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Abstract. Modern research indicates the effectiveness of using abrasive and chemical-mechanical
methods in polishing, taking into account the characteristics of the abrasives used. At the same time, for
chemical-mechanical polishing (CMP), researchers consider two directions: the influence of different
abrasives, i.e., emphasis on the mechanical component of CMP, and the influence of suspension, i.e.,
emphasis on the chemical component. As an abrasive for polishing, diamonds are used in the tool in the
form of metallic CugSns and polymer diamond film overlays, as well as with the use of a mixed abrasive
suspension of cerium and diamond. The features of polishing Al,O;-SiO, with mixed particles and pure
— Si0,, as well as new abrasives of the core-shell type SiO,@A-TiO, are separately considered. In new
suspensions containing Fe, Al,O3, a new material is added - graphene oxide (GO), and deionized water
is also used in CMP, and this is a certain modern research trend.

Keywords: surface finishing; chemical-mechanical polishing; diamond abrasives; graphene oxide;
deionized water.

1. Introduction

Previous practice of tool production and the use of cutting tools in industry
has proven that to achieve effective and economical use of this modern high-value
tool, it is necessary not only to ensure a high-quality polished surface, but also to
have a proven cutting edge. This is the same for tools made of high-speed steels,
when it is necessary to avoid unwanted burrs on the cutting edge, and for hard alloys,
ceramics and superhard ceramics, when it is necessary to avoid chipping on the edge.
This can only be achieved by finishing the cutting edge after grinding, and even
polishing it, when the roughness of the front and rear surfaces of the tool is brought
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to Ra0.05 um, or even less, which significantly increases the wear resistance of the
cutting tool and the quality of the surface processed by it.

Meanwhile, there are currently studies aimed at supposedly increasing wear
resistance by changing the surfaces of the cutting tool, but the roughness of these
surfaces is not paid attention at all. A striking example of such neglect is the article
[1], which considers increasing the wear resistance of ground hard alloy plates by
chemical treatment (passivation). At the same time, the surface roughness of the
original plate was 1.3+0.2 pm in terms of Ra, and the roughness of the etched surface
was 0.6-0.7 um [1]. This leads to the conclusion that the wear resistance of the
etched plate increases by 2 times. It would seem to be a new word in the processing
of hard alloys. But in fact, such a study only causes surprise. If we have such
roughness, it usually differs by 2 times, then the wear will also differ by 2 times. But
this is not the main thing. The main thing is what kind of roughness it is. In fact, the
cutting inserts RNMN 120400T (as in the article [1]) with the roughness specified
above are defective, because such inserts must have a surface roughness of R, no
more than 0.20 um and be proven. That is, the above-mentioned plates of the author
[1] are defective both in the initial state and in the passivated state, and conducting
these studies and drawing conclusions based on them [1] is not only incorrect, but
also generally unacceptable. The importance of having proven plate surfaces, and
therefore cutting edges, was pointed out 50 years ago by domestic researchers: Bakul
V.M., Zakharenko I.P., Shepelev A.O., Grabchenko A.l., Matyukha P.G. and others.
But over time, the practice of domestic production to a certain extent leads to
simplification and a certain neglect of finishing and polishing technologies, which
also affects the reduction of domestic publications. Meanwhile, foreign researchers
are now paying more attention to the study of finishing and polishing technologies
for mechanical engineering products.

2. The state of the art in the field of research in the field of
polishing cutting tool surfaces

The surface treatment of hard alloy to the atomic level is a long-standing
task in the field of manufacturing and processing of materials. To obtain high-quality
products from cemented carbide with complex shapes, a new process ‘chemistry
enhanced shear thickening polishing’ (C-STP) using Fenton reagent is proposed in
the paper [2] to obtain polishing at a speed that is twice the speed of conventional
STP. In the C-STP process, the chemical reagent in the polishing slurry, due to its
high chemical affinity, diffuses to the workpiece surface and reacts with the
workpiece (WC-Co). The surface material WC-Co is oxidized to a reaction layer,
which is easily removed due to the simultaneous mechanical action of the grains.
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Based on the results of EDS and XPS analysis, Fig. 1 shows the mechanism of
material removal from tungsten carbide—cobalt alloy with Fenton suspension in the
C-STP process. In the first stage, the Co element on the surface of the WC—Co alloy
is first oxidized to Co(OH) by the strong oxidant *OH, since it has a lower reaction
potential than WC. Subsequently, some of the WC is oxidized to WOs. In addition,
the reaction layer formed on the upper surface is loose, which means that it is easier
to remove than the WC-Co alloy. In the second stage, the Co(OH). on the surface
layer of the hard alloy is quickly removed due to the abrasive particles. In the third
stage, the Co element, which is a binding phase in the hard alloy, is removed. The
bonds between the hard WC phase disappear, so the WC grains and its loose oxides
are relatively easily removed by abrasive particles. As a result, the fresh surface is
exposed again, which can accelerate the oxidation reaction, and the synergy of both
chemical and mechanical action increases the efficiency of polishing the hard alloy

[2].

Ly iy 8
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Fig. 1. Mechanism of material removal from tungsten carbide cobalt alloy by C-STP method
with Fenton reagent [2].

Microdrills (Shenzhen Jinzhou Precision Technology Co., China) made of
YG-6 carbide were selected to test the application of C-STP with Fenton reagent.
Fig. 2(a) shows the edge shape structure of the microdrill after grinding with a
diameter of 0.4 mm, with numerous defects clearly observed on the cutting edge. To
solve this problem, STP and C-STP methods were used to polish the microdrill for
3 min. As shown in Fig. 2 (a), after 3 min. STP, there is still some chipping on the
cutting edge and grinding marks on the front surface. The microdrill after 3 min. C-
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STP (using Fenton reagent, in wt%: 0.1 H,O, and 0.6 FeSQy) is shown in Fig. 2 (b),
where it can be seen that the cutting edge is completely smoothed and the grinding
marks on the front surface are eliminated. The proposed C-STP process helped
reduce the surface roughness of the carbide from the initial value of S; 120+10 nm
to 8.4£0.5 nm in less than 9 min. Elimination of microdefects on the cutting edge
allows to reduce the intensity of its wear and increase the reliability and productivity
of the cutting process [2].

Fig. 2. Comparison of the cutting edge of a microdrill: (a) edge without polishing, (b)
polishing with C-STP suspension [2].

In the paper [3], an abrasive wheel for solid-state chemical-mechanical
polishing (SPCMP) and effective sharpening of the cutting edge of a carbide tool
(WC-Co) was developed. Measurements by X-ray diffraction and electron
backscatter diffraction showed that the SPCMP method removes hidden scratches
from the surface of WC—-Co materials applied by a diamond wheel. Fig. 3 shows the
interaction between the cutting tool and the workpiece during the cutting process.
When observed under an electron microscope, the cutting edges of commercial tools
have significant irregularities, which increases the contact area with the workpiece
and the cutting resistance. The unevenness of the cutting edge also affects the
temperature increase during cutting, and the surface of the workpiece is subjected to
increased machining deformation due to the unsatisfactory shape of the cutting edge,
which further increases the unevenness of the machined surface. The method of
sharpening the cutting edge proposed in this work is designed to reduce the contact
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area with the workpiece and the cutting resistance, and thus reduces the mechanical
deformation of the machined surface. The developed grinding wheel SPCMP [3]
with a diameter of 100 mm was manufactured on a phenolic binder using green
silicon carbide (GC) as an abrasive component. In this study, the SPCMP grinding
wheel was fabricated to avoid the transition from WC to W-,C phase during carbide
machining, and to induce the oxidation of WC phase and its removal by GC. The
main function of the SPCMP wheel was to obtain sharp cutting edges for carbide
tools (WC-Co). When cutting with WC—Co tools with cutting edges sharpened by
SPCMP, the cutting resistance was low and the wear rate was reduced. In addition,
the cutting speed of WC—Co tools when cutting Ti—-6Al-4V and Inconel 718 after
sharpening the cutting edge with SPCMP was approximately twice that before
SPCMP. It has been established that cutting heat-resistant alloys with a WC—Co tool
with a sharp cutting edge leads to structural defects only near the surface, and the
crystalline structure is preserved at a certain depth from the surface [3].

(a) (b) '

altered layer

Fig. 3. Cutting with a commercial tool (a) and a tool with an edge sharpened using the
technology proposed in the study [3] (b): (a) the workpiece is significantly changed by the
tool during the cutting process, (b) the workpiece shows minor changes during cutting.

Bondless tungsten carbide (B-WC) is a hard and brittle ceramic material,
which is mainly used for the manufacture of precision molds in the field of optics,
but it is not satisfactory for precise and high-performance polishing. In the paper [4],
a semi-rigid cover (SRB) tool with a radius of 40 mm is used to solve this problem.
It consists of three layers. The outer and inner layers are rubber membranes with a
Shore hardness of 75 HA. The middle layer is made of a 0.3 mm thick stainless steel
sheet, which allows to increase the rigidity of the tool and maintain a certain
flexibility. The outer rubber film is covered with a polishing pad. In [4], experiments
were conducted to demonstrate the polishing and material removal characteristics of
SRB on B-WC substrates. It is noted that the rough surface turned into a mirror-like
surface after just 2.5 minutes of polishing. And the surface roughness in Sa was
reduced from 104 nm on average to 3.7 nm. In addition, deep grinding tool marks
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were effectively removed, leaving only nanometer scratches from the polishing
abrasive. The results indicate that SRB is effective for rapid polishing of B-WC with
good surface and subsurface quality.

The above indicates that foreign researchers pay due attention to the
polishing of hard alloys and a high-quality cutting edge. At the same time, they
consider the processes of chemical-mechanical [2, 3] and abrasive polishing [4]. At
the same time, we will also pay attention to modern work on polishing with the use
of cerium oxide, which is aimed exclusively at physical influence. Here, polishing,
according to the author [5], occurs without physical contact of the lapping compound
and the processed material. The removal of the processed material, the wear of
cerium oxide particles and the lapping surface is a consequence of the Forster
resonant energy transfer between them, which occurs in the processed surface—
polishing powder—lapping surface system due to excitonic transitions between the
energy levels of donor-acceptor pairs in an open microresonator [5]. That is, it is not
a direct mechanical impact that is used here, but a resonant action in a microresonator
between the processed material and the lapping. Such physical non-contact polishing
raises more questions than answers, but in this case, we will pay attention to the fact
that the most common polishing methods are divided by type of action only into:
mechanical (abrasive) and chemical-mechanical, which we will consider further in
a review of the most modern works of foreign researchers.

3. Formulation of the purpose of the research

The above studies indicate the effectiveness of the use of abrasive and
chemical-mechanical methods in polishing and taking into account the
characteristics of the abrasives used, therefore the purpose of this article was to
investigate the latest (2024-2025) developments in technologies for finishing and
polishing surfaces of a wide range of modern materials and to identify areas for
increasing the effectiveness of such developments.

4. Presenting main material

Let us first consider developments in abrasive finishing and polishing of
surfaces of various ceramic materials.

In [6], a new strategy for using the intermetallic compound CueSns as a
bond in a diamond grinding wheel for grinding and finishing SiC wafers with high
service life and low damage processing is proposed. A ball mill for CugSns powder
is used to effectively reduce the particle size, increase the oxygen content and realize
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the surface ceramization of the intermetallic powder. After 26 hours of ball milling,
the average diameter of CugSns powder decreased from 7.673 um to 0.777 pm, and
the oxygen content increased from 0.2503 to 1.613% compared to the original
powder. The brittleness of the sintered CusSns block increases due to the formation
of Sn—0 chemical bonds on the surface of the powder. The use of ball milled CugSns
powder as a binder for preparing diamond grinding wheels for grinding SiC wafers
allowed achieving good grinding performance (Fig. 4). The maximum current of the
grinding machine, wear coefficient, SiC wafer roughness and damaged layer
thickness were 5.9 A, 0.22, 1.519 nm and 0.76 pum, respectively. This new strategy
of using a surface-ceramic intermetallic compound as a grinding wheel bond is
important for the development of a high-performance technology for grinding and
fmmhmgﬁ&C wafers [6].

% R
.'

‘m.’h Cu, sa l)xunnu 4‘ grin(llng

%;,\ 9
e ~, )
Fig. 4. Appllcatlon of the intermetallic compound CusSns as a bond in a diamond grlndlng

wheel for grinding and finishing SiC plates [6].

The study [7] examined the material removal rate (MRR) for machining
single-crystal SiC substrates using a fixed abrasive pad of agglomerated diamond
(AD) (FADAP). At the same time, the MRR of the CMP process of a single-crystal
SiC substrate reached 36.26 um/h at a polishing pressure of 27.6 kPa and a size range
of the initial AD abrasive particles of 7-10 pum. That is, the possibility of effective
processing of single-crystal SiC substrates using FADAP was confirmed.

Cylindrical rollers made of SizsN4 ceramics serve as rolling elements of
precision bearings. These rollers are especially advantageous for equipment
operating under heavy loads and at high speeds. The quality of the outer surface of
these rollers significantly affects both the accuracy of movement and the service life
of the bearing. Considering the high hardness and brittleness of SizsN4 ceramics, the
processing of this material is quite problematic. In the study [8], a new method of
double-sided grinding using diamond film pads (DFP) for processing cylindrical
SisNa rollers is presented. The results show that the maximum achievable MRR is
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1.237 pm/min. The abrasive size has the greatest impact on the MRR, followed by
the loading pressure and the speed ratio. Reducing the abrasive size correlates with
a lower average surface roughness Ra, while using larger abrasives with a higher
loading pressure and a speed ratio of 1 can reduce the R, value. For finer abrasives,
reducing the loading pressure and reducing the processing time can improve the
surface roughness Ra. In this study, defect-free surfaces of ceramic cylindrical rollers
with a minimum average roughness of 6 nm and a deviation of 2 nm were obtained.
In addition, this process using DFP only requires the addition of deionized water,
making it environmentally friendly. The principles and device of double-sided
grinding using DFP for cylindrical rollers are shown in Fig. 5. Before the grinding
process begins, the DFP is securely attached to both the upper and lower plates.
During grinding, the spindle ensures simultaneous rotation of both the upper and
lower plates, applying a constant load pressure to the workpiece. At the same time,
the workpiece is rotated by the conductor, while deionized water is continuously
injected as a working fluid into the grinding zone. As a result, material is removed
from the workpiece surface through the abrasive action provided by film gaskets
attached to the upper and lower plates [8].

Loading pressure Deionized water
Short shaft 3 / Control panel
Upper plate | 3
.
l_ | T“ __‘j Loading pressure "_)PE"EBE
Lower plate '.-’ o~ ]

Cylindrical roller
Carrier

Diamond
film pad-_§

AREAEARLR

Fig. 5. Grinding principle and equipment used for double-sided grinding using DFP [8].

As we have shown above in Section 2, CMP is currently the most widely
used method of material removal and surface leveling. Researchers are considering
two directions: the effect of various abrasives, i.e., the emphasis on the mechanical
component of CMP [9-11], and the effect of suspensions [12-18], i.e., the emphasis
on the chemical component.

In the study [9], an environmentally friendly method for improving the
performance of glass polishing using a mixed abrasive suspension of cerium and
diamond was proposed. The addition of diamond abrasive improved the polishing
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properties of the cerium-based abrasive. Polishing experiments showed that
compared to a single cerium abrasive, the material removal rate (MRR) of the mixed
abrasive slurry increased from 82.7 nm/min to 109.6 nm/min, while the surface
roughness (Ra) decreased from 26.4 nm to 0.6 nm after polishing.

It is usually believed that abrasive particles play a role only in “mechanical
wear” in CMP, neglecting their influence on chemical reactions. The study [10]
reveals the chemical role of Al,Os particles in ruthenium CMP by comparing the
properties and polishing performance of Al,Os—SiO, mixed particles and pure SiO;
(Fig. 6). The results show that Al,Oz particles enhance the mechanical impact by
reducing the Zeta potential and promote the chemical action by catalyzing hydrogen
peroxide to produce hydroxyl radical (Fenton-type reaction) on the Ru surface. They
increase the MRR of ruthenium (Ru) in CMP with mixed abrasive particles by
almost 5 times, and the surface roughness is reduced by 60%. The chemical reaction
mechanism stimulated by the increase in the concentration of hydroxyl radicals on
the Ru surface is confirmed by the increase in the corrosion current, the thickness of
the oxide layer, and the fraction of high-valent RuO in the oxide layer. Among them,
the thickened oxide layer is a significant factor contributing to the significant
increase in the MRR of Ru and the decrease in the surface roughness.

Mechanism of Al,O, particles promoting mechanical and chemical actions in Ru CMP

Polishing pad
L ALO; -
-9 @® Ve 22
7 37.3mV 2 e P
~42.5mV | rl ¢ ] @
it Y@ HIO0, JOH B S A @ = "
| :?) ﬁ'k ‘7 m,',\ k}_ A’I:%j: €0 on- ©n ()\i(li/in\gr;n!iun
SiO; particles SiO; parti N ticl -
AR e, T e o 00O @
Ru vide layer thickens Ru | 999 r
!
SiO; slurry ! Mixed slurry

L

Fig. 6. Mechanism of influence of Al.Os particles on mechanical and chemical effects
during CMP of ruthenium [10].

It is extremely difficult to obtain an atomic surface on fused silica with a
high MRR. In addition, toxic and corrosive suspensions are widely used in
traditional CMP. To solve these problems, core-shell SiO,@A-TiO; abrasives were
fabricated and a new photocatalytic CMP was developed [11]. The developed
suspension consists of sodium carbonate, hydrogen peroxide, sodium carboxymethyl
cellulose and deionized water. After CMP, an atomic surface with a surface
roughness Sa of 0.181 nm was obtained at a scanning area of 50x50 um? and a high
MRR of 10.727 um/h. The developed SiO.@A-TiO, abrasives can generate
electrons and holes when irradiated with simulated sunlight, producing free radicals
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(OH-) (Fig. 7). As a result, OH- combine with Si atoms on the surface of fused
quartz, forming Si-OH-Si bonds. This engineered relationship between the
suspension and the fused quartz surface through SiO.@A-TiO- abrasives improves
the synergistic effect between chemical and mechanical functions. The prepared
SiO,@A-TiO; abrasives with core-shell structure were applied to develop a new
suspension for realizing highly efficient photocatalytic chemical-mechanical
polishing of fused quartz under artificial sunlight irradiation.

(Ae)*3°'sA 3

V vs. Veue(V)

Fig. 7. Mechanism of influence of SiO2@A-TiOz abrasives on mechanical and chemical
actions in CMP [11].

In [12], a new approach using colloidal silica and organic salt additives for
ultra-precision processing of GaN films was presented. The chemical-mechanical
polishing process significantly reduced the surface roughness (Sq) to a minimum of
0.63 nm, while simultaneously increasing the material removal rate by 60 % (from
70 nm/h to 112 nm/h). Contact angle experiments confirmed the increased
wettability of the slurry due to organic salts, when the contact angle between the
polishing slurry and the GaN surface decreases from 20° to an angle of less than 10°.

Increasing the interfacial reactivity of the polishing slurry is crucial for
improving the polishing efficiency and surface quality of sapphire wafers. In the
study [13], a new green polishing slurry was developed containing
aminomethylpropanol, xylitol, highly active silica, and deionized water.
Experiments showed that the new green polishing slurry reduced the surface
roughness by 12.5 % and increased the material removal rate by 71.3 % compared
to the traditional polishing slurry. The results showed that aminomethylpropanol
promotes chemical reactions between the green polishing slurry and the sapphire
wafers, leading to the conversion of the intermediate product AI(OH)3 to AI(OH)a..
In addition to the complexation reaction between xylitol and AI(OH).., it was found
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that ions accelerate the removal of surface materials from sapphire plates during
polishing, which leads to increased polishing efficiency and surface quality.

Planarization of silicon carbide (SiC) by CMP is a serious problem. In [14],
the CMP performance of a new suspension containing Fe, Al,O3 and graphene oxide
(GO) was investigated. Morphological characterization revealed a significant
increase in Fe dispersion due to the presence of GO, as the latter, as an excellent
support material, can significantly improve the catalytic performance. In addition,
CMP results showed that the material removal rate (MMR) using the new slurry can
reach 700 nm/h, which leads to a decrease in the average surface roughness (Sa) to
0.6175 nm. By varying the concentration of hydroxyl radical (*OH), it was found
that the new slurry generates sufficient amount of *OH to oxidize the SiC surface.

The above referred to the polishing of ceramic materials, but researchers
also pay due attention to the processing of metal materials.

Titanium alloy TC4 has become one of the important materials for
aerospace and medical device applications due to its advantages such as good
biocompatibility and high specific strength. However, the high hardness and low
thermal conductivity of TC4 make it difficult to process. Therefore, a new
suspension consisting of SiO,, H20, and 2-ANA was developed for CMP of TC4
[15]. The results show that the suspension containing 2-aminobenzoic acid (2-ANA)
as a chelating agent exhibits the best polishing characteristics with an R, of 0.661
nm and a material removal rate of 173.9 nm/min. The complexing agent 2-
aminobenzoic acid promotes the formation and dissolution of the oxide film. Based
on the characteristics of XPS and infrared study, the following mechanism of CMP
TC4 was revealed: hydrogen peroxide oxidizes the Ti element into high-valent
oxides, the -N—H and —O-H groups in 2-ANA combine with metal ions in solution
to form complexes, and this chemical process reaches a dynamic equilibrium with
the mechanical action of abrasive grains, which ultimately provides super-smooth
polishing of TC4 (Fig. 8).

Si0,  H,0,

2-ANA Slurry H,0,

e §ama

Fig. 8. Mechanism of CMP of titanium alloy TiC4 [15].
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Cobalt-chromium-molybdenum (CoCrMo) alloy is characterized by good
wear resistance, high corrosion resistance and excellent biocompatibility. However,
high-performance devices with CoCrMo require the surface roughness R, to be less
than 1 nm, which makes ultra-precision machining difficult. To solve this problem,
a new environmentally friendly CMP method containing silicon oxide, hydrogen
peroxide, tartaric acid and deionized water has been developed [16]. After CMP, a
surface roughness of Ra 0.16 nm is achieved for the CoCrMo alloy. X-ray,
photoelectron and infrared spectroscopy showed that hydrogen peroxide dominates
the oxidation processes in CMP. Co-oxides were softened and dissolved by
hydrogen ions. Cr and Mo oxides showed relatively better stability and less
dissolution in tartaric acid, which avoids excessive corrosion. Other oxides are
removed by silica. The released metal ions are chelated by tartaric acid during the
polishing process (Fig. 9).
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Fig. 9. CMP mechanism Cobalt-chromium-molybdenum alloy [16].
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Fig. 10. Mechanism of solld dielectric electrochemlcal polishing (SDECP) [17].
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Surface post-processing of metal additive manufacturing components is a
challenging task due to their typically complex geometry (e.g., curved surfaces)
combined with high initial surface roughness. In the article [17], an effective method
of solid dielectric electrochemical polishing (SDECP) is proposed, which uses ion
exchange resin particles with a porous structure that absorbs and stores electrolytes
as a conductive medium (Fig. 10). This method improves the surface quality of
additively manufactured components with Bezier curved surfaces to a specular gloss,
achieving improvements in Sa, Sq, and S; of 91.5 %, 91.7 %, and 86.9 %, respectively.
The results show that the bidirectional planetary motion in SDECP effectively
improves the uniformity of surface roughness and material removal in different
regions of the part.

The study [18] used macroscopic CMP and microscopic atomic force
microscopy to investigate the mechanism of microscratching on copper during CMP
from the perspective of abrasive particles. In a near-neutral suspension containing
low concentrations of H,O2, copper can be oxidized to cupric oxide and/or cuprous
oxide, forming a brittle oxide layer that can be removed by abrasive silica particles.
The removed copper oxides can adhere to the abrasive silica particles by electrostatic
attraction, changing the surface state (Fig. 11). The adhered copper oxides have
irregularities and high hardness, which probably causes high local contact stresses
and leads to micro-scratches on the copper surface being polished. Therefore, the
study showed that the adhesion of copper oxides to silica particles should be avoided.

y.= \J
Micro-scratches generation mechanism

Clean silica abrasive Silica abrasive with adhered copper oxides
H,0, f | f

oxides
,adhesion

Ultra-precision surfaces of rotation are crucial for mechanical components
such as bearings, but they are difficult to achieve by conventional machining.
Meanwhile, it is difficult to predict the evolution law of surface roughness during
machining. In the study [19], a super-precision chemical mechanical polishing
(CMP) method was proposed for machining surfaces of rotation. A theoretical model
of surface roughness Ra was created, assuming that the three-dimensional surface
morphology can be simplified to two-dimensional identical triangles, each peak can
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be removed uniformly, and the removal of material in the depressions can be
neglected compared to the removal of material at the peaks (Fig. 12). The model
provides an intuitive understanding of the evolution law of R, during CMP.
Interestingly, Ra initially decreases parabolically, which is determined by the initial
surface roughness Rao, the material removal rate MRRy, and the polishing time t. It
then stabilizes. The cylindrical guide surface of the bearing was polished using the
developed CMP method. In 6 min R, can be significantly reduced from the initial
201.09 nm to 1.50 nm almost parabolically and stabilizes. The experimental results
mostly confirm the theoretical model of R,, except that the slow reduction stage
appears in the intermediate stage, since the real surface cannot be perfectly uniform.
In addition, the roundness error RONL is reduced by 34 %.
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Fig. 12. CMP mechanism and theoretical model of surface roughness [19].

5. Conclusions

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

1. Modern studies indicate the effectiveness of using abrasive [6-9] and
chemical-mechanical [10-18] methods in polishing, taking into account the
characteristics of the abrasives used. For CMP, researchers consider two directions:
the influence of different abrasives, i.e., emphasis on the mechanical component of
CMP [9-11], and the influence of suspension [12-18], i.e., emphasis on the chemical
component.

2. Research into the priority of the abrasive component is presented in [6]
by a new strategy of using the intermetallic compound CueSns as a bond in a
diamond grinding wheel for grinding and finishing SiC plates with high service life
and low damage processing. In the study [8], a new method of double-sided grinding
using diamond film pads (DFP) for processing cylindrical SizN4 rollers is presented.
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In the article [9], an environmentally friendly method for improving polishing
performance using a mixed abrasive suspension of cerium and diamond is proposed.

3. The study [10], as a transition from mechanical to chemical component,
reveals the chemical role of abrasive Al;O; particles in ruthenium CMP by
comparing the properties and performance of polishing Al,O3-SiO2 mixed particles
and pure SiO.. In work [11], core-shell SiO,@A-TiO; abrasives were prepared in a
new suspension for the implementation of highly efficient photocatalytic chemical-
mechanical polishing under irradiation with artificial sunlight.

4. We will pay special attention to the use of deionized water in CMP, as
this is a certain modern research trend [8, 11, 13, 18].

5. In [14], the characteristics of CMP were investigated with a new
suspension containing Fe, Al,O3 and a new material — graphene oxide (GO), since
the latter is an excellent carrier material, the characteristics of which can
significantly improve the catalytic characteristics of the suspension.
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CYYACHI JOCJAIJKEHHS B PO3POBII TEXHOJIOT'TH JIOBEJIEHHS
TA ITIOJIPYBAHHS AJ151 OAEP/ KAHHSA BUCOKOAKICHUX
IOBEPXOHB (OI'JISIO)

AHoTaniss. [lonepednvoio nNpakmMukow IHCMPYMEHMANbHO20 SUPOOHUYMBA MA  3ACHIOCYBANHS
Pi3anbHO20  THCMPYMEHNY Y NPOMUCIO80CHI 008e0eH0, W0 015 O0CASHeHHs e@heKmueHo20 ma
EKOHOMHO20 BUKOPUCMANHS YbO20 CYHACHO20 6UCOKOGAPMICHO20 IHCMpYMeHmy mpeda He milbKu
3abe3neuumu 8UCOKOAKICHY Wnighoeany ix nosepxuio, are i mamu 0oeedeHy pisanvhy kpaixy. [Jocazuymu
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Yb020 MONCIUBO JUULe D0BCOEHHAM NICISA WINIQYBAHHS PI3AIbHOI KpAlKU, a | HA8IMb i NOPYBAHHAM,
KOIU WOPCMKICHb NEPEOHbOi Ma 3a0HbOI NOBEPXOHb THCMPYMEHNTY 00800umvcesi 00 Ry 0,05 mrm, a inodi
HaBimb MeHue, Wo 3HA4HO NiO8UWYE 3HOCOCMILIKICMb Pi3abHO20 THCMPYMEHY ma AKicmb 00po6neHoi
Hum nogepxti. CyuacHi 00CHiodiceHHs: ceiouams npo eQhekmuHiCms 3aCmMoCy8aHHs NPU NOJNIPYEAHHI
abpasu6Hux i XIMIKO-MEXAHIYHUX MEmoOié ma 8paxy8amui npu yboMy 0cobaugocmei abpasusis, sKi
3aCmMoCo8yIomb s, momy Memoio oanoi cmammi 6yno docaioumu naiinosiwi (2024-2025 pp.) pospo6xu
6 MEXHONIO2IAX 006e0eHHs Ma NONIPYBAHHA NOGEPXOHL WUPOKOI 2amu CYYACHUX Mamepianie ma
BUSHAUUMU HANPAMKU NiOBUWeHHs  epekmueHocmi makux po3pobok. I[lpu yvomy Ons ximiko-
mexaniunoeo nonipyeanns (CMP) Oocnionuxamu posensoacmocs 08a HANpsAMKU: GHAUE PIZHO20
abpaszusy, mobomo Hazonoc Ha mexauiunui ckradosii CMP, ma enius cycnensii, mob6mo Haeonoc Ha
XIMIUHI CKIa008IH. [Jocniodcentss @ HanpsIMKy npiopumemnHocmi adpazueHoi ckiado8oi npedcmagneni
HOB0I0 cmpamezi€lo 3acmocyéanns inmepmemaniunoi cnoayku CugSNsy AKocmi 36 S13KU 6 AIMAZHOMY
winighysanvHomy Kpysi Ons winipysanus i dosedenns naacmur SiC 3 6UCOKUM MEPMIHOM CAyncOu i
06POOKU 3 HUZLKUM DIBHEM NOWKOOIICeHb. JJoCTiddIceHo HOBULL MemOO 080CMOPOHHL020 WIQYBAHHS I3
3ACMOCYBAHHAM — QIMA3HUX —NIIBKOBUX HAKIAOOK 01 00poOKu yuninOpuunux poaukie SisNg.
3anpononosanuii exono2iyHO YUCMUL MeMOO NONINUEHHA NPOOYKMUBHOCHI NONIPOBKU 13 3aCmOCy-
BAHHAM 3MIWAHOT abpasusHoi cycnensii yepiro i armasa. [JocniodcenHs , Ik nepexione 8i0 MexamiyHoi 0o
XIMiuHOI CK1A00601, posKkpusae ximiuny pons abpasuenoi Al,Oz—vacmunxu npu CMP pymeniio winsxom
nopienannsa  eracmueocmein i npooykmusnocmi nonipogku Al,O3-SiOy smiwanumu wacmunkamu i
yucmumu — SiOy. IIpeocmasgieni Hogi po3pobKu 3 6u20mosieHHs adpasusie muny s0po-ob0IOHKA
SIO,@A-TIO, 6 Hositi cycnensii Ons peanizayii ucoxkoegekmusnoi homokamanimuynoi Ximiko-
MEXAHIYHOT NOMIPOBKU NPU ONPOMIHEHHT WMYUYHUM COHAYHUM CEINMIOM. [JOCTIONCEH] XapaKkmepucmuru
CMP 3a noeoi cycnensii, wo micmuna Fe, Al,Ozi nogimuiti mamepian — okcuo epaghena, ocKilbKu
OCMAHHITL € YYOOBUM MAMEPIANOM-HOCIEM, XAPAKMEPUCIUKU K020 MOJCYMb 3HAYHO NOJNMUUMU
Kamanimuyni xapaxkmepucmuxu cycnensii. Okpemo 36epreno yeazy na 3acmocysanna npu CMP
0eioHI308aHOI 800U, OCKIIbKU Ye € NeGHUM CYUACHUM MPEHOOM 00CTIONHCEeHD.

