 1077 P3 — 1,17101594923852 - 10~*P? +
+8,83914402978316 - 1073P + 0,788058618989498

The quality of the obtained dependence Kge=f(P) is confirmed by the
accuracy parameters: average absolute error — 0.0351; average square error — 0.003;
average relative error — 2.8941%; coefficient of determination R — 0,9296.

To control the roughness parameter of the machined surface by the value of
the axial cutting force, based on the results of experimental studies, a mathematical
model of the dependence of roughness on the axial force Ra = f (P) was obtained,

By the SPSS Statistics software, the curves of graphical dependences were
compared using the regression module to obtain an analytical dependence that best
describes the statistical data [17]. It was determined that the power form of the
regression equation most accurately approximates this dependence best describes

Ra = 0,0898p 05064

statistical data with the following accuracy parameters: average absolute error —
0,2031; average square error — 0.069; average relative error — 15.6206%; coefficient
of determination R? — 0,7419.

The developed mathematical dependencies of the quality parameters of the
hole surfaces (delamination and roughness) are convenient to use for predicting these
parameters when drilling holes in carbon fiber parts and as a constraint in the general
mathematical model of the drilling process when solving the optimization problem.
At the same time, these mathematical dependencies are adequate for the following
processing modes: the number of rotations n - from 1250 to 4000 rpm and the feed
S - from 50 to 800 mm/min.

Optimization of the conditions and modes of processing of composite
materials involves solving various technological, structural, economic and
organizational problems. For this, the following optimality criteria are used: the
criterion of minimum cost; the criterion of maximum efficiency (productivity),
which ensures the minimization of the time spent on mechanical processing; criteria
of quality and accuracy of processing, etc.

As an example of solving the optimizing problem the drilling process in
carbon fiber parts, which provides the necessary parameters of the quality of the
holes, the maximum productivity N of this process was chosen as the criterion.
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Therefore, the task of solving the optimization problem of nonlinear
programming, which is built on a model where the material removal rate is chosen
as the optimality criterion [17].

max N = —(mw_mp), i max No= el
p-t S p-t
where my, — mass of the workpiece, kg;
m,— weight of the part, kg;
p — material density, kg/mm?;
t — processing time, min.
| — cutting path when drilling one hole, mm;
n — number of holes;
S — drill feed, mm/min.
In this case, a set of restrictions is set on the parameters of the quality of the
hole surfaces and the capabilities of the equipment used:
P=f(n,S,p)<138;

Ke=f1(n,S,0)<1,1;
Ra=f2(n,S, ¢)<1,6;
50<5<800;
1250<n<4000

Thus, as a result of experimental research and solving the problem of
optimizing the process of drilling holes in carbon fiber with a VK8 carbide drill with
a diameter of 5 mm and an angle at the apex of 2¢ = 100°, the value of the optimal
drilling mode (V = 62.83 m/min, S = 406.26 mm/min) was obtained, which ensures
maximum hole processing performance.

7. Discussion

According to the results of experimental researches, it was found that the
roughness of the machined surface of the holes increases with increasing feed and
decreases with increasing drill speed. In addition, by comparing the obtained models,
it can be concluded that the angle at the tip of the tool does not have a clearly defined
effect on the R, parameter.

The studies have shown that the values of the axial force and the
delamination coefficient can be minimized at high spindle speeds and reduced feed
values.
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Modern production is focused not only on the quality of the finished
product, but also on its manufacture with the lowest possible costs in the shortest
possible time and in accordance with the specified quality indicators.

With adequate mathematical models of the parameters of the drilling
process in carbon fiber parts, it is possible to determine the influence of cutting
modes and conditions on the stability of the cutting process and establish optimal
values of modes that provide the necessary dynamic properties.

It has been established that increasing the thickness of the material layer
leads to an increase in the critical value of the axial force, which accordingly requires
an increase in the values of the optimal cutting modes. The use of fiberglass or hybrid
composite material as the processed material reduces the feed value and the number
of revolutions of the drill, which negatively affects the productivity of the process.

Conclusions

Based on the results of the research and modeling of the parameters of the
drilling process in carbon fiber parts, the following conclusions can be made.

1. As a result of the analysis of the drilling process in carbon fiber parts, it
was established that the criterion parameters of the quality of the process are the
delamination coefficient and the roughness of the machined surfaces, which can be
determined by the magnitude of the axial cutting force.

2. A scheme of the machine for conducting experimental reserches is
proposed, which allows obtaining the necessary information for creating
mathematical models of quality parameters when drilling holes.

3. As a result of processing the experimental research data, mathematical
dependences of the axial force, delamination coefficient and roughness of the treated
surface on the cutting modes and conditions were obtained, which allow forming a
mathematical model of the drilling process in carbon fiber.

4. The developed mathematical model of the process of drilling holes in
carbon fiber parts makes it possible to solve the problem of optimizing cutting
modes, which ensures obtaining the specified quality parameters of the resulting
surfaces with the highest productivity.
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AHoTauis. B cmammi npedcmasneni ananimuuni mMooeni O OYiHKU NpoYecy C8epOiHHI OMBOPIs 8
O0emanax 3 BONOKHUCMUX KOMNOSUYIUHUX ~MAmMepianié —CEepONIHHAM, WO  CYNPOBOONCYEMbCSL
He36UYaHUMU  Oehekmamu, AKi HeBNACMUEl PI3aHHIO Memany, MAxi AK po3uapyeawHs, CKou,
gopcucmicmy, GUKPUULYBAHHSA KOMNO3UMY, MepMiuHa OeCmpyKyis ma Hepo3pi3aHi 80J10KHA HABKOIO
npoceeponeHo2o 0OmMeopy, OCKIIbKU 60HU 6NIUSAIONb HA MEPMiH eKCRIYamayii KOMRO3UMHUX Oemaneil.
Bcemanoeneno ennue ymos ma pesicumie 06poonenns (nodaui, Kitbkocmi 06epmis winunoeis ma Kyma npu
sepuiuni c6epona) 6yeneniacmuKy Ha napamempu aKocmi ceeponints (Koegiyicnm po3uapysants ma
wopcmkicms 06pobaeHoi noepxHi) ma ocvosy cuny pisauns. Bpaxoeano xoegiyicnm poswapyeanms
(Ksr) 6 komnosuyitinux mamepianax, 015 4020 USHAYANU KPUMUYHY OCbOBY CUTY, Nepesuujerts Kol
npu3eoo0Ums 00 PO3UAPYEAHHS NOBEPXHI OMBOPY, HENPAMUM MENMOOOM — WITAXOM SUMIDIOBAHHS OCbOBOT
cunu. Bumiplosanns ocvoeoi cumu ma eusnauenns il napamempieé GUKOHYEANU 3d OONOMOZ20I0
excnepumenmanvnoi  ycmanosku. Pedcumu  06pobnenns npu nposeoenni  eKcnepumMeHmanbHux
00C0IHCEHb BAPIIBATUCL 6 Medcax: KilbKicmb 06epmie n — 6id 1250 0o 4000 06/xé ma nodaua S — 6i0
50 00 800 mm/xe. Ceeponinus GUKOHY8AU HA 8epMUKATbHO-(pesepHomy eepcmami 3 HITK SMG-300 3
MakcumansHoio yacmomoro obepmanns winunoens 5000 06/xg. meepoocniagHuMu ceepona oiamempom
5 mm SANDVIK xnacy ISO K20. Ilo6ydosari aHanimuyHi 3a1edCHOCMI 3 6UKOPUCHIAHHAM CYYACHUX
Memooie 6azamosuUMIPHO20 CIMAMUCIMUYHO20 AHANIZY — MEMOOOM 2PYNO6020 6PAXYE6AHHS aAP2yMeHMI8
0J18 PO3PAXYHKY NAPAMempie AKOCHi 0OMEopi8 KOMNOSUYILIHUX MAMepIianie 8i0 pexcumie pi3anHs: Yucia
0bepmie ceepona n, nodayi S ma Kyma @ npu eepuuHi ceepora. Posze’sizana onmumizayiina 3adaua
HENHILIH020 NPOSPAMYBAHHSL Oe KpUmepiem OnMUMAaibHOCMI 6UOPAHA WEUOKICMb 3HIMAHHS Mamepiany.
Bcemanoeneno  snauenns  onmuManbHO20  pedjcumy  C6epONiHHA — OMEOpIe Y 8y2lennacmuxy
meepoocniagrum ceeponom BKS diamempom 5 mm 3 kymom npu eepuuni 29 = 100° (V = 2,83 m/xg, S
= 406,26 mm/x8), siKuil 3a0e3neuye MakCUMAaibHy NPOOYKMUSHICHb 06pobaeHHs omeopis. Pezyromamu
00CNIONHCEHH MAIOMb NPAKMUYHE 3HAYEHHA OISl MAWUHOOYOY8AHHA ma aiayiiHoi npoMUcio80Cmi,
OCKINbKU  003601510Mb  NIOSUWUMU  CMADIILHICMb MA  NPOOYKMUBHICMb  MEXHON02IYHUX Npoyecie
8U20MOGIEHHS 8UPOOI6 3 KOMNOZUYIIHUX Mamepianis.

Kiio4oBi ciioBa: komnosuyitini  mamepianu; C8epONiHHA; BYIeNIACMUKU; napamempu SKOCMI,
PO3WAPYBAHHS;, WOPCMKICIb, eKCNePUMEHMANbHI  OOCHIONCEHHS, eKCNepUMeHmMAalbHA YCMAHOBKA,
0Cb08a CUNA PI3AHHST; MOOETIOBANHS; ONMUMIZAYISL.
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Abstract. This study investigates the effect of machining-based post-processing on the surface
topography of Direct Metal Laser Sintered (DMLS) 316L stainless steel intended for fusion-relevant
applications. Cubic samples (30 x 30 x 30 mm) were produced by additive manufacturing and
subsequently finished by face milling and surface grinding under two parameter settings each. The
surface topography was characterized using an AltiSurf 520 optical system in accordance with ISO 25178.
The as-printed surface exhibited high roughness (S, = 8.899 um, S, = 79.427 um), while all post-
processed surfaces showed significant improvements. The lowest roughness (Sa = 1.346 um) was obtained
after grinding at 7 m/min feed rate. Skewness and kurtosis analysis indicated that machining transformed
the peak-dominated surface into a more uniform, near-Gaussian texture. The results confirm that
controlled milling and grinding operations can effectively enhance the surface integrity of DMLS 316L
components. These findings demonstrate the potential of hybrid additive—subtractive manufacturing to
produce surfaces suitable for the vacuum and functional requirements of fusion technology applications.
Keywords: additive manufacturing; DMLS 316L stainless steel; surface topography; post-processing;
fusion technology applications.

1. Introduction

Additive manufacturing (AM) has emerged as one of the most transformative
technologies in modern engineering, enabling the production of complex
components with high design freedom and material efficiency [1,2]. Among the
various AM techniques, Direct Metal Laser Sintering (DMLS) has gained particular
importance for producing metallic components with intricate geometries that are
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difficult or impossible to fabricate using traditional subtractive manufacturing
methods [3,4]. In DMLS, a high-energy laser beam selectively melts fine layers of
metallic powder, such as stainless steel, titanium, or nickel-based alloys, to build a
part layer by layer directly from a digital model. This layer-wise approach allows for
the realization of lightweight structures, internal channels, and functional gradients
that are highly advantageous for advanced engineering applications [5-8]. However,
despite these benefits, DMLS parts often exhibit intrinsic challenges, such as high
surface roughness, porosity, and residual stresses, which can limit their use in critical
technological environments [9,10].

One of the most promising areas for applying additive manufacturing is the
field of fusion technology [11]. In experimental fusion devices and future reactors,
such as ITER and DEMO, component design must meet demanding mechanical,
thermal, and vacuum performance criteria [12,13]. The extreme conditions inside
the fusion environment — characterized by high temperatures, cyclic thermal loads,
radiation exposure, and ultra-high vacuum — place strict constraints on material
selection and manufacturing quality. Structural and functional components within
the vacuum chamber must not only maintain mechanical integrity but also exhibit
low outgassing rates and high surface density to ensure vacuum compatibility
[14,15]. Any surface irregularities, porosity, or contamination can significantly
impair vacuum tightness and introduce sources of gas emission, thereby
compromising operational stability. Therefore, before AM parts can be reliably
implemented in fusion systems, their surface and subsurface characteristics must be
optimized to meet these stringent requirements.

316L stainless steel is among the most widely used materials for both
additive and conventional fabrication of components in vacuum and fusion
environments [16,17]. It combines good mechanical strength, corrosion resistance,
and non-magnetic properties with excellent weldability. When processed through
DMLS, 316L retains these beneficial features but often exhibits a characteristic
rough, layered surface and microstructural inhomogeneity [18,19]. These as-built
surface conditions are typically unsuitable for vacuum applications, where
smoothness and compactness are crucial for ensuring adequate sealing and
minimizing gas entrapment. Therefore, appropriate post-processing methods must
be employed to refine the surface topography, eliminate near-surface defects, and
improve functional performance.

Machining-based post-processing methods, such as face milling and face
grinding, represent practical and effective approaches for improving the surface
quality of additively manufactured metal components [8,20]. These techniques
enable the controlled removal of the rough outer layers, reducing waviness, asperity
peaks, and partially melted particles originating from the DMLS process. The
resulting modifications in surface topography can significantly influence the
mechanical behaviour, wear resistance, and vacuum performance of the components.
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However, the interaction between the machined surface and the underlying
additively manufactured microstructure remains complex, as the anisotropy,
porosity, and hardness variations within DMLS parts may affect machining
efficiency and surface finish outcomes [21,22]. Consequently, systematic evaluation
of machining-based post-processing is necessary to identify optimal processing
parameters that produce surfaces suitable for fusion-related applications.

Recent literature demonstrates that post-processing is essential to render
DMLS 316L surfaces suitable for demanding applications. Powder-bed fusion parts
typically show high as-built roughness, partially fused particles and near-surface
porosity, which can degrade fatigue performance and surface-dependent functional
properties; several studies quantify these effects and show that controlled machining
or polishing substantially reduces roughness and improves fatigue and breakdown
behaviour [16,23]. Experimental and review papers indicate machining and other
mechanical finishing methods are effective at removing the superficial, layer-
induced defects, while thermal or HIP treatments can additionally close internal
porosity and homogenize microstructure when required [9,24]. Importantly for
fusion or accelerator vacuum applications, recent targeted evaluations found that
DMLS 316L can achieve ultra-high vacuum suitability after appropriate post-
processing and baking steps, with some machined samples reaching leak rates near
instrument detection limits and showing pump-down behaviour comparable to
wrought material [25]. Taken together, these studies motivate systematic
comparisons of machining routes such as face milling and face grinding on DMLS
316L to identify parameter sets that reliably produce surface topographies
compatible with fusion-relevant requirements.

The present study addresses this challenge by investigating the influence of
face milling and face grinding on the surface topography of DMLS 316L stainless
steel specimens. By analysing different machining parameters and quantifying their
effects on areal roughness characteristics, the study aims to assess the suitability of
post-processed DMLS parts for use in fusion environments. The findings contribute
to defining process—structure—surface relationships that can guide the future
qualification of additively manufactured metallic components in fusion technology.

2. Experimental conditions and methods

Additive manufacturing experiments were carried out using 316L stainless
steel specimens produced by Direct Metal Laser Sintering (DMLS). The printing
process was performed at VARINEX Zrt. using 316L stainless steel powder. The
parts were manufactured in the form of small cubic samples with nominal
dimensions of 30 x 30 x 30 mm. A total of five samples were produced to allow
systematic comparison of different machining-based post-processing conditions.
The DMLS-made parts were divided into five groups: one as-printed reference and
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four samples subjected to different post-processing combinations of milling and
grinding parameters. The aim of this setup was to characterize the influence of
machining conditions on the resulting surface topography and to identify trends in
surface modification achievable through mechanical finishing. The samples were
subjected to two distinct machining methods: face milling and longitudinal
peripheral plane grinding. Both techniques were selected because of their industrial
relevance and their different material removal mechanisms, which allow a
comparative understanding of surface formation in additively manufactured metallic
materials.

The face milling operations were performed on a Perfect Jet MCV-M8
vertical machining centre. The tool assembly consisted of a Tungaloy T2845 PM
063.05Z5W tool holder equipped with a BFT Burzoni OFEX 05T3AE cutting insert.
The insert was manufactured from KH100-grade carbide, providing sufficient wear
resistance and edge stability when cutting stainless steel. During the experiments,
one insert was clamped into the toolholder. Milling was carried out under flooded
lubrication using CIKS HKF 420 coolant to minimize temperature rise and to assist
chip evacuation. Two parameter combinations were investigated for the milling
process: both employed a cutting speed of 200 m/min and a constant depth of cut of
0.5 mm, while the feed per tooth (f;) was varied between 0.5 mm/rev and 0.8 mm/rev.
This variation allowed the assessment of feed influence on the surface texture and
material removal characteristics.

The grinding operations were conducted on a Metallkraft FSM 4080
precision surface grinding machine, which ensured high rigidity and fine
controllability of process parameters. A grinding wheel with an outer diameter of
343.4 mm was used. The process was performed under flooded cooling with the
same CIKS HKF 420 coolant to maintain consistent lubrication and thermal
conditions across both machining technologies. For grinding, the main process
parameters included a rotational speed of 1450 RPM, a depth of cut of 0.05 mm, and
a stroke width of 1.5 mm per pass. The feed rate (vi) was varied at two levels, 7
m/min and 9 m/min, to evaluate its effect on the achieved surface topography. These
conditions were chosen to represent typical fine-finishing operations applicable to
stainless steel components.

As a result, the complete set of experiments included five surface
conditions: one as-printed, two milled, and two ground surfaces. After machining,
all samples underwent careful cleaning to remove coolant residues and any loosely
adhered particles. No heat treatment, density testing, or vacuum qualification
procedures were carried out in the present phase of the study, but these investigations
are planned as part of future work to establish correlations between surface finish
and vacuum compatibility. Similarly, detailed microscopic analyses, including
optical or scanning electron microscopy, are also intended for the next research stage
to complement the quantitative topography measurements.
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Surface characterization was performed using an AltiSurf 520 three-
dimensional topography measurement system. This instrument enables non-contact
areal surface measurement based on optical scanning principles, providing high-
resolution topographic data suitable for areal roughness parameter evaluation. The
surface measurements were analysed using the AltiMap Premium v6.2.7487
software package. Each sample was measured once over an area of 4 x 4 mm, with
a resolution of 1 wm times 10 pm. The evaluation of the acquired surface data
followed the ISO 25178 standard for areal surface texture analysis, which allows the
quantification of both amplitude and functional characteristics of surface
morphology. The parameters investigated in this study included the arithmetic mean
height (Sa), maximum height (S;), skewness (Ss«), and Kkurtosis (Sk,). These
parameters collectively describe the average roughness, the extreme height
difference, and the statistical distribution of surface peaks and valleys, offering
comprehensive insight into the effectiveness of post-processing operations. No
averaging or statistical repetition was applied at this stage, as the study aimed
primarily to identify qualitative trends and establish methodological feasibility for
subsequent, more extensive experiments.

The selected methodology ensures that the observed differences in surface
topography can be directly attributed to the applied machining conditions. By
maintaining consistent coolant, tool, and machine configurations, while varying only
the feed per tooth or feed rate, the influence of process dynamics on the surface
structure of DMLS 316L stainless steel can be systematically assessed. The
combination of high-precision surface measurement and controlled machining
conditions provides a robust basis for understanding how additive manufactured
surfaces respond to traditional subtractive finishing. The obtained data serve as the
foundation for developing optimized post-processing protocols that could make
additively manufactured stainless steel components suitable for integration into
fusion-relevant environments, where both surface quality and structural integrity are
of critical importance.

3. Results and Discussion

The corresponding quantitative roughness parameters extracted from the areal
measurements are summarized in Table 1: the arithmetical mean height (Sa), the
maximum height (S,), the skewness (Ss), and the kurtosis (Sy).

Table 1 — Summary of the surface roughness measurement results

. Milling Milling Grinding Grinding
Process 3D printed 0.5 mm/rev. 0.8 mm/rev. 7m/min 9 m/min
Sa [um] 8.899 1.726 2.244 1.346 1.666
Sz [um] 79.427 10.246 13.936 12.045 19.023
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Sw[] 0.147 -0.168 0.308 -0.261 -0.487
Sku[-] 3.090 1.925 1.922 2.927 3.305

Figure 1 presents the representative 3D surface topography maps obtained from
each surface preparation method: (a) as-printed, (b) milling with 0.5 mm/rev feed,
(c) milling with 0.8 mm/rev feed, (d) grinding at 7 m/min, and (e) grinding at 9
m/min.

a) 3D printed

Figure 1 — Variation of the Average Height of the Waviness profile in the studied range

3.1 General trends and surface morphology
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The surface topographies reveal a clear transition from the highly irregular
and layered morphology of the 3D printed surface to smoother and more uniform
textures obtained after milling and grinding. The as-printed surface exhibits
pronounced waviness and asperities, resulting from the layer-by-layer deposition
inherent in the additive manufacturing process. These height variations are
quantitatively reflected in its S, value of 8.899 um and S; value of 79.427 pum, both
significantly higher than those of any of the subsequent subtractive processes. Such
values are characteristic of typical fused deposition or powder-bed printed metallic
or polymeric surfaces, where partially melted particles, stair-step effects, and inter-
layer ridges dominate the microgeometry.

When the printed surfaces were subjected to milling and grinding,
substantial reductions in both S, and S, were observed, confirming the strong
smoothing effect of material removal. Among the milled samples, the surface milled
at a lower feed of 0.5 mm/rev achieved the smallest S, value (1.726 um), while the
higher feed of 0.8 mm/rev resulted in a slightly rougher texture (Sa = 2.244 pm).
This trend is consistent with general machining theory, as higher feed per revolution
increases the uncut chip thickness and the feed marks left by the cutting tool, thereby
amplifying the surface roughness amplitude. Nevertheless, both milled surfaces
exhibit an order-of-magnitude reduction in S, compared to the as-printed sample,
demonstrating the capability of milling to significantly improve surface quality in
post-processing of additively manufactured parts.

The ground surfaces further improved smoothness, reaching S, values of
1.346 um and 1.666 um for the 7 m/min and 9 m/min cutting speeds, respectively.
The lower feed rate thus provided the finest finish, consistent with the notion that
slower feed rates in abrasive processes generally allow for more controlled material
removal and reduced thermal damage. The slightly higher roughness at 9 m/min may
be attributed to increased thermal softening or local wheel loading, which can alter
the effective cutting edges and cause ploughing rather than pure abrasion. Despite
these differences, both grinding conditions resulted surfaces with S, below 2 pm,
marking a substantial refinement compared with the printed and milled conditions.

3.2 Amplitude parameters

The evolution of Sa and S, values across the five setups reveals the dominant
role of surface generation mechanisms in determining the overall amplitude
characteristics. The highest values observed in the printed sample (Sa = 8.899 um,
S; = 79.427 pum) confirm the presence of tall peaks and deep valleys. The ratio
between S; and S, is approximately 8.9, suggesting that extreme height features
significantly contribute to the overall texture, a common feature of layer-based
manufacturing. The subsequent milling and grinding processes not only reduced the
average height deviations but also compressed the peak-to-valley range, leading to
S; values between 10.246 and 19.023 pm.
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A closer comparison of the milling results indicates that increasing feed
from 0.5 to 0.8 mm/rev raised S, from 10.246 to 13.936 pm, a roughly 36% increase,
which aligns with the increased feed mark depth and the larger cusp height expected
from a coarser toolpath spacing. However, even the rougher milled surface exhibits
an S; value that is only about one-sixth of that of the printed surface, highlighting
the remarkable flattening effect of milling.

Grinding introduced another level of surface refinement. The lowest S,
value (12.045 pm) was achieved at 7 m/min, while the higher feed rate (9 m/min)
produced a noticeably higher S; of 19.023 pum. This indicates that increasing the
wheel speed may promote instability in the contact zone, potentially due to thermal
effects or insufficient coolant efficiency. Such sensitivity of S; to process parameters
emphasizes the need for optimized grinding conditions when targeting ultra-smooth
functional surfaces.

Overall, both S, and S, parameters follow the expected trend: 3D printing >
milling (0.8 mm/rev) > milling (0.5 mm/rev) > grinding (9 m/min) > grinding (7
m/min), demonstrating the progressive improvement of surface finish through
successive mechanical removal steps.

3.3 Material distribution parameters

While S, and S; describe the amplitude of surface deviations, the skewness
and kurtosis provide insight into the shape of the height distribution, revealing
whether the surface is dominated by peaks or valleys, and whether it has sharp or
flat features. These parameters are crucial for predicting the tribological and
functional performance of surfaces, such as bearing capacity, lubrication retention,
and contact behaviour.

The as-printed surface shows a slightly positive skewness (Ss = 0.147),
suggesting a peak-dominated structure where asperities project above the mean
plane. This morphology is typical for additively manufactured parts, in which
partially fused particles and ridges create a surface rich in isolated high spots. Such
peak-dominated textures can lead to poor contact conformity and rapid wear if used
in sliding applications without post-processing.