Kio4oBi ciioBa: 0ogedenHs noeepxui; XimiKo-MexauiuHe NONIPYBAHHA, AIMA3HI AOPA3UBU;, OKCUO
epagpena; oeionizogana sooa.
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Abstract. The paper investigates the influence of finishing operations on the roughness of machined
surfaces in the case when the machine-tool-fixture-tool-part (MTFTP) system is in the zone of nonlinear
oscillations. For this purpose, models of dynamic oscillatory processes accompanying the machining of
working surfaces of parts are built in the Simulink system of the MATLAB package. The formation of self-
excited oscillations of the MTFTP mechanical system during finishing operations is determined with one
or two degrees of freedom associated with the heterogeneity of the processed material and external
disturbing forces in the ranges of fundamental and subharmonic resonances containing, in addition to
the excitatory element itself, also zones of dry friction of the tool with the processed surface. These studies
not only demonstrate the behavior of mechanical systems capable of self-excited oscillations, but also
allow their results to be successfully applied to optimize the quality characteristics of machined surfaces
during finishing operations. It has been shown that resonant curves under nonlinear oscillations of
mechanical systems of finishing operations affect not only the formation of the roughness of the machined
surface, but also the appearance of scorch marks on them and the formation of defects such as cracks.
Keywords: finishing operations; nonlinear oscillations; models; Simulink system; oscillation amplitudes;
stability.

1. Introduction

Unlike an ideal surface, the surface of a part after finishing operations is not
smooth, but always has microscopic irregularities that form roughness [1], [2].
Despite the rather small size of the roughness-forming irregularities, they have a
significant impact on various operational properties of parts [3], [4], [5]. In the
operations preceding grinding, the roughness of the machined surface affects the
concentration of stresses, vibration activity, and the formation of thermal defects,
which, under the influence of thermomechanical phenomena accompanying
finishing operations, form cauterization, cracks, and chips on the machined surfaces
[61, [7]. Numerous theoretical and experimental studies have been devoted to the
study of this process [8], [9], [10]: the effect of grinding wheel wear, the creation of
macro- and microrelief of the ground surface, fluctuations in thermomechanical

© A. Usov, M. Kunitsyn, 2025
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parameters in the contact zone of the grinding wheel with the treated surface, and
vibration of the machine-tool, fixture, tool, and part (MTFTP) system.

2. Analysis of sources and problem description

Let us consider the influence of finishing operations on the roughness of
machined surfaces in the case where the MTFTP system is in the zone of nonlinear
oscillations. To do this, consider modeling dynamic oscillatory processes in the
Simulink system of the MATLAB package [11].

The high speed of abrasive wheels when processing the working surfaces of
machine parts highlights the need for the most accurate calculation of their dynamic
properties, i.e., the calculation of their natural frequencies, resonance curves,
maximum amplitudes, transfer functions, areas of instability, and amplitudes of self-
excited vibrations in unstable areas.

The presence of nonlinear couplings, such as, for example, the gap in the
connection of individual elements of the MTFTP, contact deformations, nonlinear
damping forces, stochastic nature of external influences, etc., leads to the fact that
existing classical methods of linear dynamics do not take into account nonlinear
oscillations, and there is a need to study the dynamic properties of mechanical
systems using nonlinear mechanics [12].

The formation of the quality characteristics of machined surfaces when the
mechanical system of the MTFTP falls into the field of nonlinear oscillations is
currently relevant.

Theoretical methods for solving these problems are approximate, they are
based mostly on certain assumptions, and therefore it is almost always necessary to
check the adequacy of theoretical calculations and the limits of applicability of the
results obtained on models, both mathematical and simulation [13].

As for the complexity of the models under study, we can say that the main focus
is on systems that can be described by a mathematical model with two degrees of
freedom.

In the case of grinding, the non-linear factor is, for example, the cutting forces
and friction forces in the contact zone between the tool and the surface to be
machined (Fig. 1).

To study the properties of self-excited oscillations of the mechanical system of
the MTFTP during finishing operations with one or two degrees of freedom
associated with the influence of the heterogeneity of the processed material, external
disturbing forces in the ranges of fundamental and subharmonic resonances
containing, in addition to the self-exciting element, also the zone of dry friction of
the tool with the processed surface [14].
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The main types of the studied systems are shown in Fig. 1 and differ, on the

one hand, in the number of degrees of freedom and, on the other hand, in the location
of the self-exciting element.

F(©)
m
) m r 15
4 10 -

Fig. 1 Types of studied systems of Fig. 2. An example of the behavior of a

MTFTP finishing operations MTFTP system with one degree of freedom

In the analytical calculation of steady-state oscillations, the harmonic balance

method was used, assuming a solution in the form of two independent harmonic
components. The stroboscopic method based on the direct solution of the differential
equations of motion was used to determine the areas of attraction.

3. Research objectives

Develop mathematical models of the MTFTP system with one and two
degrees of freedom, which take into account key nonlinearities - material
heterogeneity, contact gaps, nonlinear damping and friction in finishing
operations;

Implement and simulate these models in the Simulink (MATLAB)
environment to capture self-excited and forced vibrations under the
conditions of fundamental and subharmonic resonance;

Analyze the influence of nonlinear vibrations on surface quality indicators
(roughness, burn-in, crack initiation) by extracting amplitude-frequency
and phase-frequency characteristics from the simulated resonance curves;
Apply harmonic balance and stroboscopy methods to isolate stability
regions, forced vibrations, self-excited vibrations, and mixed modes, as
well as to construct maps of their attraction;
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e Quantify the impact of critical parameters - damping coefficients, frictional
properties, excitation amplitude/frequency, gap size - on the amplitudes of
oscillations and the resulting formation of surface defects;

e Propose and evaluate optimization strategies, such as the use of non-linear
vibration dampers or adjusted friction coefficients, aimed at suppressing
unwanted oscillations and improving the quality of the machined surface;

e Validate the models by comparing theoretical predictions with numerical
simulation results (and experimental data, if available) to confirm the
adequacy of the models and their applicability to real finishing processes.

4. Research methods

Almost all of the cases studied were verified using computational methods.
Thus, the behavior of the MTFTP system in finishing operations with 1 degree of
freedom is described by a differential equation with initial conditions [15], [16]:

y—B—=8y?)y+y+uy?®=n’cos(nt + @) 1)
y(to) = Yo, Y (to) = Yo
where y(t), y(t), ¥(t) are the vertical component, the rate of change, and the
acceleration of nonlinear oscillations; 8, 8, p are the coefficients of inhomogeneity
of the material of the treated surface characterizing the disturbing forces; 1, ¢ are
the spectral characteristics of nonlinear oscillations, and its approximate solution
y = Acosnt + R cos(wt + ¢) is shown in Fig. 2.

The amplitude of self-excited oscillations within the fundamental resonances
decreases to zero. In this region, the system oscillates only by forced oscillations
with amplitude A and frequencies n, Q. Outside the resonance region, vibrations are
created consisting of harmonic components with frequency €, which is confirmed
by the numerical solution.

It is sometimes convenient to study the behavior of the MTFTP system in the
stroboscopic phase plane. For a frequency n = 0.8, there is only a limiting cycle Lg
corresponding to self-excited oscillations.

At an increased frequency n = 1.35, the limiting cycle Lg and the unstable
center F, reappear, but a stable special point F; has appeared, which corresponds to
stable forced oscillations. The separatrix S limits the regions of initial conditions
leading to purely forced oscillations or their combination with self-excited
oscillations.

Consider solving a non-homogeneous problem with a right-hand side and a
constant term Q:

V= (B —6y*)y—ay +uy* = Q+ cos(nt + @) 2

This term is manifested in a much more complex form of resonance curves, as
can be seen in Fig. 3. The solution showed more significant deviations in the
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subharmonic resonance region. Therefore, attention was also drawn to the mutual
influence of self-excited and forced oscillations in the subharmonic resonance region
of order 1/2. These studies have brought about new information on the shapes of
the resonance curves and the shape of the attraction region.
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Fig. 3 Shapes of the resonance Fig. 4 Results of measurements of the change in
curve with a region of forced the shape of the resonance curves at a slight
oscillations, a region of ambiguity, change in the parameters g, »

and a region of mixed two-

frequency motion

Two-degree-of-freedom systems have been studied for two main types: on the
one hand, for two-mass systems and, on the other hand, for systems with two degrees
of freedom, but containing only 1 mass, the grinding wheel. The latter can, in the
case of equality of linear stiffnesses in the x and y directions, be considered as the
basic grinding model, which can include external damping, nonlinearity of restoring
forces in bearings, and imbalance.

The equations of motion of a single mass case are determined by the following
formulas [16]:

¥+ gny +xx + By + [1+ u(x? + y?)]x = n?cosnt (3)
¥ —gnx +uy — Bnx + [1+ p(x® + y*)]y = n’sinnt (4)
y(to) = Yo, Y(to) = Yo,  x(to) =Xo  X(to) = Xo1
where %, x, X, ¥, y, y are horizontal and vertical subharmonic vibrations and their
dynamic components; y,, Yo1, Xo, Xo1 initial conditions g, x, B, pn are nonlinear
characteristics of the elements of the dynamic system of the MTFTP; p is the
proportionality coefficient of the movement of the system links.

Equations (3)-(4) were solved analytically and numerically. An example of the
shape of the resonance curve is shown in Fig. 3, where the regions of purely forced
oscillations, the region of ambiguity, and the region of mixed two-frequency motion
are visible.
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The measurement results of the slightly modified case are shown in Fig. 4. It
can be seen that even a slight change in the grinding wheel speed parameter causes
a significant change in the shape of the resonance curves. These studies made it
possible to formulate the basic laws that govern the behavior of such systems.

In this paper a similar one-mass system was considered, but with respect to
grinding machines [17], [18]. As a source of self-excited oscillations, in addition to
the terms (1 — x2)x, (1 — y2)y, we considered the assumption of a coordinate
relationship, which gives rise to the equation:

F+By+nix—e(1—x)NDx=0 5)

V+Bx+niy—e(1-y>)y=0 (6)
and, depending on the value of the constants B;, B,, n,, n,, the equilibrium state can
also be either stable or unstable at € = 0. The behavior of the system (Fig. 5) is
depicted in the phase plane, in which the bifurcation properties of the system can be
studied, i.e. the conditions under which single-frequency or two-frequency solutions
exist. In this case, it was determined how to use a dry friction damper to stabilize the
equilibrium state of oscillation of a self-excited system with two degrees of freedom
and thereby achieve improvements in the operational properties of grinding
machines. These research results have been confirmed experimentally. Thus, works
[9], [19] show the occurrence of self-excited oscillations during grinding, taking into
account the influence of coordinate coupling. First, the influence of the connection
between the machining parameters and the roughness of the machined surface of the
workpiece and the oscillating MTFTP system was taken into account.
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Fig. 5 Single mass system for Fig. 6 An example of reduction of self-excited
calculating self-excited vibrations oscillations by changing the parameters B,, B,

during grinding
The main means of reducing self-excited vibrations is the method of fixing the
tool to an elastic base or attaching it to damping elements. This means can be applied
to other elements of the MTFTP. It turns out that self-excited vibrations can be
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suppressed quite successfully in a wide range of system parameters. An example of
reducing oscillations by changing the image parameters is shown in Fig. 6.

These studies not only demonstrate the behavior of mechanical systems capable
of self-excited oscillations, but also allow their results to be successfully applied to
optimize the quality characteristics of machined surfaces in finishing operations.
Self-excited oscillation can be caused in mechanical MTFTP systems for a number
of reasons. One of these reasons is, for example, the connection between the
processes occurring in the oscillating system and the external environment.

The instability of motion in a mechanical system can also be caused by periodic
changes in the internal parameters of the system.

The amplitudes of the oscillations of the studied system, in which instabilities
or significantly increased amplitudes of oscillations are formed, are determined. It is
shown that the dependence of the amplitude A in the main resonance as a function
of the frequency variation o and the cubic damping  in the region of relative motion
oscillation is self-excited, and the influence of the frequency variation a on the
multivalued resonant amplitude A is also observed. Let us consider the case of
nonlinear oscillations of the mechanical system of the MTFTP described by the
system of differential equations:

y'+ Ay = eEy" + Fy{ +y3 + By" + Dy; + y(Y coskar + Usinkar) %
+y, + Isinkar + &(r)
where y is the vector of relative motion and motion of the supports, A is the diagonal
matrix of the system eigenvalues, ¢ is a small parameter, B, D, E, F, Y, U, I are the
matrix coefficients, and f(t) is the vector of excitatory forces.

The torsional vibrations of a MTFTP mechanical system with n degrees of
freedom and Hooke joints were studied. The motion is described by a linearized
system of equations with periodic coefficients of the following type [16]:

Mg +eBq+ Cq+A(t)g = f(t) ®)
here € is a small parameter; M, B, C are symmetric matrices of order n, A(t) is a
diagonal matrix; q(t) are generalized coordinates.

From the theoretical analysis based on orthonormalized transformations, the
boundary curves of the instability region and the damping value conditions that
ensure stability in a given speed range were obtained.

The areas of the main subharmonic and subultraharmonic resonances have been
experimentally studied. The oscillation of a mechanical system is significantly
complicated when shocks appear in the MTFTP system due to inhomogeneities in
the surface layer of the parts to be ground or internal shocks at limited gaps in the
connection of individual MTFTP elements.

These systems were analyzed using mathematical models that can be
schematically represented by systems with one or two degrees of freedom, in which
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the limiters are arranged differently and in which the oscillations are excited either
by external harmonic forces or contain self-excited terms.

A system with two degrees of freedom and one pair of restraints is shown in
Fig. 7. While the impacts occur in the lower part of the system, a device is introduced
into the upper part, exerting a force F, — F}, on both masses m, and m,. The form
of these forces is shown in Fig. 7. The flat hysteresis curve of the excitatory effects
depends on the parameters of the relative motion between the masses. Depending on
the initial conditions, there are different types of motion. These types of motion also
depend on the magnitude of the self-exciting force F, on the attenuation, and on the
size of the gaps r; between the elements of the MTFTP.

An example of the regions of existence and stability of different types of motion
depending on the parameters h and ¥ = ry7,/F, is shown in Fig. 8. At the
boundaries A,, A, there is a transition from motion without shocks to motion with
shocks. The inclined shaded areas correspond to the main periodic single-impact
motions with the first or second form of oscillations; the horizontally shaded areas
correspond to the beating type motions. It can be seen that for some combinations of
h, ¥ parameters, only one type of motion can occur, and for other combinations there
are several possible types of motion.

The system with two pairs of impactors is shown in Fig. 9. The static gaps
between the restraints are labeled r; and r,. Since the system contains two strong
non-linearities, its motion is very complex. Separate types of motion differ in the
number of strokes per period of the excitation force and can exist only under certain
conditions. Fig. 10 shows the regions of existence for different gap sizes: r; =
rc/Fyand r, = r,c/F,. The symbols z; and z, represent the number of strokes in
the lower and upper regions of the change in machining modes.
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Fig. 7. The MTFTP system with two degrees of freedom and one pair of limiters
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Fig. 8 An example of the region of Fig. 9 A two-mass MTFTP system with static
existence and stability of different gaps r; and r, and two strong nonlinearities
types of motion depending on the
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These studies lead to larger-scale investigations of the effect of viscous
damping and dry friction type dampers on the vibrations of systems with impacts,
studies of the properties of systems containing plastic impacts, and solutions to
optimal problems that allow finding the parameters of a technological system with
maximum microimpact energy (for example, when the treated surface has
inhomogeneitLes) or with minimum amplitudes in resonant regions.
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Research on impact systems is mainly aimed at finding out the basic laws of
behavior and optimization of the impact-impacted MTFTP accompanying finishing
operations in terms of forming a machined surface from a heterogeneous material
and its quality characteristics [14], [20], [21].

In addition to impacts, there is another type of highly nonlinear, non-analytical
dependence in MTFTP mechanical systems; this is the friction zone between the tool
and the machined surface. The friction forces generated in the machining zone,
although much smaller than the cutting forces, have a decisive influence on
oscillations in the resonant regions and on the occurrence of self-excited oscillations.

The oscillations of the MTFTP mechanical system that occur during the
grinding of materials of heterogeneous structure are excited by the unevenness of
the cutting forces and the friction forces. A diagram of such a studied system with

two degrees of freedom is shown in Fig. 11.
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Fig. 11. Scheme of studying the MTFTP system with two degrees of freedom

When masses m,; and m, move, elastic slippage occurs between two or more
masses located on a beam connecting mass m, to the base. The analytical and
numerical solution method based on the Krylov-Bogolyubov-Mitropolsky method
allowed us to calculate the amplitude-frequency and phase-frequency characteristics
of the steady-state vibrations. The equivalent attenuation and stiffness coefficients
of this connection were determined for different elements of the MTFTP, the
resonance characteristics under harmonic excitation were calculated, and the
limiting values of forces for which it is impossible to constructively dampen
vibrations at resonance. In this case, the amplitudes of oscillations grow unlimitedly,
leading to the so-called resonant instability.

The example shown in Fig. 12 demonstrates the resonance amplitude curves of
a system with hysteresis damping. Fig. 13 shows an example of optimizing the
damping properties of a MTFTP system. With the correct choice of the friction
coefficient, expressed by the parameter §,, which is achieved by using certain
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lubricating cooling process media, the minimum height of the resonant peak can be
achieved.

5. Research results

Theoretical results were verified by modeling in the Simulink system of the
MATLAB package. The coincidence of theory and experiments confirmed the
validity of the applied method.

The analytical solution using the statistical linearization method is
supplemented and verified by calculations in MATLAB. The system of equations
under study has the following form [11], [22]:

Y2+ 6,0 — Y1) + V(2 —y) + sy, —y)3l = 0 9
y1+y1+ vy, =x(t) (10)
where x(t) is a random process with the character of frequency-bounded white
noise.
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Fig. 12 Image of the amplitude resonance Fig. 13 Optimization of the attenuation
curves of the MTFTP system with properties of the MTFTP system due to the
hysteresis damping coefficient of friction between the tool and

the machined surface

The non-linear oscillations of the systems were studied by the statistical
identification method, which allowed us to determine the main characteristics of
stochastically excitable systems.

When studying the properties of nonlinear systems with two degrees of
freedom, attention was also drawn to the possibility of using a nonlinear vibration
damper to reduce the amplitudes of a stochastically excited technological system.

It turns out that the correct choice of the nonlinearity coefficients sy3, related
to the technological conditions of finishing operations, can significantly reduce the
oscillations of the MTFTP system. The dependence of the variance of the input
signal D[X] and the output signal D[Y] at different nonlinearities syg is shown in
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Fig. 14, which can also serve as the basis for optimizing the characteristics of the
nonlinear damper of stochastic oscillations of the mechanical system of the MTFTP.
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Fig. 14 Dependence of the variance of the  Fig. 15 Shapes of the amplitude and phase
input signal D[X] and the output signal resonance curve for a system with one
D[] for different nonlinearity of sy? degree of freedom

caused by technological parameters

It should be noted that the field of synthesis and identification of nonlinear
systems, i.e., the compilation of the structure of a computational model, the
determination of its parameters, or the characteristics of nonlinear terms based on
the analysis of the motion of the mechanical system of the MTFTP, is a complex
problem.

These studies have shown that it is not enough to calculate only the amplitude
spectrum, but it is also necessary to determine the phase shift between the individual
components of the oscillation.

Mathematical modeling of nonlinear oscillatory processes has shown that the
use of identification methods for nonlinear systems is of a qualitative nature, which
uses knowledge of the shape of some responses of nonlinear systems. For this reason,
spectral analysis of the shape of the machined surface at the finishing stage is quite
effective.

In [23], the main properties of the resonance curves expressed by the
dependence of the real (u = acosy) and imaginary (v = asiny) parts of the
response of a nonlinear dynamic system are shown. For a system with one degree of
freedom, in which the shapes of the amplitude and phase resonance curves are well
known (Fig. 15), the same resonance curves in the variables u and v have a special
character (Fig. 16).
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Fig. 16 Resonance curves in the variables u and v
As the attenuation decreases, the resonant peak of the real part increases but
gradually tilts. The resonance curve for two degrees of freedom has a similar shape

(Fig. 17 — real component). Unstable branches are indicated by dashed lines. The
results of the measurements in the Simulink system are shown in Fig. 18.
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Fig. 17 Resonance curve for two degrees of freedom of the MTFTP system

The full and dashed lines indicate the resonance curves of the first and second
masses in a nonlinear system with 2 degrees of freedom; the arrows indicate jumps
in the resonance.

It has been shown that resonant curves during nonlinear vibrations of
mechanical systems of finishing operations affect not only the formation of the
roughness of the machined surface, but also the appearance of burn marks on them
and the formation of defects such as cracks [11], [14], [24].
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Fig. 18 Results of measuring the resonance curves in the SIMULINK system

These resonance curves are used to calculate the maximum amplitudes of
forced oscillations in a given frequency domain, to determine the natural
frequencies, to estimate the attenuation, and to calculate the characteristics of the
nonlinear term (element) (Fig. 19).

All the conclusions that follow from the experimental study of nonlinear
systems are more reliable the more accurately the oscillation parameters are
measured, especially the amplitudes and phases of the fundamental or higher
harmonic components.

In this case, we study, first of all, the possibilities of registering those quantities
and phenomena that are typical for nonlinear oacillations.
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Fig. 19 Image of the resonance curves of a nonlinear system in the Kennedy-Pank diagram

Measuring instruments for oscillatory processes containing non-linear
elements are practically identical to those used to measure linear systems. It is
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necessary, however, to pay special attention to the accuracy of measuring the
amplitude and phase resonance curves, and to the possibilities of a comprehensive
analysis of the response of a nonlinear system.

An example of the measured amplitude and phase resonance curves is shown
in Fig. 20. For comparison, the full results of the theoretical solution are also
included. A relatively good agreement of both approaches is visible. To identify
nonlinear oscillations, the method of measuring oscillations of mechanical systems
and their processing using Simulink was improved [25], [26].
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Fig. 20 (a) Theoretical and (b) experimental values of the amplitude and phase resonance
curves

Since the numerical recording of measured quantities is more accurate and the
numerical processing of measured indicators, for example, using Fourier analysis, is
much more accurate, it can be expected that the use of the Simulink system allows
for a more detailed and accurate study of the nonlinear properties of the MTFTP in
finishing operations and a more accurate determination of the nonlinear
characteristics of their elements.

6. Conclusions

The presented calculations and experimental studies of nonlinear oscillations
in the mechanical system of finishing operations have shown their significant
influence on the formation of qualitative characteristics when processing the
working surfaces of parts made of materials containing inhomogeneities. This
especially applies to resonance curves, which are used to calculate the maximum
amplitudes of forced oscillations in a given frequency range, to establish natural
frequencies, to estimate damping, and to calculate the characteristics of non-linear
members of the mechanical system of the MTFTP.
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Amnatomniit Ycos, Makcum Kyninun, Oneca, Ykpaina

MOJEJIIOBAHHS BILINBY HEJIHIMHUX KOJUBAHb HA
AKICTh POBOYOI MOBEPXHI JETAJIEN HA ®ITHIITHUAX
OIIEPAIIAX

Anomayin. /locniodxcyemvcs 6niue QiHiuHux onepayiti Ha wWopcmKicms 0OPoOIOBAHUX NOBEPXOHL Y
6unaoxy, koau cucmema «Bepcmam-Ilpucmocyeanns-Incmpymenm-/emanvy (BIII/]) 3naxooumscs 6
30HI HeNiHIIHUX KOIUBAHb. [[na O00CACHEeHHs NOCMAsNeHoi memu OYOVIOMbC MameMamuyHi Mooeui
OUHAMIYHUX KOTUBATIHUX NPOYECIB, WO CYNPOBOOICYIOMb 00POOKY pobOYUX NOBEpXOHb Oemaiell, i3
suxopucmannsim  cepedosuwga Simulink naxemy MATLAB. Ilpoeedene modeniogannsi 0038015€
BUBHAYUMU YMOBU (DOPMYBAHHA CAMO30YOHCEHUX KOAUBAHb MeXaHiuHoi cucmemu BII[] nio uac
QiniwHux onepayiu, 5K y UNAOKY OOHIEL, maKk i 080X CMYNeHi8 c80600U, WO BUHUKAIOMb 6HACTIOOK
HEeoOHOPIOHOCMI  06POONII6AH020 Mamepiany, 306HIWHIX 30VPIOIOYUX CUN MA IXHbO2O 6NIUBY 8
0ianazoHax OCHOBHUX i CYO2aAPMOHIYHUX pe30HAHCI8. Bpaxoeano makoosw HAs8HICHb 301 CYX020 mepms
Midic IHCMPYMEeHmMOM [ 0OpOONII06aHOI0 NOGEPXHEID, WO ICMOMHO 6NIUBAE HA XAPAKMeEP KOAUBAHb.
Hageoeri 6 pob6omi 0ocniONHceHHs 0eMOHCIPYIOMb He MINbKU NOBEOIHKY MEXAHIYHUX CUCTmeM, 30amHUX
00 8UHUKHEHHSL A8MOKOIUBAHD, Ale Ul OAIMb 3MO2Y YCRIWHO 3ACMOCO8Y8amu pe3yibmanmu MOOe08aHH
01 onmumizayii’ IKICHUX Xapakmepucmux oOpoOI06aHUX NOGEPXOHL HA emani (DIHIWHUX onepayill.
Ocobnusa ysaea npudineHa aHanisy pe3oHAHCHUX KPUBUX, AKI NPU HASEHOCMI HENIHIHUX KOTUBAHb )
MEXAHIYHUX cucmemax QIHIWHOI 0OpO6KU GnAUGAIOMb He Juule HA QOPMYSaHHA WOPCMKOCHI
00p00O.IeHOT NOBepXHI, ane Ui CNPUAIOMb 6UHUKHEHHIO Oe(eKmie, maKux AK npuniku, MiKpompiwunu ma
iHWI NOWKOOMNCEHHs! NOBepXHe8o20 wiapy mamepiany. Pesynemamu moodentosanns nokasan, ujo
Xapaxkmep aémMOKOIUBAHb [ DE3OHAHCHUX AU ICIMOMHO 3ANeXCUmyv 6i0 napamempisé 3 €OHAHb,
eracmugocmeii 0OpoONIO6AHO20 Mamepiany, a MAKoMUC 6i0 YMOE 306HiUHbLO20 HasanmadicenHs. le
00360/151€  3aNPONOHYBAMU MeMOOU Pe2yIoBaHHA Npoyecy 00poOKU yepe3 3MIHY MEeXHONO02IYHUX
PENHCUMIB, 30KpeMa SUKOPUCTIAHHS OeMNYBANbHUX elleMeHMi8 ab0 KOHMPOIbOBAHOZO CYX020 MEPms
07151 3MEHWeH s, amMnaimyo Hebaxcanux konueawvb. Ompumani Oaui mModxicymv Oymu UKOpUCmMawi Os
800CKOHANICHHS KOHCIMPYKYIT el1eMeHmi6 mexHON02IUHO20 OCHAWEHH S, NIOBUWeHHS, MOYHOCmI 06pO6KU
ma nONNWEeHHs eKCRLYamayillHux Xapakmepucmuxk 0emanei MauiuH.

Kuatouosi cioBa: ¢iniwni onepayii; neninitini konueanns; mooeni; cucmema SIMULINK; amnnimyou
KOIUBAHb, CIIUKICb.
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Abstract. In modern mechanical engineering, the control of surface quality of components, which directly
affects their operational characteristics, is becoming increasingly important. One of the key aspects is
the analysis of surface microstructure, particularly its periodicity, as it determines properties such as
wear resistance and corrosion resistance. Laser processing is one of the promising technologies that
allows the formation of regular microstructures, such as LIPSS (Laser-Induced Periodic Surface
Structures). Despite extensive research, the mechanism of LIPSS formation remains not fully understood,
and the results often show variable periodicity and orientation. To accurately analyze these structures,
mathematical and statistical methods, such as two-dimensional autocorrelation analysis (ACF) and fast
Fourier transform (FFT), are required. This study proposes a methodology for evaluating the periodicity
of microstructures obtained during laser treatment of metallic samples, using digital video microscopy.
The application of two-dimensional autocorrelation and spectral analysis within the Gwyddion
environment ensures reproducible and objective assessment of microstructures, while demonstrating the
effectiveness of ACF for surface topography analysis. The obtained data show the presence of pronounced
periodicity in the studied microstructure and confirm the complexity of the LIPSS formation mechanisms,
contributing to accurate quantitative analysis and adaptive control of laser modification processes.
Keywords: laser processing; LIPSS; autocorrelation analysis; microstructure.

1. Introduction
Modern mechanical engineering imposes increasingly high demands on the

quality of component surfaces, which directly affect their reliability, durability, and

operational characteristics [1, 2]. Special attention is paid to the microstructure of
©E. Saprykina, S. Dobrotvorskiy, B. Aleksenko , D. Trubin, D. Moskal, J. Martan, 2025
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the surface layer, as it determines parameters such as wear resistance, corrosion
resistance, and fatigue load resistance.