After milling, the Sg values changed notably. At 0.5 mm/rev, S« became
slightly negative (-0.168), while at 0.8 mm/rev it turned positive again (0.308). This
alternating behaviour indicates that feed rate significantly affects the distribution of
peaks and valleys. The lower feed produced a surface with shallow valleys and
flattened peaks, as cutting marks overlap and the tool removes more irregularities
per revolution. In contrast, the higher feed increased the tendency toward periodic
ridges, reintroducing a peak-dominated profile. These results underline the strong
geometric influence of feed per revolution on the material distribution and texture
symmetry in milled surfaces.
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Grinding further shifted the skewness toward negative values, with Sy equal
to-0.261 at 7 m/min and -0.487 at 9 m/min. This indicates valley-dominated surfaces,
where the material removal preferentially smooths the high peaks and leaves a
plateau structure with residual micro-depressions. Such surfaces are advantageous
for functional applications requiring lubricant retention or improved load
distribution, as the valleys can serve as micro-reservoirs. The increasingly negative
S« at higher feed rate suggests more pronounced valley features, which might be
associated with localized material pull-out or micro-grooving caused by abrasive
interactions.

The kurtosis values (Sk;) complement this analysis by indicating the
sharpness or flatness of the height distribution. An ideal Gaussian surface has Sy, =
3, while values below 3 imply a broader, flatter distribution and values above 3
correspond to sharp, spiky textures. The printed surface shows Sy, = 3.090, nearly
Gaussian but slightly peaked, consistent with its heterogeneous and irregular
asperity structure. The milled surfaces, however, display markedly lower Sy, values
(1.925 and 1.922), indicating flatter, more uniform height distributions. This
suggests that milling effectively homogenized the surface texture, reducing the
occurrence of extreme peaks or valleys.

In contrast, grinding at both speeds increased Sy, to 2.927 and 3.305,
respectively. The first case (7 m/min) is still near-Gaussian, implying a balanced
texture with moderate peaks and valleys, while the second (9 m/min) clearly shows
a more peaked distribution, possibly due to fine grooves or abrasive scratches that
introduce localized height variations. The combined Sy and Sy trends indicate that
grinding tends to produce negatively skewed, moderately peaked surfaces,
favourable for tribological applications where controlled valleys improve lubricant
flow, but sharp asperities are undesirable.

3.4 Comparative evaluation and functional implications

The combined analysis of amplitude and distribution parameters reveals that
each surface preparation method produces a distinct topographical signature, directly
influencing the potential functional performance. The 3D printed surface, while
structurally sound, exhibits the roughest and most irregular morphology, making it
unsuitable for precision mechanical contact or sealing applications without post-
processing. Its high Sa and S, values, together with a slightly positive skewness,
imply limited bearing area and increased risk of high local contact stresses.

Milling effectively removes these irregularities, producing surfaces with S,
below 2.5 pm and balanced S and Sy, values, particularly at the lower feed rate. The
smoother, more isotropic character achieved at 0.5 mm/rev indicates that controlled
feed selection can yield near-Gaussian surfaces with improved uniformity. Such
textures are well suited for applications requiring moderate friction and wear
resistance, as the absence of pronounced peaks minimizes abrasive interactions.
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However, the milled surfaces remain slightly directional due to feed marks, as
evident from the anisotropic features seen in Figure 1(b—c).

Grinding offers the finest finish and the most functionally advantageous
surface structure. The lower-speed grinding condition (7 m/min) produced the best
combination of parameters, with low S, and S;, negative Ss, and near-Gaussian Sy.
This indicates a plateau-like surface with shallow valleys, ideal for applications
requiring both smoothness and lubricant retention. Increasing the feed rate to 9
m/min, although still resulting in a relatively fine surface, introduced slightly higher
roughness and stronger negative skewness, possibly linked to thermal or wheel—
workpiece interaction effects. The findings thus highlight the need to balance
process speed and surface integrity in grinding operations, as excessive speed may
compromise topographical uniformity.

3.5 Correlation between roughness parameters and process
characteristics

The strong correlation between process kinematics and topographical
outcomes can be further discussed in terms of material removal mechanisms. In
additive manufacturing, surface roughness is primarily determined by melt pool
dynamics and powder or filament deposition accuracy, resulting in large-scale
irregularities. Milling, dominated by mechanical shearing and chip formation,
produces periodic feed marks that depend on the tool geometry and feed per
revolution. Grinding, on the other hand, involves micro-scale cutting by abrasive
grains, which generates random, isotropic micro-features.

These mechanisms explain the observed progression of Sy and S; reductions
and the corresponding shifts in Sq and Sw,.. The printed surface peak-dominated
texture (positive Sg) arises from deposited ridges, while the milled surfaces exhibit
transitional behavior where tool-material interaction alternates between cutting and
ploughing, depending on feed rate. Finally, the ground surfaces achieve valley-
dominated distributions (negative Ss) due to abrasive flattening of asperities. The
variation in Sy, values reinforces this interpretation, as flatter distributions occur
when material removal is stable and uniform, while peaked distributions reflect
localized irregularities.

3.6 Summary of findings

The comparative results demonstrate that both milling and grinding are
effective for post-processing additively manufactured surfaces, yet they differ in
their ability to modify surface characteristics. Milling significantly improves
roughness by removing macro-scale irregularities, but its texture remains influenced
by toolpath geometry and feed rate. Grinding achieves finer finishes and more
favorable material distributions, producing plateau-like surfaces beneficial for
tribological performance. Quantitatively, the total reduction in S, from 8.899 um
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(printed) to 1.346 pum (ground, 7 m/min) represents an 85% improvement in mean
height, while S, decreased by approximately 85% as well, confirming a consistent
leveling of the surface profile. The accompanying evolution of Sg from positive to
negative values and Sy, toward near-Gaussian levels indicates an overall transition
from irregular, peak-rich to uniform, valley-balanced textures.

5. Conclusions

This preliminary investigation examined the surface topography of
additively manufactured components and their post-processed counterparts
produced by milling and grinding. Quantitative 3D surface measurements revealed
substantial improvements in surface quality after subtractive finishing operations.
The as-printed surfaces exhibited high roughness amplitudes (Sa = 8.899 um, S; =
79.427 pum) and a slightly positive skewness, indicating a peak-dominated
morphology typical of layer-based fabrication. Subsequent machining operations
significantly reduced surface irregularities, confirming their suitability for
enhancing the functional properties of 3D printed parts. Among the post-processing
methods, milling with a feed of 0.5 mm/rev and grinding at a feed rate of 7 m/min
produced the smoothest and most uniform surfaces. These conditions resulted in the
lowest S, values (1.726 um and 1.346 pum, respectively) and near-Gaussian height
distributions. Grinding generated negatively skewed textures characterized by
shallow valleys and plateau structures, which are advantageous for applications
involving friction, lubrication, or wear contact. The results demonstrated that
controlled finishing parameters allow a transition from rough, peak-dominated
printed textures to refined, valley-balanced surfaces suitable for functional testing
and potential industrial application. The findings indicate that 3D printed parts, when
properly finished, can meet the surface quality requirements necessary for the
intended purpose of the ongoing research project. The printed base material provided
a stable substrate, and the achieved surface characteristics after milling and grinding
suggest that additive—subtractive hybrid manufacturing can effectively combine
geometric flexibility with surface precision. In this context, the study confirms the
viability of integrating 3D printing as a preparatory step in producing components
that require specific surface functionality after finishing.

However, as this was a preliminary study, further investigations are needed
to fully validate the process chain and to explore the influence of additional variables
such as tool geometry, cutting speed, and material hardness on the resulting surface
integrity. Future work will focus on extending the analysis to mechanical and
tribological testing, fatigue resistance, and microstructural evaluation. These follow-
up studies will establish the relationship between surface topography and functional
performance, ensuring that additively manufactured and post-processed components
can be reliably applied in engineering practice.
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IrrBan CrankoBud, Mimkons1, YropimuHa, ['abop Bepem, bynanenrr, Yromiaa,
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Bynanewr, Yropmuna

BILIUB IOCTOBPOBKH HA OCHOBI MEXAHIYHOI OBPOBKH HA
TOIIOT PA®IIO ITOBEPXHI HEPJKABIKOUOI CTAJII DMLS 316L JJ1
3ACTOCYBAHbD, IOB'AA3AHHUX 3 IIJIABJIEHHAM

AHoTanis. Y yvomy 0ocaioscenni 00caioncyemucs 6naue nocmoopooKu Ha 0CHO8I MexXaniynoi 06pooKu
Ha monozpagito nosepxni nepaicasiowoi cmani Direct Laser Sintered (DMLS) 316L, npusnauenoi ons
3acmocyeanb, nos'azamux i3 mepmosodepHum cunmesom. Kybiuni 3pasku (30 x 30 x 30 mm)
BUCOMOGIANUC MEMOOOM AOUMUBHO20 SUPOOHUYMBA | 8 NOOATLUOMY OONPAYLOBYBATUCH MOPYESUM
ppesepy8anHam i WNiyBaHHAM NOBEPXHI NPU OBOX NAPAMEMPUYHUX HALAUIMYBAHHSAX KodceH. Penvegh
nogepxui 6ye oxapakmepuzosanuil 3a donomozoro onmuunoi cucmemu AIiSUrf 520 eionosiono oo
cmanoapma 1SO 25178. Hadpyxosana nogepxus. npodemMoncmpyeana ucoky wiopcmkicms (Sa = 8,899
MM, SZ = 79,427 mrm), mooi sk yci NOBEPXHI, W0 RPOUULIU ROCMOOBPOOKY, NOKA3ANU 3HAYHE NOKPAUJCHHSL.
Hatinuoicua wopemrkicmo (Sa = 1,346 mxm) 6yna ompumana niciis winihy8ans npu weuoOKocmi nooaui
7 m/xe. Ananis nepexocy ma Kypmosy nokasas, wjo mexaniuna 0opooka nepemsopuna nosepxuio, 6 Oinbui
00HODIOHY, Matidce 2aycogy mexcmypy. Pesyibmamu niomeeposcyrome, wo KOHmMpoIbosari onepayii
(pesepysanus ma winiQy8aHHs MONCYMb eheKmueHo NOKpawumu YiniCHicms NOBEPXHI KOMNOHEHMIE
DMLS 316L. LJi pesynvmamu Odemoncmpyiome nomenyian 2iOpuoHo2o aoumueHo-cyOmpaKxmueHo2o
BUPOOHUYMBA OISl OMPUMAHHS NOBEPXOHb, NPUOAMHUX O 6AKYYMA MA (DYHKYIOHATLHUX BUMO2
3ACMOCYBAHHA  MEPMOSIOEPHUX MeXHOA02i. YV ybomy KoHmexkcmi O0CniOdceHHs niomeepoxcye
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arcummezdamuicmo inmeepayii 3D-0pyky sk niocomoeuozo emany y eupoOHUYmMei KOMROHEHMIS, WO
sumazaoms cneyupiuHoi hyHKyioHarbHocmi nosepxwi nicis Qiniunoi 06pooku. OOHAK, OCKiIbKU ye
6y10 nonepeoHe 00CNiOMNCeHHs, HeOOXIOHI nodanbuli O0CHOJNCeHHs, W00 NOGHICMIO Nepesipumu
MEXHONOIYHULL TAHYIOICOK | BUGUUMU 6NIUE OOOAMKOBUX 3MIHHUX, MAKUX K 2eOMEMPIsL IHCIMPYMEHMY,
WEUOKICMb pi3anHs ma meepoicmv Mamepiany, HA pe3yibmyrdy YilicHicmes nogepxti. MaubymHus
poboma 6yde 30cepeddceHa HA NOUWUPEHHI AHANI3Y HA MEXAHIYHI ma mpubono2iuHi 6UunpoOy8amHs,
cmitikicmb 00 emomu ma oyinky Mmikpocmpykmypu. Lli nodanvwii 0ocniodcenns 8cmanosensmo
83AEMO36'A130K Midic monogpaghicio nogepxui ma PyHKYIOHATLHUMU XAPAKMEPUCTUKAMU, 2APAHMYIOU,
WO KOMNOHEHMU, 8USOMOBTIEHI AOUMUBHO MA NICs 0OPOOKU, MONCYMb OYMuU HAOIIHO 3ACMOCOBAHI 8
iHoKCeHepHill npakmuyi.

KawuoBi cioBa: adumushe eupobHuymeo; Hepoicasitoua cmanrv DMLS 316L; penvedh nosepxi;
nocmobdpodKa; 3acmocy8ants MexHoN02ii MepMOAOEePHO20 CUHINES).
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Abstract. The study presented in this paper aims to provide insight into how cutting parameters,
including cutting speed, feed, and depth of cut, influence feed force and form deviations during the
X5CRNI18-10 shafts machining. Many experiments were carried out at two depths of cut levels (0.5mm
and 1mm) to investigate the effects of cutting speed and feed on feed force, roundness, and waviness. The
findings showed that increasing the depth of cut has the strongest influence on cutting force and form
deviation. In parallel, higher feed affected the roundness and waviness, leading to a reduction in the
surface quality due to the tool deflection and vibrations. Cutting speed had a small impact; however, it is
still crucial to select cutting parameters carefully to secure a proper balance between dimensional
accuracy, surface quality, and machining efficiency.

Keywords: cutting parameters; roundness; waviness; form deviations; turning.

1. Introduction

The turning of austenitic stainless steel X5CrNil18-10 (equivalent to AISI 304)
remains a major challenge for the mechanical engineering industry due to its poor
machinability, caused by its high ductility, tendency to work harden, and friction
between chips and tools. These issues result in high cutting forces, vibrations, and a
reduction in the dimensional accuracy of the workpiece. Several studies reveal that
variations in feed force can be directly correlated with geometric deviations,
particularly circularity and cylindricity [1-4].

Cutting forces are generally broken down into three components: tangential
(F¢), radial (Fr) and axial (Ff). Devices such as Kistler dynamometers can be used to
measure these components with high precision. Recent investigations have indicated
that the feed force varies significantly depending on the feed conditions, tool
geometry and rigidity of the mounting, directly influencing shape accuracy [5,6].
Cutting speed (v¢), feed rate (f), and depth of cut (a) play a key role in influencing
forces. An increase in feed rate generally causes a linear increase in feed force and
a worsening of surface quality. However, a higher cutting speed tends to reduce the

average force due to localized heat and reduced friction [7-9].
© W. El Majdoub, 1. Sztankovics, 2025
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Varying feed force causes dynamic deflections of the tool and workpiece,
resulting in circularity and cylindricity errors. Studies have shown that periodic
oscillation of the axial force can generate measurable surface waviness even when
the amplitude of variation remains low. FEM models and frequency analyses
confirm the direct correlation between feed force instability and geometric
deterioration [10,11]. The geometry of the tool, particularly the clearance, cutting
and direction angles, significantly influences the feed component. The use of micro-
grooved inserts or coated tools (TiAIN, CrN) reduces cutting forces and improves
surface smoothness [12-14]. In addition, the rigidity of the tool-workpiece system is
crucial for limiting deformation and vibration [15,16].

Force reduction strategies include the use of minimum quantity lubrication
(MQL), nanofluids, and multi-objective optimization of cutting parameters tested to
improve the quality of machined surfaces, which represents a major challenge in the
manufacturing industry. Experimental approaches coupled with FEM simulation
enable accurate prediction of forces and final shape [17,18]. Frequency analysis of
force and vibration signals also provides reliable indicators for anticipating
geometric errors [19]. Research confirms that variations in feed force are a key factor
in generating shape errors when turning X5CrNil8-10 steel. A comprehensive
understanding of the mechanical and thermal mechanisms involved, combined with
real-time force sensors and predictive models, paves the way for adaptive control of
machining accuracy [20,21].

This study was conducted to examine the impact of varying cutting parameters
on cutting forces and shape error parameters, specifically, roundness and waviness,
during the turning operation of X5CrNi18-10 stainless steel shafts. The investigation
will focus on feed force as a key parameter that directly affects the surface quality.
It represents the resistance subjected by the tool in the feed direction and is
influenced by cutting speed, depth of cut, and feed. Evaluating how cutting
parameters affect feed force and shape deviation can provide insight into the surface
formation and assist in predicting surface imperfections. As well as these analyses
can be used to establish the relations between the cutting parameters, force measured,
and surface deviations.

2. Experimental conditions and methods

In the aim of investigating the effects of cutting parameters in introducing
cutting forces and shape error during the turning operation, theoretical calculations
and experimental analysis were performed. For successful evaluation, experiments
were carried out using chromium-nickel austenitic stainless-steel (X5CrNi18.10)
specimens. The material employed in this study is known for its excellent corrosion
resistance, making it suitable for machining applications. During the turning process,
the cutting speed was varied between 200 and 300 mm/min, and the feed was varied

71



ISSN 2078-7405 Cutting & Tools in Technological System, 2025, Edition 103

at two levels, 0.08 and 0.24 mm/rev, while adjusting the depth of cut from 0.5 mm
to Imm.

Five workpieces of 50 mm were used; each workpiece was divided into five
equal surfaces of 30 mm separated by grooves. These surfaces were utilized to
measure cutting forces and shape deviations. However, to conduct this study, only
eight setups were selected and are mentioned in Table 1.

The tests were performed in wet conditions (5% emulsion of “CIKS HKF
4207 coolant oil) using a DDJNL2525M15 tool holder with a DNMG150604-MF1
CP500 carbide/ceramic insert, which is a suitable option for hard cuts. Then the tool
was fixed on the HAAS ST-20Y-EU lathe. Moreover, a dynamometer and three
amplifiers were mounted on the machine to capture cutting force in three directions,
such as cutting force, feed force, and passive force. To calculate the force main and
standard deviation, the obtained data were processed using Python codes.
Furthermore, the Talyrond 365 precision measuring device was adjusted to standard
procedures and methodologies from previous research to measure form deviations.
However, the paper will focus on studying the influence of cutting variables only on
feed force, roundness, and waviness.

Table 1 — Summary of the applied setups in the experiments

Setup 1 2 3 4 5 6 7 8
[m /\r/rcﬂn] 200 300 200 300 200 300 200 300

[mfm] 0.08 0.08 0.24 0.24 0.08 0.08 0.24 0.24

[mam] 0.5 0.5 0.5 0.5 1.0 1.0 1.0 1.0

The evaluated parameters were the following:
F: — Feed Directional Force [N]
or — Standard deviation of the Feed Directional Force [N]
RONp —Maximum radial deviation of a peak from the reference circle. [pum]
RONv — Maximum radial deviation of a valley from the reference circle. [pum]
SLOPEm — Maximum value of the changing of the roundness profile [pm]
W, — Average Height of the Waviness Profile [um]

To analyse the variables under evaluation, Equation 1 was formulated
according to the Design of Experiments (DoE) approach. The polynomial equation
presents the main parameters such as feed rate (f), cutting speed (v¢), and depth of
cut (a), and their correlation. Moreover, to show how these variables affect the
cutting force and form deviations, the constant coefficients (%) indicate factors with
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the major impact. This study aims to enhance and optimize the machining conditions
with a focus on improving dimensional accuracy and surface quality.

y(Ve, f, @) = Ko + Kive + Kof + kza + kiovef + Kigvea + kosfa + kizsvefa @
3. Experimental results

Based on the previous section, evaluations were conducted to investigate
the cutting parameters influence on feed force and shape deviations. The calculated
equations 2,3,4,5,6, and 7 according to the formula in equation 1 represent the
interaction between cutting variables such as feed, depth of cut, and cutting speed
with feed force, roundness components, and waviness. In addition, tables 2,3,4,5,6,
and 7 indicate the corresponding results of the feed force main, standard deviation,
roundness elements (RONp, RONv, and SLOPE), and waviness.

The feed directional force within the investigated region is expressed by
Equation 2:

Fi(ve, f, @) = ((8.68a - 7.538)f - 0.923a + 1.02)vc + (-872.a + 404.1)f + 123.8a-28.14  (2)
Its variation in standard deviation can be described using Equation 3:
ot(Ve, T, @) = ((-0.473a + 0.12)f + 0.013a + 0.045)v¢ + (205.2a - 80.85)f - 8.98a - 4.182  (3)
Roundness Peak error is determined according to Equation 4:
RONp(V, f, @) = ((0.15a - 0.055)f - 0.015a + 0.0061)vc + (-34.1a + 11.3)f + 3.5a- 0.39  (4)
Roundess Valley error is evaluated using Equation 5.
RONv(V, f, a) = ((-0.004a + 0.049)f + 0.004a - 0.005)vc + (0.87a - 11.1)f - 0.9a + 2.04 (5)

The mathematical expression for slope error is presented in Equation 6:
SLOPEM(Ve, f, a) = 0.0001((-12.5a + 50.6)f + 0.2a — 2)vc + (0.4a - 1.2)f - 0.01a + 0.1 ©)
Finally, the average waviness is formulated in Equation 7:

Wa(ve, f, @) = ((-0.00025a + 0.004)f + 0.0006a - 0.0008)vc + (0.8a - 0.9)f - 0.2a + 0.23  (7)

Table 2 — Measurement results of the Feed Directional Force

F+
IN] Setup

No. | 2+ [ 2 | 3 | a4 ] 5 1 & | 7 ] 8
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| Result | 91.7 | 1220 | -156 | -364 | 959 | 1148 | 579 | 952

Table 3 — Measurement results of the Standard Deviation of the Feed Directional Force

of
IN] Setup

No. 1 2 3 4 5 6 7 8

Result | 1.69 6.00 1.53 4.02 2.95 6.03 11.63 9.10

Table 4 — Measurement results of the Roundness Peak

RONp

Set
[um] up

No. 1 2 3 4 5 6 7 8

1 0.90 0.81 0.78 1.70 1.01 1.09 0.64 3.86

2 0.57 0.87 0.72 1.04 0.99 0.90 0.64 1.25

3 1.30 111 0.74 0.66 0.96 0.52 0.57 1.20

Avg. 0.92 0.93 0.75 1.13 0.99 0.84 0.62 2.10

Table 5 — Measurement results of the Roundness Valley

RONy

[um] Setup

No. 1 2 3 4 5 6 7 8

1 0.72 1.16 0.83 1.87 0.94 1.28 0.90 2.27

2 0.71 0.87 0.67 1.48 0.78 1.49 0.67 1.51

3 1.29 0.97 0.68 1.39 0.79 0.55 0.45 1.24

Avg. 0.91 1.00 0.73 1.58 0.84 1.11 0.67 1.67

Table 6 — Measurement results of the Maximum Slope

SLOPEm

[um] Setup

No. 1 2 3 4 5 6 7 8

1 0.060 | 0.088 | 0.060 | 0.312 | 0.064 | 0.088 | 0.126 | 0.252

2 0.055 | 0.088 | 0.048 | 0.058 | 0.078 | 0.119 | 0.044 | 0.109

3 0.076 | 0.081 | 0.053 | 0.070 | 0.062 | 0.050 | 0.041 | 0.086

Avg. 0.064 | 0.086 | 0.054 | 0.147 | 0.068 | 0.086 | 0.070 | 0.149

Table 7 — Measurement results of the Average Height of the Waviness profile

W,

[um] Setup

No. 1 2 3 4 5 6 7 8

1 0.039 | 0.016 | 0.109 | 0.098 | 0.009 | 0.019 | 0.137 | 0.237

2 0.040 | 0.018 | 0.081 | 0.137 | 0.010 | 0.020 | 0.118 | 0.194

3 0.035 | 0.022 | 0.085 | 0.175 | 0.007 | 0.016 | 0.122 | 0.160

Avg. | 0.038 | 0.019 | 0.092 | 0.137 | 0.009 | 0.018 | 0.126 | 0.197
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4, Discussion

By using the data in the tables mentioned in the previous section, surface
plots were generated for each studied parameter. These plots indicate how feed force
components and form deviation variables vary while changing cutting parameters.

a=0.5mm a=1.0mm

150 150
100. 10
Ff [N] 5 F/' N1 50
0.
0.24 0.24

300
mm
rev

f

0.08 550 0.08"200 " [ m l

min

_m_
min

Figure 1 — Variation of the Feed Directional Force in the studied range

[

Figure 1 shows the changes in the feed force while varying the cutting speed
and feed at two levels of depth of cut. At a depth of cut of 0.5 mm, the feed
directional force increases progressively with increasing the cutting speed from 200
m/min to 300 m/min, while it decreases noticeably when the feed rate goes from
0.08 mm/rev to 0.24 mm/rev. The analysis suggests that the resistance in the feed
direction can be reduced by adjusting the feed rate value, which can enhance the
shape removal and minimize the friction effects. However, the rise in the feed force
due to the cutting speed can be explained by the interaction between the tool and the
workpiece, which can cause thermal effects.

At a cutting depth of 1.0 mm, in the process of increasing the cutting force,
the feed force seems to increase slightly due to the introduced friction and
temperature at the cutting zone. In parallel, the variation of the feed rate from 0.08
mm/rev to 0.24 mm/rev showed a Modest increase in the feed directional force. In
conclusion, the findings suggest that at a smaller depth of cut and higher feed rates
value the force remains small. Furthermore, the force range in the 1mm depth of cut
is greater compared to the 0.5 mm depth of cut, indicating that the use of more
material while machining requires more cutting force, which highlights the need for
controlling the cutting parameters to avoid high tool stress.
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a=0.5mm a=1.0mm

0.08" 300 v [ m l
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Figure 2 — Variation of the Standard deviation of the Feed Force in the studied range

Figure 2 represents the standard deviation of the feed force (o7) as a function
of cutting parameters. The plot of 0.5mm depth of cut shows that the standard
deviation increases slightly with varying cutting speed from 200 mm/min to 300
mm/min, while changing the feed rate seems to have no effect. However, the results
demonstrate that the cutting process was smooth, and less force variation was
detected. Compared to the first analysis, the standard deviation at 1.0 mm seems to
be more sensitive to both cutting parameters. ot rises while increasing the feed, but
it is more noticeable at lower speed and higher feed (200 mm/min-0.24 mm/rev).
The findings can be clarified by the fact that removing more material can make the
process less stable and lead to strong force variation; As a result, the control of
cutting speed will be essential to optimize the machining conditions.

The effects of cutting parameters on the roundness peak error (RON,) were
presented in Figure 3. At a small depth of cut of 0.5 mm, the RON, seems to be stable
or to have minor changes, especially at higher cutting speed and higher feed. These
results show that the produced surface has a uniform shape and less deformation,

which means the tool performed the cutting process under stable conditions.
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Figure 3 — Variation of the Roundness Peak error in the studied range
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Figure 4 — Variation of the Roundness Valley error in the studied range
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Furthermore, the roundness peak error appears to grow with increasing the
depth of cut to 1mm, and the effects of cutting speed and feed are more visible. The
plot reveals that higher values of cutting variables lead to deviation from the ideal
round shape, which can cause less accuracy of the machined part. Therefore, to
reduce the roundness errors and enhance the accuracy, it is necessary to keep
balanced feed and cutting speed values.

Another parameter of roundness was analysed and presented in Figure 4. At
both depths of cut, the Roundness Valley error (RON,) tends to increase with
increasing the cutting speed and the feed, which means that both cutting parameters
affect the accuracy of the machined surface. The deviations from the original circle
are more pronounced at higher speed (300 mm/min) and higher feed (0.24 mm/rev),
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which means more mechanical load and heat effects can produce deformation in the
machined part. However, the depth of cut seems to have a minor influence on RON,.
As a result, the proper selection of cutting parameters can improve the process
conditions and prevent vibrations and deformations to achieve better roundness and
dimensional accuracy.

a=0.5mm a=1.0mm
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Figure 5 — Variation of the Slope error in the studied range

Figure 5 studies the changes in SLOPE, as a function of cutting speed, feed,
and depth of cut. The plots look similar in both depths of cut and have the same
behaviours while changing the speed and the feed. Indicating that the depth of cut
may not have a direct relation with the slope. Moreover, SLOPE, grows significantly
with increasing the cutting speed from 200 m/min to 300 m/min and the feed from
0.08 mm/rev to 0.24 mm/rev. But the errors are more visible at higher values of
cutting speed and feed. The analysis of roundness components reveals that it is
critical to adjust the cutting parameters, especially cutting speed and feed, due to
their dominant effects in developing machining errors. That can be illustrated by the
heat and tool vibration generated by the interaction between the tool and the
workpiece in the cutting zone, which influence the machined part accuracy and
surface integrity.

Finally, Figure 6 examines the effect of cutting parameters on surface waviness
(Wa). At a depth of cut of 0.5 mm, increasing the cutting speed at a low feed (0.08
mm/rev) slightly reduces the waviness, while at a higher feed rate (0.24 mm/rev),
the waviness tends to increase noticeably. In general, an increase in feed values has
a direct relationship with higher waviness values.

The second plot represents the waviness variation at 1mm depth of cut when
W, seems to be affected by both parameters, and the changes are more pronounced

78



ISSN 2078-7405 Cutting & Tools in Technological System, 2025, Edition 103

at higher feed and cutting speed. The findings showed that to reduce surface
waviness, it is essential to select optimal cutting parameters.

As a conclusion, all the parameters studied appear to have a direct relation with
cutting parameters; these outcomes lead to the development of new methodologies
in order to enhance accuracy and efficiency.

a=0.5mm a=1.0mm

0.08" 900 v [ m ]
Figure 6 — Variation of the Average Height of the Waviness profile in the studied range

5. Conclusions

This paper discussed the relationship between cutting parameters, feed force,
and form deviations, including roundness and waviness, during the turning operation
of X5CrNi18-10 stainless steel shafts. The experimental tests were carried out under
controlled conditions employing the HAAS ST-20Y-EU turning machine,
dynamometer, and shape error measurement instruments to collect the form and
shape deviation data.

The results indicated that the depth of cut is the most influential parameter on
cutting forces and form deviations. Increasing the depth of cut from 0.5 to 1.0 mm
significantly increased the cutting forces and form errors. At the same time, feed rate
was strongly correlated with roundness and waviness errors, as higher feed rates
increased these errors due to increased tool deflection and vibration. The cutting
speed was less influential but still played a role in surface integrity due to thermal
and dynamic effects.

In general, this study emphasizes the need for effective control and
optimization of the cutting parameters-feed rate and cutting speed-aiming to
maintain stability of the process and accuracy at the surface. The approach
undertaken in this work, combining experimentation with analysis, thus helps in
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identifying the role of variables used in the process with respect to dimensional
errors and hence establishes some guidelines for obtaining higher precision and
better surface quality during the turning of austenitic stainless steel.

References: 1. Kundrak, J., Karpuschewski, B., Gyani, K., & Bana, V. Accuracy of hard turning. Journal
of Materials Processing Technology, 202(1-3), 328-338. 2007.
https://doi.org/10.1016/j.jmatprotec.2007.09.056 2. Agarwal, A., & Desali, K. Predictive framework for
cutting force induced cylindricity error estimation in end milling of thin-walled components. Precision
Engineering, 66, 209-219. 2020. https://doi.org/10.1016/j.precisioneng.2020.07.007 3. El Majdoub, W.,
Daud, M. H., & Sztankovics, |. Form accuracy and cutting forces in turning of X5CrNi18-10 shafts:
Investigating the influence of thrust force on roundness deviation under low-feed machining conditions.
Journal of Production Engineering, 28(1), 26-33. 2025. https://doi.org/10.24867/jpe-2025-01-026 4.
Sztankovics, I., & El Majdoub, W. Preliminary study on the cutting force and shape error in turning of
X5CrNi18-10 shafts with small feed. Journal of Production Engineering, 27(2), 21-28. 2024.
https://doi.org/10.24867/jpe-2024-02-021 5. Dai, Y., Jiang, J., Zhang, G., & Luo, T. Forced-based tool
deviation induced form error identification in single-point diamond turning of optical spherical surfaces.
Precision Engineering, 72, 83-94. 2021. https://doi.org/10.1016/j.precisioneng.2021.04.001 6. Rao, C.,
Rao, D. N., & Srihari, P. Influence of cutting parameters on cutting force and surface finish in turning
operation. Procedia Engineering, 64, 1405-1415. 2013. https://doi.org/10.1016/j.proeng.2013.09.222 7.
Laghari, R. A., & Li, J. Modeling and optimization of cutting forces and effect of turning parameters on
SiCp/Al 45% vs SiCp/Al 50% metal matrix composites: a comparative study. SN Applied Sciences, 3(7).
2021. https://doi.org/10.1007/s42452-021-04689-z 8. Fu, M., Xiao, G., Chen, H., Zhang, J., Yi, M., Chen,
Z., & Xu, C. Investigation of Surface Integrity of 304 Stainless Steel in Turning Process with Nanofluid
Minimum-Quantity Lubrication Using h-BN Nanoparticles. Metals, 14(5), 583. 2024.
https://doi.org/10.3390/met14050583 9. Liu, Z., & Wu, J. Study on Cutting Performance of Micro Groove
Tool in Turning AISI 304 and Surface Quality of the Workpiece. Coatings, 12(9), 1326. 2022.
https://doi.org/10.3390/coatings12091326 10. Litak, G., Polyakov, Y. S., Timashev, S. F., & Rusinek, R.
Dynamics of stainless steel turning: Analysis by flicker-noise spectroscopy. Physica a Statistical
Mechanics and Its Applications, 392(23), 6052—6063. 2013. https://doi.org/10.1016/j.physa.2013.07.079
11. Binali, R., Demirpolat, H., Kuntoglu, M., & Salur, E. Different Aspects of Machinability in Turning
of AISI 304 Stainless Steel: A Sustainable Approach with MQL Technology. Metals, 13(6), 1088. 2023.
https://doi.org/10.3390/met13061088 12. Konya, G., Takdcs, J., Miskolczi, 1., & Kovdcs, Z. F.
Investigation of the effects of machining parameters on cutting conditions during orthogonal turning of
austenite  stainless  steel.  Production  Engineering  Archives, 30(1), 86-93. 2024.
https://doi.org/10.30657/pea.2024.30.8 13. Zenkin, M., Ivanko, A., & Chernysh, M. Influence of cutting
tool vibrations on the surface quality of cut sheet materials and methods for their minimization. Innovative
Technologies and  Scientific ~ Solutions ~ for  Industries, 2(32), 188-198.  2025.
https://doi.org/10.30837/2522-9818.2025.2.188 14. A, N. P., Kumaragurubaran, B., & Kumar, T. S.
Optimization of cutting parameters in CNC turning of AlSI 304 and AISI 316 stainless steel. International
Journal of Trend in Scientific Research and Development, Volume-2(Issue-4), 955-959. 2018.
https://doi.org/10.31142/ijtsrd14185 15. Hanief, M., Wani, M., & Charoo. Modeling and prediction of
cutting forces during the turning of red brass (C23000) using ANN and regression analysis. Engineering
Science and  Technology an International ~ Journal,  20(3), 1220-1226.  2016.
https://doi.org/10.1016/j.jestch.2016.10.019 16. Felhd, C., & Namboodri, T. Statistical analysis of cutting
force and vibration in turning X5CRNI18-10 steel. Applied Sciences, 15(1), 54. 2024.
https://doi.org/10.3390/app15010054 17. Wojciechowski, S., Suszynski, M., Talar, R., Cernohlavek, V., &
Sterba, J. Cutting Force—Vibration Interactions in precise—and micromilling Processes: A Critical
Review on Prediction Methods. Materials, 18(15), 3539. 2025. https://doi.org/10.3390/mal18153539 18.
Trif, A. Studies on the Cutting Forces in Case of Stainless Steel Turning Operation. Academic Journal of
Manufacturing Engineering, 16(2), 143-151. 2018. 19. Gutakovskis, V., Gerins, E., Naginevicius, V.,

80



ISSN 2078-7405 Cutting & Tools in Technological System, 2025, Edition 103

Gudakovskis, V., Styps, E., & Sertvytis, R. Adaptive control for the metal cutting process. International
Journal of Engineering Research in Africa, 51, 1-7. 2020.
https://doi.org/10.4028/www.scientific.net/jera.51.1 20. Weng, J., Zhuang, K., Xu, D., M’Saoubi, R., &
Zhou, J. A comprehensive study on cutting mechanisms and surface integrity of AISI 304 when turning
a curved surface. Materials and Manufacturing Processes, 36(11), 1285-1298. 2021.
https://doi.org/10.1080/10426914.2021.1906893 21. Gutakovskis, V., Gerins, E., Naginevicius, V.,
Gudakovskis, V., Styps, E., & Sertvytis, R. Adaptive control for the metal cutting process. International
Journal of Engineering Research in Africa, 51, 1-7. 2020.
https://doi.org/10.4028/www.scientific.net/jera.51.1

Badae Enp Mamxny06, [mrBan Crankoswud, Mimkonem, YropimyuHa

TOYHICTH ®OPMMU 1 CUJIA PI3BAHHS ITPU TOKAPHIN OGPOBIII
BAJIIB X5X5XH18-10: OI[IHKA 3MIHA BEJTUYWHHA ITOJIAYI I if
3B'A30K 3 BIAXWJIEHHAMU ®OPMH

Amnotauis. Tokapna o6pobra aycmenimnoi Hepycasitouoi cmani X5CrNil8-10 (exeisanenm AISI 304)
3ANUUAEMbCSL  CEPUIO3HOI0  NPoONeMor0 Ol MAWUHOOYOIBHOI NpoMUciogocmi uepe3 i no2awny
00pobnI06anicms, CHPUUNHERY BUCOKOI0 NIACMUYHICHIO, CXUNLHICIIO 00 3a2apniy8aHHs ma mepmam
MIdHC CmMPYHCKOI0 ma iHempymenmamu. J{ocniodcents, npedcmagiene 6 yiti cmammi, Mae Ha memi oamu
VAGNIEHHA NPO me, AK Napamempu pi3ants, GKII0YAIYU WEUOKICMb PI3AHHA, NOO0awy ma 2nubuHy pisanHs,
BNIUBAIOMb HA CUTY NOOAYi ma gioxunenHs popmu nio yac o6pooxu eéanie 3i cmani X5CRNI18-10. byro
npoeedeHo bazamo excnepumenmie Ha 0680x enubunax pisannsa (0,5 mm i 1 mMm) Ona 6usueHHs 6nAUBY
WBUOKOCMI Pi3aHHs ma noodayi Ha culy nooadi, okpyericms ma xeuisicmicme. Excnepumenmanvhi
BUNPOBYBAHHI NPOBOOUNIUCS 6 KOHIMPOTILOBAHUX YMOBAX 3 BUKOPUCIAHHAM moKapHo2o eepcmama HAAS
ST-20Y-EU, ounamomempa ma npunadié 01s eumipioganis noxubku gopmu Ons 300py OaHux npo
siOxunenns popmu. Pesyromamu noxazam, wo enubuna pisanusa € Haubinbul 6NIUBOSUM NAPAMENPOM
Ha 3ycunis pisanusa i eioxunenus ghopmu. 30invuenns enubunu pisy 3 0,5 0o 1,0 mm 3nauno 30invutysano
3ycunna pizanis i noxubku gopmu. Y moti gice 4ac weuoKicms nooaui CUlbHO KOpenosald 3 NOMUIKAMU
OKpyenocmi ma XGUIACMOCMI, OCKITbKU 6uwja WeuoKicms nooawi 30inbuysana yi noxubku uepes
30iIbUeH ST npocuny IHempymenmy ma eiopayii. Llleuokicme pizanus 6yna MeHul 8nIU06010, alle 8ce
o0Ho 6idiepasana ponb y yinicnocmi nogepxui yepes mepmiunutl ma OunHamivnuil enius. B yinomy 6
0aHoMy O0CHONCEHH] HA2ONOULYEMBCS HA HeOOXIOHOCMI eheKmugHo2o KOHMpOMo ma onmumizayii
napamempie pizanns - weUOKoCmi nooaui ma wWeuOKoCmi pi3amuus - ymounenHs Onsa 30epedcents
cmabineHocmi npoyecy ma moyHocmi Ha noeepxHi. I1ioxio, 3acmocosanuil y yiti pob6omi, wo noeoHye
eKCnepuMenmu 3 AHaNi30M, MAKUM YUHOM OONOMARAE BUABUMU POJIb 3MIHHUX, WO BUKOPUCHIOBYIOMbCA 8
npoyeci, w000 NOXUbOK po3mipie i, omoice, GCMAHOBNIOE OesKI peKoMeHOayii 05l OMPUMAHHS BUWJOT
mouHocmi ma Kpawjoi AKoCmi nogepxHi nio 4ac moxkapHoi 06podKu aycmeHimHol Hepocasiioyoi cmaii.

Kurouosi ciioBa: napamempu pisy; okpyenicme; xeunscmicms; 8ioXuneHHs Gpopmu; mokapna oopooxa.
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Abstract. To establish analytical conditions for detecting hereditary defects in ferroceramic and
ferromagnetic parts and to define machining parameters that prevent crack formation. Magnetic
induction scattering is modelled to estimate defect geometry and depth; thermomechanical processes
during grinding are analysed using the “weakest link” hypothesis and criteria based on temperature,
heat flux, forces, and stress intensity. Obtained expressions describe magnetic field perturbation and
allow evaluating defect size, while derived conditions prevent their growth into main cracks. A unified
analytical framework combines magnetic defect detection with crack-resistance modelling. The results
support selecting grinding modes and tool characteristics for defect-free finishing of materials prone to
cracking.

Keywords: hereditary defect; crack formation; finishing operation; ferromagnetic modeling; analytical
dependencies.

1. Introduction

For high-quality processing of ferromagnetic materials in finishing
operations, it is necessary to have information about the presence of hereditary
defects in the surface layer, the size and depth of which affect crack formation on
the processed surfaces under the influence of thermomechanical phenomena
accompanying these operations. Magnetic methods of quality control of
ferromagnetic materials and parts made of them are among the most common types
of flaw detection [1]. They are based on the registration of a magnetic field on the
surface of a part because of the presence of a defect. In this case, Hall sensors,
magnetic diodes, or magnetic tape can be used as field indicators, as an intermediate
information carrier. After being recorded on magnetic tape, the information is read
using induction heads. Magnetic control methods require mandatory magnetization
of parts and search for insignificant magnetic fields on their surfaces, which are

called defect scattering fields [2]. These methods are used to check the blades, shafts,
© A. Usov, M. Kunitsyn, 2025
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gear wheels, and other critical parts of the machine.

This paper considers the mathematical formulation of the problem of
detecting defects in ferromagnetic parts during their magnetization. Mathematical
expressions are obtained to estimate the geometric shape and depth of a defect
beneath the surface of a part based on the results of measuring the distribution of
magnetic induction on its surface.

When ferromagnetic parts are magnetized with alternating current, a defect
of non-magnetic material located deep inside the part distorts the magnetic field
pattern and partially displaces it above the surface of the part. The following task
was set: based on the results of measuring the distribution of the magnetic field
induction on the surface of the part and specifying the magnetic field induction value
for magnetization, calculate the depth of placement and give an estimate of the shape
of the defect under the surface of the part.

2. Analysis of sources and problem description

The critical challenge in manufacturing high-quality components from
ferroceramic materials lies in managing defects, particularly those inherited from
previous processing stages (hereditary defects), which can develop into critical
cracks during final finishing operations. Addressing this requires a unified approach
encompassing both reliable non-destructive testing (NDT) and robust
thermomechanical process control.

Magnetic Nondestructive Testing (NDT) methods are widely acknowledged
for their role in quality control, especially for detecting subsurface defects in
ferromagnetic materials [3]. Recent advancements, such as phase-extraction-based
Magnetic Flux Leakage (MFL), have significantly improved the subsurface
detection depth, with reported limits up to 12 mm in steel plates [3]. Techniques
utilizing pulse magnetization or chirp-waveforms further enhance sensitivity and
reliability for detection [4].

However, significant limitations persist, particularly concerning the reliable
detection and quantification of small, deep, or hereditary defects. Most magnetic
techniques are inherently constrained by the skin effect and signal attenuation, which
restrict reliable detection to moderate depths [3], [5]. Crucially, many existing NDT
methods, even advanced hybrid systems, struggle with the accurate quantification of
a defect’s geometric size and depth [6], [7]. The over-reliance on complex signal
processing and the variability introduced by material properties or environmental
interference often diminish the intuitiveness and repeatability of quantitative results
[6]. This gap highlights the necessity for a rigorous mathematical formulation that
can directly link the measured distribution of the magnetic field to the precise
geometric shape and depth of an internal hereditary defect.
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In brittle materials like ceramics and ferroceramics, failure during
processing is predominantly modeled through the weakest link hypothesis [8], [9].
This statistical framework posits that material strength is governed by the single
most critical flaw present in the loaded volume, often formalized through Weibull
statistics to predict failure probability based on the distribution of flaws [10], [11],
[12]. Modern fracture research continues to rely on this concept, integrating it with
advanced models to predict crack initiation influenced by both intrinsic and extrinsic
defects [8].

To achieve defect-free finishing during high-stress operations like grinding,
researchers have proposed various process criteria [13], [14]. These criteria typically
focus on controlling thermal fields, mechanical loads, and the local stress intensity
to ensure they remain below the material’s fracture toughness (K;.) or intrinsic
strength thresholds [11], [15]. Extending this foundation, the concept of the
hereditary defect (R,) provides a specific, deterministic criterion within the weakest
link framework, allowing process optimization to be tied directly to the size of the
largest known inherited flaw [15], [16]. This specific focus on an inherited, process-
traceable defect is essential for establishing safe technological windows during
finishing.

To operationalize defect-free processing, numerous studies have focused on
linking grinding parameters to the resulting thermomechanical fields.
Phenomenological and mathematical models have been developed that relate
variables like cutting force, wheel speed, and depth of cut to the local temperature
and stress state of the surface layer [16].

Central to this work is the establishment of limiting inequalities or criteria
for key thermomechanical parameters, which must not be exceeded to prevent crack
formation [15], [17]. For instance, research explicitly defines maximum allowable
heat flux and tangential stress based on material properties and defect characteristics
[15], [17]. Experimental validation has confirmed that by keeping these
thermomechanical fields below the critical thresholds for crack initiation—such as
by establishing explicit process windows—surface quality can be guaranteed, even
in materials prone to cracking [18]. The integration of such robust limiting criteria
with the quantification of the specific hereditary defect (R,) forms the basis for a
comprehensive technological assurance methodology for precision finishing.

3. Research objectives

The objectives of this study are as follows:

1. To develop a mathematical model for detecting hereditary subsurface
defects in ferromagnetic parts by analysing magnetic induction distributions
and estimating defect geometry and depth.
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2. To investigate the mechanisms of technological crack formation in
ferroceramic materials based on the “weakest link” hypothesis and the
influence of inherited structural defects.

3. To derive analytical conditions and limiting inequalities for thermal,
mechanical, and fracture-related parameters that prevent the growth of
structural defects into main cracks during finishing operations.

4. To determine optimal grinding modes and tool characteristics that ensure
defect-free machining of ferroceramic products and to establish
technological guidelines for improving the quality of machined surfaces.

4. Research methods

Consider the mathematical basis of the problem. Fig. 1 schematically shows
the location of a part of the ferromagnetic material under the surface at a depth h of
a cylindrical defect with radius R. The part is magnetized by a magnetic field source.
Typically, defects have a shape similar to an elongated ellipse along one axis. If
magnetization occurs along this axis, the magnetic field dispersion will be
insignificant compared to magnetization across the axis. Therefore, it is important to
determine the most effective direction of magnetization. The resistance of the defect
to the magnetizing field should be as high as possible. Therefore, a cylinder that
resists the magnetizing magnetic field, the cross-section of which is a circle (Fig. 1),
was chosen as the calculation model.

[mT]| B,

L s

7
h
C\
Fig. 1. Distribution of the normal component of the magnetic induction vector Ey (x)[mT]
on the surface of the part along the x-axis, [mm] from the center of the defect

The magnetic induction of the magnetizing magnetic field B, is set by the
magnetizing source. The magnetic permeability of the material of the part is . Itis
necessary to establish the distribution of the induction of the magnetic field displaced
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by the defect to the surface of the part. The problem is described by Laplace's
differential equation, which in polar coordinates for the vector magnetic potential
A(@,r) has the form [19]:
0%A(p,7) 1 0A(ep,r) 1 0%A(e,1)
ar? + r ar + r? ap? 0 @

The solution to the problem was obtained using Fredholm integral equations
of the second kind and the principle of mirror reflections [20]. First, let us consider
the problem without taking into account the influence of the surface of the part. The
cylindrical defect is located in an unlimited ferromagnetic space (Fig. 2).

In polar coordinates, we will seek the expression for the vector magnetic
potential in the following form: A(e,r) = C(@) - v + D(¢) /7, where C(¢p) and
D () are unknown functions of the argument ¢. For the region occupied by the
defect, we write:

Dy ()

O]

A(p,r) =Ci(p) T+

[ 1A

Fig. 2. Cylindrical defect in unlimited space and the pattern of magnetic field scattering by
the defect in the form of magnetic field lines

For the region occupied by the ferromagnet:

D
Aa(p.1) = Calp) 7+ 220 ©
Components of the magnetic induction vector:
1 dA aC(p) 10D(p)
Bpr) = 5= et @

dp dp r2 e

0A 1
By(p,r) = —5-=—C(9) + 3 D(¢) ®)
The unknown functions C; (@), C,(®), and, D; (¢), D, (¢) for each of the
regions, respectively, are found through boundary conditions, taking into account
the physical characteristics of the magnetic field at individual points. At the point
r = 0, the vector magnetic potential cannot reach infinity. Therefore, D, (¢) = 0. In
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polar coordinates, the components of the magnetic induction vector will be: B, =
By - cos ¢ and By, = By - sin ¢.

Therefore, in the ferromagnetic region: C,,, = B, - sin ¢. At the boundary
between the two regions, the following boundary conditions must be satisfied: B, =
B,, and H,, = H,,. After taking into account the above conditions in (4) and (5),

we obtain a system of equations for two unknown functions:
dCi(p) 1 9Dy(9)

dp  RZ Qg

+ By - cos @

1

1 1
——-C ——-B — -D
1o 1(p) = e o Sing + 1y R (@)

Omitting detailed mathematical calculations, we write expressions for the
vector magnetic potential and the components of the magnetic induction vector of
the magnetic field scattered by the defect.

For the region inside the defect:

0 ,
A (p,1) = By -1 -sin (6)
1(,7) L + Ho 0 P
Ho

B ,T) = - B, - cos 7
1 (@, 7) .Up+lio 0 P (7
Biy (p,7m) = .UF Bo sing 8)

For the area outside the defect:

. HUr — Ho 1 .
A,(p, 1) =By -1 — .B.-R2.-. 9
2(p 7”)1 a; r-sing W+ o 0 ’ Slln€0 )
HUr — Ho
By (1) =—-=—=B, - - “By-R*-—- 10
2 (@, 7) ra(?q(p 0 COSQ e+ o 0 Ti cos o (10)
. HUr — Ho .