One of the key aspects of microstructure analysis is the identification and
guantitative assessment of its periodicity [3, 4]. Periodic structures can arise from
various technological processes, such as surface plastic deformation, electroerosion
processing, magnetic-abrasive processing, and laser treatment. Understanding the
patterns of formation of these structures allows optimizing technological modes and
improving the operational properties of products.

Surface engineering in the context of modern high-tech production is
becoming increasingly important, especially in terms of precise control of material
microstructure. In industries such as aerospace [5], automotive [6,7],
microelectronics [8, 9] and biomedicine [10], key characteristics include not only
the chemical composition and macroform of products, but also the properties of the
surface layer [11], including its microtopography and texture.

One of the most promising surface modification technologies in recent
years is laser processing. Thanks to its high precision, localized impact, and the
ability to finely control radiation parameters, laser methods can form regular
microstructures and nanostructures, such as LIPSS (Laser-Induced Periodic Surface
Structures). These structures are wave-like reliefs with characteristic periods of the
order of the wavelength of the radiation and smaller, arising from the interference of
the incident laser beam with excited surface plasmonic fields.

However, despite extensive research, the process of LIPSS formation [12]
is not fully understood, and often the result is random, with varying periodicity and
orientation. As Bonse and Graf [13] note, even slight changes in irradiation
parameters—polarization, angle of incidence, pulse duration—can drastically
change the resulting morphology. This creates the need to develop precise methods
for quantitative analysis of the periodicity and regularity of the structures formed
[14, 15].

Classical metrological methods, such as roughness measurements (Ra, R2),
are unable to adequately describe the periodic nature of LIPSS [16, 17]. To address
this, mathematical-statistical approaches are increasingly being applied—such as
two-dimensional autocorrelation analysis and fast Fourier transform (FFT)—to
identify the dominant frequencies and directions of the relief [18 — 20]. Such
methods not only provide numerical assessments but also serve as tools for
visualizing periodicity, which is suitable for automated quality control.

In particular, as research by Abdelmalek et al. [21] and Magonov et al. [22]
showed, the combination of Fourier analysis with high-resolution scanning
microscopy (SEM, AFM) provides reliable results when controlling laser-modified
surfaces. The use of available software packages, such as Gwyddion, ImageJ, and
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MATLAB, allows reproducible image processing and the acquisition of objective
characteristics [23].

The aim of this research is to develop and demonstrate a methodology for
assessing the periodicity of microstructures obtained by laser surface treatment of
metallic samples. For this, two-dimensional autocorrelation and spectral analysis of
images obtained by scanning microscopy are applied, followed by processing in the
Gwyddion environment. The work aims to enhance the reproducibility of the
assessment and lay the groundwork for adaptive control of laser surface modification
processes.

2. Applied methods

Metallic samples (material grade: AISI 304) were used in this study, having
undergone laser processing to form regular microstructures. The treatment was
carried out using a femtosecond laser with a wavelength of 1030 nm, a pulse duration
of 300 fs, and a repetition rate of 100 kHz. The pulse energy and scanning speed
were varied within a range that ensured the stable formation of LIPSS (Laser-
Induced Periodic Surface Structures).

After laser processing, the samples were cleaned in an ultrasonic bath with
ethanol and dried at room temperature. No additional mechanical or chemical post-
treatment was applied to the surfaces in order to preserve the structure formed
exclusively by laser exposure.

Method of image acquisition.

Surface morphology was investigated using a digital video microscope
(HIROX KH-7700), which provides optical magnification ranging from 0.1x to
7000% and a camera resolution of 1600x1200 pixels (UXGA). These specifications
ensure adequate spatial resolution for identifying surface microstructural features
resulting from variations in laser processing parameters. The acquired high-
resolution images, saved in TIFF and JPG formats, were subsequently utilized for
numerical analysis.

Method of periodicity analysis.

Image analysis was performed using the open-source software package
Gwyddion — a freely available tool for processing scanning probe microscopy data,
offering functions for autocorrelation analysis, spectral transformations, filtering,
and visualization.
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The primary analytical method employed in this study was the two-
dimensional autocorrelation function (ACF), which enables the identification of
characteristic distances between repeating microstructural features, regardless of
their shape or orientation. The use of ACF provides not only a quantitative
assessment of periodicity but also a visual insight into the structural regularity,
symmetry, and the presence of local defects.

For each image, the ACF was computed, and the dominant spatial
frequency was determined from the central cross-section. The periodicity was
calculated based on the position of the first maximum of the autocorrelation function.
Additionally, the fast Fourier transform (FFT) was applied to confirm the results
obtained via the autocorrelation method and to evaluate the orientation of structural
elements.

Visualization and data processing.

The resulting autocorrelation maps and Fourier spectra were visualized
using Gwyddion’s built-in tools [24], which provide accurate scale referencing and
convenient image navigation. Additional statistical analysis — including the
calculation of the standard deviation of periods, regularity assessment, and
histogram plotting — was performed in the Python environment using the NumPy,
SciPy, and Matplotlib libraries.

This approach ensured a reproducible and objective evaluation of the
microstructures formed during laser treatment, and demonstrated the effectiveness
of combining ACF and FFT for surface topography analysis.

3. Results and discussion
The samples of structures on the surface of AISI 304 steel obtained after
laser processing (Fig. 1) demonstrate the presence of periodicity in the form of

regularly spaced features aligned along specific directions, characteristic of laser-
induced periodic surface structures (LIPSS).
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g L]
Fig. 1. Surface microstructure formed on the surface of AISI 304 steel.

.

The microscopy results clearly demonstrate the presence of low-spatial-
frequency laser-induced periodic surface structures (LSFL) and high-spatial-
frequency LIPSS (HSFL) on the sample surface (Fig. 1), as described in [25].

Autocorrelation analysis was carried out using the Gwyddion software,
with preliminary selection of regions exhibiting structures of different spatial
frequencies. To measure the isotropy of a surface, the autocorrelation function (1) is
used:

R(W) = 7, f(x) - f(x + 1)dx, (1)
R(t) — autocorrelation function, f (x) — the function for which the autocorrelation
is calculated, T — shift (the parameter by which the function is shifted during the
calculation process).
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Fig. 2. Analysis of the surface microstructure section with LSFL in the Gwyddion
software package. A — 2D plot; B — Surface plot.

Autocorrelation analysis performed in the Gwyddion environment revealed
characteristic spatial periods at the level of 3.536 um, confirmed by regular maxima
of the autocorrelation function. The measured peak parameters (height, area, width)
indicate a high degree of microstructure regularity.
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A B
Fig. 3. Cross-section of the autocorrelation function (ACF) (-90°) of the area with
a low-frequency spatial LIPSS structure. A — 2D plot; B — Graph.

The analysis of the surface microstructure area with HSFL was carried out
in a similar manner.

RO -

06

A B
Fig. 4. Analysis of the surface microstructure section with HSFL in the Gwyddion
software package. A — 2D plot; B — Surface plot.

Autocorrelation analysis of the region with high-spatial-frequency LIPSS
(HSFL) revealed characteristic spatial periods at the level of 1.0186 um, confirmed
by regular maxima in the autocorrelation function. The measured peak parameters
(height, area, width) also indicate a high degree of microstructure regularity.

For a more in-depth analysis of the regularity of the spatial structures, a Fast
Fourier Transform (FFT) of the autocorrelation function (ACF) was performed.
Although the identification of a principal spatial period was expected, the spectral
distribution predominantly exhibited a central peak with only minor side
deviations—this may be attributed to measurement noise, low structural regularity,
or fluctuations in the amplitude profile.

Nevertheless, the presence of side 'shoulders' near the 1 pm™ coordinate
confirms the existence of a dominant spatial frequency. This indicates partial
structural regularity and may reflect a characteristic scale of repeating elements.
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Fig 5. Cross-section of the autocorrelation function (ACF) (-90°) of the area with a
high-frequency spatial LIPSS structure. A — 2D plot; B — Graph.

Such a spectral pattern is typical for surfaces modified by laser irradiation
in the LIPSS regime, where the formation of periodic features results from the
interplay of both interference and thermal processes, often superimposed on one
another.
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Fig. 6. FFT spectra of the autocorrelation function (ACF). A — LSFL; B — HSFL.

Thus, in this case, the FFT spectrum of the ACF serves rather as a
supplementary diagnostic tool to confirm the presence of periodic components,
rather than a primary method of quantitative analysis. Visual inspection of the ACF
and identification of the first-order maxima remains the preferred approach in terms
of accuracy and interpretability of the results.

4, Conclusions

Analysis of the autocorrelation functions (ACFs) derived from microscopic
images of the processed surfaces revealed a pronounced spatial periodicity. Figure 4
presents an example of an ACF along the -90° direction, generated in Gwyddion
based on the original topographic data.

The first local maximum is observed at T =~ 3.54 um, corresponding to the
characteristic period of the regular structure. Additional maxima appear at intervals
of approximately 7-8 um, indicating repeatability of the pattern within the analyzed
area.

To quantitatively describe the structural regularity, local maxima on the
ACF plot were marked (see Fig. 5). The coordinates of the first five maxima are
listed in Table 1.

Ne T, um h A w

1 3,54 835,7 998,2 0,425
2 11,21 289,6 307,8 0,427
3 18,80 608,6 689,9 0,429
4 26,40 396,7 347,1 0,323
5 29,99 4429 592,1 0,613

Table 1. Coordinates of the ACF maxima and repeatability parameters of the
surface icrostructure section with LSFL.

Despite partial irregularity in the amplitude characteristics (h, A), where
the heights (h) and areas (A) of the ACF peaks provide an estimate of the structural
contrast and repeatability, the spatial positioning of the maxima exhibits
satisfactory equidistance, confirming the presence of a stable periodic structure.
The variation in T values between adjacent maxima does not exceed 0.6-0.8 um.

In addition to the primary periodic structure with a characteristic pitch of
approximately 3.5 um, high-frequency formations oriented perpendicularly to the
primary ones were detected in certain surface areas (Fig. 1). These features are

45



ISSN 2078-7405 Cutting & Tools in Technological System, 2025, Edition 102

identifiable both in the topographic data and in the corresponding ACF cross-
sections.

Figure 6 shows the annotation of additional maxima corresponding to the
secondary (high-frequency) pattern. Table 2 provides their numerical
characteristics.

Ne T, Um h A W

1 1,02 25109 1198 600 177,3
2 1,99 11943 586 048 180,4
3 3,01 970,2 538348 206,7
4 4,05 389,5 336519 263,4
5 5,38 4825 273321 200,7

Table 2. Coordinates of the ACF maxima and repeatability parameters of the
surface microstructure section with HSFL.

As can be seen from the presented data, this structure has a smaller period
(on the order of 1-2 pum), a higher frequency, and a relatively higher amplitude of
autocorrelation function (ACF) oscillations in the initial interval. The width of the
ACF peak (parameter w) can be interpreted as an indicator of the variability or
dispersion in the structural periodicity. This parameter (w) varies from 177 to 263
nm.

Such a two-level periodicity may indicate the superposition of different
mechanisms of structure formation during laser processing: the primary one is of an
interference nature, while the secondary one is caused by modulations of the local
thermal gradient or inhomogeneities in the energy distribution of the laser beam.

The obtained data is consistent with the formation characteristics of LIPSS
structures during laser processing, where periods on the order of 1-5 pum are
typically formed, depending on the wavelength and irradiation parameters. Since the
mechanism of LIPSS generation remains complex and includes interference,
capillary, and thermoelastic components, additional quantitative processing of the
ACF helps to improve the reliability of the analysis of the resulting structure.

Such spatial decomposition of periodicities within a single processed area
can serve as additional confirmation of the complexity and multi-component nature
of the laser impact mechanisms. The presented data allows for the identification of
the parameters of both structures with high accuracy, with the autocorrelation
function serving as the primary tool for quantitative analysis, ensuring the objective
identification of periods without prior assumptions about the shape or direction of
the modules.
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AHAJII3 TAPAMETPIB JIASEPHO-IHIYKOBAHHUX NEPIOJJUYHUX
MIKPOCTPYKTYP (LIPSS) HA IIOBEPXHI HEPJKABIIOUOi CTAJII
3 BAKOPUCTAHHSIM ABTOKOPEJISILIMHUX ®YHKIIN

AHoTanist. V cyuacnomy mawunobyoyeanni dedani 6Ginbuioco 3HauenHs Haby8ac KOHMPOTb SAKOCHI
nogepxui KOMROHeHmMis, wo be3nocepednbo 6NIUBAE Ha iXHi excniyamayitini xapakmepucmuxu. Oonum
3 KJIIOYOBUX ACNEKMi68 KOHMPONO AKOCMI € aHali3 MIKpOCMPYKMYpU NOGepXHi, 30Kpema makoi it
mpubonoiuHOl Xapakxmepucmuxky AK NepiooudHOCmb, OCKITbKU Ye GU3HAYAE MAKI 81acmugocmi, K
3HOCOCMIUKICMb, ONMUYHI 61acmueocmi ma Kopositna cmiiikicms. Jlazepna obpobka € oO0Hiclo 3
NEPCREeKMUBHUX MEXHON02IH, WO 0036015€ (opmyeamu pe2yisphi mikpocmpykmypu, maxi sx LIPSS
(nazepno-indykosani nepioouuni noeepxmegi cmpykmypu). Hezsagicaiouu na uucenvhi 0ocriodcenns,
mexanism ymeopenns LIPSS sanuuaemocs eusuenum He 00 Kinys, i pesyibmamu 4acmo 0eMOHCmpyons
3MIHHY nepioOudHicmb ma OpieHmayiln OmpumMaHux 6 npoyeci OOCHIONCeHHs MIKpocmpykmyp. s
MOYHO20 aAHANIZY YUX CMPYKMYP HeOOXIOHi Mamemamuyni ma CMmamucmuyui Memoou, maxi sk
0sosumipnuti  asmoxopenayitinui  ananiz (ACF) ma weuoke nepemeopenns @yp'e (FFT). V
npeocmagieHomy 00CHiONHCeHHI NPONOHYEMbCA MeMOO0N02is OYIHKU NePIOOUUHOCT MIKPOCMPYKMYP,
AKI Oyau ompumano nio uac nazepnoi 0bpobku memanesux spaskie. Cmpykmypu 0Oyno0 6usueno 3a
00noM0o2010 YuPposoi sideomikpockonii, nicis 4020 6y8 NposedeHull aHaLi3 OMPUMAHUX 300PaAd*CeHb
NOBEPXHI 3 BGUKOPUCMAHHAM npocpamHo2o cepedosuwja Gwyddion. 3acmocyeanus 0808UMIpHOT
agmoxopensayii ma cnekmpanpho2o ananizy @ cepedosuwyi Gwyddion sabesneuyec siomeoprosany ma
00'€KMu6Hy OYIHKY MIKpOCMPYKMYp, 00HOHACHO Oemoncmpytodu epexmuenicmv ACF ons ananizy
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monoepagii nogepxwi. [ Oitbut 21O0KO20 AHANIZY pe2YISPHOCMI NPOCMOPOBUX CIMPYKMYp 6y10
6uUKoHano wieuoke nepemeopennss Dyp'e (LLUIIP) ompumanoi asmoxopensyitinoi Gynryii (AKD).
Cnocmepedicennss HasiGHOCMI HE3HAYHUX 000amKo6ux Oiunux nixie Ha epagixy (LUIIP) nobauzy
KOOPOUHAMU 207108H020 NIKY NIOMBEPOACYE ICHY8aHHA OOMIHYIOUOT npocmoposoi uacmomu. Lle exazye
HA 4acmkosy CMPYKMYpHy peeylapHicmb i Modce 8idobpajxcamu XapakmepHui —macuimab
noemoprosanux eremenmie. Ompumani 3a Odonomozcolo asmokopenayiunoeo auanizy (ACF) oani
NOKA3VIOMb HAABHICHb BUPANCEHO! NEPIOOUYHOCMI 8 OQ0CTIONCYBAHIN MIKDOCMPYKMYPI, OOHOYACHO
niomeepodicyiouu cknaouicmo mexanizmie gopmysannsi LIPSS, cnpusmumyms mounomy kinexicnomy
aHanizy ma adanmueHOMy Kepy8anHio npoyecamu 1a3eproi Moougpikayii.

KuawuoBi cinoBa: nazepra 06pobra,; LIPSS; agmokopensyiiiHuil aHanis, MiKpocmpykmypa.
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Abstract. The paper presents analytical and numerical models for assessing the reliability of cutting
tools used in the processing of critical parts for the defence and energy industries. The criteria of
boundary wear on the back and front surfaces, possible fatigue failure and plastic deformation of the
cutting edge are taken into account. Analytical dependencies have been constructed to calculate the
number of parts that can be machined before tool failure, taking into account the physical and mechanical
characteristics of the tool and processed materials, technological modes and thermal loading conditions.
The results allow for the selection of tools and cutting parameters based on increased reliability and
process optimisation. These mathematical dependencies make it possible to take into account the
predominant type of cutting tool wear, which is especially important when working with large parts on
heavy machine tools. The results of the study are of practical importance for industry, as they allow to
increase the stability and productivity of technological processes.

Keywords: reliability; tool wear; fatigue; heavy engineering; cutting; adhesive wear; thermomechanical
load; plastic deformation; cutting edge.

1. Introduction

In heavy engineering, machining parts intended for use under high loads
and temperatures, particularly in the defence and energy sectors, requires high
precision and stability of the cutting tool. Tool reliability is one of the key parameters
that determines the quality and efficiency of the technological process. The
relevance of the topic is driven by the need to predict and extend the life of cutting
tools by mathematically modelling the processes of wear and fracture. The aim of
the study is to create reliable calculation models that allow determining the
maximum number of parts that can be machined before tool failure.

2. Problem statement
The task is to build mathematical models for assessing the reliability of a cutting tool

according to the criteria of limit wear, fatigue failure and plastic deformation. The
input parameters are the physical and mechanical properties of the tool and
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processed materials, cutting modes (speed, depth, feed), and temperature conditions
in the contact zone. The output parameter is the number of parts that can be machined
without losing tool life. It is necessary to take into account various wear mechanisms,
as well as random fluctuations in parameters that affect the accuracy of the forecast.

3. Literature review

The study of the problem of cutting tool reliability has become widespread
in the scientific literature. A considerable number of papers [1-5] are devoted to the
analysis of back surface wear as the main failure mechanism. Studies [6—-8] examine
the processes of adhesive and abrasive wear, as well as the influence of tool
microgeometry. Some works [9-11] focus on thermomechanical loading in the
cutting zone and modelling of temperature fields. However, insufficient attention is
paid to a comprehensive assessment taking into account fatigue fracture and plastic
deformation, which significantly affects reliability in heavy cutting conditions. This
study aims to extend the existing models by using computational and analytical
approaches and experimental observations.

4. Materials and Methods

The calculations are based on mathematical models that take into account
adhesive wear on the back and front surfaces, fatigue, and plastic buckling. The
modelling takes into account steels 40KhNMA (AISI 4340), X18H9T (AISI 321)
and tool materials T14K8 (HS410), P6M5 (AISI M2). The dependences of contact
pressures, cutting temperature, and wear parameters obtained by statistical
processing of experimental data were used. The number of machined parts before
failure was estimated based on the criteria of ultimate wear of the height, depth of
the hole, ultimate plastic deformation, and fatigue failure.

The number of parts that can be machined before the maximum allowable
height of the wear area on the rear surface is formed

[h,,]- \/3,75 tga-(1—p) - (62 +03) i Amax

<1

Ji
Gmax V" T" 6 05 7505 (1—p)

tga - (02 + o
[h3n] . g ( S Su) ) lf Qmax 2 1
2v-1-6-02 75 0,-(1—w

where h — height of the wear area corresponding to the moment of time z;
»na, ¢ —frontangle, back angle and main angle in the tool plan respectively;
t —cutting depth;

Ny, =
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g - limiting pressure necessary for complete buckling of surface
microroughnesses of the machined material at the contact area;

0 - thickness of the layer from which adhesive bond breakage products are
taken out;

os, os— Yield strengths of the machined material and tool material at average
temperature at the contact area respectively;

u - friction constant.

To assess the durability of a cutting tool according to the criterion of maximum
permissible wear on the front surface, the number of parts that can be machined until the
criterion of maximum permissible adhesive wear on the front surface is calculated.

[Q] (0-52 +052u)-€-7,5-sin(p-(1—u) if Amax <1
No, = O-s'v'é"Qmax't'? 7505 (1—p)
' [Q] _(0.52 +Uszu) & - sing i Qmax >1
c2-v-6-t-t 75 0,(1—p)

¢& - chip shrinkage factor;
The average number of parts that can be machined before fatigue failure of
the cutting insert is determined by the expression:
Ny (0o \"
o =2 (2"
fT amax
oo — endurance limit of the tool material under asymmetric loading cycle;

f — frequency of cutting force oscillations;
Nb — baseline number of loading cycles of the material used to determine

the value of co; Np = 10°¢ — loading cycles;
7 — processing time of a single workpiece;
m — constant characteristic of the tool material.
Estimation of the average number of parts Nos. whose machining is
possible before reaching the criterion of maximum permissible plastic buckling of
the cutting edge is carried out according to the formula:

e]

5. Experiments

A series of computational experiments were carried out using the models
described in the previous section for various combinations of tool and material to be
machined. Feed rate, cutting speed and depth of cut were selected as variable
parameters. The results were verified by comparing them with the data of physical
experiments reported in [13].
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6. Results

The dependences between the cutting speed and the number of machined
parts before the tool failure were obtained. Graphs of tool life were constructed
according to various criteria; wear on the back surface (Fig. 1), front surface (Fig.
2), fatigue fracture (Fig. 3), and plastic fracture (Fig. 4). For the P6M5 (AISI M2)
tool, when machining steel 40, it was found that the critical wear is on the back
surface at speeds above 150 m/min, while plastic deformation dominates at high

feeds.
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Figure 1 - Resistance of cutting tools according to the criterion of maximum permissible
wear on the rear surface
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Figure 2 - Cost of cutting tools according to the criterion of maximum permissible wear on
the front surface
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Figure 4 - Resistance of cutting tools according to the criteria of maximum permissible wear on

the rear surface, front surface, maximum permissible plastic buckling of the cutting edge. Tool
material P6BM5 (AISI M2). Material to be machined is steel 40 (AISI 1040)

7. Discussion
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The results confirm the relevance of the used models for predicting tool
reliability under heavy cutting conditions. The most consistent results were obtained
for the wear criteria. A nonlinear relationship between machining parameters and
resistance is observed. It is important to note that fatigue failure models are more
sensitive to fluctuations in input parameters. In the future, it is advisable to take into
account the effects of thermal diffusion and structural changes in the tool's near-
surface layer.

8. Conclusions

1. A set of mathematical models for assessing the reliability of a cutting
tool according to the four main criteria of wear and fracture has been developed.

2. The dependence of the number of machined parts on the physical and
mechanical parameters of the tool-workpiece system was determined.

3. The P6M5 (AISI M2) tool showed the lowest stability when machining
steel 40 at high feeds, which is due to plastic edge distortion.

4. The application of the proposed models makes it possible to justify the
choice of cutting modes to increase tool life.

5. In the future, it is necessary to take into account stochastic fluctuations
in external factors to improve the accuracy of forecasts.

References: 1. A. Smith, “Tool wear mechanisms in heavy-duty machining,” Journal of Engineering
Manufacture, vol. 233, no. 8, pp. 1234-1242, 2019. 2. |. Ivanenko, Assessment of wear resistance of
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PO3PAXYHKOBO-AHAJITUYHI MOJAEJII BHAHUKHEHHS
IMEPEBAKHUX BUJIB BIIMOB PI3AJIBHOI'O IHCTPYMEHTY

AHoTaWisA Y cmammi npedcmasieno KOMIAEKCHI PO3PAXYHKOBO-AHANIMUYHI MOOe OYIiHKU HAOIUHOCMI
PI3aNbHO20 THCMPYMEHMY, WO 3ACMOCO8YEMbCS NIO 4ac 0OPOOKU GIONOGIOANbHUX | GEIUKO2AOAPUMHUX
Oemarnetl, XapakmepHux OJisl 8AMHCKO20 MAUWUHOOYOYBAHHA NPU UPOOHUYMBI NPuUIadie 060poHHO20 ma
eHepeemuYH020 NPUsHAYeHHA. B ymosax cyuacHux 6UKIUKIG, NOG’SA3GHUX [3 NOCUNEHHAM 6UMO2 OO0
MOYHOC, CMABGIILHOCMI Ma 006208I4HOCHIL 0OPOOKU, PO3POOIEHA MEMOOUKA 00360TAE 06'CKMUBHO
6paxogyeamu  CKAAOHi (DI3UKO-MEXAHIYHI  MA eKCnAyamayitni gakmopu, wo 6niueaioms Ha
npayezdamuicme  pizanbHo2o iHcmpymenmy. Modeni oxonmorme MexawizmMu 3HOCY 30d0HbOI ma
nepeonboi NOBEPXOHb, HAKONUYEHHS SMOMHUX NOUIKOONCEHb, MIKPOMPIUWUHOYMBOPEHHS, A MAKOXMC
nracmuune 0egpopmysants pizanbHoi Kpauku 8 yMoeax mepmMoMexaniuno2o nasawmaicenns. Kinvkicna
OYiHKa pecypcy npoeooumsCs Ha OCHOBI AHANIMUYHUX 3aedCHOCHEl, AKI 00360A10Mb NPOSHO3YEamU
KinbKicmb 0bpobOnosanux Ooemaineil 00 KPUMUYHO2O CHIAHY THCMPYMEHMY 3ad KOJCHUM i3 Kpumepiig
6i0mo6u. Beederno noxasnuxu 1imogipHocmi 6i0MOSU 3 YPAXYBAHHAM MUNOBO20 MEXAHIZMY 3HOCY, WO
00360.15€ NPUIIMAMU 36AICEH] DileHHs W00 NIAHYBAHHSA IHMEPSAi6 06CIY208Y6aHHA Ul 3aMiHu. JHAUHY
yeazy npuoineHo eapiamueHoOCmi ymMos 00OpoOKu, QIYKMyayiam HABAHMANCEHHS MA  GNAUEY
memnepamypHo20 noJs, Wo Cymmeso NiOSUWYE MOYHICb OYINKU HAOIIHOCMI 6 PeanbHux yMoeax
excnayamayii.  Ilpakmuune 3HaueHHs: OQOCHIONCEHH NPOSGIAEMbC 6  NIOBUWEHHI  3a2ANIbHOT
MexXHON02IYHOT HAOIUHOCMI Npoyecis, CKOPOYEHHI NPOCMOI8 OONAOHAMMSA, 3HUMCEHHI SUMpam Ha
HepayioHanbHe GUKOPUCMANHA IHCIMPYMEHMmY ma niosuwjeHHi npooyKmueHocmi upoOHuymea.
3anpononosanuii  nioxio modice  eeKmusHO  BUKOPUCIOBYBAMUCA — THIICEHEPAMU-TNEXHONO2AMU,
KOHCMPYKMOpami, Cneyianicmamu 3 mexuivHo2o o0cy208y8ants ma 0iacHOCMUKU 8 2any3i 8adiCK020
MawuHo0y0yeanHsa, 30Kkpema 0N niOnpUEMCmMS, Wo npayioionb Ha 3aMO6NeHHs. 000POHHO20 KOMHIEKCY
abo eHepeemuKu.

KuarouoBi cinoBa: Haodilinicmy; 3HOC [HCMPYMEHMY; 8MOMA; 6AXHCKe MAWUHOOYOV8AHH:, 00poOKa
PI3AHHAM; a02e3ilHULl 3HOC, MePMOMEXAHIYHe HABAHMANCEHHS, NAACMUYHA Oeopmayis; pisaibHa
Kpaiixa.
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Abstract. The mechanical performance of additively manufactured components is highly sensitive to
process parameters, especially in advanced composite materials like carbon fiber-reinforced Onyx. This
study presents a comparative optimization framework combining Response Surface Methodology (RSM)
and machine learning (ML) to model and enhance the tensile and flexural strengths of Fused Deposition
Modeling (FDM) printed Onyx composites. Key parameters including infill pattern, infill density, and
nozzle temperature—were systematically varied using a Taguchi L9 design, and mechanical testing was
performed according to ASTM standards. Statistical analysis revealed infill pattern as the most
significant factor affecting strength properties. RSM provided reliable predictions with R? values of
97.61% (tensile) and 95.93% (flexural), while ML models, particularly XGBoost coupled with Bayesian
optimization, achieved superior prediction accuracy with zero average error. Both methods converged
on the same optimal parameters hexagonal infill, 60% infill density, and 265 °C nozzle temperature
highlighting the consistency and robustness of the integrated approach. The results demonstrate that
combining traditional statistical methods with advanced machine learning offers a powerful pathway for
precise process control and mechanical optimization in polymer composite additive manufacturing.
Keywords: Additive Manufacturing; Carbon Fiber Reinforced Onyx; Fused deposition modeling;
Machine Learning; Mechanical Optimization; Response Surface Methodology; XGBoost.

1. Introduction

Additive Manufacturing (AM), commonly known as 3D printing, has
brought significant transformation to the manufacturing sector by enabling the
production of highly complex geometries with minimal material waste and greater
design flexibility [1]. Among the various AM technologies, Fused Deposition
Modelling (FDM) has emerged as a particularly popular method, largely due to its
cost-effectiveness, accessibility, and compatibility with a wide variety of
thermoplastics [2]. Recent advancements in FDM have introduced carbon fiber—
reinforced filaments like Onyx, which combine the lightweight nature of polymers
with enhanced mechanical strength and stiffness, broadening the application of FDM
to sectors such as aerospace, defense, and structural components [3].

©D. Lavanya, A.G. Guna, 2025
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Traditionally, the optimization of FDM process parameters — such as infill
density, infill pattern, layer height, and nozzle temperature — has relied on statistical
methods like Analysis of Variance (ANOVA) and Response Surface Methodology
(RSM) [4]. While these techniques have been valuable in identifying key parameters,
they are often constrained by assumptions of linearity and the independence of
variables [5]. Other approaches, such as the Taguchi method, offer structured
frameworks for experimental design but tend to lack flexibility when applied to large
or dynamically changing datasets [6—7].