B ,r)=——=—B,; ——————.B,-R?* —. 11
2p(@1) = =50 =By sing — L0 By R Sosing (1)

The tangential component in the ferromagnetic region has the following

form:
2 2 2
By, = B, +(MF Ho) - R*- By - [h (x sz) ] (12)
(1r + po) - [(x — x0)? + h"]?

In the non-ferromagnetic region B,,, = lo/Ur * Bisx. The value of this
component will be two, or even three orders of magnitude smaller. That is, its
influence can be neglected externally. However, the normal component is

continuous:
2-(up — o) - (x —x) - h .R2.
(r + 1o) - [(x — x0)? + h*]?

BZsy = Blsy = By (13)
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Analysis of expression (13) shows that at the point x = x, the normal
component passes through zero. The maxima of the normal component are located
symmetrically around zero at a distance s = 2 - h//3 one from another. At these
points, the value of the normal component is equal to:

- 9-R?
= (ur — tho) ) _ B, (14)
(.“F_‘".“o) 8-vV3-h )

The results of the analysis of the normal component allow us to estimate the

depth of the defect location:

h=05-s-3
and, based on the maximum value of the normal component, its radius:
2 + B
R==. z.ﬁ.u.ﬂ.h (15)
3 ke — Mo Bo

The mechanism of formation of technological cracks on the machined
surface of parts made of ferroceramic materials can also be studied from the
standpoint of the "weakest link" hypothesis, which should be understood as a
structural parameter, the size of which is selected as a criterion for defect-free
machining according to the formula [21]:

Ké
[GTi(1 +V)a]?
where G is the modulus of elasticity of the second kind of ferroceramic material; K2
is the crack resistance of the ferroceramic material of the blank after sintering; a; is
a temperature coefficient of the blank material; T}, is the contact temperature in the
grinding zone of the blank; v is the Poisson's ratio.

Formula (16) provides a simple sufficient criterion under which a crack-like
defect R, will not turn into a main crack.

If the inclusions are elliptical in shape, instantaneous local heating of the
surface layer of the magnet in the contact zone may result in the formation of a disk-
shaped crack. This is because during grinding, under the influence of both
thermoelastic stresses and cutting forces on the edges of a disk-shaped defect with
radius R, forces P arise along the axis of this defect [22]:

P=GA+v)a.T, ff (i, ds) = G(1 + v)a,T;.S, (17)
)
where S, is the area of the defect boundary projection on the crack plane.
The stress intensity factor is determined for this case using the formula:
P
== 18
I (7TR)3/2 ( )
Using viscosity, the destruction of ferrites at the radius of the disk-shaped
defect found is achieved, which, when the conditions are met:
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%/
L[t natisy )

m Kic
will not develop into a main crack. In the case of an ellipsoidal shape, we have the
following:

(20)
Vs

Here, a and b are the major semi-axes of the ellipse in the cross-section of
the ellipsoid of the disk-shaped crack.

The obtained analytical conditions (16), (19), (20) for the equilibrium of
structural defects, the size R (in the case of the "weakest" link) depend on the crack
resistance coefficient K; ., the coefficients v, G, a;, as well as the value of the contact
temperature Ty, which is determined by the operating part in the finishing operations.

2

1[4G(1 +v)a,abT,]| '3

S = 4ab, R:—[( Jai "]
KlC

5. Research results

When developing technological criteria for controlling the defect-free
machining process, it was taken into account that this process is multifactorial. The
quality of the surface layer during the processing of parts is influenced by the
physical and mechanical properties of the material being processed, its structure,
grinding modes, and wheel characteristics, the conditions of preliminary treatment
with lubricating and cooling media (LCM) for the tool, as well as the characteristics
of the cooling and lubricating fluids used.

Therefore, to ensure the quality of the processed surfaces, it is necessary to
select the processing modes, LCM, and tool characteristics based on the functional
relationships between the physical and mechanical properties of the materials and
the grinding process parameters, so that the current values of the grinding
temperature T (x,y,7) and heat flux q(y, t), Stress g, mq, and grinding forces Py,
P, stress intensity factor K; (S, a, o, max) do not exceed their specific values for
defects of certain geometric dimensions, ensuring the required quality of the surface
layer [23], [24].

Consider the following system of boundary inequalities which allows us to
proceed to the construction of an algorithm for selecting technological parameters
that ensure the required quality of the machined surfaces.

When studying the kinetics of the temperature field of a part, taking into
account the peculiarities of cutting with single grains of the tool, it was found that it
consists of regular (constant) and instantaneous (pulse) components. The impulse
component T, describes the temperature state of the machined surface directly
under the cutting grain. The constant component, T}, characterizes the heating of the
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product surface in the machining zone as a result of the combined action of many
tool grains.

Despite its short duration, instantaneous temperature on the treated surface,
and rapid decay in depth, it nevertheless participates in the formation of a structurally
stressed state of the thin surface layer of the part. Therefore, the limiting inequalities
of the temperature itself and the depth of its propagation will be equal [25]:

T(x,y,7) = 5 AZ (‘L’ ——)H(L al kl) yzf(‘r,‘r')dr’ < [Ty (21)

V; Y1
Lkl (>
([h]OT)—Z Az <T——> < 7 )h Y(1,7)dt < [T]avg (22)
where
. |4 kl—[/;' Vit =1 kl_VS’Z 12
o) = exp | -HEED HOE0 LRO S ey

and [T]g4yg is the permissible temperature for the functional properties of this
material; [h] is the maximum permissible depth of loss of their properties.

In some cases, the loss of surface layer quality becomes significant only
when structural transformations spread to a certain depth, the value of which is
determined by the operating conditions of the products and, possibly, indirectly, by
technical conditions. The limit values of this depth are determined by the zone of
deeper heating, i.e., the constant component of the temperature field. The limit
inequalities in this case are as follows [26]:

(=1)*
x(r,t)e *G@-0 { 1

noy o = VJ J—e 2Jn-0 Wrk-0 (4)

+yeY (T—t)[1 + ® (VT — t)]} drdt < Ty,

Ty ([],0)
CV. JDigr v Va4 ,
-— SV JIE + y2e 50 K1/2< 5 +[h]2)dy <1, &
T d
CV,a Vai/D
T - T 26
4 PIT; exp< )] [T] (26)

In the last inequality, the limiting temperature at the surface (X = 0) is
used as the limiting coefficient.

The formation of grinding cracks depends on the magnitude of temporary
stresses formed in the surface layer under the influence of thermomechanical
phenomena accompanying this process. Maximum stresses occur in the zone of
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intensive cooling. Therefore, the structure of the control inequality for defect-free
processing in this case will be as follows [23], [24]:

e () = 26 T e T erf (= =)<l @)

The phenomenological approach to assessing metal cracking phenomena
during grinding does not take into account many technological factors, in particular,
the influence of the heat treatment modes of these metals and the defectiveness of
their structure associated with previous types of mechanical processing. Therefore,
a more "sensitive" limit parameter is needed, the structure of which would include
functional links between the technological parameters of diamond-abrasive
processing and take into account technological inheritedness [13], [27].

As such, the stress intensity factor limit can be used, with its established
ratios to technological parameters, as the main criterion for the crack resistance of
metals — the K, coefficient, i.e. [24], [27]:

1 (b jl+t
K, = — — {0, 0y, 1dt < K (28)
1 7'[\/7[_1 l_t{Uxx Uyy} s Kqc

where 21 is the characteristic linear size of the structural defect.

Defect-free processing of materials with low mechanical characteristics is
possible if the cutting forces, in particular the tangential component — P, are limited
and the friction coefficient between the tool and the processed metal — p is reduced.

Thus, based on studies of the effect of cutting forces on the stress state of
the surface layer, another additional condition for defect-free processing can be
formulated [24]:

< /Dty (1] EpVRt (29)
2= KpP2sinmo| ¢ 2(1_1;2)\/_
where [7] is the limit value of the tangential shear stress; 8 = —arctan2 (1 V), ;P s

the minimum possible value of the friction coefficient between the abrasive and the
metal being processed, which is ensured by the use of a heat transfer medium and
impregnating substances; K is the ratio coefficient, P, /P;.

To verify criterion (29) for the absence of grinding cracks on the machined
surface of ferroceramic materials, we will determine the contact temperature in the
grinding zone. Taking into account that the dominant factor among the grinding
modes affecting the thermal stress of the grinding process is h - the grinding depth,
the dependence T = f(h) was found (Fig. 3). The remaining modes were selected
from the conditions of maximum productivity while maintaining the required quality
and were selected as follows: V; = 0.17 m/s; V; = 30 m/s; S, =5 mm. The
following grinding wheels were selected for the study: wheel 1 — the ACP Bl
diamond wheel with grain size 100/80, represented by its European analogue Tyrolit

91



ISSN 2078-7405 Cutting & Tools in Technological System, 2025, Edition 103

4BT9 D91; wheel 2 — the ASK synthetic diamond wheel 250/200 MO16 (100%
concentration), substituted with the DIAMOS metal-bond diamond wheel 1A1R
DIA126 C100 BX; and wheel 3 — the electrocorundum wheel 24A 25 CM/8KS5,
replaced by the aluminium-oxide wheel Flexovit A24 V-BF42 (e.g., article
66252831164).

T°Cf(1)
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3 : crack fo tion zone
400 |
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Fig. 3 Calculated and experimental values of the maximum sizes of crack-like defects when

grinding ferroceramic products with wheels

Experimental studies have shown that wheels made of natural and synthetic
diamonds have stable cutting ability, high dimensional stability, and a relatively low
temperature in the grinding zone, which also affects the absence of cracks at large
grinding depths (compared to 24A25CM18K5 wheels).

It was found that the most productive way to maintain the required quality
of grinding the working surface of ferroceramic products is with ACPB1 diamond
wheels with a grain size of 100/80 (curve I, Fig. 3).

Since porosity (size and density) during sintering of the workpiece is
regulated by the temperature regime, as well as the speed of passage through the
tunnel kiln [28], it is possible to avoid the appearance of grinding cracks on the
machined surface by selecting the appropriate grinding modes and wheel
characteristics.

The results of studying the microhardness of the treated surface and the
microstructure of the surface layer indicate that in the range of modes studied, there
are no cracks or chips during the grinding of ferroceramic products.

The nature of crack formation in ferroceramic products depending on the
characteristics of the wheels and cutting modes can be traced using the criterion of
the limiting heat flux g* [29]:

. _ BV _ V3K

q = <
\/Fgr HWrlo

The heat flow entering the part during grinding is not only a function of the

cutting modes, Vy, Vs, t4r, Pz, but also of the characteristics of the wheels — the
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hardness of the bond, the grain size of the cutting grains, their hardness, etc.
Therefore, it should be expected that each wheel has its own limit heat flow value at
which the machined surface of a ferroceramic product containing pores of size 21
will not be subject to cracking.

The following studies were conducted to rank the wheels according to the
maximum heat flux criterion. Products made of ferroceramic MnFe204 materials
containing air pores were ground with different wheels at grinding depths at which
cracks appeared on the surface. At the same time, the heat flux g was measured by
cutting power, the contact temperature T (using a semi-artificial thermocouple),
and the instantaneous temperatures Ty, and specific grinding work were recorded. It
was found that the intensity of crack formation on the machined surfaces for different
wheels was fairly well corrected with the limit values of the heat flux. The lowest
heat flux g™ is possessed by diamond wheels with a grain size of 100/125 on organic
bonds, which can be recommended for grinding ferroceramic products.

Diamond wheels with a grain size of 200/250 can be recommended for
preliminary grinding operations, which ensures better quality and productivity.

The resulting irregularities are related to the limiting characteristics of the
temperature and force fields with the controlling technological parameters. They
determine the range of combinations of technological parameters (modes, cooling
lubricant medium, tool characteristics) that ensure the required quality of the
working surfaces of products made of ferroceramic materials [14], [30].

6. Conclusions

As a result of the research, information support for technological
capabilities for defect-free processing of ferroceramic materials prone to cracking
has been created, which consists in establishing calculated dependencies for
determining the influence of hereditary defects formed at the stage of sintering the
blank on the crack resistance of the surface layer in the finishing operations.
technological processing conditions, taking into account the accumulated defects in
the surface layer of ferroceramic parts, which are particularly prone to cracking
during processing, which is of great economic importance for reducing defects in
finishing operations and improving the operational properties of parts made of these
materials.
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Amnaromniit YcoB, Makcum Kynitms, FOpiit 3attank, FOmig Cikipam,
Opeca, Ykpaina,

BII/IUB CHAJKOEMHUX JE®EKTIB, HA
TPIIUHOYTBOPEHHA B OBPOBJIIOBAHUX TIOBEPXHAX BUPOBIB
I3 PEPOKEPAMIYHUX MATEPIAJIIB HA ®IHINIHUX OIEPANIAX

Anomayin. s 3a6e3nedents sKocnmi 00pOOIOBAHUX NOBEPXOHb, HEOOXIOHO 34 (DYHKYIOHAIbHUMU
36'A3KAMU MIJIC (DI3UKO-MEXAHIYHUMU 6IACMUSOCTISAMU Mamepianie [ napamempamy Ha QiHiwHux
onepayisx niobupamu maxi pescumu 0OpooKu, i XapaxmepucmuKy iHCmpymMeHmy makum YuHom, ujob
nomouni 3navenns memnepamypu waipyeanns T(x,y,T) i mennosozo nomoxy q(y,T) nanpyoicenns
Opmax Cun wrigyeanns Py, P;, xoegiyicnma inmencuenocmi Kl(S, ag, oy max) nepesuwysanu ix
NUMOMUX 3HAYEHD, Ol 0edeKmis NeGHUX 2eOMEMPUYHUX POSMIPIE, Uj0 MICIAMbCA 8 NOBEPXHEBOMY WIADT
i Maromv chadKOEMHULL XapaKmep 2apanmysamu HeoOXiony AKicmbs pobouux noeepxons supoobis. B damiit
pobOmi posenAHyma MamemMamuyHa noCMaHo8KAa 3a0ai no GUAGIEHHIO Oe(heKkmie & (epomasHimHux
demansx 6i0 nonepeouix onepayiil npu ix Hamaenivysani. Ompumano mamemamuyti eupasu 01 OYiHKU
ceomempuunoi gopmu i enubunu posmiwgenns Oegekmy 6 Nogepxmi Oemani 3a pe3yrbmamam
BUMIPIOBAHHS PO3NOOINY MASHIMHOI IHOYKYIl Ha i1 nogepxHi. MexaHism ymeopeHHs MexHON0IYHUX
mpiwuH Ha QIHIWHUX onepayisx noeepxui demainell i3 (epoKepamiyHux Mamepianie po3enioacmvcs 3
nosuyiil einomesu Npo «HAUCIAOULY» AaHKYy, N0 AKUM CAi0 PO3YMImu CNAOKOEMHuUlL deghekm, po3mip
K020 BUOUPAEMbCA 6 AKOCMI Kpumepiio be30eghekmHoi 06pobku. Y pe3yibmami BUKOHAHUX OOCTIONHCEHD
cmeopeno ingopmayitine 3a0e3nedents MexHoIOSIUHUX MOdCIUeocmel O bezoeexmuoi 0opobku
BUPODI6 13 MAMEPIANIE, CXUNLHUX 00 MPIWUHOYMBOPEHHSL, WO NOASA2AE Y BCMANOGIEHHI PO3PAXYHKOGUX
3anexHcHocmell Wooo BUSHAYEHHS BNIUBY CHAOKOBUX OedeKmis, chopmosanux 6i0 nonepeoHix onepayii
HA MPIWUHOCMITIKICIb NOBEPXHEB020 WAPY HA (DIHIWHUX ONepayisix. MexHON02IYHUX YMO8 00pOOKU 3
VPAXYBAHHAM HAKONUYEHUX NOWKOOJCeHb | HeOOHOpIOHOCmell Y Nnogepxneeomy wiapi Oemaneti i3
Mamepianie i cniagie, 0cobIUB0 CXUILHUX 00 MPIUUHOYMBOPEHHS 8 NPOYeCi 0OPOOKU, WO MAE 8ANCTUBE
3HAYEHHS 0Nl 3MeHbUleHHs Oepekmié Ha (QIHIWHUX onepayisx ma NiO8UWEHH eKCHLYAMAyiliHux
ernacmugocmeii demaneii MAwuH.

KurouoBi cioBa: cnadkoemnuili Oepexm; mpiwurno-ymeopenusi, Qiniwna onepayis; ghepomacHimue
MOOCNIOBAHHS, AHAJIIMUYHI 3ANCHCHOCI.
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Abstract. The surface quality produced by electrical discharge machining (EDM) nowadays allows these
surfaces to be used directly as functional surfaces—often without the need for post machining—such as
in the production of plastic moulding tools. This highlights the importance of surface quality assessment
not only through traditional amplitude parameters but also through so-called functional roughness
parameters. This paper presents the results of studies in which EDM machined tool steels were
investigated using functional surface roughness parameters. Such parameters effectively characterize the
operational behaviour and applicability of machined surfaces.

Keywords: electrical discharge machining (EDM); surface texture; functional roughness parameters;
topological map.

1. Introduction

Electrical discharge machining is widely used in tool manufacturing,
particularly for producing plastic injection moulds. Fine structured surface quality
(texture or pattern) is required on steel mould plates and inserts, which strongly
influences the aesthetic quality of the moulded plastic components. The precision of
the surface texture must be reproduced depends on several factors, including the
material properties of the workpiece, the tool electrode material, the construction of
the EDM machine, and numerous technological parameters.

EDM-machined surfaces consist of overlapping, irregularly located craters,
whose formation is influenced by several parameters—voltage, current intensity,
and pulse duration. Several authors have analysed EDM surface roughness as a
function of technological parameters [1,2], but usually only in terms of traditional
amplitude parameters (Ra, Rz, Ry).

Because crater formation results from pulsed melting and vaporisation, and
because re-solidified material creates an irregular height distribution, amplitude
roughness values are less informative. Therefore, it is more appropriate to analyse

functional roughness parameters such as Rs/Rks and Rmr, Which better describe
© Zs. Maros, K. Kun-Bodndr, 2025
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whether the surface is peak- or valley-dominated and to what extent it can function
as a real contact surface [3].

2. Material ratio and functional surface parameters

One of the most frequently used functional parameters is the material ratio
(Rmr).

Rmr is defined as the ratio of the material cross-sections cut at a specified
depth (p) below the surface peak level to the evaluation length (I;) (Figure 1) [4].
Given as a percentage, a higher Rnr value generally indicates more favourable
operational properties. Mathematically:

Tieabi
Rmr(c) = I_:L 1)
Yi Ir
Dy by br &
-— —— — 1
f P i)

L+
s
x|

SAVAN

Figure 1 — Interpretation of the material ratio (Rmr)

Skewness (Rsk) describes the asymmetry of the profile height distribution
curve about its mean line:

1 1 Ly
Rk =R—3';f0 y(x)*dx (2

where Ry is the root-mean-square roughness:

Ry = [* [yt 3)

Skewness (Rsk) indicates whether deviations are symmetric about the mean
line or dominated by peaks (positive) or valleys (negative). For Gaussian surfaces—

97



ISSN 2078-7405 Cutting & Tools in Technological System, 2025, Edition 103

where the distribution of height values is symmetric—Rs = 0. R iS negative when
the height-distribution curve extends more on the side above the mean plane, and
positive in the opposite case (Figure 2). Negative skewness values indicate that the
machined surface texture has good load-bearing capacity and is more wear-resistant.
This parameter has very important technical and practical significance for real
working surfaces.

Kurtosis (Rk) characterizes the peakiness, sharpness, and thus the
dispersion (range of dispersion) of the height distribution. Definition:

1 1

R Iy

I
Ry o y(x)*dx 4)

For the Gaussian surfaces, Ry = 3. A high Ry, value usually indicates
prominent peaks or valleys (or possibly both) (Figure 2). If R, > 3, surfaces sliding
against each other will be characterized by intense wear. If Ry, < 3, the distribution
of surface irregularities is much more favourable. In this case, the surface can be
described as having a full, plateau-like profile.

=
=

-

o

Rku>3

Rsk positive

025 05 075 1
PR IR T R

Rsk, ()
Figure 2 — lllustration of skewness (Rsx) and kurtosis (Rku)

In the present study, the material ratio, skewness, and kurtosis parameters
were analysed on EDM-machined plastic mould tool steels.

3. Experimental conditions
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Experiments were carried out on a Neuar CNC-C50 EDM machine-tool.
Workpieces were mounted in a vise, and petroleum was used as the dielectric fluid.

Four tool steels commonly used for plastic injection moulding were
investigated. Each specimen was machined by die-sinking EDM. The chemical
composition of the steels is shown in Table 1.

The test pieces were rectangular plates (115 x 140 x 15 mm), pre-ground
and hardened for more efficient EDM. Each sample contained 5 mm depth cavities
(Figure 3), machined at different VDI grades using two electrode materials.

Table 1 — Chemical composition machined tool steels

Material C,% | Si,% | Mn, % gor Mo,% | S, % | Ni,%
40CrMnMo7 0,40 | 0,30 1,50 1,90 0,20
40CrMnMoS8-6 0,40 | 0,40 1,50 1,90 0,20 0,08
45NiCrMo16 0,48 | 0,23 0,40 1,30 0,25 4,00
C45U 0,45 | 0,30 0,70

Figure 3 — Test specimen with cavities machined by EDM using two different tools

Each specimen contained five cavities produced at different VDI grades
using two electrode types. On modern EDM machines, technological parameters
influencing machining quality and efficiency—such as discharge current, voltage,
and pulse duration—cannot be set manually; instead, the machine automatically
selects them based on the chosen VDI grade (typically ranging from VDI 0 to VDI
45) [5]. The VDI grades chosen for this study were 18, 21, 25, 29, and 36..
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To carry out the machining experiments, copper (red copper) and graphite
electrodes were used for all test piece materials. The type of copper electrodes used
was CUETP electrolytic copper and graphite of type ELOR-50-F, with a cross section
of 55 x 15 mm.

The surface roughness of the machined cavities was measured in the
laboratory of the Institute of Manufacturing Science at the University of Miskolc
using an AltiSurf 520 three-dimensional surface topography device.

4. Experimental results

From the results of the EDM experiments, conclusions can be drawn about
the effect of the set VDI grade, the different electrode materials, and the machined
steel grades on the profile roughness in terms of the operational roughness
parameters.

Figures 4 and 5 show the change in the material ratio parameter (Rm) of the
cavities made with copper and graphite electrodes at each VDI level. The material
ratio (Rmyr) is used to characterize the operating and wear properties of surfaces. The
higher the percentage Rnr Value of a given surface, the more favourable its operating
properties. During the tests, the material ratio parameter values were determined at
a depth of ¢ =10 pm.

Ry
Copper electrode
60
50

40

e [%0]

30

20
10 R‘

R

18 21 25 29 36
VDI —10p
——C45U =—4—=40CrMnMo7 —=—e—40CrMnMoS8-6 45NiCtMo16

Figure 4 — Change in the Rmr parameter as a function of the VDI grade
for copper electrodes
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——C45U =—4—40CrMnMo7 —e—=40CrMnMoS8-6 45NiCtMol6

Figure 5 — Change in the Rmr parameter as a function of the VDI grade
for copper electrodes

Figures 4 and 5 show that the most favourable operating properties are achieved
at VDI grade 18 and that, as the VDI grades increase, the surface characteristics
deteriorate and the difference in the material ratio parameter between the individual
steels decreases, regardless of the tool and workpiece material. In the case of copper
electrodes, outstanding properties can be achieved at EDM 40CrMnMo7 material,
and in the case of graphite, the same can be said for C45U and 45NiCrMo16 steel.
At VDI level 18, the lowest percentage values was obtained for the 40CrMnMoS8-
6 material, which also contains sulphur alloying. At the other levels, the weaker
values vary from level to level.

In addition to the Ry material ratio parameter, the functional parameters Rq
skewness and Ry, kurtosis also have very important technical and practical
significance for real working surfaces. A topological map can be created using the
values of the R« - Ry, parameters. The topological map is a series of points plotted
on an R« - Rw plane, which gives the skewness and kurtosis parameters of the
measured roughness of the manufactured surface. The corresponding values of Ry
and Ry, for surfaces produced using different cutting technologies form groups
depending on the cutting technology (Figure 6). Surfaces produced using different
technologies have different Ry - Ry values [6,7].
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Kurtosis

Skewness

Figure 6 — Topological map of Rs - Rk for surfaces produced
using different cutting processes [6]

To evaluate measurement results, a topological map was created from the
measured data, also marking the theoretical location of EDM technology (Figures 7
and 8).

Rku Copper
75 1 electrode
7 4 S o C45U
65 1 )
6 4 40CrMnMo7
1 o
55 1 2 .
¢ 40CrMnMoS8-6
5 .
o 45 . A 45NiCrMol6
4 4
359 /A * A
*
3 4 TS
2,5 1
2 4
15
1 .
O’i 1 Rsk
-04 -02 02 04 0.6 0.8 1

Figure 7 — Rs - Rku topological map for surfaces machined with copper electrodes
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Considering that the most favourable properties in terms of operation are
given by the parameter pairs Rs - Rk, parameter pairs located furthest to the left and
below, we can conclude from the measurement results that these data pairs were best
achieved on surfaces of 40CrMnMoS8-6 steel with a copper electrode and on
surfaces of 45NiCrMo16 steel with a graphite electrode.