To overcome these limitations, there is growing interest in adopting
Machine Learning (ML) techniques within the realm of additive manufacturing [8].
Unlike traditional statistical models, ML algorithms can capture complex, nonlinear
interactions among input variables, making them particularly well-suited for
modeling FDM processes [9]. Algorithms such as Random Forest, Support Vector
Regression (SVR), Artificial Neural Networks (ANNSs), and XGBoost have shown
excellent predictive capabilities across a variety of applications, including
mechanical property forecasting, process parameter tuning, defect classification, and
real-time quality monitoring [10-12].

The use of deep learning and generative design — especially through models
like Generative Adversarial Networks (GANSs) — is further expanding the design
space and enabling the development of inverse models, where desired performance
criteria can inform design parameters and geometry [13-14]. This data-centric
approach is driving the integration of AM into Industry 4.0 frameworks,
characterized by smart, interconnected systems capable of adaptive and autonomous
operation through real-time data feedback [15-17].

Despite these advancements, most existing research has focused on
common polymers such as PLA, PETG, and ABS [18-19]. Studies specifically
targeting carbon fiber—reinforced nylon composites, like Onyx, remain relatively
limited, especially when it comes to multi-objective optimization through ML
techniques [20-23]. Given the demand for high-strength, performance-specific parts
in critical applications, this represents a significant research gap.

Recent studies have demonstrated the potential of ML in this area. For
example, models based on Artificial Neural Networks have shown strong
performance in predicting flexural strength in carbon-fiber nylon composites,
particularly when variables such as infill density and layer height are considered [24].
This research presents a comprehensive optimization framework that integrates
traditional statistical methods with advanced machine learning (ML) techniques to
enhance the tensile and flexural strengths of Onyx carbon fiber composites produced
via Fused Deposition Modeling (FDM). While the use of ML in additive
manufacturing has gained momentum, its application to high-performance, carbon
fiber—reinforced Onyx remains limited. Existing studies predominantly focus on
standard thermoplastics and single-property optimization, often neglecting the
synergistic effects of process parameters on multiple mechanical properties.
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To address this gap, this study systematically investigates the influence of
three critical parameters infill pattern, infill density, and nozzle temperature using a
Taguchi L9 orthogonal array. Response Surface Methodology (RSM) is employed
to develop statistically validated regression models and identify significant factors,
while five supervised ML models Linear Regression, Random Forest, Support
Vector Regressor (SVR), Multi-Layer Perceptron (MLP), and XGBoost are trained
and evaluated using 9-fold cross-validation. A comparative analysis between RSM
and ML outcomes is conducted to establish a robust, accurate, and generalizable
predictive framework. This dual approach not only confirms the dominant role of
infill pattern in mechanical performance but also demonstrates that XGBoost,
enhanced by Bayesian optimization, yields superior prediction accuracy and
parameter tuning capability.

2. Materials and Methods

Onyx filament from Markforged was utilized. Printing was conducted using
a Markforged X7 printer with a 0.4 mm nozzle. To systematically analyze the effects
of key process parameters infill pattern, infill density, and nozzle temperature an L9
orthogonal array based on the Taguchi method was employed. This design allowed
for efficient experimentation with a minimal number of trials while still capturing
the main effects and potential interactions among variables. The experimental layout
is detailed in Table 1, which includes three levels for each factor and their respective
combinations across nine trials.

[Insert Table 1 here]

Table 1. Experimental Layout Based on L9 Taguchi Orthogonal Array for 3D Printing

Trial | Infill Pattern | Infill Density (%) | Nozzle Temperature (°C)
1 Triangular 20 265
2 Triangular 40 270
3 Triangular 60 280
4 Rectangular 20 270
5 Rectangular 40 280
6 Rectangular 60 265
7 Hexagonal 20 280
8 Hexagonal 40 265
9 Hexagonal 60 270
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Mechanical Testing

Tensile and flexural strengths were measured according to ASTM D638 Type 1V
and ASTM D790 standards, respectively, with tests conducted for each
configuration and the average of three repetitions calculated to ensure reliability.
Tensile tests were conducted at a crosshead speed of 2.0 mm/min using a 100 kN
Shimadzu Autograph AGS-X universal testing machine at room temperature.
Flexural tests were performed using a three-point bending fixture on the same device,
with a loading span diameter of 10 mm, support roller diameter of 30 mm, and a
span length of 51.2 mm, following a crosshead speed of 2.0 mm/min until 5% strain.
The values of tensile and flexural strength for each configuration are shown in Figure
1.
[Insert Figure 1 here]

Tensile and Flexural Strength vs. Trial

B Tensile strength

120 | = Flexural Strength

100 ~

80 1

60 1

Strength (MPa)

20 4

Trial

Figure 1. Experimental Tensile and Flexural Strength of Carbon Fiber-Onyx Composite

2.1 Statistical Analysis

Regression models were developed to predict tensile and flexural strengths,
and ANOVA was performed using Minitab to identify the significance of process
parameters (Tables 2 and 3). The overall regression models for both tensile and
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flexural tests were statistically significant (p < 0.05), indicating a good fit to the
experimental data. Among the factors studied, infill pattern had the most substantial
effect on both tensile and flexural strengths, with very low p-values (0.001 and 0.002,
respectively) and high F-values, confirming its dominant influence. In contrast, infill
density and nozzle temperature exhibited higher p-values (> 0.05), suggesting that
their individual effects were not statistically significant within the studied range. The
relatively low residual errors and high model F-values (40.83 for tensile and 23.59
for flexural) further demonstrate the robustness of the developed regression models.
Overall, the results highlight the critical role of infill pattern in optimizing the
mechanical performance of printed Onyx-carbon fiber composites. Based on the
Response Surface Methodology (RSM) optimization, the optimal printing
parameters were identified as Hexagonal infill pattern, 60% infill density, and
265 °C nozzle temperature, achieving a predicted tensile strength of 83.0360 MPa
and flexural strength of 123.4648 MPa with a composite desirability value of 0.9368,
indicating a high level of optimization effectiveness.

[Insert Table 2 here]

Table 2 Analysis of Variance for Tensile Test
Source DF | AdjSS | Adj MS | F-Value | P-Value

Regression 4 |566.415 | 141.604 | 40.83 0.002
Infill Density (%) 1 6.655 6.655 1.92 0.238
Nozzle Temp. (°C) 1 7.868 7.868 2.27 0.206
Infill Pattern 2 | 551.893 | 275.946 | 79.56 0.001
Error 4 113.873 | 3.468
Total 8 | 580.288

Insert Table 3 here]

Table 3. Analysis of Variance for Flexural Test
Source DF | Adj SS | Adj MS | F-Value | P-Value

Regression 4 1390297 | 975.74 23.59 0.005
Infill Density (%) 1 62.71 62.71 1.52 0.286
Nozzle Temp. (°C) | 1 5.28 5.28 0.13 0.739
Infill Pattern 2 |3834.98 | 191749 | 46.36 0.002
Error 4 | 165.45 41.36
Total 8 | 4068.42

Figures 2—7 present contour plots illustrating the relationship between Infill
Density, Nozzle Temperature, and the resulting mechanical properties (Tensile and
Flexural Strength) for the three infill patterns: Triangular, Rectangular, and
Hexagonal. Figure 2 and Figure 3 depict the contours for Tensile Strength and
Flexural Strength, respectively, for the Triangular infill pattern. Similarly, Figures 4
and 5 represent the contours for Tensile and Flexural Strength for the Rectangular
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infill pattern, while Figures 6 and 7 display the corresponding plots for the hexagonal
infill pattern. These contour plots were generated using the experimental data,
providing a visual representation of how Infill Density and Nozzle Temperature
influence the mechanical performance of the Onyx-carbon fiber composites, with
specific insights for each infill pattern.

[Insert Figure 2-7 here]
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Figure 2. Contour Plot of Tensile Strength (MPa) vs Infill Density (%) vs Nozzle Temp.
(°C) for Triangular Infill Pattern

Contour Plot of Flexural Strengt vs Infill Density (, Nozzle Temp. (°C)
60

Flexural Strength
{MPa)
< 08
98 - 100
100 - 102
102 - 104
> 104

50

Infill Density (%)

30

20
267.5 270.0 2725 275.0 277.5 280.0

Nozzle Temp. (°C)

Figure 3.Contour Plot of Flexural Strength (MPa) vs Infill Density (%) vs Nozzle Temp.
(°C) for Triangular Infill Pattern
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Contour Plot of Tensile Strength vs Infill Density (, Nozzle Temp. (°C)
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Figure 4 Contour Plot of Tensile Strength (MPa) vs Infill Density (%) vs Nozzle Temp. (°C)
for Rectangular Infill Pattern
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Figure 5 Contour Plot of Flexural Strength (MPa) vs Infill Density (%) vs
Nozzle Temp. (°C) for Rectangular Infill Pattern
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Contour Plot of Tensile Strength vs Infill Density (, Nozzle Temp. (°C)
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Figure 6. Contour Plot of Tensile Strength (MPa) vs Infill Density (%) vs Nozzle Temp.
(°C) for Hexagonal. Infill Pattern
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Figure 7. Contour Plot of Flexural Strength (MPa) vs Infill Density (%) vs Nozzle Temp.
(°C) for Hexagonal Infill Pattern
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Figure 8 and Figure 9 show the comparison of the predicted tensile and
flexural strengths with the experimental values, which visually demonstrates the
haccuracy of the regression model

[Insert Figure 8-9 here]
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Figure 8. Comparison of RSM-Predicted and Experimental Tensile Strength
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Figure 9. Comparison of RSM-Predicted and Experimental Flexural Strength
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2.2 Machine Learning Models

In this study, five machine learning models — Linear Regression, Random
Forest, Support Vector Regressor (SVR), XGBoost, and Multi-Layer Perceptron
(MLP) Regressor were implemented to predict the tensile and flexural strength of
FDM 3D-printed parts based on infill pattern, infill density, and nozzle temperature.
The dataset was preprocessed using one-hot encoding for categorical variables and
standard scaling for numerical features. The models were assessed using 9-fold
cross-validation and evaluated based on various metrics such as R?2, Mean Absolute
Error (MAE), and Root Mean Squared Error (RMSE), as presented in Table 4 and
Table 5 for tensile and flexural strength, respectively.

[Insert table 4-5 here]
Table 4: 9-Fold Cross-Validation Results for Tensile Strength

Model R? Score | MAE RMSE
Linear Regression 0.8866 2.4984 | 2.7035
Random Forest 0.8669 2.5354 | 2.9291
Support Vector Regressor | -0.2030 | 7.6057 | 8.8073
XGBoost 0.8201 3.1046 | 3.4054
MLP Regressor -4.8289 | 17.1452 | 19.3863

[Insert table 5 here]
Table 5: 9-Fold Cross-Validation Results for Flexural Strength

Model R? Score | MAE RMSE
Linear Regression 0.7544 7.9631 | 10.5375
Random Forest 0.7919 8.2433 | 9.6992
Support Vector Regressor | -0.1577 | 19.6343 | 22.8764
XGBoost 0.8240 8.0279 | 8.9188
MLP Regressor -0.8528 | 23.9303 | 28.9407

Among all models, XGBoost showed the best performance based on K-fold
cross-validation results, with a high R? score and relatively low MAE and RMSE
values for both tensile and flexural strength predictions. Infill Pattern emerged as the
most influential parameter.
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Using Bayesian optimization, the optimal set of process parameters was
determined to be a Hexagonal infill pattern, 60% infill density, and a nozzle
temperature of 265 °C, which corresponded to predicted maximum tensile and
flexural strengths of 83.43 MPa and 130.33 MPa, respectively.These results confirm
that machine learning—especially tree-based models like XGBoost—combined
with Bayesian optimization offers a powerful framework for predictive modeling
and process optimization in additive manufacturing.

The predicted values for both tensile and flexural strengths were compared
to experimental data to evaluate the model's effectiveness visually. Figures 10 and
11 display the predicted vs experimental results for tensile and flexural strength,
respectively. These figures illustrate the model's ability to predict the material
strengths, with XGBoost.

[Insert Figure 10-11 here]

Experimental vs. Predicted Tensile Strength

-8~ Experimental
=& Predicted

801

759

701

Tensile Strength

657

601

Trail

Figure10.Comparison of XGBoost-Predicted and Experimental Tensile Strength
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Experimental vs. Predicted Flexural Strength
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Figurell. Comparison of XGBoost-Predicted and Experimental Flexural Strength

3. Results and Discussion

Experimental Outcomes of Mechanical Testing

The mechanical testing results, as illustrated in Figure 1, revealed
significant variations in tensile and flexural strengths across the different process
parameter combinations. Notably, specimens with hexagonal infill, 60% infill
density, and 265 °C nozzle temperature consistently exhibited superior mechanical
performance. This indicates the critical influence of internal geometric
reinforcement (infill pattern) and thermal bonding quality (nozzle temperature) on
the mechanical integrity of carbon fiber-reinforced Onyx composites.
Statistical Model Performance: RSM Analysis

The ANOVA results for both tensile (Table 2) and flexural (Table 3)
strength models confirmed the high statistical significance of the developed
regression models (p < 0.05). The infill pattern emerged as the most influential factor
(p = 0.001 for tensile, p = 0.002 for flexural), overshadowing the contributions of
infill density and nozzle temperature, which had p-values > 0.05. This highlights the
primary role of internal structural arrangement in governing load-bearing capacity.
The RSM-derived models demonstrated strong fit, with R? values of 97.61%
(tensile) and 95.93% (flexural), indicating reliable prediction capability.

The RSM-optimized parameters predicted a tensile strength of 83.036
MPa and flexural strength of 123.4648 MPa, with a high composite desirability of
0.9368. The error between predicted and actual experimental values remained under
5%, validating the robustness of the model.

Visualization Through Contour Mapping
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Contour plots (Figures 2—7) provided deeper insights into the interactive
effects of process parameters. The hexagonal infill pattern consistently showed
larger high-strength zones across both tensile and flexural responses, particularly at
higher infill densities and moderate temperatures. This suggests optimal interlayer
bonding and stress distribution offered by this geometric configuration. These
graphical representations reinforce the statistical findings and aid in intuitive
understanding of process optimization.

Machine Learning-Based Prediction

Machine learning models further strengthened the predictive framework.
Among five tested algorithms—L.inear Regression, Random Forest, SVR, MLP, and
XGBoost—the XGBoost model consistently outperformed others with the
highest R? scores and lowest MAE and RMSE values for both tensile (R? = 0.8201)
and flexural (R?=0.8240) strength (Tables 4 and 5). This aligns with recent literature
recognizing the efficacy of ensemble-based ML algorithms in capturing non-linear
relationships in materials science datasets.

Figures 10 and 11, comparing ML predictions with experimental values,
visually confirm the superior predictive accuracy of XGBoost. The almost
negligible residual error further supports its use for process tuning in FDM systems.
Both RSM and ML approaches identified hexagonal infill, 60%o infill density, and
265 °C nozzle temperature as the optimal combination, showcasing agreement
between traditional statistical and Al-driven techniques. However, XGBoost
coupled with Bayesian optimization provided slightly higher predicted strengths
(83.43 MPa tensile, 130.33 MPa flexural) than RSM, with better error tolerance
(Table6). This synergy between data-driven and physics-based methods opens new
avenues for smart manufacturing process control.

[Insert table 6 here]
Table 6. Comparison of Predicted and Experimental Results with Error Analysis
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4. Conclusion

This study presented a comprehensive approach to optimizing the tensile
and flexural strengths of carbon fiber-reinforced Onyx composites fabricated via
Fused Deposition Modeling (FDM). By integrating Response Surface Methodology
(RSM) and machine learning techniques—specifically XGBoost with Bayesian
optimization—the research achieved robust and accurate prediction models for
mechanical performance. Experimental validation confirmed that the optimal
combination of process parameters, consisting of a hexagonal infill pattern, 60%
infill density, and a nozzle temperature of 265 °C, resulted in superior mechanical
strength. While RSM achieved high predictive accuracy with minimal error (average
error of 2.87%), the XGBoost model demonstrated perfect alignment with
experimental results, achieving zero prediction error. The infill pattern emerged as
the most statistically significant factor influencing mechanical performance. These
findings emphasize the critical value of combining traditional statistical tools with
modern data-driven models to enhance reliability, precision, and efficiency in
additive manufacturing processes. The hybrid RSM-ML framework proposed in this
work offers a scalable methodology for advanced process optimization and can be
extended to a wider range of material systems and performance metrics in future
studies.

Authors Contribution

L.D. conceptualized the research, designed the experimental plan, and
supervised the overall project. L.D. also prepared the initial manuscript draft.

G.A.G. conducted the experimental work, including 3D printing and
mechanical testing, and performed the data analysis using Response Surface
Methodology (RSM) and Machine Learning techniques. G.A.G. also contributed to
manuscript editing and figure preparation.

Data Availability Statement:

The data that support the findings of this study are available from the
corresponding author upon reasonable request. All relevant data used in model
training, testing, and validation (including tensile and flexural strength values) are
stored securely and can be shared for non-commercial academic use.

Competing interest

The author(s) declare no competing interests.

Funding

This research received no specific grant from any funding agency in the
public, commercial, or not-for-profit sectors.

70



ISSN 2078-7405 Cutting & Tools in Technological System, 2025, Edition 102

References: 1. Nikooharf, M. H., Shirinbayan, M., Arabkoohi, M., et al. (2023). Machine learning in
polymer additive manufacturing: A  review. Journal of Intelligent Manufacturing.
https://doi.org/10.1007/s10845-023-02078-w 2. Jiang, J., Xiong, Y., Zhang, Z., et al. (2020). Machine
learning integrated design for additive manufacturing. Journal of Intelligent Manufacturing, 33(4), 1073—
1086. https://doi.org/10.1007/s10845-020-01715-6 3. Xames, M. D., Torsha, F. K., Sarwar, F., et al.
(2022). A systematic literature review on recent trends of machine learning applications in additive
manufacturing. Journal of Intelligent Manufacturing, 34(6), 2529-2555. https://doi.org/10.1007/s10845-
022-01957-6 4. Raza, A., Deen, K. M., Jaafreh, R., et al. (2022). Incorporation of machine learning in
additive manufacturing: A review. International Journal of Advanced Manufacturing Technology, 122(3—
4), 693-716. https://doi.org/10.1007/s00170-022-09916-4 5. Qi, X., Chen, G., Li, Y., et al. (2019).
Applying neural-network based machine learning to additive manufacturing: Current applications,
challenges, and future perspectives. Engineering, 5(4), 721-729.
https://doi.org/10.1016/j.eng.2019.04.012 6. Oh, S., Jung, Y., Kim, S., et al. (2019). Deep generative
design: Integration of topology optimization and generative models. Journal of Mechanical Design,
141(11), 111405. https://doi.org/10.1115/1.4044197 7. Qin, J., Hu, F., Liu, Y., et al. (2022). Research and
application of machine learning for additive manufacturing. Additive Manufacturing, 52, 102691.
https://doi.org/10.1016/j.addma.2022.102691 8. Ciccone, F., Bacciaglia, A., Ceruti, A., et al. (2022).
Optimization with artificial intelligence in additive manufacturing: A systematic review. The
International ~ Journal of  Advanced Manufacturing  Technology, 121, 5535-5558.
https://doi.org/10.1007/s00170-022-09941-3 9. Kumar, S., Gopi, T., Harikeerthana, N., et al. (2023).
Machine learning techniques in additive manufacturing: A state of the art review on design, processes
and production control. The International Journal of Advanced Manufacturing Technology, 126, 4313—
4334. https://doi.org/10.1007/s00170-023-11279-6 10. Jin, Z., Zhang, Z., Demir, K., et al. (2022).
Machine learning for advanced additive manufacturing. Additive Manufacturing, 53, 102726.
https://doi.org/10.1016/j.addma.2022.102726 11. Ukwaththa, J., Herath, S., Meddage, D. P. P., et al.
(2023). A review of machine learning (ML) and explainable artificial intelligence (XAI) methods in
additive manufacturing. Additive Manufacturing, 61, 103377.
https://doi.org/10.1016/j.addma.2022.103377 12. Patel, K. S., Shah, D. B., Kchaou, M., et al. (2022).
Effect of process parameters on the mechanical performance of FDM printed carbon fiber reinforced
PETG. Materials Today: Proceedings, 62(3), 2102-2108. https://doi.org/10.1016/j.matpr.2022.02.063 13.
Dou, H., Cheng, Y., Ye, W., et al. (2021). Effect of process parameters on tensile mechanical properties
of 3D printing continuous carbon fiber-reinforced PLA composites. Polymers, 13(5), 820.
https://doi.org/10.3390/polym13050820 14. Dawood, A., Marti, B. M., Sauret-Jackson, V., et al. (2015).
3D printing in dentistry. British Dental Journal, 219(11), 521-529.
https://doi.org/10.1038/sj.bdj.2015.914 15. Atakok, G., Kam, M., Koc, H. B., et al. (2022). Tensile, three-
point bending and impact strength of 3D printed parts using PLA and recycled PLA filaments: A statistical
investigation.  Journal of Materials Research and  Technology, 18, 1542-1554.
https://doi.org/10.1016/j.jmrt.2022.02.018 16. Bilgin, M. (2022). Optimization of 3D processing
parameters used FDM method in the production of ABS based samples. Materials Today: Proceedings,
62(1), 342-347. https://doi.org/10.1016/j.matpr.2022.02.062 17. Nalbant, M., Gokkaya, H., Sur, G.
(2007). Application of Taguchi method in the optimization of cutting parameters for surface roughness
in turning. Materials & Design, 28(4), 1379-1385. https://doi.org/10.1016/j.matdes.2006.01.008 18.
Zhang, H., Li, A., Wu, J., et al. (2023). Multi-material 3D printing of continuous carbon fibre reinforced
thermoset composites. Composites Part B: Engineering, 241, 110032.
https://doi.org/10.1016/j.compositesh.2022.110032 19. Subramaniyan, M., Karuppan, S., Appusamy, A.,
etal. (2022). Sandwich printing of PLA and carbon fiber reinforced-PLA for enhancing tensile and impact
strength. Materials Today: Proceedings, 62(3), 2186-2192. https://doi.org/10.1016/j.matpr.2022.02.077
20. Ramachandrarao, M., Khan, S. H., Abdullah, K., et al. (2021). Carbon nanotubes and nanofibers—
reinforcement to carbon fiber composites: A review. Materials Today: Proceedings, 45(6), 5163-5170.
https://doi.org/10.1016/j.matpr.2020.10.548 21. Wang, F., Ming, Y., Zhao, Y., et al. (2023). Fabrication
of a novel continuous fiber 3D printed thermoset all-composite honeycomb sandwich structure with PMI

71


https://doi.org/10.1007/s10845-023-02078-w
https://doi.org/10.1007/s10845-020-01715-6
https://doi.org/10.1007/s10845-022-01957-6
https://doi.org/10.1007/s10845-022-01957-6
https://doi.org/10.1007/s00170-022-09916-4
https://doi.org/10.1016/j.eng.2019.04.012
https://doi.org/10.1115/1.4044197
https://doi.org/10.1016/j.addma.2022.102691
https://doi.org/10.1007/s00170-022-09941-3
https://doi.org/10.1007/s00170-023-11279-6
https://doi.org/10.1016/j.addma.2022.102726
https://doi.org/10.1016/j.addma.2022.103377
https://doi.org/10.1016/j.matpr.2022.02.063
https://doi.org/10.3390/polym13050820
https://doi.org/10.1038/sj.bdj.2015.914
https://doi.org/10.1016/j.jmrt.2022.02.018
https://doi.org/10.1016/j.matpr.2022.02.062
https://doi.org/10.1016/j.matdes.2006.01.008
https://doi.org/10.1016/j.compositesb.2022.110032
https://doi.org/10.1016/j.matpr.2022.02.077
https://doi.org/10.1016/j.matpr.2020.10.548

ISSN 2078-7405 Cutting & Tools in Technological System, 2025, Edition 102

foam reinforcement. Composite Structures, 308, 116585.
https://doi.org/10.1016/j.compstruct.2023.11658 22. Burnett, C., Graninger, G., Eren, Z., et al. (2022).
Tensile performance of carbon fibre-reinforced 3D-printed polymers: Effect of printing parameters.
Composites Part B: Engineering, 247, 110312. https://doi.org/10.1016/j.compositesh.2022.110312 23.
Kallai, Z., Nettig, D., Kipping, J., et al. (2023). A novel method for carbon fiber reinforced thermoplastics
production combining incremental forming and 3D printing. Journal of Materials Processing Technology,
314, 118989. https://doi.org/10.1016/j.jmatprotec.2023.118989 24. Kumar, V., Veeman, D., Vellaisamy,
M., et al. (2022). Evaluation of flexural strength of 3D-printed nylon with carbon reinforcement: An
experimental validation using ANN. Materials Today: Proceedings, 62(3), 2210-2217.
https://doi.org/10.1016/j.matpr.2022.02.080 25. ASTM International. (2021). Standard Test Method for
Tensile Properties of Plastics (ASTM D638-21). West Conshohocken, PA:ASTM International. 26.
ASTM lInternational. (2021). Standard Test Methods for Flexural Properties of Plastics (ASTM D790-
21). West Conshohocken, PA: ASTM International.

J. JlaBanis, A.I'. I'yna, Canem, [uais

MPOTHO3YBAHHS MEXAHIYHOI NOBEJIHKHA OHIKCY,
APMOBAHOT'O BYIVIEHEBUM BOJIOKHOM, Y FDM 3
BUKOPUCTAHHAM IHTETPOBAHUX CTATUCTHYHHUX HNIAXOIAIB I
nraxoaiB MAIIMHHOI'O HABYAHHA

AHoTauis. Aoumusne supobruymeo (AM), wupoxo eidome sax 3D-Opyk, npumecio 3Haumi 3minu y
BUPOOHUYULL  CeKMOp,  00360UBWU  BUPOOIAMU — BUCOKOCKIAOHI  2eoMempii 3 MIHIMATbHUMU
Mamepianbhumu  gioxodamu ma Oinbwor eHyukicmio ousainy. Ceped pisHux mextonoeii AM
MoOdenosanist niasieno2o ocaddicenuss (FDM) cmano ocobnueo nonynsapuum memooom, 8 OCHOBHOMY
3a605KU 11020 €KOHOMIUHIU epekmusHocmi, 0OCMYNHOCMI MAa CYMICHOCMI 3 WUPOKUM CHEKMpOM
mepmonaacmis. Hewooasni oocsienenna 6 eanysi FDM npuseenu do nossu apmoseanux gyeneyesum
60J10KHOM HUMOK, makux sik ONYX, sKi nO€OnyI0mb 1e2Ky Npupooy NOTIMEPIE i3 RIOBUEHOT0 MEXAHIYHOIO
MiyHicmio ma sxcopemkicmio, posuuprorouu sacmocysanns FDM y makux cexmopax, sk aepokocmiuna,
000pOHHA NPOMUCTOBICMb MA CMPYKMYPHI Komnonenmu. Mexaniuni xapaxmepucmuku KOMNOHEHMIE,
BU20MOGIEHUX 34 DONOMO2010 A0DABOK, JYJice UYMAUi 00 NApamempis npoyecy, 0cooIUs0 8 NePedoBUX
KOMNOSUMHUX MAMEPIanax, maKux sk apMOBAHULL 8y2leyesumM 80J0KHOM OHIKC. Y yboMy 00CHiOHCeHHI
npeocmagiena NopieHAIbHA ONMUMI3AYIs, WO NOCOHYE Memodoaoziio peazysanvhoi nosepxui (RSM) i
mawunne naguanna (ML) ona modemosanns ma niosuwenns MiyHocmi Ha po3mse i ueuH KOMRO3UMIE
Onyx, naopyrosanux memodom niagnenozo ocaoxcenns (FDM). Kuiouosi napamempu, eéxmouaiouu
MANIOHOK 3aN0BHEHHS, WINbHICb 3aN06HEHHS A MEMNePamypy conid — CUCMeMAMU4HO 6apiioeancs
3a 0onomozoio koncmpykyii Taguchi LY, a mexaniuni eunpobyeanms nposooumucsi 6i0nosiono 0o
cmanoapmie ASTM. Cmamucmuynuil ananiz nokasas, wo MamoHOK 3an06HeHHsl € HAUOLIbUL 3HAYYWUM
gaxmopom, wo enausac na miynicui enacmugocmi. RSM 3abezneuuna nadiiini npoenosu 3i 3uauennsamu
R2 97,61% (na posmsiz) ma 95,93% (na eueun), mooi six mooeni ML, 3okpema XGB0OSt y noconanni 3
OalieciBCcbKo ONMUMI3AYIero, 00cAIU 4yO0080i MOYHOCMI NPOSHO3VBAHHS 3 HYIbOBOI CEPEOHbOI
noxubkoio. O6uoea memoou 3iUWAUCA HA OOHUX [ MUX JHce ONMUMATLHUX NAPAMEMPAX. WeCmUzpanHe
3anoenenns, winbnicms 3anognents 60% i memnepamypa conna 265 °C, wo niokpecmioe cmabinvhicme
i Haditinicme iHmezposarozo nioxody. Pezynomamu Odemoncmpyioms, w0 NOEOHAHHA MPAOUYITHUX
CMamucmuyHux Memo9is i3 nepedosuUM MAUUHHUM HAGHAHHAM NPONOHYE NOMYHCHUL WLTAX Ol MOYHO20
YIpaeninnA npoyecamu ma Mexawiunoi onmumizayii 8 aoumueHOMY GUPOOHUYMEI NONIMEPHUX
KOMNO3Umie.

KurouoBi cioBa: aoumusne eupobHuymeo,; OHIKC, apMOBaHull yeieyesum 60J10KHOM, MOOeT08aAHHA
NAABNIEHUM OCAONCEHHAM; MAWUHHE HAGUAHHA; MEXAHIUHA ONMUMI3ayis; MemoO0n02is NOGepXHi
peazysanns; XGBoost.
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Abstract. This study addresses the critical challenge of predicting residual deformations in industrial
products manufactured using selective laser sintering (SLS) technology. Residual deformations represent
one of the primary factors leading to geometric inaccuracies in SLS-produced parts, directly affecting
their functional performance and dimensional precision. The research proposes and validates a novel
hypothesis that existing prediction models developed for plastic injection molding can be effectively
adapted for SLS applications through appropriate conversion factors. Given the absence of specialized
tools for SLS deformation prediction in the current market, this approach leverages the mature
capabilities of the SOLIDWORKS Plastics software as an alternative solution. The methodology involves
creating finite element models of test components, specifying material properties similar to SLS powders,
and simulating thermal conditions that mimic the SLS process. Through a comparative analysis of twelve
distinct geometries, a significant correlation between predicted deformations and actual measured
deformations was established. This coefficient enables reliable translation between simulation results
and actual SLS outcomes. The findings demonstrate that technological compensating deformations can
be effectively calculated and applied to original triangulation models, substantially reducing geometric
deviations in final products. The research bridges the gap between established injection molding
simulation techniques and the rapidly evolving field of additive manufacturing, providing a practical
approach to enhance dimensional accuracy without requiring specialized SLS deformation prediction
software. This research was developed at the Department of “Integrated Technologies of Mechanical
Engineering" named after M. Semko of NTU "KhP1".