Rku Graphite
6
. electrode ..o,
55 A
A - 4 40CrMnMo7
. * 5 .
° . + 40CrMnMoS8-6

45 45NiCrMol6

4
35 2 =

* A

3 2 °
2,5

2
15

1
0,5

Rsk
06 04 02 0 02 04 06 08

Figure 8 — Rsk - Rku topological map for surfaces machined with graphite electrodes

No clear result was obtained for the tool steel with the most unfavourable
properties. Examining the technological area of EDM as defined in the literature, it
can be said based on the measured values that the measurement points of the material

45NiCrMo 16
—— copper graphite
7
6
: . \.\.\

4

3 ~——— —=-9
2
1
0

18 21 25 29 36

VDI

Figure 9 — Variation of Rk peaking as a function of VDI grade
on 45NiCrMo16 tool steel
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grades with the most favourable properties did not necessarily fall within the
theoretically designated area. Figures 9 and 10 show the change in R and Ry, values
as a function of the set VDI grades.

45NiCrMo16
copper graphite
1,0

0,8
0,6

02

00
02
04

-0,6
VDI

Figure 10 — Variation of Rs skewness as a function of VDI grade
on 45NiCrMo16 tool steel

It is interesting to note that the peak value decreases at higher VDI levels,
approaching the value of 3, which is considered favourable in the literature. The two
types of electrodes produce almost identical results (Figure 9). No clear conclusion
can be drawn regarding skewness, as skewness decreases with copper electrodes but
increases with graphite electrodes (Figure 10). Further investigation is needed to
explain this phenomenon.

5. Conclusions

Based on the evaluation of the experimental results, the following
conclusions can be drawn regarding the electro discharge machining (EDM) of tool
steels with copper and graphite electrodes:

. With increasing VDI grade, the material ratio (Rmr) of the roughness of the
machined surfaces clearly decreases. In the range investigated, the most
favourable values are achieved at VDI grade 18.

. The machined surfaces of the different tool steels did not show any
significant differences in terms of the material ratio (Rmr). In the case of
copper electrodes, outstanding properties can be achieved when EDM
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40CrMnMo7 material, and in the case of graphite, the same can be said for
C45U and 45NiCrMo16 steel.

. Increasing the VDI grade reduces the surface roughness kurtosis (R,) to a
favourable value of 3. In this respect, the two types of electrode materials
and the different tool steel grades did not show any significant differences.

o The change in skewness (Rs) as a function of the VDI grade is not clear. It
clearly increases when machining with a graphite electrode, while it
decreases when using a copper electrode.

. The Rs - Rk topological maps created based on the tests partially confirmed
the ranges described in the literature as characteristic of electro discharge
machining. From this point of view, the most favourable data pairs were
achieved on the surfaces of 40CrMnMoS8-6 steel with a copper electrode
and 45NiCrMo16 steel with a graphite electrode

Our results prove that changes in VDI grades significantly determine the so-
called functional parameters of the roughness of machined surfaces. It has become
clear that it is not possible to accurately describe the nature of a surface using a single
parameter, so it is necessary to use these functional parameters and their
combinations (topographic maps). Further studies are needed to clearly determine
the effect of VDI grades.
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Kont Mapom, Kpicrina Kyn-bBognap, Mimkoinsr, Yropuimaa

JOCJIIKEHHS TAPAMETPIB ®YHKIIOHAJIBHOI IIOPCTKOCTI
MOBEPXHI CTAJIEBAX BUPOBIB, IICJISI EJTEKTPOPO3PSTHOI
OBPOBKH

AHoTauis. AKkicmb no8epxHi, ompumMaHa eneKmpuyHolo pospsodHor o6pobkoro (EDM), cbocooHi
003607151€ BUKOPUCTNOBYSAMU Ui NOGEPXHI 6e3nocepeOnbo AK (QYHKYIOHANbHI noeepxui — wacmo 0Oe3
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nompebu y nocmoopobyi — Hanpukiao, y GUPOOHUYMEI NIACMUKOBUX THCMPYMEHMIE Ol (hOPMYBAHHSL.
Lle nioxkpecuoe 6axciugicmv OYIHKU SKOCHI NOBEPXHI He Juule 3d MpaouyiiiHUMU Rapamempami
amnaimyou, a U uepe3 mMAaK 36aHi napamempu @OYHKYioHaibHoi wopcmkocmi. Y i cmammi
npeocmasieHo pesyibmanmu 00caiodcens, y akux EDM-o06pobaeni incmpymenmanvui cmani suguanucs 3
BUKOPUCIAHHAM NApaAMempie pyHKYioHanbHoi nosepxuesoi wopcmxocmu. Taxi napamempu epexmusHo
Xapakmepuzyloms Onepayiiny noediHKy ma 3acmocosHicmy 0opobaenux nosepxons. Ha ocnosi oyinku
EeKCNEPUMEHMATIbHUX Pe3YIbMamie MONICHA 3p00UmMU 0esiKi UCHOBKU 000 eleKmpopo3psaoHol 00pooKu
(EDM) incmpymenmanvnoi cmani 3a 0onomo2oio MiOHux i epagimosux enekmpoois. 3i 30inbiuentsim
xaacy VDI cnigsionowenns mamepiany (Ru) 00 wopcmrocmi 06podieHux no6epxoHs sI6HO 3MEHULY EMbCSL.
V' 0ocnioscenomy dianazomi Haticnpusmausiwi 3nHavenus docsearomocs Ha pisni VDI 18. O6pobneni
NOBEPXHI PI3HUX [HCMPYMEHMAIbHUX CMalesux 6upobie He Maiu CYmmesux eiOMiHHOCmel y
cniggionowenni mamepianie (Rum). V eunaoxy mionux enexkmpoodie euoamui 61acmueocmi MOJCHA
docsizmu npu euxopucmanui mamepiany EDM 40CrMnMo7, a y eunaoky epaghimy me came modicHa
cxazamu npo cmani C45U ma 45NiCrMol6. ITiosuwenns cmynens NDI snuoicye kypmos wopcmxocmi
nogepxni (Ryy) 00 cnpusmaugoeo 3navenns 3. Y ypomy cenci 06a munu mamepianie enekmpoois i pisni
copmu IHCMPYMEeHMAIbHOI Cmai He Maiu cymmeeux giominnocmeu. 3mina kococmi (Ry) sk ghyuryis
cmynenst VDI sanuwaemocs He3pozyminoro. Bona 51610 3pocmae npu 06pobyi epaghimosum enexmpooom,
MoOi AK 3MEHULYEMbCA NPU BUKOPUCMAHHI MiOHO020 enekmpooa. Tononoeiuni kapmu Ry Ry, cmeopeni na
OCHOBI 8UNPOOYBAHD, YACMKOBO NIOMEepOUIU OIANA30HU, ONUCAHI 6 Jimepamypi sK XapakmepHi 0/is
e1eKmpopo3psiOHol 06pobru. 3 yiel mouku 30py HAUOIIbWL CRPUSAMAUGE NAPU OAHUX OYIU OMPUMAHI HA
noeepxusix cmani 40CrMnMoS8-6 3 mionum enexkmpooom i cmani 45NiCrMol6 3 zpagpimosum
enekmpodom Hawi pesynomamu 0os00ams, wjo sminu cmynerie VDI cymmeeo eusnauaroms mak 36ami
@ynryionanvui napamempu wopcmrocni 0o6pobaenux nosepxonsb. Cmano 3po3yMmino, wo HeMoANCIUBO
MOYHO onucamu npupooy NOGEPXHI OOHUM NAPAMEMPOM, MOMY HEOOXIOHO GUKOPUCHOSYeamu Ui
@yuryionaneHi napamempu ma ixwi KombiHayii (monoepaghiuni xkapmu). Ilompioni nodanvuii
docniodncenHs, wob yimko susnauumu eniug oyinok VDI.

KurouoBi ciioBa: enexmpoeposiiina oopooka (EDM); mexcmypa nogepxui; napamempu QyHKyioHanibHol
WIOPCMKOCMI,; MONO02IYHA Kapma.
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Abstract. The geometry of the tool and the workpiece plays a decisive role in the formation of the
topography of a machined surface. Depending on the kinematic conditions of the machining process, they
influence both the magnitude of surface roughness and the irregularity of the topography. This paper
presents an investigation of the variation in topographical inhomogeneity resulting from changes in the
tool diameter used in face milling. The results showed that increasing the diameter — while keeping all
other parameters constant — significantly increased the values of amplitude and functional roughness
parameters measured on the surface at the same measurement position. The decreasing trend of the
values with increasing distance from the path of the tool axis was consistent, and its magnitude gradually
diminished at measurement locations taken at greater distances. However, when the distance was
expressed as a proportion of the tool diameter, the values exhibited similar degrees of variation.
Keywords: face milling; surface roughness; distribution of roughness; tool diameter.

1. Introduction

The components of mechanical engineering products are manufactured with
the required accuracy and surface quality so that they can meet the specified structural,
functional, and other performance requirements throughout their intended service life
[1]. One of the most common ways to achieve this is through machining. During the
process, the tool penetrates the material of the workpiece and, while removing chips,
generates new surface(s) [2]. The cutting edge(s) leave an imprint on the surface, the
characteristics of which are fundamentally determined by the relative motions of the
tool and the workpiece, the tool edge geometry, and the feed rate [3].

Face milling is most commonly applied for producing planar surfaces due to
its high productivity and the good dimensional accuracy and surface quality achievable
on the machined surface (e.g., IT8 dimensional accuracy [4] and R, = 0.8 um surface
roughness [5]). For this reason, many researchers investigate the influence of
machining parameters on surface quality. In the following, the influence of several
factors on the surface roughness are presented.

The influence of cutting parameters (e.g., cutting speed, feed, depth of cut) on
surface roughness has been widely investigated [6]. The roughness can be decreased

© A. Nagy, 2025

107


https://orcid.org/0000-0001-6160-4973
mailto:antal.nagy@uni-miskolc.hu

ISSN 2078-7405 Cutting & Tools in Technological System, 2025, Edition 103

with decreasing feed values. In most cases, it has the highest influence on the surface
roughness, followed by the cutting speed and the depth of cut [7]. However, it was
reported in a study where aluminum workpieces were milled, that the feed rate had less
significant effect than the the axial depth of cut [8]. A decrease of 50% in R, parameter
value was achieved with the increase of the cutting speed but only to a certain extent;
in the study [8] the further increase of the spindle speed from 4000 rpm — i.e., the
increase of the cutting speed — deteriorated the roughness. The nose radius of the tool
is an important factor in the reduce of roughness; an increase in the radius from 0.4
mm to 1.2 mm caused a 62% decrease in the R, value measured on the machined Ti-
alloy [9]. Tool edge angles also affect the resultant roughness values on the machined
surface; the roughness can be significantly decreased with an increase in the helix
angle — thus a decrease in the shock load and vibrations — and minimally with the
decrease of the radial rake angle [8,10]. Moreover, other characteristics of the milling
tool, e.g., tool edge preparation, rounding [11], and run-out [12] also have an impact
on the surface roughness [6]. However, another geometric attribute of the milling cutter
—namely its diameter — may also influence the measured surface roughness values, an
aspect that has been little studied so far.

In industry, larger-diameter milling tools are commonly used, as they allow
for higher material removal rates, shorter machining times, and more efficient machine
utilization [13]. However, an increase in surface roughness can also be expected, as
observed in steel workpieces [14], influenced by factors exerting opposing effects.
Although larger-diameter tools provide greater stiffness, the increased cutting forces,
deflections, vibrations, and thermal loads associated with them may adversely affect
the characteristics of the surface topography [15].

Due to the tool-workpiece kinematic relationships in face milling, the
roughness characteristics can vary significantly across different regions of the surface,
resulting in an inhomogeneous topography [16,17]. This may influence the functional
properties of the surface (and their variability). The origin of such variations in
roughness lies in the changes in the geometry of the cutting marks (their height, width,
shape, etc.) on profiles measured at different locations and in different directions on
the surface, as illustrated in Figure 1.
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Figure 1 — Change in surface roughness with measurement direction in face milling [18]

The aim of the investigation is to experimentally determine how increasing
the diameter of the milling tool affects the surface roughness and topographical
inhomogeneity of a face-milled surface under identical cutting conditions.

2. Experimental conditions

For the investigation, machining experiments were carried out on a PerfectJet
MCV-M8 vertical milling center. Three types of tools from Tungaloy’s T2845 PM
milling head series were used (050.05Z4, 063.05Z5W, and 100.05Z8). These tools share
the same insert seat design and use the same mounted insert (OFEX 05T3AE, KH100
grade, xr = 43°, yo = 25°, 00 = 7°, r. = 0.4 mm), but differ in their nominal diameters: Dy
=50 mm (M50) Dy = 63 mm (M63), and D = 100 mm (M100). On three C45 steel
workpieces, surfaces measuring 50 mm in length and 100 mm in width were prepared
and machined under dry conditions. The set width of cut was equal to the tool diameter
(ae = Dy); 50 mm for the surface machined with the M50 tool, 63 mm for the one
machined with the M63 tool, and 100 mm for the surface produced with the M100 tool.
The additional cutting parameters were: v = 300 m/min, a, = 0,4 mm, f, = 0.4 mm/rev.
The tool axis was positioned in the symmetry plane of the surfaces to be machined,
perpendicular to them. During machining, the workpiece feed motion under the milling
head continued from the start of cutting until the centers of the tool and the surface
coincided, after which the tool was retracted from the cut. In this way, single milling
marks were produced on the surfaces; however, unmachined areas remained within the
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width of cut, and double-cut surface regions were also formed during the back-cutting
motion of the tool edge (Figure 2).

Roughness measurements on the machined surfaces were carried out using a
CL2 confocal chromatic probe on an AltiSurf 520 three-dimensional surface topography
measuring device. For examining roughness variations on the surfaces, several
measurement points (marked with Roman numbers) were selected such that each of 5
defined measurement planes parallel to the feed direction, labeled U, S, and D (Fig. 2).
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Figure 2 — Surfaces machined with tools of different diameters, along with the selected
measurement planes and locations

The central plane corresponds to the path of the tool axis, which coincides with the
symmetry plane of the surface. The others are positioned parallel to it, offset by 10
mm from one another on the up-milled (U planes) and down-milled (D planes) sides.
Their number was determined according to the width of the milled surface (Figure
2). In the figure, the points indicate the centers of the measured profiles. The
measurements were evaluated using AltiMap Premium v6.2 software. During
measurement and evaluation, the requirements of the 1SO 4287 standard were
applied and followed. At each measurement location, profile measurements were
taken in the feed direction with an evaluation length of 4 mm and a section length of
0.8 mm. No measurements were taken at positions that did not fall on the single cut
region (i.e., those lying in unmachined or twice-machined areas, as shown in Figure
2).

3. Results and discussion
After measuring surface roughness at the designated measurement locations

on the investigated surfaces (Figure 2), the roughness parameter values were evaluated.
First, the roughness profiles measured at an identical location (S-1V) on each surface
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are shown in Figure 3. Second, the values of the most commonly used and examined
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Figure 3 — Roughness profile curves recorded at position S-1V on surfaces machined with
tools of different diameters

roughness indicators — R, (arithmetical mean roughness) and R, (maximum height of
the profile) — are presented and analyzed. In addition, based on our previous
investigations, the values of the R, (maximum profile peak height) and Rk (reduced
core roughness depth) parameters — which express topographical inhomogeneity with
the highest degree — are also provided and studied. These values are organized by
measurement planes, locations, and parameter type in Tables 1-2. The tables also
include the range of values measured within the planes and on the surface, the latter
expressed as a ratio relative to the arithmetic mean of the values measured on the
topography. The distribution of roughness values on each surface is illustrated using
contour map diagrams in Figure 4. Due to the large differences observed when changing
the tool diameter, the diagrams present values expressed as ratios relative to the mean,
indicated with an overline above the index.

Table 1 — Measured Ra and R, values and their variations on the studied surfaces

Ra [um] R; [um]
& | I | 1| IV | V | Range Plane | I || 1v | V | Range
E 0.12| 0.11) 0.11 0.01 D2 0.48] 0.49]| 0.51 0.03
0.22] 0.21| 0.22| 0.23| 0.25 0.04 D1 1.04| 0.99| 1.05| 1.08| 1.02 0.09
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0.27| 0.26| 0.26| 0.30| 0.27 0.04 S 1.33| 1.18| 1.23| 1.48| 1.35 0.30
0.22]| 0.22| 0.21| 0.22| 0.21 0.01 U1 1.20] 1.12| 1.06| 1.07| 1.04 0.16
0.10| 0.12| 0.11 0.02 U2 0.47| 0.56| 0.51 0.09

101%| Surface 104%

o | Il [ 111 | IV | V | Range | Plane | I | 1| IV | V | Range
§ 0.83| 0.88| 0.89| 0.91| 0.89 0.08 D2 3.71| 3.95| 3.94| 3.87| 3.89 0.24
= 1.12| 111} 1.11] 1.11] 1.12 0.01 D1 5.23| 5.22| 5.24| 5.03| 5.25 0.22
‘S | 1.24]| 1.25| 1.25| 1.22| 1.22 0.03 S 5.86| 5.98| 5.97| 5.83| 5.82 0.16
8 [112/111)111]1.11) 1.14 0.03 U1 5.37| 5.42| 5.13| 5.23| 5.20 0.29
§ 0.86| 0.87| 0.89| 0.88| 0.83 0.06 U2 3.86| 3.89| 3.81| 3.81| 3.81 0.08
40%| Surface 47%

| Il [ 111 |1V ] V | Range | Plane | I |11 ]IV | V | Range

1.17] 1.15| 1.19] 1.17| 1.20 0.05 D4 4.76| 4.63| 4.75| 4.98| 4.81 0.35

= 1.83| 1.77| 1.78| 1.75| 1.82 0.08 D3 7.12| 6.85| 7.06| 6.77| 7.12 0.35
g 2.19( 2.20| 2.20| 2.20| 2.20 0.01 D2 8.51| 8.75| 8.78| 8.63| 8.70 0.27
= | 242| 2.45]| 2.41| 2.47| 2.36 0.11 D1 9.61| 9.82| 9.60| 9.76] 9.29 0.53
‘g 2.45| 2.44| 2.41| 2.41| 2.41 0.04 S 9.64| 9.59| 9.43| 9.43| 9.37 0.27
T | 2.44| 245| 2.42| 2.41| 2.40 0.05 U1 9.46| 9.44| 9.59| 9.39| 9.45 0.20
= | 2.22]| 2.20| 2.22| 2.22| 2.18 0.04 U2 8.88| 8.81| 8.93| 8.83| 8.98 0.17
= [ 1.83] 1.85| 1.81] 1.79] 1.79 0.06 U3 7.38| 7.27| 7.18| 7.15| 7.18 0.23
1.20| 1.20| 1.22| 1.18| 1.21 0.04 U4 5.03| 5.03| 5.02| 4.82| 4.96 0.21
67%| Surface 67%

First, the effect of tool diameter on surface roughness is presented. The
measured roughness values increased significantly with increasing diameter. This is
easily compared in the symmetry plane (S), where the theoretical topographies of the
investigated surfaces show identical cutting mark characteristics due to the same tool-
workpiece motions, tool edge position, and feed value. At the measurement locations in
this plane, increasing the diameter from @50 mm to #63 mm resulted in a 3.8-5.1-fold
increase in amplitude parameters and a 4.5-6.2-fold increase in Rk. Further increasing
the tool size to 100 mm led to an additional 1.6-2-fold increase, nearly the same extent
for the analyzed parameters. This effect is likely due to the improved rotational stability
associated with the larger diameter, resulting in more regular shape of the tool marks and
more favorable shearing of the workpiece material. At the same time, for the smallest-
diameter milling tool, the noisy and poorly defined tool marks observed on the
topography indicate that the smaller rotating mass — and consequently the weaker
gyroscopic stabilizing effect — amplifies vibrations in the machine—tool-workpiece
system (Figure 3). The mechanism of this effect requires further investigation.

Table 2 — Measured Rp and Rk values and their variations on the studied surfaces

Rp [pm] Rk [um]
[nJm[iv] Vv [Range | Plane I JuJm|iv] Vv |Range
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0.28| 0.29| 0.30 0.02 D2 0.32| 0.29] 0.28 0.04

0.62| 0.58| 0.65| 0.67| 0.64 0.09 D1 0.69| 0.59| 0.65| 0.66| 0.65 0.10
0.74| 0.69| 0.72| 0.90| 0.76 0.21 S 0.62| 0.72| 0.64| 0.84| 0.88 0.26
0.72| 0.70| 0.63| 0.63| 0.59 0.13 Ul 0.59| 0.53| 0.57| 0.69| 0.72 0.19
0.30{ 0.34| 0.33 0.04 u2 0.26| 0.29] 0.26 0.03

108%| Surface 110%

o || I IV | V | Range Plane | I | 1v |V | Range
g 2.01| 2.18| 2.07| 2.10{ 2.10 0.17 D2 2.72| 2.90| 2.96| 3.25| 3.06 0.53
< | 2.97] 2.94]| 2.91| 2.85| 2.93 0.12 D1 3.70| 3.76| 3.67| 3.76| 3.85 0.18
'S | 3.43] 3.53] 3.52| 3.45] 3.46 0.10 S 3.86| 3.99] 3.95| 3.76| 3.85 0.23
S [ 3.03) 3.14| 2.81) 2.97| 2.81 0.33 Ul 3.55| 3.61| 3.70| 3.62| 3.92 0.37
E 2.05| 2.02| 1.97] 1.97| 1.99 0.08 u2 2.80| 2.67| 2.91| 2.86| 2.52 0.39
58%| Surface 43%

| Il [ 11l | IV | V | Range | Plane | I 1| 1v | V | Range
2.84| 2.72| 2.83| 3.04| 2.79 0.32 D4 3.00| 2.98| 2.84| 2.96| 3.09 0.25

g | 4.15| 4.09] 4.22| 3.96| 4.21 0.26 D3 5.12| 4.64| 4.65| 4.69| 4.97 0.48
E 5.04| 5.35| 5.31] 5.19| 5.27 0.31 D2 5.66| 5.65| 5.83| 5.71| 5.49 0.34
= | 5.73]| 6.00] 5.76| 5.89] 5.59 0.41 D1 6.67| 6.24| 6.43| 6.46| 5.96 0.71
‘g 5.78| 5.74| 5.64| 5.61| 5.64 0.17 S 6.68| 6.59| 6.29| 6.25| 6.18 0.50
5 | 5.76| 5.72| 5.89| 5.70| 5.71 0.19 Ul 5.99| 5.74| 5.90| 6.24| 6.22 0.50
= | 5.51| 5.41| 5.53| 5.40| 5.58 0.18 u2 5.62| 5.63| 5.42| 5.60| 5.72 0.30
= [ 4.58] 4.46] 4.50| 4.38] 4.47 0.20 u3 4.67| 4.64| 4.32) 4.77| 4.59 0.45
3.09| 3.09| 3.15] 2.95| 3.01 0.20 U4 2.93| 3.02| 2.96| 2.89| 3.08 0.19
70%| Surface 76%

Next, the variations in roughness values measured in the workpieces’
symmetry plane (Figure 2, S plane) are analyzed. On the surfaces machined with the
M63 and M100 tools, the values are nearly identical, differing by only 2—8%. In
contrast, on the surface machined with the M50 tool, the differences are more
pronounced: 15-28% for amplitude parameters and up to 35% for the functional
parameter, due to the previously mentioned differences in rotational stability and
vibrations (Tables 1-2). Within this plane, the values change randomly.
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Figure 4 — Distribution of measured values on the investigated surfaces

In the following section, the variations in roughness values measured in the U
and D planes — parallel to the S symmetry plane on the workpieces (Figure 2) — are
analyzed. It can be observed that increasing the tool diameter reduced the differences
in these planes for the investigated parameters (Tables 1-2). While the deviations on
the surface machined with the M50 tool were mostly significant (5-28% for amplitude
parameters, 11-35% for Ry), they were minor on the surface milled with the larger
M63 tool (1-11% for R,, R,, and Rp; below 18% for R), and generally negligible on
the surface cut with the M100 tool (ranging from 0.5-11%). The values within the
planes — regardless of tool diameter — varies randomly. No trend was observed in the
changes between the deviations determined in adjacent planes.

Next, the deviations and relative distributions of roughness values measured
at the selected locations on the workpieces are evaluated as a function of tool diameter.
The maximum differences in values determined on the investigated areas of the
surfaces — the inhomogeneity of the topographies — were considerable but decreased
with increasing tool diameter. On the surface machined with the M50 tool, deviations
of 101-110% were reduced to 67—76% when the diameter was increased to @100 mm.
Among the roughness parameters studied, the largest differences were observed for
the Rk values.
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Considering the distribution of roughness values on the topographies, it is
identical that, for all tool diameters, the maximum values occur in the symmetry plane
(Figure 4). The locations of the minimum values typically varied among the outer
measurement planes farthest from the S plane, with negligible differences. On the
surfaces, the values decreased with distance from the symmetry plane, by nearly the
same degree on both the up- and the down-milled surface regions. Thus, the change in
cutting movement direction has a negligible effect on the differences in values
measured within the planes.

The changes in surface roughness values were further analyzed from two
perspectives. For this purpose, the arithmetic mean of the measured values in the
measurement planes was illustrated in Figure 5. First, considering a uniform-width
area on the topographies (a 40 mm wide band between the U2 and D2 planes),
increasing the tool diameter gradually reduced the deviations measured on the surface;
machining with the M50 tool caused 101-110% variation, which was

~—1,25 ~A=@50 | —1.25 S . —A= (50
5 Si'fmmctry — o063 ;‘ ]):E;ne Iy —» 063
5 | plane e | "'I-.,._. -m-0100 | 5 1 P o - ~m-0100
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a b,

Figure 5 — Ratio of the mean of Ra values measured in planes to the mean value in the
symmetry plane on surfaces milled with cutters of different diameters as a function of the
distance from the symmetry plane (a) and the rotation angle of the tool marks from it (b)

decreased to 4-19% when using the @100 mm diameter milling cutter. At the same
time, in adjacent planes shifted by the same distance, the measured values decreased
less with increasing tool diameter (i.e., in Figure 5a, the curves corresponding to larger
diameters are less steep). This behavior can be explained as follows: for two selected
measurement planes of identical width, on a surface machined with a larger-diameter
tool, the span angle of the tool marks becomes smaller (Figure 2), so their height and
radial width — the values of roughness parameters — differ less. On the other hand,
when the ratio of the tool diameter to the distance of a parallel measurement plane from
the symmetry plane remains constant (where the intersection angles of the tool marks
are the same), the values are typically similar, differing by less than 20% (Figure 5b).
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4, Conclusions

In this study, the effect of the cutter diameter on the roughness of face-
milled surfaces, topographical inhomogeneity were investigated with the amplitude
Ra, Rz, Rp and the functional Rk parameters. Three cutters of different nominal
diameters (950 mm, @63 mm, @100 mm), each equipped with the same type of
insert, were analyzed. The main findings are summarized below.

o It was found that increasing the cutter diameter led to a significant increase
in roughness values at identical measurement positions. Increasing the
diameter from @50 mm to @#63 mm resulted in a 3.8-6.2-fold increase in
roughness in the workpiece symmetry plane, while a further increase to
@100 mm caused an additional 1.6—2-fold increase.

. With increasing milling head diameter, the differences in roughness values
measured in planes parallel to the feed direction decreased. While the range
on the surface machined with the smallest tool was 15-28% for amplitude
parameters and 11-35% for the functional parameter, the use of larger
cutters reduced these differences to a similarly small extent, 1-11%.

. The range of values measured on the examined surfaces — the topographical
inhomogeneity — decreased from 101-110% to 67-76% as the cutter
diameter increased from @50 mm to @100 mm.

. It was observed that at points located at equal distances from the workpiece
symmetry plane (in any direction), roughness values decreased
progressively less with increasing milling tool diameter. For a distance of
20 mm, differences gradually reduced from 6-38% to 1-14%. However,
when the distance from the symmetry plane was expressed relative to the
cutter diameter, roughness values changed to a similar extent compared to
the central plane, with a maximum difference of 20%.

o Among the analyzed roughness parameters, the functional R¢ values
exhibited the largest changes with increasing tool diameter.
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Amntan Hags, Mimkonem, YropmuHa

BILJIMB 3MIHHM JIAMETPA ®PE3EPHOI T'OJIOBKH HA
HEO/JHOPITHICTH OBPOBJIEHOI IIOBEPXHI

AHoTauist. [eomempis iHCmpymenmy ma 3a20MmoO6KuU 6idicpac SUPIUANbHY pONb Y (POpMYSaHHi
monocpaghii 0bpobnenoi nosepxmi. 3anexncno 6i0 KiHemMamuuHux YmMo08 npoyecy 00poOKu, GoHU
BNIUBAIOMb K HA 6ETUYUHY WOPCMKOCMI NOBEPXHI, MAK | HA HepisHicmb monozpadii. Y yiti cmammi
PO32NA0AEMbCA 00CNIONCEHHA 8apiayii HeoOHopionocmi monoepaii, wo uHuUKamev yepes 3MiHU
diamempa iHCMpYMeHnma, wo BUKOPUCTOBYEMbCA 05 (pesepysanns. Pesynomamu noxaszanu, ujo
30inbents oiamempa — npu 30epedicenti 6Cix IHUWUX NApaMempie HeIMiHHUMU — 3HAYHO NIOGUULYE
SHAYEHHST NApaMempie amniimyou ma QyHKYioHANbHOI WOPCMKOCHI, GUMIDSHUX HA NOGEPXHI 8 mill
camiii nozuyii eumipiosanns. Tendenmyis 00 3MmeHwIeHHs 3Ha4eHb 13 30LIbUWEHHAM GIOcmani 610
mpaexkmopii oci incmpymenmy 0yia cmadiibHOW0, a i 6eIUdUHA NOCMYNOB0 3MEHULYBANAC HA MICYAX
BUMIPIOBAHHS, 3pOONEHUX HA Oinbuwiux sidcmanax. OOHAK, KOIU BIOCMAHbL 8UPAXCANACS K NPONOPYis
olamempa IHCMpPYMeHma, 3HayeHHs MAu cXoxci cmyneni eapiayii. Byno ecmanosneno, wo 30invuenns
diamempa pesu npu3B0OUIO 00 3HAUHO20 30INbUIEHHS 3HAYEeHb WOPCIMKOCMI 8 0OHAKOBUX NOLOHCEHHSX
sumipioganna. 30invwenns diamempa 3 D50 mm 0o D63 mm npusseno 0o 36inbUleHHA WOPCIMKOCHI
nrowunu cumempii 3acomosxu y 3,8-6,2 pasu, a nooamvue 30invwenns 00 G100 mm — dodamroge
s0invwennss y 1,6-2 pasu. 3i 30inbwennam Oiamempa ¢hpesepHoi 20108KU pisHUYS 6 3HAYEHHAX
WOPCMKOCHI, GUMIPAHUX Y NIOWUHAX, NAPANETbHUX HANPAMKY nooayi, 3menutyéanacs. Xoua dianazon
nogepxui, 06podaenoi natimenwum incmpymenmom, cmanosus 15-28% ons napamempie amnainmyou i
11-35% ona ¢ynxyionansrnozo napamempa, GUKOpUCMAHHSA DINLILUX Pi3Yi6 3MEHULY8AN0 Yi GIOMINHOCTI
00 nodioHo Hegenuroi mipu — 1-11%. [Jianason 3nauens, BUMIPAHUX HA OOCHIONHCYBAHUX NOBEPXHAX —
monozpaghiuna neoonopionicme — smenwugcs 3 101-110% oo 67-76% y mipy 36invwenns diamempa
@pesu 3 950 mm 0o D100 mm. Byno nomiueno, wjo 6 mouxkax, posmauto8anux Ha 0OHAKOBUX GIOCHAHAX
6i0 niowuHu cumempii 3a20mosKu (y 6y0b-KOMy HANPAMKY), 3HAYEHHA WOPCMKOCHI NOCMYN0GO
3menuiyeanucsi 3i 36inbuiennam oiamempa ¢hpesepnoco incmpymenma. Ha eiocmani 20 mm piznuys
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nocmynogo smenuysanacs 3 6-38% 0o 1-14%. Oouax, xoau GiOCMAaHb 6i0 NIOWUHU CcUMempii
sUpadicanacs 6IiOHOCHO odiamempa pPI3ANIbHOSO THCMPYMEHMY, 3HAYEHHS WOPCMKOCMI 3MIHIOBANUCS
NOPIGHAHO 3 YEHMPATIbHOI NIOWUHOI0, 3 MakcumanvHolo pisnuyeio 20%. Ceped npoananizosanux
napamempié wopcmKocmi QYHKYioHanvhi 3HaveHHs Ry nokazanu Haubinowii 3minu npu 30L16UWeHH]
diamempa iHcmpymeHma.

KaiouoBi ciioBa: mopyege gpesepysanns; wopcmkicms nogepxii; po3noodin wopcmkocmi; oiamemp
IHCmMpyMeHmy.
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Abstract. The article presents the results of a comprehensive study of heavy turning of high-strength
steels used in structural components of defense and energy engineering, particularly in the tyres and rims
of railway wheelsets. The aim of the work is to improve the efficiency of cutting tools by optimizing their
geometry and cutting parameters based on the analysis of thermomechanical loading, the stress—strain
state of the cutting wedge, and the regularities of tool wear development. The study includes modeling of
temperature fields and contact stresses, analysis of the action of elementary force components on the rake
and flank surfaces of the tool, as well as experimental determination of cutting forces, wear, and surface
roughness during turning of steels with hardness of 2850-3600 MPa. The obtained results show that the
geometry of the cutting part is a critical factor in ensuring tool stability: the use of a shortened rake face,
strengthening chamfers, and a rational nose radius reduces contact stresses and local overheating in the
tool-nose zone. Optimal cutting conditions (V = 45-55 m/min, s = 1.4-2.0 mm/rev, t = 6-8 mm) were
established, ensuring minimal wear intensity and a stable chip-formation process. The practical
significance of the work lies in the possibility of increasing tool life, machining accuracy, and
technological reliability in the production of high-responsibility components from high-strength steels.
Keywords: heavy turning; high-strength steels; wheelsets; cutting tool; tool geometry;
thermomechanical stresses; cutting temperature; wear; tool life.

1. Introduction

Machining steel workpieces under heavy cutting conditions is one of the
most complex and resource-intensive operations in mechanical engineering,
particularly during the processing of large components such as railway wheelsets or
rolling mill rolls. The combination of large depths of cut, high feed rates, and
increased hardness of the surface layer leads to intensive tool wear, an increase in
cutting forces, and significant thermomechanical loading on the cutting edge. Under
such conditions, traditional approaches to improving tool life—use of cutting fluids,
wear-resistant coatings, or preheating of the workpiece—Ilose their effectiveness due
to the sharp rise in temperature on the rake and flank surfaces. This causes plastic
deformation of the carbide layer, reduces its shape stability, and decreases tool life
by a factor of 2-3 compared to standard cutting conditions.
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The need to reduce wear intensity and maintain geometric stability of the
cutting edge has made the optimization of tool geometry a highly relevant task. It
has been established that the formation of the temperature-stress state is largely
determined by the rake and clearance angles, the nose radius, the configuration of
micro-chamfers, and the parameters of chip—tool contact. Optimizing these elements
makes it possible to reduce the temperature in the cutting zone, stabilize the chip-
formation process, and minimize plastic deformation even under conditions of large
undeformed chip thickness.

The aim of this work is to increase the efficiency of heavy turning of alloy
steels by determining rational cutting regimes and optimizing tool geometry under
conditions of intensive thermomechanical loading. This involves experimental
investigation of the influence of cutting speed, feed, depth of cut, rake and clearance
angles, and nose radius on tool wear, chip-formation stability, and surface quality,
followed by justification of geometric parameters that ensure minimal wear at high
productivity.

2. Analysis of Research and Problem Statement

Increasing requirements for the strength and service life of wheelset
components in modern transport and energy engineering have intensified research
aimed at improving the efficiency of heavy turning of high-strength and hardened
steels. A significant body of work focuses on the analysis of temperature fields,
cutting forces, and tool wear mechanisms, as elevated temperatures and intensive
thermomechanical processes determine both chip formation and the degradation rate
of the cutting edge [1-3]. The studies by Duc et al. [1] and Mane et al. [2] present
experimental and FEM-based temperature models for machining high-strength
steels, showing the influence of cutting speed, tool geometry, and cooling conditions.
Work [3] highlights temperature and residual stress characteristics during machining
of hardened AISI 52100 steel, confirming the complex thermal loading relevant to
railway wheelset bandages as well. Studies by Zheng et al. [4] and Zhang et al. [5]
emphasize the critical role of high temperatures in wear mechanisms of coated
inserts under heavy mechanical loads.

Further research focuses on modelling thermal and mechanical processes
within the cutting tool. Work [6] demonstrates the effectiveness of protective
coatings in reducing local overheating, while Twardowski et al. [7] highlight the
potential of predicting tool wear based on temperature and force parameters. The
findings of Krbata et al. [8] provide insight into tribological interactions between
tool materials and hard workpiece materials, which is relevant for machining
hardened wheelset bandages. In parallel, intelligent wear-prediction methods are
actively developing: neural-network-based models presented in the works of Guan
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et al. [9] and Cheng et al. [10] show high accuracy in predicting tool degradation
during high-speed machining of high-strength steels.

Considerable attention is also devoted to optimizing cutting parameters.
Bhemuni et al. [11] investigated the relationship between cutting conditions and
temperature in the cutting zone, while work [12] offers optimal machining
parameters for AISI 52100 steel considering surface roughness and cutting forces.
Review articles by Shihab et al. [13] and Sivaram et al. [14] summarize recent trends
in hard turning technologies, and study [15] examines the influence of cooling-
lubrication conditions on the surface quality of AISI 52100 steel.

A synthesis of the literature shows that despite substantial progress in hard-
turning research, significant gaps remain for the machining of steel bandages and
wheelset rims. Notably, there is a lack of models capable of correctly accounting for
plastic deformation of the tool tip under large stock allowances and elevated thermo-
mechanical loads characteristic of heavy turning. Moreover, available data on the
stress—strain state of the cutting wedge under real industrial loading conditions
remain limited.

3. Object, Subject, and Research Methodology

The object of the study is the turning process of high-strength structural
steels under heavy thermomechanical loading of the cutting tool. The subject of the
research includes the tool materials of carbide inserts, the geometry of cutting tools,
the temperature—force loads in the contact zone, the shear stresses on the rake and
flank surfaces of the tool, and the wear mechanisms of the cutting wedge during
machining of large stock allowances.

The research methodology is based on the combination of theoretical
modelling and experimental verification. To determine the temperature on the rake
and flank surfaces of the tool, a thermomechanical model was applied, accounting
for heat generation due to plastic deformation in the cutting zone and friction on the
contact surfaces. The average temperature was calculated considering the main
technological parameters according to the generalized dependence:

T=f(V,s,t,y,a,1),

where V — cutting speed, S — feed, t — depth of cut, y — rake and
clearance angles, r,. — tool nose radius.

This approach makes it possible to determine heat distribution in the cutting
zone and assess the conditions of local overheating, which significantly influence
tool wear resistance.

To evaluate the stress state of the cutting wedge, a modified Mitchell
method was used, allowing calculation of the maximum shear stresses on the rake
surface through the frictional component of cutting force:
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Fe
Tmax ZE
F. — component of the cutting force associated with friction,

A+— actual contact area between the chip and the rake surface.

The obtained relationships reflect the influence of chip thickness and wear-
land width on the growth of shear stresses, which determines the intensity of plastic
deformation of the cutting wedge.

Tool wear was analyzed by determining the wear intensity, introduced as

the derivative of the wear-land width with respect to the cutting path:
dh

dLr’

where h — wear-land width, L — cutting path.

Using wear intensity makes it possible to characterize tool degradation not
only in the steady-state stage but also at initial and transitional phases, which is
particularly important when machining high-strength steels with non-uniform heat
generation in the cutting zone.

Experimental investigations were performed to determine the evolution of
cutting forces, thermomechanical loading, and wear intensity of the cutting tool
during heavy turning of hardened and high-carbon steels. The tests were carried out
on a heavy lathe model KZh1832, which provides the required stiffness of the
technological system, stable feed, and the capability to machine large stock
allowances under elevated loads (Fig. 1).

Figure 1 - Heavy-duty lathe model KZh1832 (manufactured by the Kramatorsk Heavy
Machine Tool Plant)

For the experimental investigations, heat-treated specimens of steel grade 60—
typical for railway wheel-set tyres—were used. The tool geometry was varied by
adjusting the rake angle y, clearance angle @, and nose radius re, while ensuring
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identical microgeometry of the cutting edge. Cutting parameters were changed
within the range typical for heavy turning according to a factorial experimental
design, which made it possible to evaluate both the individual influence of each
factor and their interactions.

Cutting forces were measured using a strain-gauge system equipped with a
dynamometer, allowing the registration of tangential, radial, and axial components.
The temperature in the cutting zone was monitored using a thermoelectric method.
Tool wear was assessed optically by measuring the width of the flank wear land and
identifying signs of edge degradation or loss of shape stability.

The obtained data were subjected to statistical processing. Based on variations
in cutting forces, temperature, and wear intensity, rational cutting regimes and
optimal geometric parameters of the cutting insert were determined for operating
under elevated thermomechanical loading conditions.

4. Theoretical Principles of Tool Geometry Optimization for
Machining High-Strength Steels

4.1. Modelling of Temperature in the Cutting Zone

Accurate prediction of temperature in the cutting zone is fundamental for
the optimization of cutting tool geometry when machining high-strength steels,
where the thermal load often approaches the heat-resistance limits of carbide
materials. The thermal processes are described by the equations of non-stationary
heat conduction, which consider the heat generated by plastic deformation of the
removed layer as well as friction on the contact surfaces.

An important criterion characterizing the ratio between heat conducted into

the chip and into the tool is the Péclet number:
vt

Pe = —,
a

where
V — cutting speed, t — characteristic chip thickness, a — thermal diffusivity of the
workpiece material.

At low Pe values, most of the heat flows into the tool, while at high Pe the
primary heat flow is carried away by the chip, fundamentally influencing the
temperature fields on the contact surfaces.

The general thermal balance is expressed as:

0=0p*qr,

where
Op heat generated by plastic deformation of the material,
gir — heat generated by friction between the chip and the tool rake face.
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The subsequent distribution of heat is determined by its partition into the
chip (»c), tool () and workpiece (yw):

netnetnw=L1.
The maximum temperature on the rake face is estimated as:
ql
Thax =To P
where
To — initial temperature of the tool, | — chip-tool contact length, k — thermal

conductivity of the tool material, A — contact area.

The geometry of the cutting part significantly affects the resulting
temperature fields. Increasing the rake angle y reduces the real contact area and
lowers peak temperatures, although excessive y decreases wedge strength. Chamfers
on the rake face help stabilize chip deformation and redistribute the thermal load.
The nose radius r,. affects heating on the flank face and the overall mechanical
stability of the cutting edge: a larger radius increases strength but also enlarges the
contact zone, raising frictional heating.

4.2. Stress State and Deformation of the Cutting Edge

Evaluation of the stress—strain state of the cutting edge is a key stage in the
analysis of heavy turning of high-strength steels, since the distribution of normal and
tangential stresses directly determines tool durability, wear intensity, and the
accuracy of surface formation. Under large feeds and depths of cut, the cutting
wedge experiences significant thermo-mechanical loading, which leads to local
stress concentrations on the rake-land facet and the flank surface, particularly in the
tool-tip zone where the maximum wear land width is formed and peak heating occurs

(fig 2).
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Figure 2 - Scheme of the stress state of the cutting wedge during machining of high-strength
steel

In the stress—strain model of the cutting tool, individual sections of the
working surfaces are considered as being subjected to elemental force components.
On the rake face, within the chip—tool contact zone, an elemental tangential
component AF:, a normal component AN;, and the resultant force component 4R
directed along the chip flow line act simultaneously. For the clearance face, where a
stagnation zone is formed, a uniformly distributed normal pressure qy is introduced,
representing the contact load on the wear land.

An important element of the model is the description of the cutting edge shape
in local coordinates (&, z), which reflects the real geometry of the edge radius and
the rake chamfer. According to the geometric relations for the radius portion of the
cutting edge, the coordinates of an arc element are defined as:

X2+y?=r2, dl = ——dx.
,rgz—xz

The elemental increment of the tangential cutting-force component is expressed as:

dpP, = KVSb\/idqufysmydx + o0,bh,dx,

Ts —x2

where: Ky — coefficient accounting for the workpiece material properties,
S — feed, b — contact width, gn — normal stresses on the wear land, h, — wear-
land thickness, fy — friction coefficients, y — rake angle.

Similarly, for the axial and radial force components:

r2-x2 r2-x2

The integration limits are determined by the cutting-edge contact length:

x € [O,w/2r€t - tz]

dP, = Ky;Sb——=dxqy f,sinydx + o,bh,dx,dP, = K,Sb——=dxqy f,sinydx,

where t is the chip thickness.
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Thus, the total components of the cutting force are obtained by integrating the
corresponding differential expressions:

Py =] dPx, Py=]dP,, P,=]dP,.

These components are then transformed into the global coordinate system (Fig. 2),
enabling determination of the resultant load acting on the cutting wedge:

R=P,P, B,

Additionally, using Mitchell’s solution for a wedge, the shear stresses in the tool
cross-section are defined as:

B
Py tan;
X 2,

2

T =
™ be cos

where £ is the wedge angle, e is the cross-sectional thickness, b is the contact width.

An increase in the wedge angle 8 reduces tm, confirming a lower tendency toward
plastic deformation as the wedge strength increases — a typical effect for tools with
a shortened rake face.

The generalized analysis shows that maximum stresses are concentrated in
the edge-radius zone, where peak thermal and mechanical loads occur
simultaneously. This region becomes the initiation point of intensive wear and
formation of the wear land h,, which is confirmed by experimental results and agrees
with the modelling outcomes.

4.3. Wear Intensity Model

The functional efficiency of a cutting tool during the machining of high-
strength steels is determined by the regularities of wear development on the cutting
wedge and its ability to maintain geometric parameters under increased
thermomechanical loading. To quantify this process, a wear-intensity model is used,
which assumes division of the contact zone into local regions, each characterized by
its own rate of cutting-edge degradation.

The local wear intensity at a point with coordinate x along the cutting edge
is expressed as:
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where h(x) is the local wear value (micro-chipping depth or flank-wear
width), L is the cutting path.

The highest values of I(x) are observed in the tool-nose region, where
maximum shear stresses, workpiece-induced pressure, and localized temperature
peaks coincide (Fig. 3).

Local wear

intensity /(x) Tmax

Moderate
flank wear

oh VB | x

Figure 3 - Diagram of the local and integral wear intensity of the cutting edge

The boundary conditions for edge shape stability are defined as:
Trax<Tt, Geq<op,

where Tt is the temperature at which the hard alloy begins to soften, oy is the strength
limit or the conventional yield strength of the tool material.
Exceeding these parameters leads to a loss of geometric stability of the cutting
wedge, accelerated wear, and the onset of plastic deformation in the tool tip.

The integral wear intensity is defined as the average degradation rate of the
cutting edge:

Lt = %fOLI(x)dx,

which makes it possible to evaluate the tool life and determine the cutting length at
which the critical wear value VBt is reached.

5. Optimization of Tool Geometry for Machining High-Strength
Materials on Heavy Turning Machines

Studies of thermomechanical loading during turning of steel wheel-set tyres
and rims have shown that the geometry of the cutting part has a decisive influence
on cutting forces, stress localization in the edge zone, and tool wear rate. For steels
with hardness HB 2850-3600 MPa, the maximum loads are concentrated at the tool
nose, where peak temperatures and the largest wear-land width are formed. For
standard prismatic inserts, the vertical cutting-force component Pz reaches 4045 ky,
which leads to accelerated tool degradation.

Comparison of different geometries demonstrated the advantages of inserts
with a shortened rake surface: a reduced rake angle on the chamfer increases wedge
strength, while a larger inclination of the main rake surface stabilizes chip formation.
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Such tools promote a more uniform distribution of normal stresses and reduce peak
shear stresses in the nose region. Radius inserts with r = 4-14 mm also effectively
decrease local loads in the transition zone, provided that the clearance angle is
corrected to prevent backside overheating.

Analysis of cutting forces showed that at t =8 mm and feed 1.2-1.6 mm/rev,
the Pz component increases by 20-25 %, accelerating wear-land development. This
confirms the need to limit feed in rough turning of wheel-set tyres.

The optimal tool parameters were found to be: rake angle 12—14°, clearance
angle 4-6°, nose radius 1.2-1.6 mm for tyres and 4-6 mm for rims. This geometry
reduces shear stresses zm by 15-20 % and stabilizes the stress state of the cutting
wedge. Combined with rational cutting regimes (V = 45-55 m/min, S = 1.4-2.0
mm/rev, t = 6-8 mm), tool life increases by 25-30 %.

A rationalized tool geometry includes the use of strengthening chamfers,
adaptive selection of nose radius depending on operation type, adjustment of rake
angle according to tyre hardness, and minimization of the real chip-contact zone to
reduce thermal loading. This approach ensures improved tool life and stable profile
formation under heavy-duty machining of high-strength steels.

6. Experimental investigations

Experimental studies were carried out to verify the adequacy of the
analytical models and to determine the influence of cutting tool geometry on tool
life and machining quality when turning high-strength steels under heavy-duty
conditions. Cutting force measurements showed that the tangential component of the
cutting force Fc increases almost linearly with feed rate, which corresponds to the
regularities of chip thickness formation in heavy turning. The characteristic form of
this dependence is shown in Fig. 3.

As the feed increased from 1.2 to 2.5 mm/rev, the cutting force rose by
approximately 25-30 %, confirming the dominance of mechanical loading over
thermal effects within the tested cutting-speed range. An increased nose radius
contributed to a reduction of peak stresses in the tool-tip zone, which is consistent
with the analytical stress model.

0.8 Optimized geometry
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Figure 4 - Comparison of wear intensity for the baseline and optimized tool geometry

The wear of the cutting tool during heavy turning followed a three-stage
pattern: rapid initial break-in, steady uniform wear, and a sharp acceleration before
the catastrophic stage (Fig. 4). At the beginning, wear intensity was maximal due to
micro-geometric adaptation; this was followed by an almost linear increase in flank
wear VB under stable thermal conditions, and after 40-45 minutes a rapid rise in
wear occurred as a result of local plastic deformation of the cutting edge and
increasing temperature on the flank surface.

A comparison of the baseline and optimized geometries showed that modifying
the rake angle, clearance angle, and nose radius significantly influences the
degradation of the cutting edge. The optimized geometry provided a 20-35%
reduction in wear intensity, delayed the onset of the catastrophic stage, and resulted
in lower temperatures in the tool-tip region, which agrees with the modelling results.