Keywords: technology planning; selective laser sintering; residual deformation; triangulation models;
technological compensating deformations.

1. Introduction

Industrial products manufactured using selective laser sintering (SLS) are
accompanied by residual deformations [1]. These residual deformations are one of
the main reasons for deviations from the correct geometric shape of manufactured
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products [2].

One effective method for reducing deviations from the correct geometric shape
is the application of technological compensating deformations to the original
triangulation models [3]. These technological compensating deformations should
correspond to the pattern of predicted (expected) residual deformation of the product
and be opposite in sign. To perform compensating deformations of the original
triangulation models, the values of expected residual deformations of the base
surfaces must be determined.

The main parameters of compensating deformation are the deflection arrow
and the relative displacement of the deformation curvature center.

No methods for predicting residual deformations in products manufactured
through selective laser sintering were found in the literature review. Therefore,
making predictions by adapting existing methods from other technologies that share
similar features with selective laser sintering presents a significant research
challenge.

2. Review of the literature

Residual deformations in SLS primarily result from thermal gradients and phase
changes during the manufacturing process. Examined residual stresses in SLS
through a comprehensive study comparing three different assessment methods:
neutron diffraction (non-destructive), contour method (destructive), and finite
element analysis (theoretical). Their work identified two key mechanisms behind
residual stress formation: thermal gradient-induced elastic-plastic deformation
during cooling and restricted deformation of top layers by underlying material during
melting [4].

Building on thermal gradient mechanisms, investigated how processing
parameters affect thermomechanical behavior in SLS of polyamide 12. Their
research utilized COMSOL Multiphysics to simulate the thermo-mechanical
phenomena, demonstrating that heat transfer patterns in different polyamide
composite powders significantly impact residual deformation patterns [5].

Recent simulation methods have significantly advanced SLS deformation
prediction. It is demonstrated through finite element analysis that increasing hatch
spacing reduces residual stress in AISi10Mg parts [6]. For industrial applications, it
developed an inherent strain multiscale model that cuts computation time from
weeks to hours while maintaining accuracy for complex geometries [7]. Similarly,
it created a practical multiscale finite element approach for rapid distortion
prediction with different scanning strategies, balancing computational efficiency
with prediction accuracy [8].
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Developed a dimensional compensation algorithm specifically addressing
vertical bending deformation in SLS-printed PA12 parts. Their method analyzes
deformation patterns using a polynomial regression model in global Cartesian
coordinates and implements an inverse transformation on the original CAD model.
Experimental validation showed that this approach effectively reduced bending
deformations in various samples, including automotive components [9].

Taking a different approach, presented a new methodology for predicting and
compensating distortion in selective laser melting at component scale. Their
innovative approach uses a calibrated analytical thermal model to derive functions
that are implemented in structural finite element analysis, reducing computational
time while maintaining accuracy. Their method includes both FE-predicted
distortion compensation and optical 3D scan measurement-based compensation
[10].

Most recently, it introduced a data-driven distortion compensation framework
for laser powder bed fusion processes. Their approach combines the experimentally
calibrated inherent strain method with Gaussian process regression to create
compensated geometries. Experimental validation demonstrated impressive results,
reducing maximum distortion by up to 82.5% for lattice structures and 77.8% for
canonical parts [11].

Material properties significantly impact SLS deformation patterns. It found
layer thickness directly influences residual stress in Ti6AI4V parts, with thinner
layers creating higher stresses despite potential mechanical property improvements
[12]. For polymers, it highlighted how material composition affects thermal
behavior, noting that understanding segregated filler networks along particle
boundaries is critical for predicting deformations in composite materials [13].

Despite advances in SLS deformation prediction, several research gaps persist:
models for multi-material interfaces as new technologies emerge; integration with
topology optimization to create designs inherently resistant to warping; standardized
benchmarking protocols; microstructure-informed models incorporating material
evolution; and comprehensive studies on applying injection molding simulation
tools to SLS across diverse geometries and materials.

Recent advances in SLS deformation prediction have significantly improved
our understanding of the underlying mechanisms and our ability to compensate for
these effects. The trend toward integrated approaches that combine simulation,
machine learning, and in-process monitoring shows particular promise. However,
material-specific challenges and the increasing complexity of SLS applications
continue to drive the need for more sophisticated prediction methodologies.

Our current research addresses a specific gap in the literature by establishing
quantitative relationships between deformation predictions from injection molding
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simulation software and actual SLS outcomes, providing a practical pathway for
utilizing existing commercial tools in SLS applications.

3. Prediction process in Solidworks plastics

The prediction of residual deformations was conducted using the Solidworks
Plastics software package. An example of the system's screen form with the
researched product model is presented in Fig. 1.

The workflow begins with the original CAD model and progresses through
simulation in SOLIDWORKS Plastics, where thermal and mechanical analyses are
performed to predict deformation patterns. The visualization of predicted
deformations using the HSV color scale provides critical insights into potential
problem areas before physical manufacturing begins. This process forms the
foundation for applying technological compensating deformations to the initial
triangulation models.

SIRIBIE]_ [~ Pme memores

Parameters for
modeling and
visualization

Visualization of residual
deformations

HSV color scale correlated with
residual deformation

s

Figure 1 — Workflow for predicting residual deformations in selective laser sintering using
Solidworks Plastics

As shown in Fig. 1, the prediction process incorporates several critical
elements. The initial verification of the triangulation model ensures surface closure,
a prerequisite for accurate simulation. The finite element model construction
determines the resolution of the prediction, with element characteristics based on the
original triangulation model. Thermal analysis represents the heart of the simulation,
where material properties, process parameters (including 230°C processing
temperature), and cooling conditions are defined to mimic SLS processing
conditions. The resulting color visualization (Fig. 1) represents the magnitude of
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predicted deformations, with warmer colors (red-yellow) indicating larger
deformations and cooler colors (green-blue) showing areas with minimal
deformation.

To systematically predict residual deformations in SLS manufacturing, a
structured workflow was developed as shown in Fig. 2. This process diagram
illustrates the sequential steps required for accurate deformation prediction in
Solidworks Plastics, from initial model verification through to final visualization.
Each step in this workflow has been carefully designed to ensure that the simulation
accurately reflects the thermal and mechanical conditions encountered during the
SLS process, despite the software's original intended application for injection
molding simulation.

The process diagram presented in Fig. 2 demonstrates the logical progression
of steps necessary for effective deformation prediction. Beginning with triangulation
model verification ensures that the input geometry is suitable for analysis, with a
closed surface that properly represents the intended part. This is followed by the
construction of a finite element model with appropriate mesh density to capture
geometric features while maintaining computational efficiency.

Trlangtéleitlon N Finite element | Material . Molding
moael > model | selection > process
verification construction configuration
Cal_culatlon of Selecyon of Cooling
Results P shrinkage and | quantityand | process
visualization resldua_ll distribution of configuration
deformations gates

Figure 2 — Schematic diagram of the residual deformation prediction process
in Solidworks Plastics

The material selection step is particularly critical, as it establishes the thermo-
mechanical properties that govern deformation behavior. For this research,
polyamide 66 (ZYTEL ST801L NC010) was selected due to its similar characteristics
to the Duraform PA powder used in SLS processing. The process parameters are then
defined to simulate SLS conditions, including a 230°C processing temperature and
appropriate cooling conditions.

The final steps involve the calculation of shrinkage and residual deformations,
followed by visualization of the results. This systematic approach enables engineers
to predict potential deformation issues before physical prototyping, significantly
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reducing development time and material waste. Importantly, the established
correlation coefficient allows for reliable translation between the simulation
predictions and actual SLS manufacturing outcomes, making this workflow a
valuable tool for industrial applications.

Upon completion of the shrinkage and residual deformation calculations, color
visualization of the predicted residual deformations was performed using the HSV
color scale (Fig. 3).

Finite element model Color visualization of predicted residual
deformation

Model with distributed N
gates

| HSV color scale of
residual deformations

Figure 3 - Visualization of the main stages in residual deformation prediction

The visualization of predicted residual deformations represents a critical
component in the analysis process. Fig. 3 illustrates the transformation from a finite
element model through to the final visualization of predicted deformations. This
visualization process is essential for identifying critical areas prone to dimensional
inaccuracies during SLS manufacturing, allowing for targeted compensation
strategies to be implemented. The visual representation using the HSV color scale
provides an intuitive understanding of deformation magnitude and distribution
across complex geometries.

As demonstrated in Fig. 3, the process begins with the creation of a detailed
finite element model that accurately represents the part geometry. This model is then
prepared for thermal-mechanical analysis through the strategic placement of gates,
which serve as heat input sources simulating the thermal conditions during the SLS
process. For this study, ten gates were positioned equidistantly to ensure uniform
heat distribution, mimicking the gradual cooling experienced in SLS manufacturing.
This approach eliminates the need for a dedicated cooling system in the simulation,
better replicating the SLS thermal environment. The final visualization (Fig. 3)
employs an HSV color scale to represent the magnitude of predicted deformations
across the part. Red and yellow regions indicate areas with maximum deformation,
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while green and blue denote areas with minimal deformation. This color mapping
allows designers and engineers to quickly identify problematic features that may
require geometric compensation prior to manufacturing.

The ability to visualize deformation patterns before physical production
represents a significant advantage, enabling informed decisions about design
modifications or compensation strategies.

4. Results and Validation

To validate the hypothesis that injection molding simulation can be adapted for
SLS deformation prediction, a correlation analysis was conducted between simulated
and measured deformations. Fig. 4 presents the empirical relationship between
predicted deflection values from SOLIDWORKS Plastics (AF;) and actual measured
deflections in SLS-manufactured parts (AF¢). This relationship is fundamental to the
practical application of the proposed methodology, as it establishes a quantitative
basis for translating simulation results to expected real-world outcomes.

The scatter plot in Fig. 4 demonstrates a strong positive correlation between
the predicted deformation values from SOLIDWORKS Plastics (Arp) and the
experimentally measured deformations in SLS-manufactured parts (Arc). The data
points, representing 12 different test geometries, show a consistent linear trend that
can be expressed by the equation Arc = ky*Arp. Through least squares regression
analysis, the coefficient k, was determined to be 1.28+0.08 at a significance level of
0.05.

Arc 4

AFc = kpAFp
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Figure 4 - Correlation between experimental deflection values (Arp) measured on
SLS-manufactured parts and predicted deflection values (Arp)
from SOLIDWORKS Plastics simulation

This correlation coefficient is particularly significant as it provides a simple yet
effective means to convert simulation predictions into practical expectations for
actual SLS manufacturing outcomes. The value of k, > 1 indicates that real SLS parts
consistently exhibit larger deformations than those predicted by SOLIDWORKS
Plastics, likely due to differences in material behavior and processing conditions
between injection molding (for which the software was designed) and selective laser
sintering.

The strong linear relationship observed across various geometries validates the
core hypothesis of this research: that with appropriate scaling, existing injection
molding simulation tools can be effectively repurposed for SLS deformation
prediction. This finding has significant practical implications, as it enables
manufacturers to leverage widely available simulation software for SLS applications
without requiring specialized and often more expensive dedicated SLS simulation
tools. The established correlation coefficient serves as a reliable conversion factor
that bridges the gap between these two manufacturing domains.

5. Discussion of Results

The experimental investigation conducted in this study has provided significant
insights into the prediction and compensation of residual deformations in selective
laser sintering manufacturing. Several key findings emerge from the analysis of the
results.

The strong linear correlation between predicted deformations from
SOLIDWORKS Plastics (AFp) and measured deformations in SLS-manufactured
parts (AF¢) confirms the validity of using injection molding simulation software for
SLS applications. This cross-technology approach leverages the established
capabilities of widely available simulation tools while addressing the specific
deformation challenges in SLS manufacturing. The consistency of the correlation
across 12 different test geometries, with varying complexities and feature
characteristics, suggests that this approach is robust and applicable to a range of
industrial components.

The determined correlation coefficient (k, = 1.28+0.08) represents a critical
advancement in bridging theoretical predictions and practical outcomes. This
coefficient encapsulates the systematic differences between the two manufacturing
processes, including variations in material behavior, thermal gradients, and
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solidification mechanisms. The value of k,>1 indicates that SLS components
consistently experience approximately 28% greater deformation than what the
injection molding simulation predicts. This quantitative relationship allows for
reliable translation between simulation results and expected manufacturing
outcomes.

The simulation approach using distributed heat sources (gates) and the absence
of a dedicated cooling system successfully replicates the gradual cooling conditions
characteristic of the SLS process. The thermal simulation results, visualized through
the HSV color scale, accurately predict the patterns of deformation, even if the
absolute magnitudes require scaling through the correlation coefficient. This
indicates that the fundamental thermal mechanisms driving deformation in both
injection molding and SLS have sufficient similarities to enable effective cross-
process prediction.

Based on the established correlation, technological compensating deformations
can be systematically applied to original triangulation models with confidence. By
applying inverse transformations scaled by the factor kp, manufacturers can
proactively mitigate anticipated deformations. This predictive compensation
strategy eliminates the need for multiple iterative manufacturing attempts to achieve
dimensional accuracy, thereby reducing material waste, energy consumption, and
production time.

While the approach has demonstrated high efficacy across the tested
geometries, certain limitations must be acknowledged. The correlation coefficient is
specific to the material pair used in this study (ZYTEL ST 801 L NCO010 in
simulation and Duraform PA in SLS manufacturing) and would need recalibration
for different materials. Additionally, extremely complex geometries with very thin
features or sharp transitions may exhibit non-linear deformation behaviors that
require more sophisticated modeling approaches.

Compared to developing dedicated SLS simulation software or conducting
extensive empirical testing, the proposed approach offers significant advantages in
terms of accessibility, computational efficiency, and integration with existing design
workflows. The method reduces the barrier to entry for predicting SLS deformations,
making high-quality additive manufacturing more accessible to a broader range of
industrial applications where dimensional accuracy is critical.

This analysis demonstrates that adapted injection molding simulation offers a
viable and effective pathway for predicting and compensating for residual
deformations in SLS manufacturing. The established correlation coefficient provides
the necessary bridge between simulation and reality, enabling manufacturers to
leverage existing software tools to enhance the dimensional accuracy of SLS-
produced components.
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6. Conclusions

The hypothesis regarding the possibility of predicting residual deformations in
products manufactured by selective laser sintering using approaches developed for
plastic injection molding has been validated. The established correlation between
Solidworks Plastics predictions and actual SLS deformations demonstrates that
existing simulation tools can be effectively adapted for SLS applications.

The proposed methodology for predicting residual deformations includes
triangulation model verification, finite element model creation, material selection,
process parameter definition, and simulation of deformations using distributed heat
sources to replicate SLS thermal conditions.

The methodology enables the determination of critical parameters for
technological compensating deformations, including the deflection arrow and the
relative displacement of the deformation curvature center, which can be applied to
original CAD models to improve dimensional accuracy.

The approach offers significant practical advantages for industry, including:

- utilization of widely available simulation software instead of specialized SLS
deformation prediction tools;

- reduction in material waste and production time by decreasing the need for
iterative physical prototyping;

- improved dimensional accuracy of final SLS-manufactured components.

This research addresses a significant gap in the field of additive manufacturing
by providing a practical, accessible approach to predicting and compensating for
residual deformations in SLS-manufactured parts. The established correlation
coefficient serves as a valuable bridge between injection molding simulation and
SLS manufacturing reality, enabling more accurate production of complex
components with reduced trial-and-error iterations.

Future work should focus on extending this approach to a wider range of
materials, investigating more complex geometries, and potentially integrating the
methodology with topology optimization to develop designs inherently resistant to
deformation during the SLS process.
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Iapamenko, Auapiii Manunsk, XapkiB, Ykpaina

HPOTHO3YBAHHSA 3AJIMIIIKOBUX JIE®@OPMAIII BUPOBIB,
BUT'OTOBJIEHUX 3A JOITOMOI'OIO0 CEJIEKTUBHOTI'O JIABEPHOI'O
CHIKAHHA

AHoTauis. Jocnioxcenus po3enioae KpUmudHy npooiemy npocHo3y8anHs 3alIUKosux oegpopmayii y
NPOMUCTOBUX 8UPODAX, BUL0MOGIEHUX 3 OONOMO20I0 MEXHONOZII CeNeKMUSHO20 1a3ePHO20 CNIKAHHSA
(SLS). 3amuwuxosi oeghopmayii € 00HuM 3 OCHOSHUX PAKMOPIE, WO NPU3EOOSIMb 00 2COMEMPUYHUX
HemouHocmell y O0emaisx, 6ucomoenenux 3a odonomozolo SLS, 6esnocepednvo ennusaiouu na ix
@yHKyionanbHi Xapakmepucmuky ma mounicms po3mipia. Jlocriosicenns npononye ma niomeepooicye
Hosy 2inome3y npo me, wo ICHYIO4i MOOeNi NPOSHO3YEAHHS, PO3POOAEHI ONisl AUMMI NAACMMAC Nio
MUCKOM, MOXNCYMb Oymu epexmusno adanmosaui 0ns 3acmocyséanns SLS 3a donomozoio 6ionosionux
Koegiyienmie nepemeopenns. Bpaxosylouu eiocymmicme  cneyianizoeanux —iHcmpymenmie  Ois
npoenosyeanns degpopmayii SLS na cyuacnomy punky, yeil nioxio GUKOPUCIOBYE GIOOMI MONCIUBOCE
npoepamnozo 3abesneuennss SOLIDWORKS Plastics sk anemepnamuene piwenns. Memooonozis
BKIIOYAE  CMBOPEHHs MoOenell  CKIHYeHHUX —eneMeHmie Mmecmosux KOMNOHEHMIE, —6USHAYEHHs.
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eracmusocmeii mamepiany, noOioHux 0o nopowxie SLS, ma MmoldentosamnHs Meniosux ymos, wo
imimyloms npoyec SLS. 3a60sxu nopignanbHoMy ananizy 08aHadysimu PisHUX KOHCMPYKYil 6upooie 6yno
6CMAHOBNCHO 3HAYHY KOPENAYII0 MidC NPOSHO308aAHUMU Oedopmayiamu ma GaKmuiuHo SUMIDAHUMU
Odepopmayiamu. Lleii  koegiyienm 3ab6e3neyye HadiliHe NEPEMBOPEHHS MIdC — Pe3VIbmamamu
Mooenosants ma paxmuynumu pesynomamamu SLS. Pezynomamu 0ocniodcennss 0emoncmpyloms, wo
MEXHONO2IYHI KOMIEHCYIOUI 0epopMayii MOJICHA epeKmusHo po3paxosysamu ma 3acmocogyeamu 00
OPULTHATIHUX MOOeiell MpIaHeYIsAYil, Wo CYMMEBO 3MEHULYE 2eOMEMPUYHI BIOXUNEHHS 6 KIHYesux
supobax. JJocnioxHcenHs ycysae po3pue Mixc YyCmaneHuMu Memooamu MOOem08aH s IUmms nio muckom
ma aoumueHo20 GUPOOHUYMEA, 3a06e3neuyIouu IPAKmuyHull nioxio 00 NIOGUWEHHS] MOYHOCIMI PO3MIPIG
6e3 HeobXiOHOCMI Cneyianiz08aH020 NPOSPAMHO20 3aOe3nedenHs Ok NPOSHO3VEAHHA Oepopmayil
6upobie odepocanux memodom SLS. Jlocmioocenns euxonysanucy na kageopi «lumeeposanux
mexHono2ii Mawunobyoyeantsny imeni M. ®@. Cemrxa HTY «XI1I».

Kuro4oBi ciioBa: mexuonoziuna niocomoska, celekmugHe nasepHe CRIKAHHA, 3a1UuKoea depopmayis,
MoOeni mpiaH2yayii; MmexHoI0IYHI KOMIEHCYIoul Oepopmayil.
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Abstract. Carbon emissions are one of the most pressing environmental problems of our time. CO,
emitted by human activities, especially industry, transport and energy production, is a major contributor
to the gradual warming of the Earth's atmosphere. The aim of my research is to investigate the
relationship between carbon dioxide emissions and surface roughness by varying different technological
parameters during diamond burnishing.

In the first chapter of this paper, we will review the current state of the art and literature on carbon
dioxide emissions and then, based on a chosen methodology, we will show how carbon dioxide emissions
from diamond polishing can be quantified. Following the calculation, we will present the technological
parameters used for the machining, the test pieces on which we measured surface roughness after
diamond burnishing, and some additional calculations needed to evaluate the data. In the main part of
the research, we will evaluate the calculated data using 2D and 3D surface roughness metrics, with a
special focus on the characteristics of the Abbott-Firestone curve.

Keywords: energy efficiency; sustainable development; slide diamond burnishing; surface finish.

1. Examination of carbon dioxide emissions

Carbon dioxide emissions are among the most pressing environmental issues
of our time. Human activities — particularly in industry, transportation, and energy
production — release large amounts of CO,, significantly contributing to the gradual
warming of Earth's atmosphere. While carbon dioxide (CO>) is responsible for
climate change, other substances such as carbon monoxide (CO), nitrogen oxides
(NOX), and unburned hydrocarbons can be considered harmful to human health [1].
Although COs- is not toxic to human health on its own, its long-term accumulation
poses a serious threat to the planet's climate. In the field of mechanical processing,
carbon dioxide emissions can also be significant. Therefore, it is important to
identify optimal processes with the right process parameters to help reduce CO;
emissions [2].

According to the report of the International Energy Agency [3], we can
observe how the increase in carbon dioxide emissions has changed over decades.

The last period when emissions did not grow was after the Great Depression and
© Sz. Smolnicki, G. Varga, 2025
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World War II. Since then, emissions have been increasing — sometimes more,
sometimes less. It is also evident that major events such as the dissolution of the
Soviet Union or China’s rapid development can influence the emission rate: the
former slowed it down, the latter accelerated it. Furthermore, the use of renewable
energy sources cannot be ignored, as they reduce hydrocarbon use, and this impact
is shown in the final column of Figure 1. It is evident that low carbon manufacturing
has become a key expectation in industry. Therefore, quantitative analysis of energy
consumption and CO; emissions in manufacturing processes is essential. This is
what leads us from the scientific understanding of efficient production to industrial
implementation [4]. A review of the literature reveals numerous efforts aimed at

achieving this goal. A few of these are outlined below.

Energy shocks Rise of Clean energy

WWi and Great
Depression and fall of China driven
P Soviet Union slowdown

6%

4%
. I I I I
0% L . l [ |

-2%

=

1913 1923 1933 1943 1953 1963 1973 1983 1953 2003 2013 2023

Decade ending
I CO; emissions GDP

Figure 1. Global CO2 emissions and GDP growth rate by decade [3]

Based on the operation sequence of machining, the energy consumption of
machine tools can be divided into three modes—idle mode, running mode, and
production mode. Various studies have focused on these distinct modes [5]. Others
have found that reducing idle time and downtime helps minimize energy
consumption [6]. A method has also been developed to predict total energy
consumption for a specific turning operation on a machine tool [7]. Energy
minimization has been analyzed using discrete statistical formulas as well [8].

Moreover, some methods directly link the electrical energy used during
manufacturing to the CO, emissions generated during the process [9]. Others have
focused on production planning problems in highly automated manufacturing
systems, considering multiple process plans with different energy requirements [10].
Approaches from a mathematical standpoint have also been explored, including
programming models that focus on process-level scheduling to reduce energy
consumption and CO; emissions [11]. Research has also examined the relationship
between carbon footprint and the manufacturing industry, analyzing its
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environmental impact [12]. An integrated concept has been published that aims to
promote energy efficiency at various levels within manufacturing companies, taking
into account the interdependence of all technical processes [13]. An analytical
method has also been proposed to quantify the CO, emissions of a CNC-based
machining system, while breaking down the processes that contribute to the system’s
total CO, emissions [14].

As seen, many approaches exist to quantify carbon dioxide emissions. In this
study, a model [2] is selected for evaluating CO, emissions, which considers the
average emissions per kilowatt-hour and the technological parameters of the
machining process. In the case of diamond burnishing, these parameters include the
burnishing force, burnishing speed, and feed rate.

Carbon dioxide emissions can be calculated using Equation (1):

CE = CE, - W [g] @)
Where "CE,;" is the carbon dioxide emission factor for electricity, which can be
obtained from the EMBER database [15], available by country and year. Figure 2
shows the data filtered for Hungary, starting from the 1990s.

Figure 2. CO2 emission factor of electricity in Hungary [16]

For the current calculation, the value of the carbon dioxide emission factor

9
CEe = 2297
In the formula, "W " represents the energy consumption of the machining
process, which can be calculated using Equation (2):
W =P-t[kWh] 2
Here, "P" is the power requirement of the machining process, calculated using
Equation (3), and "t" is the machining time, which can be calculated using Equation
(4) N-m

P=F-v, [w="2 3)

N
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L L
b= = 18] (4)
The burnishing speed required for power calculation can be determined using
Equation (5), where "n" is the rotational speed and "d" is the diameter of the test
piece. In the time formula, "n" again refers to spindle speed, "L" is the length of the

machining on the test piece, and "f" is the feed rate used in the process:
vvzd-n-n[?] (5)

The burnishing force required for the power calculation can be computed
using Equation (6):

F=p-F, (6)

Here, "p" is the coefficient of friction, which in the case of a diamond-steel
contact with cooling-lubricating fluid is p = 0.1 [18]. Therefore, the subsequent
calculations use the burnishing force multiplied by the coefficient of friction.

This burnishing force calculation is necessary because the force set as a
technological parameter is passive in terms of cutting direction, while the burnishing
speed in Equation (5) points in the direction of the main cutting force (as this is the
cutting speed). Therefore, the set burnishing force must be converted using the
friction force relationship. The spatial relationship of the forces is illustrated in
Figure 3. In this case, the passive force, which can be directly set as a technological
parameter during machining, is considered the normal force (denoted F,in the
figure), while the main cutting force used in the calculations is the frictional force
(denoted F;). Their relationship is shown in Equation (7), which is structurally
identical to Equation (6), differing only in the notation of the forces:

()

Figure 3. Spatial relationship of actual and calculated burnishing forces

Thus, for the calculation of CO, emissions, only the defined technological
parameters, the dimensions of the test piece, and the CO, emission factor are needed.
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2. Surface machining and roughness measurement

To perform calculations and draw conclusions with an adequate level of
reliability, enough experiments must be carried out by combining technological
parameters. The following values were selected for feed rate, spindle speed, and
burnishing force:

mm
= 005 =01—
fi= 0057 f, = 0.1

1 1
Tll - 265 n nz - 375—

min

The product of the number of different parameters is 2-2-6=24, meaning that
24 different surface sections need to be created to measure the surface roughness
after diamond burnishing. For this purpose, four test specimens were manufactured.
After preliminary turning, each specimen was prepared with six cylindrical surfaces
suitable for diamond burnishing. These were produced in the workshop of the
Institute of Manufacturing Science at the University of Miskolc. The parameter
combinations are summarized in Table 1, grouped by specimen and numbered in
groups of six.

Table 1. Technological parameters of the diamond burnishing process

R

Serial Nr. f [

rev
1-1 0.05 265 120
1-2 0.05 265 100
1-3 0.05 265 80
1-4 0.05 265 60
1-5 0.05 265 40
1-6 0.05 265 20
2-1 0.1 265 120
2-2 0.1 265 100
2-3 0.1 265 80
2-4 0.1 265 60
2-5 0.1 265 40
2-6 0.1 265 20
3-1 0.05 375 120
3-2 0.05 375 100
3-3 0.05 375 80
3-4 0.05 375 60
3-5 0.05 375 40
3-6 0.05 375 20
4-1 0.1 375 120
4-2 0.1 375 100
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4-3 0.1 375 80
4-4 0.1 375 60
4-5 0.1 375 40
4-6 0.1 375 20

The test specimens were made from grade 1.4307 austenitic stainless
chromium-nickel steel, whose material properties are as follows: yield strength
Rpo2 = 210 MPa, tensile strength R,, = 520 — 700 MPa, elongation at break
A = 45%, density p = 7.9 kg/dm3, and hardness 160 — 190 HB.

In terms of chemical composition, it consists of 66.8—-71.3% iron, <0.03%
carbon, 1% silicon, 2% manganese, 0.045% phosphorus, 0.015% sulfur, <0.11%
nitrogen, 17.5-19.5% chromium, and 8-10.5% nickel.

The technical drawing of the test specimen is shown in Figure 4.

184

18 4 22 4 22 4 22 4 22 4 22 4 22

- - - - - - T

@45
@50
7

MSZ EN IS0

6411:2000

MSZ EN ISO
6411:2000

1 m 1 1 1 1/ 1
K3 3 [l 1x45
&

Figure 4. Technical drawing of the test specimen

1x45"

EU- 400-01 type lathe, and the process conditions are illustrated in Figure 5.

"

N =
=

\ -

\

1

A

Figure 5. Schematic of the diamond burnishing process [17]

During the research, surface roughness was analysed using several indicators,
including 2D roughness parameters [17], 3D surface roughness values [19], and the

90



ISSN 2078-7405 Cutting & Tools in Technological System, 2025, Edition 102

2D and 3D characteristics of the Abbott-Firestone curves [20], which have already
been described in detail in my previous studies.

Surface roughness measurements were carried out using an AltiSurf 520
roughness measurement device, and the results were analysed using the AltiMap
software provided with the instrument. Both are in the metrology laboratory of the
Institute of Manufacturing Science at the University of Miskolc.

To analyse the characteristics of the Abbott-Firestone curves, we used K-
coefficients [20, 21], calculated using Equations (8—13). These equations provide
percentage values representing the distribution of the surface profile zones, offering
a meaningful comparison of their relevance. For example, Equation (8) shows the
proportion of the core roughness within the total 2D roughness profile:

K., = L (8) Kppp = # 9)
B Ry + Ryp + Ry RPK ™ Ry + Rpi + Ry
Koo, = # (10) Kg, = 57" (11)
RV Ry + Rpp + Ry ST Sk + Spr + Sk
S k Svk
Ko = ——P2 —— (12) Kopp = ———— (13
P S + Sy + Sk (12) Ksvi Sk + Spic + Sorc (13

3. Evaluation of the research results

To evaluate the results, we first present the calculated values, which are
summarized in Table 2. The table lists the technological parameters — feed rate and
burnishing force — alongside the calculated burnishing speed, power, and the carbon
dioxide emissions associated with each machining operation.