Surface roughness analysis confirmed an improvement to Ra = 2.4-3.8 um
(20-30% better than the baseline tool), which is associated with reduced plastic
deformation of the tool tip and lower equivalent stresses. Based on the overall
results, the optimal heavy-turning cutting conditions were identified as: cutting
speed 45-55 m/min, feed rate 1.4-2.0 mm/rev, depth of cut 6-8 mm, with rake angle
12-16°, clearance angle 4—6°, and nose radius 8-10 mm. These parameters ensure
minimal wear intensity, stable mechanical and thermal loads, and high tool life when
machining high-strength steels on heavy lathes.

7. Conclusions

The study presents a comprehensive investigation of heavy turning
processes applied to high-strength and hardened steels, combining
thermomechanical modelling, analysis of the stress—strain state of the cutting wedge,
construction of a wear-intensity model, and experimental verification on a heavy
lathe. It is shown that an accurate assessment of tool shape stability is possible only
when temperature, force, and contact phenomena are considered simultaneously, as
these factors govern the behaviour of the cutting edge under large depths of cut,
increased feed rates, and variable hardness of the surface layer.

Thermomechanical modelling established the critical influence of the rake
and clearance angles, nose radius, and the configuration of strengthening chamfers
on the distribution of heat fluxes and the location of maximum temperatures. It was
demonstrated that optimization of these parameters reduces local overheating at the
tool nose and delays the onset of intensive wear. Analysis of the stress state using a
modified Mitchell approach confirmed that tools with a shortened rake face and a
properly selected nose radius reduce peak shear stresses and ensure a more uniform
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distribution of normal stresses on contact surfaces, thereby lowering the risk of
plastic deformation and edge chipping.

The wear-intensity model made it possible to quantitatively describe the
development of edge degradation and confirmed the critical role of the nose region
in the formation of the wear land. Experimental studies during the turning of steels
used for wheel-set tyres and rims demonstrated reductions in cutting forces, slower
wear progression, and improved machining accuracy when optimized tool geometry
was applied.

The generalised results enabled the formulation of recommendations: the
use of strengthening chamfers, adaptation of the nose radius to the type of operation,
correlation of the rake angle with material hardness, and minimisation of the real
chip—tool contact zone. The optimized solutions enhance tool life, stabilise the
cutting process, and improve surface quality when machining large, high-strength
steel components.
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BikTop KoBankos, ['anuna Kinumenko, SlHa Bacumbuenko,
Makcum IllanoBanos, Poman boponaii, €rop 3axapos
Kpamaropcek, Ykpaina

NIJIBUIIEHHA EGPEKTUBHOCTI IHCTPYMEHTIB JIVISI TOKAPHOI
OBPOBKH BUPOBIB 3 BUCOKOMIIITHUX MATEPIAJIIB

AHoTanis Y cmammi npeocmaeneno pesyrbmamu  OOCTIONCEHHA NPOYECI8 BANICKO20 MOUIHHA
BUCOKOMIYHUX MA 3a2apmoSaHux cmanell, ujo 3acnoco8ylOmbCs Y KOHCMPYKMUBHUX eNeMeHmax
6i0N06I0aANbHO20 NPUSHAYEHHS 8 MPAHCHOPMHOMY, 0OOPOHHOMY Ul eHEPLeMUYHOMY MAUUHOOYOYEaHHI.
Poboma cnpsamosana Ha nioSUWEeHHs eheKmUeHOCMI PI3aibHO20 THCMPYMEHMA WIAXOM ORMUMI3ayii
tloco ceomempii ma pexcumie pi3aHHA 3 YPaxy8awHsm Oii IHMEHCUBHUX MEPMOMEXAHIUHUX
HABAHMAIICEHb, XAPAKMEPHUX O/ 00POOKU BEIUKUX NPUNYCKIB | MAMepIianie 3 Nid8UEeHOr Meepoicmio.
YV meoicax Oocniodicenns BUKOHAHO MOOENIOBAHHA MeMNepamypHux Nonie, po3noodiny KOHMAKMHUX
Hanpysceny, CUIOBUX 63AEMOOI Y 30HI PISAHHA, A MAKONC (DOPMYSAHHA JNOKANbHUX NIKOBUX
memnepamyp, Wo UHAYAOMb PO3GUMOK NIACIUYHOT Oehopmayii pi3anbHo20 KIUHA MA 3POCMAHHS
iHmeHcugHocmi  3HoutyeanHus. Excnepumenmanvhi eunpo6ysanms, npogedeHi npu MoOYiHHI cmaneu
meepoicmio  2850-3600 Mlla, niomeepounu OoMmiHylOuUll 6N 2eomempii pidxcyyoi uacmuHu
IHCMpYyMeHma Ha  KOHYEHmpAayiro  HAnNpyJiceHb V  30HI  6EPWUHU  mMA HA  CMAGLIbHICMb
cmpyoickoymeopenns. Tlokazaro, wo 3acmocyeants yKOpoueHoi nepeoHboi NOGepXHi, 3MiyHIOBATLHUX
pacok ma onMUMAanbHO20 paodiyca BepUIUHY CRPUSE SHUNCEHHIO TOKATILHO20 Nepezpisy, PIGHOMIPHIUOMY
PO3n00iny cun pisauns i CnoGiTbHEHHIO PO36UMKY 3HOULy8anHs. Bcemanoeneni payionanvui pescumu
pizanns 3abe3neuyioms nioguwenns cmiuxocmi incmpymenma na 25-30 %, noxpawenns mounocmi
popmoymeoperns ma 3MeHWIeHHs WOPCMKOCMI NogepxHi 06pobnosanoi  Odemani. Ompumani
pesyrbmamu  ModCcymv  Oymu @uKopucmaui 011 ONMUMI3AYii MeXHONO2IUHUX npoyecié 0OpobKu
BUCOKOMIYHUX CMANell Y BANCKUX PedCUMAX, NiOGULWYeHHS DecypCy IHCMpYMeHma ma NOKpaujeHHs
MexHON02iuHOT HaoditiHocmi 8uUpoOHUYMEda. 3anponoHoeanuil nioxio MaKodc CMEOPIOE OCHOBY O
n00abu020 YOOCKOHANEHHA MoOenell NPOSHO3Y6AHHS 3HOULYBAHHA 6 YMOBAX 3MIHHUX HABAHMAICEHD.
Ompumani HANPayoBanHs MOACyms Oymu iHmMez2poani 6 cucmemu Yuppoeo2o eupobHuymea oOns
NiOBUWEHHS KepOBAHOCNIT NPOYECie MeMAIopIi3aHHs.

KarouoBi ciioBa: nadiunicmv; 31H0C iHCmMpyMenmy; moma; adcke MAauiunoOyoyeanus; obpooxa
pizannam; adee3iuinull 3HOC, MePMOMEXaHiuHe HAGAHMAdICEHHS, NAACMUYHA Oeghopmayis; pizanvHa
Kpatika.
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Abstract. The article examines the impact of modern structural materials' characteristics on the
advancement of the aerospace and rocket industries. The growing role of ceramic materials with unique
properties is emphasized: heat resistance, high hardness and strength; resistance to oxidation and
corrosion; radio transparency; lower density compared to metals. It is often the case that they are
indispensable in the manufacture of elements of rocket systems and defense industry products. However,
technical ceramics belong to the category of difficult-to-machine materials, which complicates the
processes of manufacturing critical products from them. Possible ways to improve the efficiency of
manufacturing rocket antenna fairing - thin-walled shells of complex geometric shapes made of sitalls (a
type of glass ceramics) are considered. Options for improving traditional technological processes for the
manufacture of fairings using CNC machines for their mechanical processing are proposed. The use of
additive SLS technology in the production of antenna fairings is substantiated. A variant of an improved
technological process for manufacturing antenna fairings was presented.

Keywords: modern structural materials; technical ceramics; rocket antenna fairing made of glass-
ceramics; blank production technology; grinding processes; machining quality and accuracy; additive
technologies.

1. Introduction

The rapid development of the aerospace and rocket industries is
accompanied by the emergence of challenges that require the use of modern
materials with the required properties to address them. This is possible through
improved manufacturing technologies for critical components of products made
from these materials, including those for aircraft.

Modern requirements for defense and aerospace products include strict
adherence to quality, reliability, safety, and compliance with international standards.
Key standards include AS/EN 9100 — an international standard for quality
management systems for the aviation, space, and defense industries; and AS9145,
which incorporates APQP (Advanced Product Quality Planning) and PPAP
(Production Part Approval Process) methods used in the development of new

products or modifications to existing ones.
© L. Kalafatova, 2025
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Key requirements for defense (missiles, projectiles of various calibers) and
aerospace industries products include the following:

« reliability and resistance to external influences, maintaining functionality
under extreme conditions: force impacts, vibrations, temperature changes, humidity,
electromagnetic interference;

* high precision and reliability of components — especially for satellites,
launch vehicles, and navigation systems;

* compatibility with control and guidance systems — integration with digital
platforms, GPS, and other navigation systems.

The capabilities and potential of modern rocket technology are linked to the
technical level of the structural materials used. Most of these materials are difficult
to machine. These include high-strength alloy steels, heat-resistant alloys based on
nickel, titanium, tungsten, rare earth metals, composites [1-5] and non-metallic
materials such as structural ceramics [6—8]. The latter possess unique properties and
are increasingly replacing metals in the production of products in this class. The
efficiency of using these materials depends on the level of processing technology
used to manufacture products made from them, based on the principle of ensuring
the necessary performance characteristics of rocket system components while
minimizing costs.

2. Current state of research in the field of increasing the efficiency of
the production of antenna fairings as an element of rocket systems

The structure of rocket systems includes ballistic missiles, launch vehicles,
and sounding rockets. Each of these systems consists of four basic elements: a
payload (a warhead for ballistic missiles); a propulsion system; a guidance and
control system; and an overall structure. Space launch vehicles and sounding rockets
are used to launch satellites into orbit and collect scientific data in the upper
atmosphere. An example of the design of such a system is shown in Fig. 1.

A complex, spatially shaped nose cone is mounted on the rocket's nose,
connected to a cylindrical body housing the rocket engine that provides thrust. The
rocket system's surface is typically made of metal or composite materials with heat-
absorbing or protective coatings.

The nose cones, which protect the seeker's antenna from aerodynamic
pressure and heat, are the most critical components of the warhead of a modern
rocket and most high-speed aircraft. Their primary purpose is to transmit radio
frequency control signals with minimal loss and distortion under conditions of high
thermal (heat flux density up to 32 MW/m?) and force loads (excess pressure greater
than 50 kPa) [9].
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To perform their functions, antenna fairings must also be made of a
radiotransparent material. Certain types of technical ceramics possess such
properties, for example: pure oxide ceramics based on Al;Os, Si,0,, and ZrO;
carbide ceramics based on SiC; nitride ceramics based on SizNa; as well as quartz
ceramics and glass ceramics — sitalls [10].

Figure 1 - Example of the design of a large research rocket (payload up to 250 kg,
flight range 400 km) [9]

Sitalls are produced by fine crystallization of glasses or melts of various
compositions, occurring throughout the entire volume of the formed product. Their
most important properties are a low coefficient of thermal expansion, low thermal
conductivity, stable permittivity over a wide temperature range, high hardness, radio
transparency, heat resistance (up to 1200°C), and corrosion resistance. In Ukraine,
sitalls are widely used to produce rocket antenna fairings, ensuring reliable operation
of products under extreme conditions due to their strength and performance
characteristics.

A radio-transparent fairing is a body of revolution, a thin-walled shell of
complex spatial shape (fig. 2).

Finished parts must meet requirements for mechanical strength, heat
resistance, and radio technical properties [9-12], that is, prevent control signal
distortion. This is ensured by the accuracy of the part's profile and wall thickness, as
well as the specified characteristics of the product's surface layer—its structure, the
absence of defects, and a certain roughness.

Existing workpiece technologies to produce complex-shaped ceramic
products (usually slip casting or centrifugal casting) do not allow these requirements
to be met without additional mechanical processing [10]. Therefore, the blank is
subjected to multi-stage mechanical processing, namely grinding with diamond
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Figuré 2 — Left: aerodynamic fairings (Northrop Grumrhan). Right: Fairings used
to protect the homing system of the reentry vehicles (American Technology & Research
Industries) [9]

wheels, primarily in a metal bond, on both universal and specialized machines.

Mechanical processing of products of this class is very labor-intensive. This
is due to the properties of the material itself, as well as the lack of technological
advancement of the fairing design [10, 12]. Signs of lack of technological
advancement: large dimensions of the product (maximum diameter — up to 500 mm,
height — over 1000 mm); complex curvilinear profile of the contour of the inner
surface of the part, variable along the length; the need for smooth mating of
individual curved sections of the inner surface; the wall thickness of the finished
product is 4.0 = 0.03 mm with a wall thickness of the workpiece up to 20.0 mm,
which can be variable along the length of the product; the specified deviation of the
geometric dimensions of the contours along the length of the part per diameter is:
internal < 0.04 mm, external less than + 0.1 mm; roughness of the treated surface no
more than R, = 2.0 um; absence of a defective layer in the finished product due to
mechanical processing.

However, given the properties of glass-ceramics (a combination of high
hardness and brittleness), their abrasive machining at all stages of the manufacturing
process (MP) — from rough grinding to diamond finishing of both shell surfaces —
is accompanied by the formation of a defective layer, the depth of which, even after
finishing operations, can reach 0.2-0.5 mm. This requires a combined hardening
operation. The operation consists of removing the defective layer in a solution of
concentrated acids, followed by hardening of the formed surfaces in liquid salts of
chemical compounds (ion bombardment). This operation is environmentally harmful,
labor-intensive, and expensive. Its duration is related to the depth of the defective
layer formed after the fine grinding and diamond finishing operations, which occupy
up to 70% of the total machining time.

Thus, the efficiency of machining ceramic rocket fairings using traditional
technology depends on the following negative factors: hard and brittle workpiece
material; complex curvilinear tool path; variable cutting depth caused by uneven
allowance thickness along the length of the product; non-rigid processing system;
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rapid and uneven tool wear; formation of a defective surface layer that must be
removed after the combined hardening operation.

An analysis of existing rocket fairing manufacturing processes has revealed
that their effectiveness depends on the workpiece production method. Maximizing
the workpiece's configuration and dimensional accuracy to match the corresponding
part parameters allows for the significant elimination of labor-intensive and costly
machining operations. This is possible using modern 3D printing technologies.

3. Formulation of the purpose of the research

The research conducted demonstrates that the labor intensity of
manufacturing thin-walled shells of complex spatial shapes made of glass-ceramics
and sitalls, such as rocket antenna fairings, depends on the workpiece production
method. The purpose of this article was to identify ways to improve the
manufacturing efficiency of these parts through the implementation of modern
technologies and processing methods.

4. Presentation of the main material

4.1 Traditional methods for increasing the efficiency of mechanical
processing of sitall fairings

Analysis of the basic fairing machine option.

The performance characteristics of glass-ceramic components, especially
rocket antenna fairings, depend on their manufacturing conditions, starting from the
basic manufacturing process, from the workpiece production stages to the final step
of the complex manufacturing process, namely, the combined hardening of the pre-
machined surfaces.

Until recently, aircraft fairing grinding was performed on modernized lathes
equipped with high-speed grinding aggregate heads and direct force copying systems
(Fig. 3).

Due to the increased brittleness and hardness of glass-ceramics, their
mechanical processing is difficult, and therefore, the grinding process is multi-stage
[10, 12]. Itincludes roughing and finishing operations of grinding the inner and outer
contours. This involves removing the main allowance of up to 8-10 mm per side,
unevenly along the entire profile of the part. Machining is carried out using deep
grinding (cutting depth of 0.5...1.5 mm), which is accompanied by the formation of
a defective layer damaged by the machining due to insufficient accuracy of the
fairing wall thickness, which is unacceptable.
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Figure 3 - Diagram of the external processing of the fairing using a representative part
as an example [12]

The direct copying system does not ensure the required machining accuracy.
It is significantly affected by the following factors: the accuracy of the grinding
wheel installation relative to the copying device (performed by the machine
operator); intensive wear of the grinding wheel and changes in its profile during
operation, which requires dressing the tool during finish grinding; the high labor
intensity of the internal grinding operation due to the complexity of the part profile;
changing the diametrical dimensions of the internal cavity along the length of the
part requires the sequential use of grinding wheels of at least three standard sizes,
stopping the grinding process, and resetting the entire process system for machining
with the next wheel.

The required machining accuracy of the product is achieved through the
final diamond lapping of its surfaces. This part of the process is performed manually,
requires many dimensional measurements, significant time investment, and highly
skilled machine operators.

The sequence of stages to produce fairings from technical combined-
defective glass-ceramic AC-418 (the structure of the original glass is Si.O-Al,O3-
Li,O-TiO,) is presented in Table 1.

To evaluate the effectiveness of the considered TP (see Table 1), an
approximate calculation of the time spent on machining a representative part was
performed. Initial data: the part (see Fig. 3) is a thin-walled shell of revolution
(paraboloid of revolution) made of AC-418 sitall with dimensions: overall length L
up to 750 mm, diameter of the cylindrical part of the product D = 200 mm, wall
thickness of the product h = 4.0 = 0.03 mm with a wall thickness of the workpiece
hw = 15.0...20.0 mm.
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Table 1 - Generalized basic process for manufacturing sitall fairings

The technological process of manufacturing sitall fairings
Workpiece production Machining of the Combined hardening of the
technology: workpiece: machined surfaces:
- synthesis of the starting - sequential rough and - removal of defective layers
material (batch finish diamond grinding of | caused by mechanical
production); the internal and external processing by chemical
- production of the surfaces of the workpiece; | etching;
workpiece by centrifugal - diamond abrasive - strengthening of
casting; finishing of the ground component surfaces by ion
- crystallization of the surfaces. bombardment.
fairing material in the
workpiece.

up to 750 mm, diameter of the cylindrical part of the product D, = 200 mm, wall
thickness of the product h = 4.0 + 0.03 mm with a wall thickness of the workpiece
hw =15.0...20.0 mm.

The results of the time calculation indicate the low effectiveness of the basic
TP. The total machining time of the fairing is Tsz = 49 hours. The time spent on the
machining process itself, Tmp, does not exceed 52% of T, with 20% of this time
spent by the worker. Auxiliary operations of the Ty, also require significant time.
These include interpretational inspection of the product's geometric parameters.
These are performed on special measuring machines outside the machine and require
the worker to reposition the workpiece. The number of repositioning reaches 8-10
and can increase if there are significant discrepancies between the workpiece and
part profiles.

Thus, the main problem with the efficient processing of thin-walled parts of
this type is the lack of automation in processing and inspection, coupled with the
significant influence of the subjective "human" factor on the result. This problem
can be partially solved by using computer numerical control (CNC) machines for
abrasive machining operations.

Using CNC machines in fairing manufacturing.

The efficiency of using CNC machines increases with the increasing
complexity of the workpiece profile and the need to achieve high-quality, precision-
machined surfaces. However, the grinding process for fairings is characterized by a
rapid loss of tool dimensional accuracy due to intense wheel wear and dynamic
instability of the system [10, 12]. Therefore, CNC machines must compensate for
changes in workpiece allowances, deformations in the process system, temperature
effects, machine errors during coordinate movement, and other factors.
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Complete machines of fairings are possible using the STUDER series
machines [13].

The machining process is preceded by the preparation of a control program.
For this purpose, a 3D model of the workpiece is developed, considering its
configuration and all specified dimensions, after which the program itself is written
[14].

These machines are equipped with the following key components:

— a GE FANUC Series 16-T CNC system, which allows scanning of the
internal and external profiles of the workpiece before machining, which is necessary
for the automatic calculation of grinding allowance and the assignment of rational
cutting parameters in accordance with the machining program;

— a specialized system for measuring and monitoring the dimensional
accuracy, geometry, and surfaces of workpieces and parts, as well as mechanical
machine components, using control sensors, measuring heads, and feeler gauges, as
well as for monitoring and controlling machine operation, including grinding wheel
balancing;

— adjustable vibration mounts for vibration damping, which increases
machining accuracy;

—self-centering devices for mounting the workpiece on external and internal
surfaces;

— a universal rotating grinding head for external and internal grinding,
programmable for every 1.0° of rotation, and a device for adjusting the angle of the
working elements;

— a set of diamond grinding wheels and a mechanism for their automatic
change according to the program;

—adevice for automatic dressing of the wheels as they wear out, controlled
by the CNC system.

The machine's design, using a dedicated software subsystem, allows for the
integration of machining and inspection operations directly on the machine for all
stages of fairing grinding, significantly reducing the overall time required for its
machining.

The results of the time analysis for implementing the TP option, compared
to a traditional one, revealed the following. The CNC machining option reduces the
time required for intermediate operations within the Ty structure as follows: auxiliary
Tap — by almost 14 times; finishing, as the most complex and critical operation, by 3
times. This reduces the overall fairing machining time by 3.3 times — from 49.0 hours
to almost 15.0 hours, while maintaining the specified accuracy and quality of
machining.

Based on the obtained results, it can be concluded that using CNC machines
is rational for the machining of complex, thin-walled components, such as glass-
ceramic rocket fairings. However, even in this case, the abrasive machining process
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results in the formation of a defective layer on the machined surfaces, which is
unacceptable from the standpoint of ensuring the fairings' performance
characteristics and requires a combined hardening operation.

The results of an analysis of existing manufacturing processes for large-size
shell-type parts led to the conclusion that their effectiveness depends on the
workpiece production method. Maximizing the configuration and dimensional
accuracy of the workpiece to the corresponding part parameters allows for the
significant elimination of labor-intensive and costly machining operations.

4.2 Possibilities of implementing additive technologies to produce antenna
fairings from sitall

Additive manufacturing technologies for ceramic products offer significant
opportunities for creating complex ceramic shells [15, 16]. Each method is based on
the gradual deposition of material or its layer-by-layer formation in accordance with
a 3D model of the product.

One of the most common methods is SLS (Selective Laser Sintering) [17-
19]. SLS operates by sintering polymer powders of various ceramic components
with a laser beam. These powders are applied layer by layer onto a special platform,
and each layer is bonded with a liquid binder. After the process is complete, the
resulting product undergoes a stage of removing the remaining binder and
subsequent heat treatment in a furnace to achieve the desired density and strength.

The advantage of SLS technology is that other methods, which involve
applying materials during wet molding [17], require heat treatment. This leads to
chipping and cracking in thin-walled ceramic parts such as antenna fairings.

A schematic diagram of a part printed using SLS is shown in Figure 4.

lenses scanner
system

leveling

blade sintered

/ part
= :

each cycle fabrication
piston moves downwards

powder
material

each cycle powder
delivery piston
moves upwards

powder delivery fabrication
piston piston

Figure 4 — Schematic diagram of the SLS method [20]
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The main advantage of using additive manufacturing is its ability to solve
the problem of workpiece production, where the profile of a workpiece obtained
using conventional methods differeds significantly from the final product profile.
This necessitated multi-stage machining (primarily abrasive machining with
diamond tools), which resulted in the formation of a defective layer that must be
removed during a combined hardening operation on the machined surfaces.

Additive manufacturing eliminates grinding operations, leaving only
finishing operations for high-quality surfaces. This is because even with low material
deposition rates during part formation, the surface quality obtained in an SLS
machine will not always meet the requirements of the final product.

Based on the above, it is possible to develop an updated process for
manufacturing parts such as antenna fairings from glass-ceramics using additive
manufacturing as follows (Table 2).

Table 2 — Structure of the production process for manufacturing fairings from AC-418
sitall using SLS technology

Fairing manufacturing process

Workplece. production Machining of the workpiece: Combmt_ad hardenln.g
technology: of machined surfaces:
- high-precision, high- - abrasive surface treatment - removal of the layer
quality workpiece (finishing operations — diamond damaged by treatment
production using SLS; finishing or lapping) to ensure the with chemical etching;
- heat treatment of the required precision and quality of - hardening of the
workpiece to eliminate the product (accompanied by the component surfaces by
internal defects. formation of a defective layer of ion bombardment.

shallow depth and rational

structure).

A comparison of two manufacturing processes for fairings made of AC-418
sitalls (basic traditional and using SLS technology) reveals the following advantages
of additive manufacturing.

e The SLS method eliminates the need for traditional, consumable
workpiece production technology.

» Knowing the material deposition rate during product formation on the SLS
machine and the dimensions of the representative part, the total workpiece
production time can be estimated at 7.5 hours.

* The precision and quality of the product surfaces formed under such
conditions allow for the complete elimination of rough and fine grinding operations,
leaving only the finishing abrasive operation if necessary.
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* The fairing machining time is reduced to one hour when forming a
defective layer with a favorable structure and shallow depth (due to gentle machining
conditions at low cutting forces), which will reduce the time of the combined
operation of the operation of the part.

* The total time spent on manufacturing the fairing will not exceed 10.0
hours, with lower costs for equipment and reorganization of production.

5. Conclusions

This article examines the manufacturing processes for complex-shaped
shells made from difficult-to-machine materials, using a sitall-based rocket nose
cone as an example. The need to improve existing manufacturing technologies for
this class of components is substantiated.

This paper also includes:

1. The physical and mechanical properties of difficult-to-machine structural
materials used to manufacture rocket system components, including nose cone
antenna fairing, are examined.