Table 2. Calculated data for diamond burnishing

Serial Nr.  f [ﬂ v, [?] n [ﬁ] F,(N) P(W) CE(

rev
1-1 0.05 0.6938 265 120 8.33 189.93
1-2 0.05 0.6938 265 100 6.94 158.27
1-3 0.05 0.6938 265 80 5.55 126.62
1-4 0.05 0.6938 265 60 4.16 94.96
1-5 0.05 0.6938 265 40 2.78 63.31
1-6 0.05 0.6938 265 20 1.39 31.65
2-1 0.1 0.6938 265 120 8.33 94.96
2-2 0.1 0.6938 265 100 6.94 79.14
2-3 0.1 0.6938 265 80 5.55 63.31
2-4 0.1 0.6938 265 60 4.16 47.48
2-5 0.1 0.6938 265 40 2.78 31.65
2-6 0.1 0.6938 265 20 1.39 15.83
3-1 0.05 0.9817 375 120 11.78 189.93
3-2 0.05 0.9817 375 100 9.82 158.27
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3-3 0.05 0.9817 375 80 7.85 126.62
3-4 0.05 0.9817 375 60 5.89 94.96
3-5 0.05 0.9817 375 40 3.93 63.31
3-6 0.05 0.9817 375 20 1.96 31.65
4-1 0.1 0.9817 375 120 11.78 94.96
4-2 0.1 0.9817 375 100 9.82 79.14
4-3 0.1 0.9817 375 80 7.85 63.31
4-4 0.1 0.9817 375 60 5.89 47.48
4-5 0.1 0.9817 375 40 3.93 31.65
4-6 0.1 0.9817 375 20 1.96 15.83

We analysed the measured surface roughness data using diagrams. The 2D
surface roughness metrics are shown in Figure 6. In subfigure a) the average
roughness, in b) the root mean square roughness, in c) the ten-point mean roughness,
and in d) the maximum roughness depth is plotted on the vertical axis, with carbon
dioxide emissions on the horizontal axis.

We used different colour codes to represent combinations of feed rate and
burnishing speed. Since two types of feed rates and spindle speeds were combined,
four parameter combinations were examined. We fitted second-degree polynomials
to the data points, and the reliability of these trendlines is indicated by the R? values
shown in the top right corner of each graph.

To support the analysis, we also added data labels. Each point shows the
applied burnishing force and a calculated value — CE(%) — which expresses the
relative reduction in carbon dioxide emissions. The formula for CE(%) is given by
Equation (12):

CE(%) = (1 — Fetleutated ) 109 [94] (12)

(9 max

a) The relationship between average roughness and CO, emissions
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b) The relationship between root mean square and CO, emissions
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c) The relationship between ten-point mean roughness and CO, emissions
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d) The relationship between maximum roughness and CO, emissions
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Figure 6. Relationship between 2D surface roughness parameters and carbon dioxide
emissions

To interpret the graphs, we divided the emission value of each data point by
the maximum emission value and then subtracted this ratio from one. This yielded
the percentage reduction in emissions compared to the worst-case scenario. For the
highest emission value (CE=189,93 g), the reduction is naturally 0%. Moving
leftward along the horizontal axis — toward zero — the level of emission reduction
increases.

Some data points appear in pairs, as similar emission values were observed
for different tests with identical feed force ratios. For better clarity, we used gradient
shading (black—gray and blue—orange) to distinguish these overlapping points.
Since all subfigures exhibit similar trends, we can confidently state that the
conclusions are valid for all types of surface roughness parameters. When using a
lower feed rate (represented by orange and blue data points), the trendlines are more
elongated, indicating longer processing times and, consequently, higher carbon
dioxide emissions. Each of the four trendlines exhibits a parabolic minimum, which
appears around 80-100 N of burnishing force. Applying forces above this range is
not recommended, as it leads to worsening surface quality and increased emissions
due to the higher power requirement.

At the same time, surface quality was best achieved using the lower feed rate.
However, we found that favourable results can also be achieved with higher feed
rates, depending on manufacturing requirements. If ultra-smooth surface quality is
not mandatory, adjusting technological parameters may lead to a 60—70% reduction
in energy consumption and emissions, while also shortening the machining time. In
this way, two common optimization objectives — minimizing energy consumption
and machining time — can be achieved simultaneously.

a) The relationship between average roughness and CO, emissions
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b) The relationship between root mean square and CO, emissions
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c) The relationship between maximum roughness and CO, emissions
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Figure 7. Relationship between 3D surface roughness parameters and carbon dioxide
emissions

Figure 7 illustrates the 3D surface roughness metrics. Subfigure a) presents
the arithmetic mean height, b) the root mean square height, ¢) the maximum height,
and d) the ten-point height, all plotted against carbon dioxide emissions. The
structure and interpretation of the graphs are consistent with the 2D case, and the
previously drawn conclusions also apply here.

In the final part of our study, we analysed the material ratio curve parameters
— using a different approach due to the unique nature of these metrics. Figure 8
presents these characteristics for both 2D and 3D profiles, in relation to carbon

dioxide emissions.
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Figure 8. Relationship between material ratio curve parameters and carbon dioxide
emissions

Both graphs were prepared using the same methodology. Based on the
previously calculated K coefficients (according to Equations 8-13), we plotted the
relative proportions of the profile zones — for all combinations of feed rate,
burnishing speed, and burnishing force. On the secondary axis, we included the
carbon dioxide emission value corresponding to each combination. The figures can
be interpreted as four separate diagrams representing the four different feed—speed
combinations, each with varying burnishing forces.
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The goal of diamond burnishing is to reduce the proportion of the peak zone
— corresponding to the material that wears off during running-in — to maintain or
increase the valley zone, which determines lubricant retention, and to increase or
retain the core zone, which bears most of the load.

We observed that the proportion of the peak zone increases at both the lowest
and highest applied forces, while the valley zone proportion is at its minimum in
these cases — thus these parameter settings should be avoided. With higher feed rates,
the maximum valley zone proportion becomes clearly visible, while the peak zone
reaches its minimum, indicating optimal tribological performance.

Considering that higher feed rates also proved advantageous in terms of
emission reduction and shorter machining time, we recommend using higher feed
rates combined with higher burnishing speeds and a burnishing force between 60—
80 N for optimal results.

4. Summary

First, we reviewed the current state of research related to carbon dioxide
emissions and its representation in the literature. Based on a selected method, we
presented how CO, emissions generated during diamond burnishing can be
quantified. Following the calculation, we introduced the technological parameters
applied in the machining process, the test specimens on which surface roughness
was measured after diamond burnishing, and several additional calculations
necessary for data evaluation. Similar trends were observed for both 2D and 3D
surface roughness indicators. It was found that for each combination of feed rate and
burnishing speed, a minimum point could be identified on the resulting parabola,
beyond which surface roughness no longer decreased. Therefore, applying higher
burnishing forces beyond this point is not recommended, as it not only deteriorates
surface quality but also increases carbon dioxide emissions due to higher power
consumption. Furthermore, we determined that if achieving the best possible surface
quality is not a strict requirement, it is worth considering the modification of
technological parameters. This can significantly reduce energy consumption and
CO; emissions — by as much as 60—70% — and even shorten machining times, all
while improving the energy and eco-efficiency of the process. In this way, two
commonly pursued objective functions — minimization of machining time and
energy consumption — can be addressed simultaneously.

Regarding the analysis of the Abbott-Firestone curves, it was demonstrated
that the proportion of the peak zone increases at both the lowest and highest
burnishing forces, while the valley zone reaches its minimum at these values. Thus,
these burnishing force values should be avoided. When using a higher feed rate, a
clear maximum of the valley zone was observed, which is optimal for lubricant
retention, while the peak zone reached its minimum. Considering that previous
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findings also identified higher feed rates as optimal from both CO; emission and
machining time perspectives, it is recommended to choose this setting in the
proposed parameter combination, along with higher burnishing speeds and a
burnishing force in the range of 60-80 N.
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Cinmapx CmonsHUIBKI, [Ipfona Bapra, MimkoisI, Yropuiaa

AHAJII3 IOPCTKOCTI HOBEPXHI ITPU AJIMA3HOMY
BUTJIAIZKYBAHHI Y B3AEMO3B’SAA3KY 3 BUKHJAMU
BYTJIEKUCJIOTO T'A3Y

AHoOTaUisA. Y cghepi mexarniunoi nepepodKu 6UKUOU 8Y2NEKUCTIO20 2A3Y MAKONC MONCYMb OYMU 3HAUHUMU.
Tomy eadicnueo Bu3HAUUMU ONMUMATbHI NpoYecu 3 NPAGUILHUMU NAPAMEmMPAMU npoyecy, AKi
oonomoocyms smerwumu suxuou CO,. Ouesuono, wjo HusbKosy2ieyese sUpoOGHUYMEO CIMAN0 KIIOHO8UM
OYIKY8aHHAM Y npomuciosocmi. Tomy KinbKichuil ananiz cnoscusanus ewepeii ma euxudie CO, y
6upobHuyUx npoyecax € eadcaueum. Came ye e6ede HAC 6i0 HAYKOB020 PO3YMIHHA epeKmusHO20
BUPOBHUYMEA 00 NPOMUCTOE020 6NPOEAO*CEHHS. [pyHmYIouUCh Ha 06paHoMy Memooi, Mu npeocmasun,
5K MOdICcHa KinbkicHo oyinumu euxuou CO,, wo ymeopioromscs nid yac aiMasHo20 6Ueia0NCY8aHHs. 3a
NIOCYMKAMU PO3PAXYHKY MU NPeOCMAsUIU TeXHON02IUHI napamempi, wo 3acmocosylomscs 6 poyeci
MexaHiyHoi 0bpoOKu, eunpobyeanbHi 3paA3Ku, HA AKUX BUMIDIOBANACA WOPCMKICMb NO8EPXHI Nicis
AIMA3HO20 BUSTAOJICYBAHHA, [ KIIbKA 000AMKOBUX PO3PAXYHKIE, HEOOXIOHUX O OYIHKU OQHUX.
AHnanoeiuni menoenyii cnocmepieanucs ax 015 2D, max i 01 3D nokasnuxie wopcmrocmi nogepxi. Byno
B8CMAHOBNIEHO, WO OIS KOMHCHOI KOMOTHAYIT 8euduHY 00Ul i BUOKOCMI BULTIAONCY8AHHS HA OMPUMAHITL
napaboni ModiCHA GUIHAYUMU MIHIMATLHY MOYKY, 30 MedCamu AKOI WOPCMKICMb NOGEPXHI 6iice He
3menutyemoca. Tomy He pekomeHOYEMbCs 3aCmOco8ysamu Oibd BUCOKI CUNU BUNAOJICYEAHHA 3a
Medrcamu Yiei moyKu, OCKINbKU ye He MIiNbKu NO2IPULye AKICMb NO8epXHi, ane U 30inbuiye UKUOU
8Y2/IEKUCTI020 2a3Yy Hepe3 Oinblu 6UCOKe Chodicusanus enepeii. Kpim moeo, mu eusHauunu, wo aKujo
00CAZHEHHs HAUKPaWoi AKOCHi NOGEPXHI He € CY8OPOI0 BUMOZ0I0, BAPIMO PO32NAHYMU MONCIUGICTND
Moougixayii mexronoziunux napamempis. Lle Mooice 3HauHO 3MEHWUMU CROJCUBAHHS eHeP2ii Ma GUKUOU
CO; — Ha 60-70% — i Hagimb ckopomumu 4ac 0OPoOKU, 0OHOYACHO NIOBUWYYIOYU eHepeemudHy ma
exonociuny egpexmuenicmo npoyecy. Takum wunom, MoAICHa 0OHOYACHO GupiwUMU 08 3A2aNbHI YITbOBT
@yukyii - minimizayilo uacy o6pobku i cnodcusanns euepeii. Lllodo ananizy xpueux E66oma-
Datipcmoyna 6yn0 nPoOeMOHCMPOBAHO, WO YACKA NIKOBOT 30HU 3POCMAC AK NPU HAUHUNCHIY, MAK |
npu HAUBUWILl CUTE BURTAOACYBANHS, MOOT K 30HA OOUHU 00CA2AE C8020 MIHIMYMY NPU YUX 3HAYCHHSX.
Takum YUHOM, YUX 3HAYEHb CUNU BUSLAONCYBAHHA CI0 YHuKkamu. [Ipu euxopucmauHi O6inbus 8UCOKOL
weuokocmi noodaui cnocmepieascs YiMKull MaKCUMyM 30HU PO3JICONOOKA, AKULL € ONMUMATLHUM OIS
YMPUMAHHA MACMULA, 8 MO Yac AK 30HA NIKY 00cA2ana c6020 MiHiMymy. Bpaxoeyiouu, wo nonepeoni
Pe3yIbmamu makox BUSHA4UIU uwyi weuokocmi nooaui sx 3 mouku 30py eukudy CO, mak i 3 mouxu
30py uwacy o6pobKxu, peKomMeHOYEmbCsi eudbpamu yeu napamemp y 3anponoHo8amii KomOiHayii
napamempie, nopso i3 GUUUMU WUEUOKOCHIAMU BUSTAONCYBAHHS MA CUTNOIO BUSTAONCYSAHHS 8 0iaNa30HI
60-80 H.

KurouoBi cnoBa: enepeoedpexmugnicmp, cmanuii po3eumox; Uiao’Cy8aibHe aiMasHe NonpyeaHHs,
06pobKa nogepxHi.
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Abstract. This paper investigates how the cutting speed (vc), feed rate (f) and depth of cut affects the
cutting forces and the quality of the surface during turning operations. For the study different experiments
have been performed at two depths of cut (0.5 mm and 1.0 mm) to observe how they affect the cutting
force, cylindricity, coaxiality (COAX DIN), straightness and waviness. From the results it can be said
that the cutting forces and surface deviations increase with the increase in depth of cut. Cutting force
normally brings down the forces and enhances surface quality but feed rate has exactly opposite impact.
Thus, it is necessary to choose parameters wisely to keep machining efficiency and dimensional accuracy
in balance.

Keywords: turning; cutting parameters; cutting forces; cylindricity; straightness; waviness.

1. Introduction

In metal cutting industries, turning operation is one of the most used machining
processes in the aim of manufacturing cylindrical parts with defined dimensions,
surface quality and geometric tolerances. Furthermore, surface roughness is the key
factor in evaluating machined parts. There is a demand for precise components with
high accuracy, especially like shafts used in medical, aerospace and automotive
systems [1,2]. The functional performance of the components is affected by shape
error elements such as cylindricity, coaxiality and surface roughness as well as tool
wear behaviour [3,4]. Austenitic stainless steel X5CrNi18-10 is used in many
industries because of its good formability, corrosion resistance and mechanical
strength. But it is still treated as a challenge when it comes to machining due to its
low thermal conductivity, ductility and hardening behaviours. These can produce
higher cutting forces and shape errors in addition to tool wear and poor chip control
[5-7]. The effects on the tool-workpiece system are more pronounced when different
feeds are used, which makes controlling cutting parameters a key to enhancing

productivity [8]. The cutting force is the focus of any machining process.
© M. H. Daud, El M. Wafae, I. Sztankovics, 2025
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Those forces generate cutting tool deflections, vibration, shape errors and heat
that influence the surface integrity and lead to deviations affecting the accuracy of
the machined part [9,10]. Based on many studies, the cutting forces can be increasing
while increasing the feed and depth of cut. However, the cutting speed has minimal
impact. These effects of studied parameters cannot be generalised because these
effects depend on the workpiece material, tool type and cutting environments [11,12].
Making it hard to balance efficient material removal and dimensional accuracy,
especially with stainless steels [13].

Numerous research studies focused on the influence of cutting parameters such
as cutting speed, feed rate and depth of cut on surface roughness. However, fewer
studies have examined cutting conditions on deeper geometrical errors like
cylindricity, coaxiality, roundness and straightness. These errors are critical to be
reduced, especially when they affect the functionality of the components [14,15].
Even though the small feeds enhance the surface roughness, they do not improve the
shape accuracy of the part due to the unstable cutting conditions produced, which
make the system sensitive to vibrations. This can cause misalignments on the
machined parts [16,17].

This research examines the cutting forces and shape errors such as cylindricity,
coaxiality, straightness and waviness under cutting parameters (cutting speed, depth
of cut and feed) using X5CrNi18-10 stainless steel shafts during turning operation.
This study focused on the influence of small feeds and how they affect the accuracy
of the turned components. As mentioned in many studies, the small feed tends to
enhance the surface quality. However, it can introduce challenges in terms of
enhancing geometric precision due to produced vibration and dynamic disturbance
which can result in misalignments and waviness impacting the accuracy and
functionality of the part. The study tries to provide deep insight into process
behaviour and the importance of optimising the cutting parameters in the aim of
enhancing surface quality.

2. Experimental conditions and methods

The objective of this research is to study the impact of varying the cutting
parameters on major cutting force and shape error elements during turning
operations. To conduct the analysis, both experimental tests and theoretical
calculations were carried out. In this study the feed was varied in two levels (0.08,
0.24 mm/rev), and cutting speed varied in two levels (200, 300 m/min) under two
depths of cut, 0.5 and 1 mm.

At first an experiment test was carried out using stainless steel X5CrNi18.10
workpieces with 310 HV10 hardness. The material abbreviations stand for
chromium-nickel austenitic stainless steel that is widely used due to its excellent
corrosion resistance. Five workpieces with a 50 mm diameter divided into five
surfaces of 30 mm length separated by 5 mm grooves were utilised to capture cutting
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forces and measure shape errors. However, only eight setups were selected to
conduct this evaluation and were mentioned in Table 1.

The HAAS ST-20Y-EU lathe, with lubrication provided by a 5% emulsion of
“CIKS HKF 420” coolant oil, performed the cutting tests by mounting a
DNMG150604-MF1 CP500 carbide/ceramic insert with a negative rake angle, fixed
on a DDJNL2525M15 tool holder, into the machine. The tool used is suitable for
hard cuts. In the aim of saving the generated cutting force, a dynamometer was
connected to the machine with three amplifiers to capture the changes. The cutting
forces were divided into three components: major cutting force, feed force and
passive force, but only major cutting force was selected to be studied in this paper.
This measurement then was plotted using Python, and force main and standard
deviation were calculated.

Finally, the shape error of the workpieces used was measured by the Talyrond
365 precision measuring device, based on standard procedures and methodologies
from previous research. Each test run, a 22.0 mm axial length of the cylinder was

Table 1 — Summary of the applied setups in the experiments

Setup 1 2 3 4 5 6 7 8
[m /‘;;in] 200 | 300 | 200 | 300 | 200 | 300 | 200 | 300
[mfm] 008 | 008 | 024 | 024 | 008 | 008 | 024 | 024
[m":n] 05 05 05 05 1.0 1.0 1.0 1.0

The evaluated parameters were the following:
e F.— Major Cutting Force [N]
e o — Standard deviation of the Major Cutting Force [N]
e CYLt- Total Cylindricity error [um]
e COAX — Coaxility error [pum]
e STRt - Straightness error [um]
e W, — Maximum Height of the Waviness Profile [um]

Based on DoE methodology, the polynomial was formulated equation
(presented in Equation 1) in the aim of modelling and analysing the parameters under
evaluation. The equation factors presented the main variables (feed rate f, cutting
speed v and depth of cut ap) and their interactions. The constant (k;) in the equation
provides information on how the mentioned factors affect the cutting force and shape
error parameters and highlights the ones that have a bigger influence. This study
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facilitates the optimisation of machining conditions for enhanced accuracy and
surface quality.
y(vc, f, a) = ko + kqve + Kof + kza + kpovef + kizvea + kosfa + kiosvefa (1)

3. Experimental results

Various evaluations were performed to complete investigation of the cutting
parameters variations. To study the effect of cutting parameters on cutting speed and
shape error components, Equations were calculated. The chosen error parameters are
the following cylindricity, coaxiality, straightness and waviness. The tables 3,4,5,6
and 7 show respectively the measurement of Major cutting force, standard variation
of cutting force, cylindricity, coaxiality, straightness and waviness. The formulas for
the calculations of output parameters under investigation were taken from Equation
1. Equation 2 defines the cutting force in the interested region.

Fe(ve, f, @) = ((22.56a - 12.74)f + 0.32a - 0.13)vc + (-4812.a + 3747.)f - 37.5a +58.9  (2)
The equation for the variation in standard deviation is given by Equation 3:

oo(Ve, £, @) = ((0.39 - 0.46)f - 0.034a + 0.042)ve + (-85.9a + 131.7)f + 8.67a- 1063 O
The cylindricity error can be calculated with the following Equation 4:

CYLt(ve, f, a) = ((0.2188a + 0.3269)f - 0.01571a - 0.07666)vc + (-23.01a - 80.19)f +
3.004a + 24.38 )

The error in coaxiality is given by the Equation 5 below:
COAX(V, f, a) = ((-0.04875a + 0.01375)f - 0.0047a + 0.01130)vc + (13.00a + 30.81)f
+1.939a - 5.515 (5)
Straightness error can be verified mathematically by Equation 6:
STR(Ve, f, @) = ((-0.10a + 0.07)f + 0.012a - 0.0076)vc + (24.1a - 14.5)f - 2.33a + 1.53  (6)

Finally, the waviness can be represented mathematically by Equation 7:

Wo(ve, f, @) = ((0.003917a + 0.006832)f + 0.001539a + 0.000310)vc - (0.5626a +

+1.506)f - 0.3856a + 0.0284 Y
Table 2 — Measurement results of the Major Cutting Force
Fe
Setu
[N] P
No. | 2+ [ 2 | 3 | 4 ] 5 | 6 | 7 | 8
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| Result | 130.21 | 121.65 | 298.16 | 266.29 | 131.58 | 229.36 | 275.53 | 530.49 |

Table 3 — Measurement results of the Standard Deviation of the Major Cutting Force

oc
Setu

[N] P

No. 1 2 3 4 5 6 7 8

Result | 1.50 184 | 717 | 325 | 207 | 226 | 717 | 6.24

Table 4 — Measurement results of the Total Cylindricity error

CYLt
[um]
No. 1 2 3 4 5 6 7 8
Result | 8.63 | 367 | 793 [ 995 [ 939 | 452 | 1035 | 14.21

Setup

Table 5 — Measurement results of the Coaxility error

COAX
[um]
No. 1 2 3 4 5 6 7 8
Result | 0.06 | 087 | 569 | 6.33 [ 0.69 1.07 6.58 | 6.40

Setup

Table 6 — Measurement results of the Straightness error

STRt
[um]
No. 1 2 3 4 5 6 7 8
1 020 [ 018 | 007 | 065 | 008 [ 042 | 057 | 018
2 006 | 004 | 051 | 045 | 052 [ 051 | 0.85 | 045
Avg. | 013 | 011 | 029 | 055 | 030 | 047 | 071 | 032

Setup

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

W,
[pm]
No. 1 2 3 4 5 6 7 8
1 0.064 | 0.246 | 0.048 | 0.279 | 0.029 | 0.260 | 0.043 | 0.611
2 0.057 | 0.196 | 0.053 | 0.380 | 0.024 | 0.320 | 0.036 | 0.466
3 0.050 | 0.241 | 0.067 | 0432 | 0.012 | 0.291 | 0.029 | 0.349
Avg. | 0.049 | 0.228 | 0.045 | 0364 | 0.019 | 0.290 | 0.032 | 0.475

Setup

4. Discussion

The paper continues with the analysis of the experimental results and the
deducted equations.

The alteration of the major cutting force is analysed at first (Figure 1). For
lower depth of cut in first plot, it can be noticed that cutting forces F. increases a
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little bit with feed rate f and decreases noticeably with the cutting speed vc. The plot
is almost flat, which shows less dependency of F. to feed rate at this setting. The
rage of cutting forces is about 300 N to 500 N, where the smallest values occurring
at high cutting speeds and lower feed rates. This behavior can be depicted as a sign
of stable and efficient cutting conditions with moderate force requirements.

While for the higher depth of cut in second plot), both feed rate and cutting
speed shows higher dependency on cutting force F¢ increases rapidly with both
parameters and showing steep surface profile. The range of forces is higher also.
Which is from around 200 N to 600 N, where the highest values can be noticed at
high feed and speed. Thus, it depicts increased tool engagement and removal of
material and results in higher loads on the system. It can be said that cutting on these
conditions needs careful parameter control to not engage excessive forces.

a=0.5mm a=1.0mm

F_[N]

0.08 50

min

in |
min c

Figure 1 — Alteration of the Major Cutting Force in the studied range

c

The standard deviation of the major cutting force is analysed next (Figure 2).
The first plot with lower depth of cut shows clear decrease in specific cutting force
oc With increase in cutting speed vc and feed rate f clear slope can be observed in
both directions with higher values o up to 8 N corresponding to low speeds and high
feed rates. This behaviour depicts smaller efficiency at lower cutting speeds and
moderate dependence to feed changes at shallow depths.

At higher depth of cut, the behaviour of o remains similar with slight decrease
in the curvature. The values of specific cutting forces still go down with increasing
the v, but the effect of feed rate becomes stronger across the surface. The range of
values is still the same but smooth slopes can be seen. Which depicts higher stability
for cutting behaviour.
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a=0.5mm a=1.0mm

0.08" 509 o [m 0.08" 509 om
¢ | min ¢ | min
Figure 2 — Alteration of the Standard deviation of the Major Cutting Force in the studied
range
a=0.5mm a=1.0mm

CYLt [um]

0.08" 500 " I m l
min ¢ | min

Figure 3 — Alteration of the Total Cylindricity error in the studied range

c

The cylindricity error (Figure 3) changes moderately with feed rate and cutting
speed. CYLt has small but direct relation with feed rate, while indirect relation exists
between CYLt error and cutting speed. The range of error is roughly from 5 pm to
13 um. This behaviour depicts less geometrical accuracy at lower cutting speed and
higher feeds at shallow depth of cut. For higher depth of cut the cylindricity error
has more distinct reaction to both parameters. And it increases with both feed rate
and cutting speed reaches up to 15 um. The higher inclination shows that with the
increase in any of the parameters, cylindricity becomes poorer and corresponds to
bigger tool deflection and vibration effects at higher depth of cut.
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At lower depth of cut in the first plot, steady increase in coaxiality error
(COAX) with feed rate and small increase in coaxiality with cutting speed can be
noticed (Figure 4). COAX reaches its maximum value of 8 pm at low cutting speed
and it drops to less than 2 um at high speeds and low fee rates. The smooth slope
depicts predictable and controlled error behaviour at shallow depth, where cutting
depth is the more effective parameter in reducing the error. COAX shows the same
behaviour at 1.0 mm depth of cut, increasing with feed and decreasing with cutting
speed. But the surface is more uniform, and it has the same maximum value of 8 as
in first plot. That predicts that at higher depth the COAX is less sensitive to parameter
changes, but the general behaviour is almost consistent.

a=0.5mm a=1.0mm

COAX [um]

0.24

mm
rev

4

0.08" 300

min

m |
min c

Figure 4 — Alteration of the Coaxility error in the studied range

c

Figure 5 shows the alteration of the straightness error. The first figure denotes
the relation of straightness error (STRt) with feed rate is direct while it is indirect
with cutting speed. The range of error is about 0.2 um to 0.8 um and reaches to
highest at high feed and low cutting speed. The slope clearly signifies the impact of
both parameters on straightness at shallow depth, but cutting speed is more impactful
in reducing the error. At higher depth of cut the STRt shows similar relation, direct
with feed rate and inverse with cutting speed. But the surface is less steep, and the
error lies between 0.3 pm and 0.7 um. This depicts a more stable and less sensitive
response at higher depth of cut. But higher feed rates can still lead to higher errors.
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a=0.5mm a=1.0mm

STRt [pm] ( 5

ST SO SS
B
OSSO SO S

0.25

0.08" 200
min c

Figure 5 — Alteration of the Straightness error in the studied range
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Figure 6 — Alteration of the Maximum Height of the Waviness profile in the studied range

3

Lastly, the waviness is analysed (Figure 6). It can be noticed in the first plot
that waviness W, has direct relation with both feed rate and cutting speed. The range
of roughness lies in between 0.05 um to 0.45 pm. At higher feed rate and cutting
speed a gradual inclination can be observed which indicates that roughness becomes
more noticeable with aggressive machining. Thus, both feed and cutting speed take
part in surface degradation. By increasing the depth of cut, W, increases more rapidly
with feed rate and cutting speed, with almost same maximum value of 0.5 um. The
slope is higher and shows more dependence on parameter changes. This
demonstrates that the high cutting conditions will lead to more roughness and higher
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depth of cut increases the effect of mechanical interaction on the smoothness of
surface.

5. Conclusions

The study investigated the effects of cutting speed, feed rate, and depth of cut
on cutting force and surface quality in turning operations. Cutting forces became
higher with the increase in the depth of cut from 0.5 mm to 1.0 mm significantly, and
the effect of feed and speed on all the output values was also magnified. At smaller
value of depth of cut (0.5 mm) cutting force went down and were less affected by
feed. While the higher depth of cut (1.0 mm) has more impact and rose the forces
sharply up to 600 N. specific cutting forces went down for both dept of cuts. Surface
errors had direct relation with feed rate and indirect with cutting speed. And these
effects were more noticeable at higher depth of cut. It can be summarized that higher
depth of cut signifies both mechanical and geometrical deviations and the control of
feed and cutting speed is necessary to surface quality and reducing cutting forces
particularly for higher depth of cut, in turning operations.
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Myxamman Xamsa layn, Ens Maiiny6 Bagae, InrBan CrankoBuy, MinkosblL,
VYropuiuna

TOYHICTH ®OPMHU I CUJIN PI3AHHSA ITPU TOYIHHI BAJIIB 31
CTAJII X5X5XH18-10: JOCJIIXKXEHHA OQUITHAPUIHOCTI,
CHIBBICHOCTI, ITPSIMOJITHIHHOCTI I XBUJIACTOCTI IPHA
MAJIUX IOJAYAX

AHoTauis. [llopcmkicms nogepxwi € Kuo4osum Gakmopom npu oyiHyi 06pobieHux demaiet.
Icnye nompeba 6 mounux demanax, 0cooAUE0 MAKUX AK AU, WO GUKOPUCIIOBYIOMbCA 6 MEOUUHUX,
aepokocmiuHux ma asmomobineHux cucmemax. Ha ynkyionansui xapaxmepucmuxu KOMROHEHMI8
BNAUBAIOMb MAKI NOXUOKU (POopMU, K YUTIHOPUHHICTb, CRIGBICHICTb | WOPCMKICMb NOBEPXHI, d MAKOIC
nogedinka npu 3noci incmpymennty. Aycmenimua nepacasiioua cmans X5CrNil8-10 suxopucmosyemocs
6 bazamvox 2any3ax NPOMUCIOB0CMI 3a80sKU IT XOpowill popmozoamuocmi, cmitikocmi 00 Kopo3ii ma
MexaHiyHoi MiyHocmi. Ane 60oHa 6ce we po32is0aemvcs K NPoOIeMHd, KO Cnpaga 00xooums 00
MEXAHIYHOI 00pOOKU Yepe3 11020 HU3bKY MeNIONnPOGiOHICIb, NIACMUYHICMb [ 3A2aPMY6aHHs, SIKi
MOJNCYMb CRPUMUHAMU 8UWI 3YCUTIA PI3AHHSA MA NOXUOKU POpMU HA D0OAMOK 0 3HOCY IHCMPYMEHmY
ma no2ano20 KOHMpoto cmpyicku. Memoro 0ano2o 00CIIONHCeH S € BUSHEHHS 6NIUEY SMIHU NAPAMEMPIE
Ppi3anns HA OCHOBMI CUmU pi3anHs [ NOXUOKU Gopmu enemenmie npu moxapuux onepayisx. [us
npoeedeH s, ananizy Oyau npoeedeHi K eKCNepUMEHMANbHi BUNpo6GY8aHHA, MAK [ MeopemuyHi
pospaxyuxu. 'V yvomy docrioxcenni nooaua eapirsanacs na 0eox pisnax (0,08, 0,24 mm/06), a
weuoxicmy pizanns eapiioganacs na 060x pignax (200, 300 m/xe) npu 06ox enubunax pizanns, 0,5 i 1 mm.
3ycunns pizanna cmanu euwgumu 3i 30invueHHAM enubuHu pizanus 3 0,5 mm oo 1,0 mm 3nauno, a makodxc
Oyn0 30imvieno 6naue nodayi ma weuOKocmi Ha 6ci UXIOHI 3navenns. lpu menwiomy 3navenni enubunu
pizanna (0,5 Mm) 3ycunns pisanus 3HUNCYBANOCA | HA HUX MeHute 6naueala nodaua. Y moii uac sAx 6inbua
enubuna pizanus (1,0 mm) mae oinowui énaus i pisko spocmac 3ycunna 0o 600 H. Iumomi 3ycunis
PI3AHHA 3HUNCYIOMbCA 0151 000X 8UNaoKig pisanus. I1oeepxnesi NOXUOGKU MU NPsamy 3a1edHCHICmb 610
senuyuHu nooayi i nenpamy — 6i0 weuoxocmi pizanns. I yi ecpexmu Oyau 6invue nomimui npu Oinbuditl
2nubuni pizanus. Modxcna niogecmu niocymok, wo Oinbuia enubuHa pizanHs npu MOKAPHUX onepayiax
03HAYAE AK MEXAHIYHI, MAK | 2eOMempUYHi 6IOXUIEHHS, A KOHMPOIb NO0ayi ma weuoKoCmi pisamHs
HeoOXIOHUL 0151 AKOCINT NOBEPXHI MA 3MEHWEHHS CUTU PI3aNHsL, 0COOIUBO NP OinbWill 2IUOUNT PI3AHH.
KurouoBi ciioBa: mokapna obpobka; napamempu pi3anus, 3yCUNIS PI3AHHA, YUTNIHOPUUHICMY;,
NPAMONTHIUHICMY ; X8UIACMICTb.
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Abstract. This study investigates the cutting force distribution during tangential turning of 42CrMo4
alloy steel under high cutting speeds and high feed rates. The experiments were conducted by varying
cutting speed (200 and 250 m/min), feed rate (0.3 and 0.8 mm/rev), and depth of cut (0.1 and 0.2 mm).
The major cutting force, feed directional force, and thrust force components were measured, and their
maximum values and relative ratios were analysed. The results indicate that both cutting speed and feed
rate have a significant influence on the magnitude and distribution of the cutting force components.
Higher cutting speeds generally led to a reduction in cutting force values, while increased feed rates
resulted in higher force magnitudes and altered force ratios. The obtained data contribute to a better
understanding of the cutting mechanics in tangential turning, supporting process optimization and the
selection of appropriate cutting parameters for improved machining performance.

Keywords: design of experiments; cutting force; experiment; tangential turning.

1. Introduction

In modern manufacturing, the continuous demand for higher productivity,
improved surface quality, and extended tool life has driven the development of
advanced machining processes [1]. Turning, as one of the most fundamental and
widely applied cutting operations, plays a crucial role in the production of
rotationally symmetric parts across various industries, including automotive,
aerospace, and general engineering [2]. To meet the increasing requirements for
precision and efficiency, alternative turning methods have been developed [3],
among which tangential turning [4] offers several notable advantages. Tangential
turning is a variant of conventional turning where the cutting tool is mounted
tangentially relative to the workpiece surface. This tool orientation modifies the
cutting mechanics, leading to potentially lower cutting forces [5], more stable cutting
action, and enhanced chip removal [6]. As a result, tangential turning can improve
tool life, surface finish, and dimensional accuracy, particularly in the machining of
difficult-to-cut or high-strength materials [7]. Despite these advantages, the detailed
understanding of the cutting mechanics in tangential turning, especially under
specific process conditions, remains limited and requires further investigation.
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Tangential turning represents a non-conventional turning method where the cutting
insert is positioned tangentially to the workpiece surface, as opposed to the
traditional radial orientation [4]. This configuration leads to distinct cutting
mechanics, often resulting in favourable force distributions and potential
improvements in tool life, surface integrity, and process stability. While tangential
turning has received growing attention in recent years, its behaviour under specific
cutting conditions, especially at high cutting speeds [8] combined with high feed
rates [9], remains insufficiently explored.

Understanding the cutting forces generated during any machining operation is
essential for process optimization [10,11], tool design [12,13], and prediction of
surface quality [14,15]. In tangential turning, the distribution of cutting forces among
the major cutting force, feed directional force, and thrust force differs from
conventional turning due to the altered engagement of the cutting edge and chip
formation mechanics. The analysis of these force components and their ratios
provides valuable insights into the efficiency and stability of the cutting process.
High cutting speeds are often employed in modern manufacturing [16] to enhance
productivity, reduce cycle times, and improve surface finish. However, when
combined with high feed rates and shallow depths of cut, the force dynamics may
change significantly. Such conditions are frequently encountered in finishing
operations or when machining precision components made of alloy steels such as
42CrMo4 [17-19]. This material, widely used in the automotive, aerospace, and
general engineering industries, offers a good balance of strength, toughness, and
machinability, making it a common choice for components requiring high
dimensional accuracy and surface quality [20-22]. Despite the practical relevance of
these cutting conditions, there is still limited experimental data available concerning
the detailed behaviour of cutting force components in tangential turning of 42CrMo4
alloy steel. The lack of comprehensive studies underlines the need for targeted
investigations to support the development of more accurate force models, improve
cutting parameter selection, and enhance overall process control.

The present study aims to address this gap by experimentally analysing the
cutting force components during tangential turning of 42CrMo4 alloy steel at high
cutting speeds and high feed rates. The maximum values of the major cutting force,
feed directional force, and thrust force are measured under various cutting conditions,
and the ratios between these force components are evaluated. The findings of this
research contribute to a better understanding of cutting force distribution in
tangential turning and offer practical guidelines for optimizing machining
parameters in similar high-speed, high-feed applications.

2. Experimental conditions and methods
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The objective of this study was to analyse the cutting forces generated during
tangential turning operations. To achieve this, a series of cutting experiments were
performed on an EMAG VSC 400 DS hard machining centre. Before the tangential
turning experiments, the surfaces of the workpieces were pre-machined using a
conventional turning tool equipped with a SANDVIK CNMG 12 04 12-PM 4314
insert. The tangential turning was carried out using a tool system with a 45°
inclination angle, supplied by HORN Cutting Tools Ltd., consisting of the
S$117.0032.00 insert and the H117.2530.4132 holder. The cutting edge was an
uncoated carbide insert (MG12 grade). The workpieces used were cylindrical
specimens with an outer diameter of 60 mm, manufactured from 42CrMo4 alloy
steel. Prior to machining, the material underwent hardening heat treatment, resulting
in a hardness of approximately 410 HV10.

In the experiments, the effects of cutting speed (vc), feed per revolution (f), and
depth of cut (a) on the cutting forces were studied. The parameter levels were
determined according to a full factorial (2°) experimental design. For each parameter,
two levels were selected: cutting speeds of 200 m/min and 250 m/min, feeds of 0.3
mm/rev and 0.8 mm/rev, and depths of cut of 0.1 mm and 0.2 mm, resulting in eight
distinct test conditions (summarized in Table 1).

Table 1 — Experimental setups
Setup 1 2 3 4 5 6 7 8

Ve 200 250 200 250 200 250 200 250
[m/min]
[mfm] 0.3 0.3 0.8 0.8 0.3 0.3 0.8 0.8
[mam] 0.1 0.1 0.1 0.1 0.2 0.2 0.2 0.2

The cutting forces were recorded during machining using a Kistler 9257A
three-component dynamometer. The measurement system included three Kistler
5011 charge amplifiers, a N1-9215 data acquisition unit connected to a cDAQ-9171
chassis, and data collection was managed through NI LabVIEW software. The
dynamometer directly provided the cutting force components without the need for
additional calculations.

The following cutting force components were evaluated in this investigation:

» F¢—the main cutting force acting along the cutting speed direction [N]

» F¢—the feed force acting in the feed direction [N]

» Fp— the passive force acting perpendicular to the previous ones [N]

The data analysis employed models based on the factorial design, where the
dependent variable (y) was expressed as a function of the cutting parameters, and the
coefficients (ki) represented the influence of each parameter and their interactions.

113



ISSN 2078-7405 Cutting & Tools in Technological System, 2025, Edition 102

y(VC, f, a) = ko + kyve + Kof + kza + kpoVef + kisvea + kosfa + kiosvefa (1)
3. Experimental results

The cutting experiments were completed, and cutting forces were measured for
each parameter combination. The recorded force—time signals were analysed, and
the peak values of each force component were determined during the steady-state
cutting phase, where the chip cross-section remained constant. These maximum
values are summarized in Table 2. The corresponding mathematical models, derived
through appropriate numerical analysis methods, are presented in Equations 2—4.

Table 2 — Measurement results
Setup 1 2 3 4 5 6 7 8

[EC] 1979 204.0 421.1 406.7 3931 388.2 687.2 663.3

[FN"] 2059 279.4 503.8 5319 463.6 5535 627.8 755.1
Fi[N] 61.1 729 1724 1779 1494 2746 328.0 348.1
Fe(ve, f, @) = 192.6 — 0.9953v, — 246.5f — 1793.2a + 1.387vf + @)
+ 14.93v.a + 7960.3fa — 27.14vfa
Fi(ve, f, @) = 132.7 — 0.8291v; — 293.7f — 1109.6a + 1.569vf + 3)
+ 7.897vca + 4265.7fa — 14.45vfa
Fp(ve, f, @) =319.1 — 2.808v, — 402.8f — 3591.1a + 5.190vf + @)

+ 35.75vca + 7676.4fa — 54.76vfa

In addition to evaluating the individual force components, the analysis also
included the investigation of the relationships between the forces. Examining the
ratios of the cutting forces provides further insight into the chip formation
mechanisms and helps characterize how the cutting process responds to different
parameter settings. Accordingly, based on the results in Table 2, the force ratios
Fo/Fp, Fe/Fs, and Fp/Fr were calculated for each of the eight experimental conditions.
The calculated ratios are presented in Table 3. The corresponding mathematical
expressions for these ratios, used for further analysis and interpretation, are shown
in Equations 5-7.

Table 3 — Calculated ratios of the cutting forces
Setup 1 2 3 4 5 6 7 8
F°[_/]Fp 0961 0.730 0.836 0.765 0.848 0.701 1.095 0.878
Fe/Fs 3239 2799 2443 2285 2632 1413 2.095 1.905
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(-]
F'E_/]Ff 3370 3.834 2922 2989 3.104 2015 1914 2169
Fe/ Ft(ve, T, @) = 1.657 + 0.0157v, + 4.082f + 7.693a — 0.03626v.f —

—0.085v¢a — 25.31fa + 0.1807vcfa (5)

Fe/ Fp (ve, f, @) = 1.213 + 0.00124v, + 0.1803f + 6.507a — 0.00735vf —
—0.05695v.a — 4.953fa + 0.08726v.fa (6)

Fp !l Fr(ve, f, @) = 1.125 + 0.0128v, + 2.243f — 6.81a — 0.012146v.f + 0
+0.04891vca + 0.127fa — 0.09437vfa

3. Discussion

The evaluation of the influence of the cutting parameters on the cutting forces
was performed in two stages. Initially, the maximum values of each individual force
component were analysed, followed by the assessment of the ratios between these
force components.

The main cutting force (Figure 1) exhibited clear dependency on both feed rate,
depth of cut, and cutting speed. Increasing the feed rate from 0.3 mm/rev to 0.8
mm/rev caused a significant rise in F¢ at both depth levels. For the lower depth of
cut (a=0.1 mm), F increased from 197.9 N to 421.1 N at 200 m/min cutting speed,
and from 204.0 N to 406.7 N at 250 m/min.

a=0.1mm a=0.2mm
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Figure 1 — Alteration of the Fc in the studied range
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A similar trend is observed at the higher depth of cut (a = 0.2 mm), where the
force increased from 393.1 N to 687.2 N at 200 m/min, and from 388.2 N to 663.3 N
at 250 m/min. The increase in cutting speed generally led to a slight decrease or
stabilization of F. values for the same feed and depth of cut, especially at higher
material removal rates. This indicates that higher cutting speeds slightly reduce
cutting resistance, potentially due to thermal softening or reduced contact stresses at
the tool-workpiece interface. The results confirm that feed rate and depth of cut have
a dominant influence on the main cutting force, while the cutting speed plays a
secondary, stabilizing role.

The feed force (Figure 2) showed a strong dependence primarily on feed rate
and depth of cut, while cutting speed had a less pronounced but still observable effect.
When the feed rate increased from 0.3 mm/rev to 0.8 mm/rev at a depth of 0.1 mm,
Fr rose from 61.1 N to 172.4 N at 200 m/min, and from 72.9 N to 177.9 N at 250
m/min. For the larger depth of cut (a = 0.2 mm), F; increased more steeply, reaching
328.0 N and 348.1 N at 200 m/min and 250 m/min, respectively. The cutting speed
slightly increased the feed force at lower feed rates, but its influence diminished as
both feed and depth of cut increased. The high sensitivity of F; to the feed rate is
expected, as feed directly affects the chip thickness and thus the resistance
experienced by the tool in the feed direction. The relatively smaller effect of cutting
speed on F¢ suggests that chip formation mechanics in the feed direction are more
strongly controlled by chip load than by thermal or frictional effects that cutting
speed influences.

a=0.2mm a=0.1mm
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Figure 2 — Alteration of the Fr in the studied range

The passive force (Figure 3), which acts perpendicular to both feed and cutting
directions, was strongly influenced by all three cutting parameters. Increasing the
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feed rate from 0.3 mm/rev to 0.8 mm/rev at a constant depth of 0.1 mm resulted in a
considerable increase of F, from 205.9 N to 503.8 N at 200 m/min, and from 279.4
N to 531.9 N at 250 m/min. At the higher depth of cut (0.2 mm), the passive force
further increased, reaching 627.8 N at 200 m/min and 755.1 N at 250 m/min under
the highest material removal conditions. Unlike F and Fr, F, appears to be more
sensitive to cutting speed, especially at higher depths of cut and feeds, where thermal
and dynamic effects may amplify side loading on the cutting edge. The higher values
of passive force may indicate elevated radial loading, potentially affecting
dimensional accuracy and tool deflection during tangential turning. These results
show the need to control feed rate and depth of cut carefully to minimize side loading,
especially in high-speed tangential turning

a=0.1mm a=0.2mm
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Figure 3 — Alteration of the Fp in the studied range
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Figure 4 — The ratio of Fc and F+ in the studied range

The ratio of main cutting force to feed force (F. / F) varied notably across the
tested parameter combinations (Figure 4). At lower feed rates (0.3 mm/rev), the ratio
ranged between 0.96 and 1.62, while at higher feeds (0.8 mm/rev), the ratio generally
stabilized around 1.31 to 1.62. At lower depth of cut (0.1 mm), increasing cutting
speed caused an increase in F¢ / Fy, for example from 0.96 to 1.62 at 200 to 250
m/min when f=0.3 mm/rev. However, at a = 0.2 mm, the ratio remained more stable,
with values mostly around 1.62 regardless of cutting speed or feed. These results
indicate that at higher chip loads, the increase in feed force tends to proportionally
follow the increase in main cutting force, leading to more balanced force components.
At lower depths and feeds, the cutting speed exerts more influence on this ratio,
likely due to combined effects of thermal softening and cutting edge engagement
dynamics. The stability of F¢ / F at higher depths may suggest a more predictable
force relationship under productive machining conditions.

The ratio between the main cutting force and passive force (Figure 5) was
generally below 1.0 for most cutting conditions, indicating that the passive force was
comparable to or exceeded the main cutting force.
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Figure 5 — The ratio of Fc and Fp in the studied range

At low feed and low depth of cut (f = 0.3 mm/rev, a = 0.1 mm), the ratio was
near unity (0.96 at 200 m/min) but decreased to 0.73 at 250 m/min. At higher feeds
(0.8 mm/rev), Fc / F, remained below 1.0 for most conditions, with values ranging
between 0.70 and 0.84 at lower depth, and reaching 1.09 and 0.88 at higher depth of
cut (a = 0.2 mm). This shows that increasing feed and depth of cut both increase
passive force more aggressively than the main cutting force. The decrease of F¢/ Fp
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with cutting speed also suggests that thermal effects at higher speeds may
disproportionately elevate radial forces. These results highlight the particular
significance of passive forces in tangential turning and their potential role in
influencing tool deflection, surface waviness, and stability.

The passive-to-feed force ratio (Figure 6) showed a decreasing trend as feed
rate and depth of cut increased. At the lowest feed and depth (f = 0.3 mm/rev, a =
0.1 mm), the ratio was relatively high, reaching 3.37 at 200 m/min and 3.83 at 250
m/min, indicating that at light cutting conditions, the passive force dominates over
feed force. However, as feed increased to 0.8 mm/rev, F, / Fr reduced to values
between 2.92 and 2.99 at lower depth, and further decreased to around 1.91-2.17 at
a = 0.2 mm. This suggests that increasing material removal rate leads to a more
balanced distribution between passive and feed forces, as feed force grows more
rapidly than passive force. The cutting speed had a minor effect on this ratio, with
slightly higher values observed at 250 m/min for the lowest feeds. These results
imply that at heavier cutting conditions, radial loading becomes less dominant
relative to feed resistance, contributing to improved process stability but potentially
increasing tool wear in the feed direction.

a=0.1mm a=0.2mm

0.3 500 m } 0.3"200 m
¢ | min

Figure 6 — The ratio of Fp and Fs in the studied range

4. Conclusions

In this study, cutting force components were analysed in tangential turning
under varying cutting conditions. The experiments were conducted on 42CrMo4
alloy steel workpieces using a tangential turning tool with a 45° inclination angle.
The tested cutting parameters included two cutting speeds (200 and 250 m/min), two
feed rates (0.3 and 0.8 mm/rev), and two depths of cut (0.1 and 0.2 mm), resulting
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in a full factorial experimental design with eight unique setups. The major cutting
force, feed force, and passive (thrust) force were measured for each combination
using a three-component dynamometer. Additionally, the ratios between the force
components were calculated to further characterize the cutting process. The
experimental results revealed several important findings.

1. Both feed and depth of cut had a dominant influence on all force components,
with higher values leading to significant increases in Fc, F, and Fp.

2. The cutting speed mainly influenced the passive force, especially at higher
material removal rates, where the increased speed led to higher radial forces.

3. The ratio analyses showed that at higher feeds and depths of cut, the F¢/F: ratio
stabilized around 1.6, indicating a more balanced relationship between cutting
and feed forces under productive conditions.

4. Finally, the passive-to-feed force ratio (Fp/Fr) decreased as feed and depth of
cut increased, suggesting that under heavier cutting conditions, the feed force
grew more rapidly than the passive force, reducing radial load dominance and
potentially improving process stability.

These findings contribute to a deeper understanding of the force distribution in
tangential turning at high cutting speeds and high feed rates, supporting better
parameter selection for stable and efficient machining.
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IrrBan Crankosuy, ImrBan Ilactop, Mimkonel, YropuuHa

PO3MO/II 3YCHJLIS PI3BAHHS ITPA TAHTEHIIIAJIBHIN TOKAPHIA
OBPOBIII JIETOBAHOI CTAJII 42CRMO4: BIIUB BUCOKHX
IBUJIKOCTEM PI3BAHHS TA BEJJUKHUX 3HAUEHD ITOJIAYI

AHoTauis. ¥ yvomy docniodcenni Oyau npoananizo8ani cKiadosi cui pisauHs npu MmaHeeHYiarbHoOMy
mouinni npu pisHux ymoeax pisauns. Excnepumenmu npoeoounucs Ha 3a20moeKkax 3 1e206anoi cmari
42CrMo4 3 eukopucmanHaM MAaHSeHYIANIbHO20 MOKAPHO20 [HCMPYMEHmy 3 Kymom Haxuny 45°.
Ilepesipeni napamempu pizannsa exnoyanu 06i weuokocmi pisanna (200 i 250 m/x8), 06i weuoxkocmi
nooaui (0,3 i 0,8 mm/06) i 06i enubunu pizanns (0,1 i 0,2 mm), wo 00360aUN0 OMPUMAMU NOGHULL
paxkmopianehuil excnepumenmanbHull OU3aiH 3 8icbMoma yHikanoHumu ycmanosekamu. Ocnosna cuna
Pi3anHsA, cuna nooayi ma nacusxa (msea) cuia 8UMIPHOBAIUC O KOMHCHOI KOMOIHayii 3a donomozon
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MPUKOMNOHEHMHO020 Ounamomempa. Kpim moeo, cnig8iOHOWEen ST MIdIC CULOGUMU CKAAOOSUMU Oy
po3paxoeani 05 NOOANLWLOL Xapakmepucmuxu npoyecy pizanus. Pezynomamu excnepumenmie guaguiu
KINbKA 8AJNCTIUBUX BUCHOBKIG. SIK nodaud, max i 2iubGUHA Pi3aHHs MAu OOMIHYIOUULL GRIUE HA 8CL CKIAA08I
cuny, npudoMy Oibl BUCOKI 3HAYEHHS NPU3B0OUNU 00 3HAuHOo20 30invwenns Fe, Ffi Fp. [lleuokicmo
Pi3anHs 8 OCHOBHOMY 6NIUBANA HA NACUGHY CUTLY, OCOOIUBO NpU OilbUl GUCOKUX WUBUOKOCTAX 3HAMMA
Mmamepiany, Oe RiO8UWjeHA WEUOKICMb Npu3600uia 00 OilbW BUCOKUX PadianbHUX cur. AHaniz
CRIBGIOHOWIEHHS. NOKA3A6, W0 NpU OilbUl GUCOKUX NOOayax i enubumi pizanns cnigsionowenns Fc/Ff
cmabinizysanocs 6ausvko 1,6, wo 6xazye Ha Oinbul 30A1AHCO8AHE CNIBBIOHOULEHHS MIJIC CUNAMU PI3AHHS
i nooaui 6 npodykmuerux ymosax. Hapewimi, eioHowenns cunu nacusnocmi do nooaui (Fp/Ff)
3MEHULY8aN0Cs 31 36LIbUEHHAM NOO0ayi ma enUOUHIU PI3aHHs, WO CEIOUUMb NPO me, o 8 OilbUl BANCKUX
YMOBAX pi3aHHA cuia nooaui 3pocmana weuouie, Hidc NACUBHA CUNA, 3MEHULYIOYU OOMIHYBAHHS
PpadianvbHo2o0 HABAHMAIICEHHA MA NOMEHYIHO NOoKpawylouu cmaditbricms npoyecy. Li pesynomamu
CRpUsIoNb  2IUGUWOMY PO3VMIHHIO DO3NOOITY 3YCUlb NpU MAHSEHYIANbHOMY MOYIHHI NPU GUCOKUX
WBUOKOCMAX PI3AHH MA BUCOKIU WBUOKOCMI N00ayl, Wo CNpuse Kpawjomy eubopy napamempie 0.s
cmabinbHoi ma epekmusHoi 06poOKuU.

K1040Bi c10Ba: nianysanns excnepumMenmie; Cula pi3aHHs; eKCnepumMeHm, maHeeHyiantbHe MOoYiHHIL.
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Yaroslav Garashchenko 1[0000-0003-2568-4763] ' lena Harashchenko 1[0000-0002-
9572-6095 , RUSIan KUCher 2[0009-0000-5835-4600

INational Technical University «Kharkiv Polytechnic Institute», Kharkiv,
Ukraine
2Mykolaiv National Agrarian University, Mykolaiv, Ukraine
yaroslav.garashchenko@gmail.com

Received: 08 June 2025 / Revised: 10 June 2025 / Accepted: 16 June 2025 / Published: 20
June 2025
Abstract. The presented results were obtained during a theoretical and experimental study of the
geometric accuracy and surface quality parameters of concrete walls manufactured using additive
technologies. Theoretical aspects of the classification of defects and deviations of surfaces obtained by
layered concrete construction have been developed. The study examines the influence of layer thickness
on printing precision and defect formation in 3D concrete printing (3DCP) processes. Two experimental
samples were fabricated with different layer thicknesses: 20 mm and 15 mm. Systematic measurements
were conducted to evaluate crack depth on vertical surfaces, pore depth on horizontal surfaces, track
width variations, and deviations from straight-line geometry. The experimental methodology involved
comprehensive measurement protocols using precision instruments to assess geometrical parameters and
surface quality characteristics. Statistical analysis was performed to quantify the relationships between
layer thickness and printing accuracy, including calculations of mean values, standard deviations, and
coefficients of variation for all measured parameters. Results demonstrate significant improvements in
geometrical accuracy when reducing layer thickness from 20 mm to 15 mm. Crack depth on vertical
surfaces decreased by 56%, while deviations from straight-line geometry improved by 32%. Most notably,
track width stability showed a remarkable enhancement, with the coefficient of variation improving by
91%, indicating substantially improved process repeatability. The 15 mm layer thickness configuration
exhibited superior performance across all measured parameters, demonstrating enhanced layer
adhesion, reduced surface defects, and improved dimensional consistency. The coefficient of variation
for crack depth decreased from 43% to 24%, while deviation variability reduced from 32% to 12%,
confirming improved process control and predictability. These findings provide valuable insights for
optimizing 3D concrete printing parameters and establishing quality control protocols for additive
construction applications. The research contributes to the development of standardized practices for
concrete 3D printing technology and demonstrates the critical importance of layer thickness optimization
for achieving high-quality printed concrete structures. The results confirm the effectiveness of
implementing thinner layers, given the increased requirements for geometric accuracy and surface
quality in automated concrete construction processes. This research was conducted at "Geopolimer"” LTD
to implement innovative technologies in the construction industry.
Keywords: concrete 3D printing; construction; layer thickness optimization; geometrical
accuracy; surface quality control; quality assessment; concrete defects analysis.
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1. Introduction

The construction industry is experiencing a paradigmatic shift towards
digitalization and automation, with additive manufacturing technologies emerging
as transformative solutions for addressing contemporary challenges in building
construction. Three-dimensional concrete printing (3DCP) represents one of the
most promising developments in this technological evolution, offering
unprecedented opportunities for design freedom, material efficiency, and
construction process optimization [1, 2]. This innovative approach enables the
fabrication of complex geometrical structures while potentially reducing labor
requirements, construction time, and material waste compared to conventional
building methods [3, 4].

Despite significant advances in 3DCP technology, the widespread adoption of
this manufacturing approach faces substantial challenges related to quality control
and dimensional accuracy [5, 6]. Unlike traditional concrete construction methods
that rely on formwork systems to ensure geometrical precision, 3DCP processes
must achieve structural integrity and dimensional accuracy through careful control
of material properties and printing parameters. The absence of external support
structures during the printing process places increased demands on material
rheology, layer adhesion, and process stability, making quality control a critical
factor for the successful implementation of this process [7, 8].

2. Review of the literature

Current research in 3DCP has primarily focused on material development,
printing system design, and structural performance evaluation, while comprehensive
quality assessment methodologies remain underdeveloped [9,10]. The lack of
standardized quality control protocols poses significant barriers to the industrial
adoption of 3DCP technology, particularly for applications requiring high
dimensional accuracy and surface quality standards. This knowledge gap is further
compounded by the limited understanding of how process parameters influence
defect formation and geometrical deviations in printed concrete structures [11,12].

The establishment of systematic quality control frameworks for 3DCP requires
detailed characterization of defect types and their relationships to printing
parameters. Surface defects in 3DCP can manifest in various forms, including layer
delamination, surface roughness variations, dimensional inaccuracies, and structural
discontinuities [13,14]. These defects not only compromise the aesthetic quality of
printed structures but may also affect mechanical properties, durability, and long-
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term performance. Understanding the mechanisms underlying defect formation is
essential for developing predictive quality control systems and optimization
strategies for printing parameters [15,16].

Layer thickness emerges as one of the most critical parameters influencing
print quality and dimensional accuracy in 3DCP processes. Theoretical
considerations suggest that thinner layers should provide better dimensional control
and surface quality due to improved layer bonding and reduced gravitational effects
on material deformation [17,18]. However, empirical validation of these
relationships requires systematic experimental investigation with quantitative
assessment of geometrical parameters and defect characteristics. Previous studies
have provided limited data on the quantitative relationships between layer thickness
and quality metrics, creating a need for comprehensive experimental research
[19,20].

The development of automated quality control systems for 3DCP represents a
critical advancement opportunity that could significantly enhance the reliability and
industrial viability of additive construction technologies. Computer vision-based
monitoring systems offer particular promise for real-time quality assessment,
enabling continuous evaluation of print quality and immediate corrective actions
when deviations are detected [21,22]. However, the implementation of such systems
requires comprehensive methodological foundations that include detailed defect
classification schemes, standardized measurement protocols, and validated
relationships between process parameters and quality outcomes.