2. The priority of using various ceramic materials for the manufacture of
rocket and aerospace components, including rocket nose cone radomes, is
confirmed.

3. The basic manufacturing process for the sitall nose antenna fairing is
analyzed.

4. It is established and confirmed that the labor intensity of sitall nose cone
manufacturing depends on the workpiece production method.

5. The need to use CNC machines to improve the efficiency of machining
the sitall antenna fairing is substantiated.

6. The potential effectiveness of using additive manufacturing techniques in
antenna fairing production is analyzed.

7. A rational method for blank production using additive manufacturing is
presented — using SLS technology, which allows for minimizing subsequent
machining requirements for the antenna fairing.

8. An improved technological process for manufacturing antenna fairing
using SLS technology is presented.
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CYYACHI MATEPIAJIA I TEXHOJIOTTI iX OBPOBJISTHHS SIK
®AKTOP PO3BUTKY AEPOKOCMIYHOI TA PAKETHOI
IMMPOMUCJIOBOCTEN

AHoOTaNisA. YV cmammi pozensioaemucs 6naue XapaKmepucmuk Cy4acHux KOHCMpYyKyiuHux mamepianie
Ha Ppo3eumMoKk aepoxocmiunoi ma paxemmnoi npomucrogocmi. Iliokpecnioemves 3pocmaioua ponb
BUKOPUCIANHSA KEPAMIYHUX MAMeEPIanis, wo Maioms YHIKATbHI 61ACMUBOCH. MEPMOCMIUKICIMb, 8UCOKI
meepoicmb ma MiyHICMb; CMIUKICMb 00 OKUCIEHHs MA KOPO3ii; padionpo3opicmv, MeHwy wiibHicmy
npomu  memanie. OOHAK MeXHIYHI KepamiKu GIOHOCAMbCS 00 Kamezopii  8aickoo6pobeanux
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Mamepianie, wo YCKIAOHIOE NPoYecu BUSOMOBGIEeHHS BIONOBIOAIbHUX BUPOOIE 3 HUX, 6 MOMY YUCTI
20/I06HUX OOMIYHUKIE pakem, nimaivHux anapamie (JIA). Obomiunuxu JIA - MOHKOCMIHHI CKIAOHO-
npoginbii 060IOHKU, 00 SKUX NPeO SENAIOMbCS NIOGUWEHI GUMOSU WOO0 MOYHOCHI 2eOMEMmPUUHUX
Po3Mipie i opmu, a maxodc AKOCmi NOepXoHb. BoHu 6upobnsawomoecs 3 padionpo3opux Kpuxkux
Hememalieux mamepianie, 8 momy yucii 3 pisHo8udy ckiokepamixu — cumanig. Cyuacui 3a2omisenbHi
mexnono2ii (30ebiibuioco ye wlikepHa MexHono2ia abo GioyeHmpose JuUmeo) He 00380NIONb
3abe3neuumu mounicmsv opmu 6upoby i nompiony AKicmb 1020 NOGEPXOHbL HA emani OMpUMAaHHsA
3azomoeku. Tomy eupi6 niooaemvcs mpyOomicmkiil 6azamoemantiti. MexaiyHii obpobyi, a came
onepayisam YopHOB020 | YUCMOB020 WNIQYEAHHS ATMAZHUMU IHCMPYMEHMAMU, SIKI CYRPOBOOINCYIOMbCS
KPUXKUM  PYUHYBAHHAM — 00pOOIIOBAH020 Mamepianry 1 (OPMYBAHHAM NOPYUEHO20 0OPOOKOI0
Oepexmnoeo wapy. Lle € Henpunycmumum 3 mMoOYKu 30py 3a0e3neUeHHs eKCHAYAmAayiiHux
Xapaxkmepucmuk oOmiuHUKie i nepedbauae HasiGHICMb 3aKIIOUHOT onepayii - KOMOIHOBAHO20 3MIYHEHHS
nopyuieHo2o 00pooOKor wapy. 3anponoHO8aHO 6apianmu 800CKOHANEHHS MPAOUYIIHUX MEXHOLO02IYHUX
npoyecis 8U20mMoGIeHHs OOMIYHUKIE 30 PAXYHOK GUKOPUCMANHS OISl IX MeXaHIYHOI 06pobKu 6epcmamie
3 YIIK, wo 00360.15€ nioguwumu npooyKmugHicms onepayiti adpasusHo2o oopobanus. Bcmanosneto,
WO MAaKCUMANbHe HAOMUJICeHHs. KOH@Ieypayii i mouYHOCmi po3mipié 3a20moeku 00 6IiON0GIOHUX
napamempie demai 003680J€ Y 3HAUHIN MIPI BIOMOBUMUCS 810 MPYOOMICIKUX | BUMPAMHUX Onepayiil
MexaHiyHoi 0Opobku. Lle mooxcnueo 3a paxynok euxopucmauHs cyvachux 3D-mexwnonociti Opyky.
Buxoosiuu 3 yb02o, OOIPYHMOBAHO GUKOPUCMAHHS aoumueHoi mexwonoeii SLS npu eupobHuymei
207I06HUX AHMEHHUX OOMIYHUKIE pakem i npedcmagienuti 8apianm yOOCKOHANEHO20 MEXHOI02IYHO20
npoyecy ix 6U20mMoGIeHHsL.

KuI104oBi cl10Ba: cyvachi KOHCMpYKYiiHi Mamepianu, mexHiuHa Kepamika, aHmeHHi 0OMIiYHUKY pakem
i3 cumanie, 3a20mieeyibHi MeXHON02I; npoyecu wiiysanHs eupobie; sKicmv i MouHicmv 00pPOOKU;
aoUMUGHI MexXHON02Il.
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Abstract. This research establishes the first comprehensive project management framework for 3DCP
through quantitative standards for design preparation, technological setup, and quality management.
Based on systematic analysis of construction projects completed during 2023-2025 by "Geopolimer" LTD
(Kharkiv, Ukraine), we developed mathematical models for time estimation incorporating perimeter
length, geometric complexity, and feature count parameters. Regression analysis of project data enabled
formulation of predictive equations: design preparation time accounts for base setup, perimeter-
dependent modeling, and complexity coefficients (complex curved surfaces with architectural details).
Technological preparation time integrates G-code generation, trajectory verification per meter, and build
step validation. A systematic complexity classification system evaluates four geometric factors: curved
surfaces percentage, architectural detail count, protruding elements, and internal cavity complexity,
enabling quantitative risk assessment and resource allocation decisions. The framework incorporates a
three-level quality management system with standardized defect classification (aesthetic, attention-
required, critical) defining acceptance criteria for crack dimensions, surface porosity, and structural
integrity. Trajectory verification methodology enables proactive defect identification, detecting 85-90%
of potential issues before production begins. Economic analysis demonstrates 8-12% rework cost
avoidance, 15-20% preparation time savings, and 5-10% schedule compression, with return on
investment achieved within 0.5-1.5 months. Case study validation on a 174 m? residential structure
demonstrates framework effectiveness: calculated preparation time of 45.1 hours versus actual 47.2
hours. The framework facilitates 3DCP transition from experimental technology to predictable industrial
process, enabling evidence-based project planning, systematic risk management, and competitive market
positioning. Future research directions include expansion to additional printer types, integration with
Building Information Modeling workflows, real-time computer vision quality monitoring, and long-term
performance tracking for continuous standard refinement.

Keywords: concrete 3D printing; project management; time standards; complexity classification; quality
assurance; defect detection.
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1. Introduction

The construction industry faces unprecedented challenges, including labor
shortages, rising material costs, and increasing demands for sustainable building
practices [1, 2]. Construction 3D printing (3DCP) emerges as a transformative
technology offering potential solutions through automation, material optimization,
and design flexibility. However, the transition from technological capability to
industrial implementation requires robust project management frameworks that
address planning, resource allocation, quality control, and risk management [3].

Critical management gaps in current 3DCP practice include.

Absence of standardized time norms — project managers lack reliable
estimates for design preparation and technological setup, hindering accurate
scheduling and cost forecasting.

Insufficient resource planning tools — without systematic complexity
assessment methods, labor and equipment allocation remain largely empirical,
leading to inefficiencies and budget overruns.

Limited quality control protocols — the lack of standardized defect
classification and verification procedures prevents systematic quality assurance and
creates accountability challenges.

Process uncertainties in trajectory planning, material behavior, and
geometric accuracy require structured risk management approaches.

This research establishes comprehensive technical, management tools, and
software for 3DCP implementation.

Purpose of the article — develop quantitative standards for design and
technological preparation, enabling evidence-based project planning and resource
optimization.

2. Review of the literature

Technology adoption frameworks in construction have been extensively
studied [4], establishing that successful implementation requires alignment of
technical capability, organizational readiness, and management systems. Research
on Building Information Modeling (BIM) adoption provides relevant insights:
systematic standards development accelerated industry acceptance by providing
predictable workflows and cost structures [5].

Critical success factors identified in construction technology literature
include: standardized processes (enabling training and quality control), quantifiable
performance metrics (supporting decision-making), and risk mitigation protocols
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(reducing adoption barriers) [6]. These factors directly inform the development
approach for 3DCP management frameworks.

Work measurement methodologies in manufacturing provide foundational
concepts applicable to 3DCP. Time and motion studies in additive manufacturing
[7] demonstrate that preparation time correlates with geometric complexity through
quantifiable parameters. However, construction-scale applications introduce unique
factors: larger dimensions, material properties, and environmental influences.

Complexity assessment approaches in construction project management
typically employ parametric methods [8]. Research on prefabricated construction
identifies similar challenges: translating design intent into manufacturable elements,
managing geometric variations, and ensuring assembly compatibility [9]. The
proposed framework adapts these methodologies to 3DCP specifics.

Quality control frameworks for 3DCP remain underdeveloped compared to
traditional construction [10]. Previous research [own publication reference]
established relationships between process parameters (layer thickness) and quality
outcomes (geometric accuracy, surface defects). However, systematic management
approaches integrating defect prevention, real-time monitoring, and corrective
action protocols are absent from current literature.

Computer vision applications show promise for automated quality
assessment [11], but require standardized defect classification schemes and
verification protocols to enable practical implementation. The integration of Al-
assisted tools for trajectory verification represents an emerging research direction
with significant management implications.

Process uncertainty in 3DCP stems from material rheology variations,
environmental factors, and equipment performance fluctuations [12]. Risk
management literature emphasizes proactive verification over reactive correction
[13]. The proposed trajectory verification methodology addresses this principle by
identifying potential issues before production begins.

Economic optimization studies in construction technology adoption [14]
demonstrate that systematic planning reduces total project costs through: waste
minimization (material optimization), schedule compression (efficient resource
utilization), and quality improvement (reduced rework). These benefits justify
investment in standardization frameworks.

3. Standards development framework

3.1 Data collection and analysis
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The research analyzed completed projects spanning 2023-2025
("Geopolimer" LTD, Kharkiv), including (data parameters collected):

— project specifications — perimeter length (L), area, height, geometric
features;

—time records — design preparation (Tqp), technological preparation (7y),
total project duration (Tp);

— complexity factors — curved surfaces, architectural details, protruding
elements, internal cavities;

— quality metrics — defect occurrence, rework requirements.

Regression analysis identified significant correlations (R2 > 0.85) between
geometric parameters and preparation time. Expert validation sessions (3 technology
specialists) refined coefficient values and validated practical applicability.

3.2 Design preparation (DP) standards development

Design preparation (Tgp) encompasses engineering work adapting
architectural documentation to 3DCP technological capabilities.

Process stages:

— architectural documentation analysis;

— geometry verification for printability;

— design adaptation to printer limitations;

—working 3D model creation;

— CAM software preparation for G-code generation.

Time estimation model:

Tap =To X Koo+ tn X Le X K,

where: To — base constant (4.0 hours), initial setup, software configuration,
project initialization; ty — time per meter perimeter (20 minutes/m) — model
development rate; L. — total wall perimeter includes external, internal, partition
walls, m; K. — base complexity coefficient (overall project complexity); K. —
detailed complexity coefficient (geometric feature adjustments).

This model enables project managers to:

— generate time estimates during proposal development;

— allocate engineering resources based on quantitative requirements;

— establish project milestones with defined deliverables;

— calculate labor costs for accurate pricing.

Example calculation. Residential building L. = 85 m, medium complexity,
Ko = 1.0 (straight walls with connection diaphragms), K. = 1.0 (balanced geometric
features).

Tep = 4.0 x 1.0 + (20/60) x 85 x 1.0 = 32.3 hours.
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Time units for Tq, are expressed in hours throughout the model, with ty
converted from minutes (20 min/m = 0.333 h/m) for computational consistency.

Resource allocation: 2 engineers x 16 hours or 1 engineer x 32 hours
(schedule dependent).

3.3 Complexity classification system

Geometric complexity assessment provides a systematic basis for
coefficient determination. Base complexity coefficient (K:) by expert assessment
based on table 1.

Table 1 — The complexity coefficient

Level Characteristics Coefficient Ty_p|c§1l
Applications
Small-scale, straight walls, Standard modules,
Low - 0.7 .
simple geometry basic structures
. . Residential
Medium Straight \év_alls with structural 1.0 buildings,
iaphragms
warehouses
Curved walls, complex Architectural
High connections, decorative 1.2-2.0 features, custom
elements designs

The detailed complexity coefficient K. is calculated as:
K. =Ke1 X Koz X Ke3 X Keq,

where: K. — curved surfaces percentage (low (<10%) — 0.9, medium (10—
30%) — 1.0, high (>30%) — 2.0); K2 - architectural details count (low (<10 elements)
—0.95, medium (10-50 elements) — 1.0; high (>50 elements) — 1.5, K3 — protruding
elements count (low (<5 elements) — 0.8, medium (5-20 elements) — 1.0, high (>20
elements) — 1.3); K4 — internal cavity complexity (low (absent/simple planar) — 0.9,
medium (planar surfaces) — 1.0, high (curved surfaces) — 2.0.

This classification of the management decision support enables:

—risk assessment (higher coefficients indicate increased preparation
complexity and potential delays);

— resource planning (coefficient magnitude guides team composition);

— cost estimation (systematic pricing based on quantified complexity rather
than subjective assessment);

— client communication (transparent explanation of time/cost variations
between projects).
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3.4 Technological preparation (TP) standards

Technological preparation encompasses G-code generation and verification
for print execution:

— 3D model import to CAM software;

— Print parameter configuration (extrusion speed, layer thickness, trajectory
direction);

— G-code generation (extruder movement paths);

— Program verification (correctness, feasibility, constraint validation).

Time estimation model:

Tp=To+t, L X Le+t, kXN,

where: To — time for setup and G-code generation, 7o = 0.5 hours; t,  —
verification time per meter (1 min/m = 0.0167 h/m); L. — total wall perimeter, m; t, x
— verification per build step (2 min/step = 0.0333 h/step); n, — number of build steps
(layers/sections).

Example. Building with L. = 85m, height Hy,, = 3.0m, layer height h; =
15mm:

n, = 3000mm / 15mm = 200 steps,
Ty = 0.5 + (1/60) x 85 + (2/60) x 200 = 8.6 hours.

This are enables scheduling of technical specialists, equipment allocation
planning, and identification of optimization opportunities through trajectory
analysis.

4. Quality management system

The verification process follows a sequential logic: geometric validation —
technological feasibility — optimization — quality assurance, with each stage serving
as a gate for the subsequent phase.

Trajectory verification framework:

— geometric correctness (trajectory continuity, intersection detection, angle
validation);

—technological validation (speed limits, layer heights, material flow rates,
overhang angles);

— optimization (idle movement minimization, collision avoidance);

— quality control (dimensional compliance, structural integrity assurance).

Risk mitigation. Verification identifies 85-90% of potential defects before
production, reducing material waste and rework costs by estimated 12—18% based
on project data analysis.
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Defect classification and control (severity) limits establish quality
acceptance criteria (levels):

1 — aesthetic only (crack width <0.5mm, depth <2mm, surface pores <3mm
diameter, density <5/dm2), acceptable with client approval,;

2 —requires attention (crack width 0.5-1.5mm, depth 2-5mm, surface pores
3-8mm diameter, density 5-15/dm?), corrective action recommended;

3 (critical) — immediate intervention (crack width >1.5mm, depth >5mm,
surface pores >8mm diameter, density >15/dm?), component rejection or mandatory
repair.

KPI tracking — quality metrics monitored per project enable continuous
improvement and benchmarking across project types.

5 Economic analysis

Al integration in 3DCP project management. The framework incorporates
artificial intelligence tools at critical decision points: machine learning algorithms
optimize trajectory generation by analyzing geometric complexity patterns from
historical projects (reducing manual planning time by 15-20%), computer vision
systems enable real-time defect detection during trajectory verification phase
(achieving 85-90% accuracy in identifying potential surface defects, geometric
deviations, and structural anomalies before production), and natural language
processing assists operators through conversational interfaces for parameter
selection and troubleshooting. Al implementation requires minimal technical
infrastructure — cloud-based API access or local deployment options - making it
accessible for small to medium construction enterprises. The economic analysis
below quantifies investment requirements and returns from this Al-enhanced
standardization framework.

Investment requirements (cost-benefit Al-framework):

— standards implementation — 40-64 hours (documentation, training),

— Al tool subscription — $20-40/month;

— process Al-optimization: 24-80 hours initial setup.

Benefits quantification (based on project database) are shows in table 2.

Table 2 — Benefits quantification

Benefit Category Impact
Time savings (preparation) 15-20% reduction
Material waste reduction 12-18% decrease
Rework elimination 8-12% cost avoidance
Schedule compression 5-10% faster delivery
Total annual benefit 40-60%
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These benefits (table 2) compound over multiple projects, with mature
implementation achieving upper range values (60% total annual benefit) after 3—6
months of standardized practice.

Data in table 2 show ROI (payback period 0.5-1.5 months for typical
implementation).

Key risks and mitigation strategy are presented in table 3.

Table 3 — Key risks and mitigation

Risk Probability Impact Mitigation Strategy
Engineer Medium Medium Comprehensive training, pilot
resistance success demonstration

Tool learning High Low Structure_,\d onboarding,
curve ongoing support
Standard Flexible coefficient

deviation from Low Medium adjustment, continuous
practice validation
Technology Low High Regular review cycles_,
obsolescence modular framework design

6. Case study validation

Framework validation through real project application. To verify practical
applicability and accuracy of the developed time estimation models and complexity
classification system (table 1), we conducted retrospective analysis comparing
traditional approach versus standardized framework on a completed residential
construction project. The validation methodology involved: reconstructing actual
preparation timeline from project documentation to establish baseline, applying
standardized formulas with measured parameters (perimeter, complexity
coefficients) to calculate predicted time, comparing predicted versus actual values
to assess model accuracy, and evaluating qualitative improvements in resource
allocation and defect prevention. This approach enables quantification of both
temporal precision (variance percentage) and operational benefits (reduced rework,
improved planning reliability).

Project profile - residential structure 174 m2, L. = 92m.

Traditional approach (no standards). Preparation time — 52 hours (estimated
retrospectively). Standardized approach (framework applied) — calculated time:
Tkp = 35.3h, Ty = 9.8h, T = 45.1h. Actual time — 47.2h (variance +4.7%, within
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acceptable £5% tolerance for project management standards). This accuracy enables
reliable client commitments and resource scheduling.

Predictable scheduling enabled better resource allocation, trajectory
verification prevented two major geometric errors (saving an estimated 18 hours of
rework), and systematic quality control reduced client revision cycles.

7. Conclusions

This research establishes the first comprehensive project management
framework for construction 3D printing, addressing critical gaps in time
standardization, resource optimization, and quality assurance.

Key contributions:

- mathematical models for preparation time estimation enable accurate
project planning and cost forecasting across diverse construction applications;

- systematic complexity classification provides quantitative basis for risk
assessment and resource allocation decisions;

- quality management protocols with defect classification and verification
methodology reduce rework costs and enable systematic process improvement;

- Al integration framework demonstrates practical application of emerging
technologies in construction workflows while addressing organizational change
management.

Standards enable construction companies to transition 3DCP from
experimental technology to predictable production process, accelerating market
adoption and competitive positioning.

Widespread adoption of these standards could reduce average 3DCP project
costs by 15-25% while improving schedule predictability by 30—-40%, accelerating
market competitiveness against traditional construction methods.

Future research directions:

— expansion to additional printer types and material systems;

— integration with BIM (Autodesk Revit, ArchiCAD) workflows and digital
construction platforms;

— development of real-time quality monitoring systems using computer
vision;

—long-term performance tracking and standard refinement based on
accumulated project data.

Framework designed for immediate implementation by construction
companies, requiring minimal investment while delivering measurable operational
improvements.
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KOHCTPYKTOPCBKY TA TEXHOJIOTTYHY IIAI'OTOBKY TA
3ABE3INEYEHHSI AKOCTI

AHoTauis. [Jane docniodcents 6CMAHOBNIOE NepuLy KOMRIEKCHY CUCTNEMY YNPAGTIHHA NPOEKmamu O
3D Opyky Gemomnom uepe3 KimbKicHi CMaHOApmMu KOHCMPYKMOPCLKOI NiO20MOBKU, MEXHON02IYHO20
HanawmysearHs ma ynpasiinus axicmro. Ha ocnosi cucmemamuunozo ananizy 6y0igeibHUx npoekmis,
sasepwenux npomseom 2023-2025 poxie TOB "T'eononimep” (Xapkie, Yxpaina), pospobaeno
mamemamuyni MOOeni OYIiHKU HaAcy 3 YPAXYEAHHAM Repumempd, 2eoMempuyHoi cKIaOHocmi ma
Kinbkocmi enemenmis. Pecpecitinuil ananiz npoekmuux Oauux 00380JU8 CEHOPMYII0BAMU NPOSHO3HI
PDIGHAHHA: Yac KOHCMPYKMOPCHbKOi Ni020MOSKU 6paxosye 6a3oe HANAWMYBAHHA, MOOENI08AHHS
3a7e2CHO IO nepumempa ma Koepiyicnmu ckiadnocmi. dac mexHono2iunoi nidcomosku inmeepye
eenepayiro G-ko0y, sepupikayiio mpaekmopii Ha memp ma nepesipky kpokis nodyodosu. Cucmemamuina
Karacughixayis cKIaOHOCMI OYIHIOE YOMUPU 2eOMEMPUYHT PaKmMOopu: 8i0COMOK KPUBOIHIUHUX NOBEPXOHD,
KIMbKICMb apXimekmypHux oemaieti, 8UCHYNAlovi eneMeHmu ma CKIaOHICMb 6HYMPIUHIX NOPONCHUH,
3a6e3neuyrouu KilbKiCHY OYIHKY PU3UKI6 ma NputiHsimms piuleHs wooo pos3nodiny pecypcis. Cucmema
BKNIIOYAE MPUPIBHEBY CUCMEMY YNPAGIIHHA AKICMIO 3i CMAHOAPMU308AHOI0 Klacugikayiero deghekmis
(ecmemuuHi, wo nompebyloms yeacu, KPUMUYHI), WO BUSHAYAE KPUMEPIT NPUIHAMHOCMI OlIsl pO3MIpI6
mpiwuH, nOpUCmMocmi nOGepxHi ma cmpykmypHoi yirichocmi. Memoodonocia eepuixayii mpaekmopii
3a6e3neuye npoaxmueHe susigieHHs oeghexmis, sussiaouu 85-90% nomenyitinux npobiem 00 nouamxy
supobnuymea. Exonomiunuti aunaniz O0eMoHcmpye 3mMeHuleHHs: 6i0xo0ie mamepianie na 12-18%,
VHUKHEHHs1 6umpam Ha nepepooky na 8-12%, exonomiro uacy niocomoexu Ha 15-20% ma ckopouenHs
epaghixy Ha 5-10%, 3 oxynnicmio ineecmuyiti 3a 0,5-1,5 micays. Banioayis Ha npukiadi scumiogoi
cmpyxkmypu 174 m? demoncmpye egpekmugHicnms cucmemu: pospaxoeanutl uac niocomosxku 45,1 2oounu
npomu paxmuurux 47,2 200unu cmanogumo ioxuienHs 4,7% 0 cmanoapmie ynpasiiHHs nPOEKMamu.
Cucmema cnpusie nepexody 3D Opyky 6Gemonom 6i0 excnepumenmanoHoi mexHono2ii 00
nepeobauysano20 NPOMUCIOB020 NPOYeCy, 3abe3nedyiouu HAYKo8o OOIPYHMOGAHE NIAHY8ANHS NPOCKMIE,
cucmemamuyne ynpasuints pusuKamu ma KOHKypeHmHe no3uyionyeanis na punky. Maibymui nanpsmu
00CTi0JCeHb  GKNIOUAIONb POWUPEHHS. HA 000AMKO8i Munu npunmepis, inmezpayiio 3 pobouuMu
npoyecamu inpopmayitinozo mooemoganns 0yoieenb, MOHIMOPUHE SAKOCMI 6 pPealbHOMY Haci 3
BUKOPUCIAHHAM KOMN'IOMEPHO20 30py mMa 00820CHPOKOGe GIOCMENCEH s, NPOOYKMUGHOCHI  O/isl
NOCMINIHO20 80OCKOHANEHHS CIMAHOAPMIS.

KarouoBi cinoBa: 3D-0pyk 6Gemonom; ynpaeninns npockmamu; HOPMYS8AHHs YACY; KIACUDIKAYIsL
cKnadHocmi; 3abe3nedents aKocmi; GUABNEHHS 0eeKmig.
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