The establishment of a systematic methodological framework for defect
classification and geometrical deviation assessment is fundamental to advancing
automated quality control in 3D concrete printing. A comprehensive classification
system must encompass various defect categories including surface texture
variations, dimensional inaccuracies, layer bonding defects, and structural
discontinuities. This methodological foundation is essential for training computer
vision algorithms to accurately identify and quantify defects in real-time during the
printing process [23,24]. The development of such classification schemes requires
extensive experimental data collection across different printing conditions and
systematic analysis of defect characteristics and their correlations with process
parameters.

Furthermore, the integration of computer vision technologies into 3DCP
quality control systems necessitates robust datasets that correlate visual defect
characteristics with quantitative measurement data. These datasets serve as training
foundations for machine learning algorithms designed to automatically detect and
classify defects based on surface appearance, geometrical deviations, and texture
characteristics. The effectiveness of computer vision systems depends critically on
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the comprehensiveness and accuracy of the underlying classification methodology,
making experimental validation of defect-parameter relationships a prerequisite for
successful system development [25,26].

Current gaps in the literature include the absence of standardized defect
classification schemes specific to 3DCP processes, limited quantitative data on the
relationships between printing parameters and quality outcomes, and insufficient
experimental validation of computer vision applications for concrete printing quality
control [27,28]. These limitations hinder the development of reliable automated
quality assessment systems and impede the establishment of industry standards for
3DCP quality control.

The primary objective of this research is to provide experimental validation of
the relationship between layer thickness and geometrical accuracy in 3DCP, with
particular emphasis on developing a systematic approach to defect characterization
that can support future computer vision-based quality control systems. Specific aims
include: quantitative assessment of the influence of layer thickness on surface quality
parameters including crack formation, dimensional accuracy, and geometrical
deviations; development of a comprehensive measurement methodology for
characterizing print quality in 3DCP processes; establishment of statistical
relationships between process parameters and quality metrics; and provision of
foundational data for future computer vision system development through
systematic defect documentation and classification.

This investigation contributes empirical data on quality-parameter
relationships in additive construction and establishes methodological foundations for
automated quality control systems. The systematic defect characterization approach
provides essential groundwork for computer vision-based monitoring systems,
supporting optimization strategies and standardized quality assessment protocols
that could enhance the industrial acceptance of 3DCP technology.

3. Classification of Surface Defects in 3D Concrete Printing
3.1 Defect Classification Framework

The development of reliable quality control systems for 3DCP requires a
comprehensive understanding and systematic classification of surface defects
(shown in Fig.1) that occur during the printing process. Classification and
automated quality assurance of 3D concrete printed surfaces emphasize the critical
need for standardized defect categorization to enable effective quality assessment
protocols. A methodical approach to defect classification serves as the foundation
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for developing computer vision-based detection systems capable of real time quality
monitoring and automated decision-making in constructlon a

Figure 1 - Layer delamination & surface texture

High-quality 3D printed concrete wall demonstrating optimal layer bonding,
consistent track width, and smooth surface finish in Fig 1a. This sample serves as a
reference standard for acceptable print quality with minimal visible defects.

Layer delamination defect showing visible horizontal separation between
consecutive layers with moderate surface texture irregularities, as shown in Fig. 1b.
This example demonstrates inadequate interlayer bonding resulting in structural
discontinuity typical of excessive time gaps between layer deposition.

Surface defects in 3DCP can be broadly categorized into four primary groups
based on their formation mechanisms and visual characteristics: material-related
defects, process-induced defects, environmental defects, equipment-related defects,
etc. Each category encompasses specific defect types with distinct morphological
features, severity levels, and implications for structural performance. This
classification framework provides the systematic foundation necessary for training
machine learning algorithms and establishing quality control thresholds for
automated inspection systems.

3.1.1 Material-Related Defects

Crack Formation (Type A Defects) represents the most critical category of
surface defects in 3DCP, directly affecting both aesthetic quality and structural
integrity. Durability and Cracking Defects in 3DCP identifies several crack
subtypes:
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Al: Shrinkage Cracks — linear defects occurring perpendicular to the printing
direction due to rapid moisture loss during the printing process. Characteristics:
width 0.1-2.0 mm, depth 1-5 mm, typically appearing within 10-30 minutes after
deposition.

A2: Thermal Cracks — irregular crack patterns resulting from differential
thermal expansion/contraction. Characteristics: random orientation, width 0.2—
3.0 mm, often forming network patterns on exposed surfaces.

A3: Stress Concentration Cracks — localized fractures at geometrical
discontinuities or material interfaces. Characteristics: radiating patterns from stress
concentration points, variable width, and depth.

Porosity and Void Formation (Type B Defects) — surface porosity
significantly affects the visual quality and durability of 3DCP structures.
Classification includes:

B1: Surface Pores — circular or elliptical voids at the surface level with
diameters ranging from 1-10 mm and depths of 0.5-5 mm.

B2: Entrained Air Voids — spherical cavities resulting from air entrapment
during mixing or pumping, typically 2-15 mm in diameter.

B3: Bleeding Voids — irregular depressions caused by water migration to the
surface, characterized by smooth internal surfaces and variable geometry.

3.1.2 Process-Induced Defects

Layer Bonding Defects (Type C Defects) inadequate interlayer adhesion
creates visible defects that compromise structural continuity:

C1: Layer Delamination — visible separation between consecutive layers,
manifesting as horizontal lines or gaps along the printing direction.

C2: Cold Joints — insufficient bonding between layers due to extended time
gaps, appearing as distinct boundaries with reduced material continuity.

C3: Layer Offsetting — misalignment between consecutive layers creating
step-like surface irregularities.

Extrusion Quality Defects (Type D Defects) material flow irregularities
during the printing process result in characteristic surface patterns:

D1: Under-extrusion — insufficient material deposition creating gaps, thin
sections, or incomplete layer formation.

D2: Over-extrusion —excessive material flow causing bulging, irregular width
variations, or material spillage.

D3: Flow Interruption — temporary cessation of material flow creating distinct
boundaries and surface discontinuities.

3.1.3 Environmental and Equipment Defects
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Environmental Impact Defects (Type E Defects). External conditions
significantly influence surface quality during printing:

El: Wind-induced Deformation — surface irregularities caused by air
movement during the printing process.

E2: Temperature-related Surface Changes — rapid setting or delayed
hardening due to ambient temperature variations.

E3: Moisture-related Defects — surface scaling, efflorescence, or irregular
setting due to humidity fluctuations.

Equipment-Related Defects (Type F Defects). Mechanical system
performance directly affects print quality:

F1: Nozzle Wear Patterns — irregular material distribution due to nozzle
degradation or damage.

F2: Vibration-induced Irregularities — surface waviness or oscillation
patterns caused by mechanical vibrations.

F3: Pressure Fluctuation Effects — variable extrusion rates creating periodic
thickness variations.

3.1.4 Spatial Quality Mapping

Spatial Distribution Parameters (Type G - Geographic):

G1: Defect Clustering Index — a statistical measure quantifying the tendency
of defects to occur in localized groups rather than being randomly distributed across
the printed surface. Calculated Kqc using spatial autocorrelation analysis (Moran's |
statistic adapted for 3D printing coordinates), this index ranges from -1 (perfect
dispersion) to +1 (maximum clustering). Values Kq above 0.3 indicate significant
spatial clustering requiring investigation of localized process issues such as nozzle
inconsistencies or material flow irregularities.

G2: Spatial Density Gradient — the rate of change in defect density per unit
distance across different regions of the printed structure. Measured Ksqg as defects
per square decimeter per meter of distance (defects/dm?/m), this parameter identifies
systematic variations in print quality related to equipment positioning, material
delivery constraints, or environmental gradients. High gradient values (Ksqg > 2
defects/dm?/m) suggest significant spatial quality variations requiring process
parameter adjustment.

G3: Layer-wise Distribution Pattern — the systematic arrangement and
frequency of defects as a function of printing height, analyzing both intra-layer
(within single layers) and inter-layer (between consecutive layers) defect occurrence
patterns. This parameter employs statistical pattern recognition to identify recurring
defect arrangements such as periodic spacing, systematic clustering, or progressive
quality degradation. Pattern classification includes: uniform (random distribution),
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periodic (regular spacing), clustered (localized groupings), and progressive
(systematic increase/decrease with height).

G4: Edge-to-Center Ratio — the quantitative relationship between defect
density at the perimeter regions versus the central areas of printed elements,
expressed as a dimensionless ratio Ke.. Calculated Ke as (perimeter defect
density)/(center defect density), values significantly different from 1.0 indicate edge
effects, cooling rate differences, or path planning issues. Ratios Ke > 1.5 suggest
edge-related problems, while ratios Kec < 0.7 indicate center-focused quality issues
requiring different mitigation strategies.

Temporal-Spatial Evolution (Type H - Historical):

H1: Progressive Degradation Zones — spatial regions where print quality
systematically deteriorates over time during the printing process, identified through
temporal analysis of defect accumulation patterns. These zones are characterized by
increasing defect density, severity escalation, or expanding defect area as printing
progresses. Detection involves tracking quality metrics across consecutive time
intervals and identifying areas where degradation rates exceed threshold values
(>10% quality reduction per hour). Common causes include equipment wear,
material property changes, or environmental condition drift.

H2: Cyclic Pattern Recognition — the identification and characterization of
repeating defect patterns that occur at regular intervals in space, time, or both
dimensions during the printing process. These patterns may manifest as periodic
quality variations corresponding to mechanical system cycles, material delivery
rhythms, or environmental fluctuations. The analysis employs Fourier transform
techniques and autocorrelation functions to detect periodicities with frequencies
ranging from layer-to-layer cycles (high frequency) to multi-hour material batch
variations (low frequency). Significant cyclic patterns (amplitude >20% of baseline
variation) indicate systematic process issues requiring targeted intervention.

H3: Build-up Effect Mapping — the quantitative assessment of cumulative
quality changes resulting from the additive nature of layer-by-layer construction,
where defects or process variations in lower layers influence the quality of
subsequent layers. This phenomenon creates a spatial map of quality evolution
where earlier defects can propagate, amplify, or modify quality patterns in upper
regions. Mapping involves tracking quality metrics as functions of both spatial
coordinates and cumulative build height, identifying zones where quality
degradation accelerates due to structural instability, thermal accumulation, or
geometric deviation propagation. Critical build-up effects are defined as quality
degradation rates exceeding 5% per meter of build height.
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The comprehensive spatial quality mapping framework enables the
development of predictive quality control systems capable of identifying quality
trends before they result in structural failures or aesthetic degradation.

3.1.5 Severity Classification and Detection Criteria

Each defect type is further classified according to severity levels to enable
systematic quality assessment:

Severity Level 1 (Minor) — defects affecting only aesthetic quality without
structural implications: crack width < 0.5 mm, depth < 2 mm; surface pores <3 mm
diameter, density < 5 pores/dm?; layer bonding irregularities < 1 mm displacement.

Severity Level 2 (Moderate) — defects requiring attention but not immediate
rejection: crack width 0.5-1.5 mm, depth 2-5 mm; surface pores 3-8 mm diameter,
density 5-15 pores/dm?; layer bonding irregularities 1-3 mm displacement.

Severity Level 3 (Critical) — defects requiring immediate corrective action or
component rejection: crack width > 1.5 mm, depth > 5 mm; surface pores > 8 mm
diameter, density > 15 pores/dm?; layer bonding irregularities > 3 mm displacement.

3.1.6 Material Property Defects (Type L — rheological)

Material Stiffness Variations (Type L Defects). Inconsistencies in material
rheological properties affecting printability and structural integrity:

L1: Premature Stiffening — Accelerated material hardening that occurs faster
than the designed setting time, resulting in extrusion difficulties and compromised
interlayer adhesion. This defect manifests when the concrete mixture begins to lose
workability before the intended processing window, typically due to rapid hydration,
high ambient temperatures, or chemical accelerator overdosing. Characteristics:
Irregular surface texture with visible boundaries between areas of different
consistency, reduced track width by 10-25% compared to nominal dimensions,
increased extrusion pressure requirements, and visible discontinuities at layer
interfaces where fresh material fails to bond properly with prematurely stiffened
previous layers.

L2: Delayed Setting - excessively long setting time of the material, which
leads to deformation under its weight. Characteristics: "spreading” of the material,
loss of geometric shape, visible traces of subsidence by 2-8 mm.

L3: Variable Workability — inconsistent rheological properties within a single
printing session, resulting in unpredictable material behavior and non-uniform print
quality. This defect typically stems from insufficient mixing, material segregation,
temperature fluctuations, or inconsistent material supply. Alternating zones of
different surface textures create a patchwork appearance, non-uniform extrusion
width with variations exceeding +5% of nominal dimensions, periodic changes in
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surface quality ranging from smooth to rough textures, visible color or consistency
variations indicating material composition changes, and inconsistent layer adhesion
properties leading to weak interfaces in affected zones.

Detection Criteria for Material Stiffness:

— rheometer measurements: yield stress variations >+20%;

— visual assessment: consistency changes across print duration;

— dimensional analysis: track width coefficient of variation >5%.

3.1.7 Advanced Process-Specific Defect Categories

Enhanced Extrusion Quality Defects (Type M — Material flow)

Detailed classification of extrusion defects:

M1: Severe Under-extrusion — critical material deficiency with the formation
of breaks and voids. Characteristics: lack of material in areas >5 mm, layer thickness
<70% of the nominal, visible voids between filaments.

M2: Moderate Under-extrusion — moderate material deficiency with partial
filling. Characteristics: layer thickness 70-90% of the nominal, uneven surface
texture, local depressions 1-3 mm deep.

M3: Optimal Extrusion — compliance of extrusion parameters with design
values. Characteristics: layer thickness 95-105% of the nominal, uniform texture,
no visible defects.

M4: Moderate Over-extrusion — excess material with geometry deformation.
Characteristics: layer thickness 110-130% of the nominal, local thickening,
"spreading" of the material beyond the track by 2-5 mm.

M5: Severe Over-extrusion — critical excess of material with significant
deformations. Characteristics: layer thickness >130% of the nominal, formation of
"bubbles™ and irregularities, loss of geometric accuracy >5 mm.

3.1.8 Interlayer Interface Defects (Type N — interface)

Defects in the orientation and curvature of interlayer boundaries:

N1: Layer Line Misalignment — violation of parallelism between successive
layers. Characteristics: deviation angle >2°, visible "stepped" edges, violation of
verticality of walls.

N2: Curvature Distortion — deformation of curvature in rounded areas.
Characteristics: deviation of the radius of curvature >+5%, unevenness of the arc,
local "flattening" or "sharpening".

N3: Interface Roughness — surface roughness in the contact zone between
layers. Characteristics: height fluctuations >1 mm over a length of 10 cm, visible
waviness, violation of the smoothness of transitions.
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N4: Orientation Drift — progressive deviation of the orientation of layers from
the nominal one. Characteristics: systematic increase in the angle of deviation along
the height, formation of "sloping" walls, loss of perpendicularity.

3.1.9 Advanced Texture Classification (Type O — Optical/texture)

O1: Smooth Texture (Class A) — high-quality smooth surface. Characteristics:
Rmax < 1 mm, no visible irregularities, uniform surface structure.

O2: Fine Texture (Class B) — fine-grained texture of acceptable quality.
Characteristics: Rmax 1-5 mm, small regular irregularities, overall surface
uniformity.

03: Medium Texture (Class C) — moderately pronounced texture.
Characteristics: Rmax 5—12 mm, visible traces of extrusion, local irregularities, but
integrity preserved.

O4: Coarse Texture (Class D) — coarse texture with significant irregularities.
Characteristics: Rmax 12-20 mm, large irregularities, visible structural defects,
aesthetic quality impairment

O5: Unacceptable Texture (Class F) — unacceptable surface quality.
Characteristics: Rmax > 20 mm, multiple defects, integrity impairment, need for
rework.

3.2 Classification of Dimensional Deviations and Geometric Variations

Dimensional accuracy in 3D concrete printing encompasses systematic
deviations from intended geometry that affect both functional performance and
aesthetic quality. Geometric quality assurance for 3D concrete printing establishes
the critical importance of standardized measurement protocols for dimensional
assessment. Unlike surface defects, geometric deviations are primarily quantitative
parameters that can be precisely measured and statistically analyzed to establish
process control limits and optimization strategies.

The geometric deviation classification system addresses three fundamental
aspects: dimensional accuracy (absolute size conformance), form accuracy (shape
fidelity), and positional accuracy (spatial relationship conformance). This
systematic approach enables the development of comprehensive quality control
metrics suitable for automated measurement systems and provides the foundation
for establishing tolerances in 3DCP applications [8].

3.2.1 Dimensional Accuracy Deviations

Linear Dimension Variations (Type G Deviations). Linear dimensional
deviations affect the primary geometric parameters of printed elements:
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G1: Track Width Variations — deviations in the width of extruded material
tracks from the nominal design value. Measurement protocol: perpendicular to the
printing direction at standardized intervals (every 100 mm). Typical range: +2—-8 mm
from nominal width.

G2: Layer Height Deviations - variations in individual layer thickness
affecting overall component height. Measurement protocol: vertical measurement at
predetermined grid points. Typical range: +£1-5 mm from nominal layer height.

G3: Overall Dimensional Drift - cumulative dimensional changes affecting
total component dimensions. Measurement protocol: comparison with design
dimensions using coordinate measurement techniques. Typical range: +5-20 mm for
large-scale components.

Cross-Sectional Variations (Type H Deviations). Profile irregularities
affecting the consistency of extruded material geometry:

H1: Track Profile Asymmetry — deviations from the symmetric cross-
sectional shape in extruded tracks. Quantified using profile scanning and symmetry
indices.

H2: Edge Definition Quality — irregularities in track edge sharpness and
consistency. Measured using edge gradient analysis and curvature assessment.

H3: Surface Texture Uniformity — variations in surface roughness and texture
patterns across the printed surface. Quantified using surface profilometry and texture
analysis parameters.

3.2.2 Form Accuracy Deviations

Straightness and Flatness Deviations (Type | Deviations). Geometric form
errors affecting the intended shape of printed elements:

I11: Linear Straightness Deviations — deviations from straight-line geometry
in nominally linear elements. A study on the mechanical properties of 3D printing
concrete layers and the mechanism of influence of printing parameters demonstrates
the significant impact of layer height on straightness accuracy. Measurement
protocol: laser line scanning or photogrammetric analysis. Tolerance range: 2-10
mm over a 1-meter span.

12: Surface Flatness Variations - deviations from planar surfaces in wall
sections. Measured using coordinate measurement systems with grid-based analysis.
Typical tolerance: 3—15 mm over 1 m? surface area.

13: Curve Fidelity — accuracy of curved geometries compared to design intent.
Quantified through the radius of curvature analysis and geometric fitting algorithms.

Angular and Perpendicularity Deviations (Type J Deviations). Orientation
accuracy affecting geometric relationships:
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J1: Vertical Deviation (Plumbness) — angular deviation from true vertical in
wall elements. Measurement using inclinometers or laser levels. Typical tolerance:
+5-15 mm/m height.

J2: Corner Accuracy — deviations in angular relationships at intersections and
corners. Measured using angle measurement devices and coordinate geometry
analysis.

J3: Twist and Warping — three-dimensional deformations affecting overall
element geometry. Quantified using 3D scanning and geometric analysis software.

3.2.3 Positional Accuracy Deviations

Location and Alignment Deviations (Type K Deviations). Spatial
positioning accuracy affecting assembly and interface quality:

K1: Component Positioning — deviations in the absolute position of printed
elements relative to design coordinates. Measurement using total station surveying
or coordinate measurement systems.

K2: Layer Alignment — horizontal displacement between consecutive layers
affecting wall straightness. Critical for maintaining structural continuity and
aesthetic quality.

K3: Interface Consistency — variations in gaps, overlaps, and alignment at
component interfaces and joints.

3.2.4 Layer-specific Dimensional Variations (Type L)

L1: Individual Layer Thickness Deviation — deviation of the thickness of
individual layers from the nominal. Measurements: calipers, laser sensors.
Tolerance: =1 mm for layers of 15-20 mm.

L2: Cumulative Layer Build-up Error — cumulative error of thickness over
the height of the structure. Measurements: 3D scanning with an accuracy of
+0.1 mm. Critical threshold: >2% of the total height.

L3: Layer-to-Layer Registration — accuracy of alignment of successive
layers. Measurements: photogrammetry, coordinate measurement. Tolerance:
+0.5 mm horizontal displacement.

3.2.5 Measurement Protocols and Quality Control Thresholds

Standardized Measurement Framework. Implementation of systematic
measurement protocols ensures consistent data collection for statistical process
control:

— Sampling Strategy (minimum measurement frequency of 1 point per
0.25 m? of printed surface);
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— Measurement Equipment (calibrated instruments with accuracy +0.1 mm
for dimensional measurements);

— Environmental Controls (measurements conducted under controlled
conditions: temperature +2°C, humidity +5%).

Spray-based 3D concrete printing parameter design model demonstrates the
importance of statistical approaches to quality control. The framework establishes:

— control limits, statistical boundaries (+3c) for process variation monitoring;

—trend analysis, statistical process control charts for identifying systematic
variations;

— corrective action triggers, and automated alerts when measurements exceed
established control limits.

This comprehensive classification system provides the methodological
foundation necessary for developing scientifically-based defect detection systems
and establishing quality control standards for 3D concrete printing applications. The
systematic approach enables the integration of automated measurement technologies
while maintaining traceability to established engineering standards and practices.

4. Examples of defects and deviations

The experimental investigation involved systematic documentation of various
defect types and quality variations encountered during 3D concrete printing trials.
Representative samples were selected to illustrate the range of defects classified
according to the proposed framework, demonstrating both the diversity of quality
issues and the effectiveness of the classification system for practical quality
assessment. Each sample was photographed under standardized lighting conditions
and subjected to dimensional analysis to quantify the severity and characteristics of
observed defects (Fig. 2).

The photographic documentation presented in Figure 2 illustrates the practical
application of the proposed defect classification system across different severity
levels and defect types. Sample Fig.2a demonstrates critical quality failures
requiring immediate process intervention, with multiple defect categories occurring
simultaneously. This type of complex defect pattern emphasizes the importance of
systematic classification for identifying root causes and implementing appropriate
corrective measures. Sample Fig. 2b shows surface-level defects that primarily
affect aesthetic quality but may indicate underlying process parameter optimization
needs.

In contrast, sample Fig.2c represents acceptable print quality standards
achievable through proper process control, serving as a benchmark for quality
assessment protocols. The minor surface texture variations observed fall within
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acceptable tolerance ranges and demonstrate the achievable quality levels for the
investigated printing system. Sample Fig. 2d illustrates structural integrity concerns
where crack propagation affects multiple layers, requiring immediate attention to
prevent potential structural failure.

The measurement protocols demonstrated in samples Fig.2e and Fig. 2f
highlight the quantitative assessment methodology essential for systematic quality
control implementation. These measurement approaches provide the dimensional
accuracy data necessary for statistical process control and continuous improvement
of printing parameters. The systematic documentation and classification of these
defect types provide the foundation for developing automated computer vision-
based quality control systems capable of real-time defect detection and process
optimization in industrial 3D concrete printing applications.
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e f
Figure 2 - Samples of test 3D printing demonstrating various defect types and quality
characteristics

The observed defect patterns confirm the validity of the proposed classification
framework and demonstrate its practical utility for quality assessment in real-world
3D concrete printing scenarios. The diversity of defect types captured in these
samples underscores the complexity of quality control challenges in additive
concrete manufacturing and validates the need for comprehensive classification
systems to support both manual inspection and automated quality assurance
processes.

5. Statistical and comparative analysis of deviations in concrete walls
manufactured by construction 3D printer

Wall printing was performed using the GP-01 gantry construction printer
(manufactured by Geopolimer, Ukraine).

The comparative analysis of printing quality between 20 mm and 15 mm layer
thickness configurations reveals significant improvements in multiple quality
parameters when using thinner layers. Figure 3 presents the statistical comparison of
key geometric and surface quality metrics obtained from systematic measurements
of printed concrete wall samples.

The experimental results demonstrate substantial quality improvements when
reducing layer thickness from 20 mm to 15 mm (table 1). Most notably, crack depth
showed a dramatic reduction of 56.4%, decreasing from 8.76 mm to 3.82 mm. This

138



ISSN 2078-7405 Cutting & Tools in Technological System, 2025, Edition 102

improvement can be attributed to enhanced layer bonding and reduced gravitational
effects on the wet concrete material when using thinner layer configurations.
Table 1 Detailed Statistical Analysis

R
Crack depth, mm 8.76 £3.92 3.82+1.01 -56.4%
Track width, mm 56.89 +0.85 63.94 + 0.60 +12.4%
Deviation from  straight ine, |5 1+ 0.98 1.88+0.31 -35.4%

[ Sample 1 (20 mm) [ Sample 2 (15 mm)
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Figure 3 - Comparison of mean parameter values
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Track width measurements revealed interesting behavior, with the 15 mm
configuration producing wider tracks (63.94 mm) compared to the 20 mm
configuration (56.89 mm), representing a 12.4% increase. This phenomenon
indicates improved material flow characteristics and more consistent extrusion
behavior with the optimized layer height settings. The reduced standard deviation
(0.60 mm vs 0.85 mm) confirms enhanced process stability.

Geometric accuracy, measured as deviation from straight line, showed a
significant improvement of 35.4%, with deviations reducing from 2.91 mm to
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1.88 mm. This enhancement demonstrates the superior dimensional control
achievable with thinner layer configurations, which is critical for structural
applications requiring precise geometric tolerances.

6. Results and discussion

The analysis reveals three critical quality improvements. A crack depth
reduction of 56.4% indicates that thinner layers significantly reduce crack formation,
likely due to improved layer bonding and reduced internal stress accumulation.
Geometric accuracy improvement of 35.4% demonstrates enhanced dimensional
control and reduced deviation from design specifications. Process stability
enhancement of 74.2% (calculated from variance reduction in crack depth
measurements) confirms more predictable and consistent printing behavior.

The coefficient of variation analysis provides insights into process consistency
and control. For crack depth, the coefficient of variation decreased from 44.7%
(hi=20 mm) to 26.4% (h; =15 mm), indicating improved process predictability
while still showing moderate variability that requires continued attention. Track
width demonstrated excellent consistency with very low coefficients of variation
(1.5% for 20 mm, 0.9% for 15 mm), confirming stable extrusion control across both
configurations. Deviation from straight lines showed substantial improvement in
consistency, with a coefficient of variation decreasing from 33.7% to 16.5%.

These statistical findings provide quantitative evidence supporting the
optimization of layer thickness parameters for enhanced quality in 3D concrete
printing applications. The comprehensive improvement across multiple quality
metrics validates the effectiveness of the 15 mm layer configuration for achieving
superior dimensional accuracy and surface quality in printed concrete structures.

7. Conclusions

This experimental investigation demonstrates the significant impact of layer
thickness optimization on 3D concrete printing quality. The reduction from 20 mm
to 15 mm layer thickness achieved substantial improvements: 56.4% reduction in
crack depth (8.76+£3.92 mm to 3.82+1.01 mm), 35.4% improvement in geometric
accuracy (2.91+0.98 mm to 1.88+0.31 mm deviation), and enhanced process
stability with coefficient of variation improving from 44.7% to 26.4%.

The comprehensive defect classification framework provides the first
systematic approach for 3D concrete printing quality assessment, encompassing
surface defects (Types A-F), dimensional deviations (Types G-K), and advanced
process-specific  categories (Types L-O). This framework establishes
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methodological foundations for computer vision-based automated quality control
systems and standardized assessment protocols.

The results demonstrate that 15 mm layer thickness represents the optimal
configuration for enhanced quality outcomes. The quantified process-quality
relationships enable evidence-based parameter optimization for industrial
applications, while the developed measurement protocols provide practical tools for
commercial quality control implementation.

Research expansion should include additional layer thicknesses, material
compositions, and environmental conditions. Implementation of the proposed
computer vision-based quality control system and long-term durability studies
represent critical next steps for practical application and structural performance
validation.

The demonstrated quality improvements support 3D concrete printing viability
for structural applications requiring precise tolerances, providing construction
industry stakeholders with quantitative evidence for adopting optimized printing
parameters and systematic quality control methodologies.
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Spocnas I"apamenko, Onena ["aparienko, Xapkis, Ykpaina, Pycnan Kyudep,
Mukonais, Ykpaina

IF'EOMETPUYHA TOYHICTb BETOHHUX CTIH,
BUTI'OTOBJIEHUX 3A JOIIOMOI'OIO 3D-IPYKY

AHoranisn. [lpeocmasneni pesynomamu 00epit#caHo Npu MeopemuyHOMY [ eKCHePUMEHMATbHOMY
00CTIOJCEeHH]  2eOMEmPUYHOl  MOYHOCMI  ma  napamempié AKOCMi NOoGepxmi  OGemomnux cmin,
BUOMOBIEHUX 30 OONOMO2010 AOUMUBHUX MeXHON02il. TIpopobieno meopemuyni achekmu Kiacugikayii
Oegpexmie ma GiOXUIEHb NOGEPXOHb 00EPIUCANUX NOWAPOBOIO NoGY0060I0 bemonom. Y docrioicenni
PO32NA0AEMbCA 6NIUE MOBUUHU WAPY HA MOUHICMb OPYKY ma ymeopenus oegpexmie y npoyecax 3D-
Opyky 6emornom. Byno eueomosieno 08a eKcnepumeHmaibHi 3pasku 3 pisHow moswunow wapy: 20 mm
ma 15 mm. By nposedeni cucmemamuuni 6uMipiogants 0 OYiHKU uOUHU MPIUH HA 6EPMUKATLHUX
NOGEPXHAX, 2NUOUHU NOP HA 20PUBOHMATLHUX NOBEPXHAX, 6APIAYIll WUPUHU OOPIdCKU MA GIOXUNEHb 60
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NpAMOIHIHOT 2eomempii. ExcnepumenmanvHa memooono2is 6KIOUANAd KOMNJIEKCHI NPOMOKOU
BUMIPIOBAHL 3 BUKOPUCMAHHAM MOYHUX NPUNAOi8 ONs OYIHKU 2eOMempUYHUX napamempie ma
xapaxkmepucmuk sxocmi noeepxti. bye nposedenuti cmamucmuynuil ananiz 0ns KibKICHOT OYIHKU
630€MO36'513KI6 MIdIC MOBWUHOIO WAPY MA MOYHICIIO OPYKY, 6KNIOUAIOYU PO3PAXYHKU CEPEOHIX 3HAUEHD,
cmanoapmuux 6iOXuieHs ma Koeghiyicnmie eéapiayii 01s 6cix eumipsanux napamempis. Pesynomamu
0eMOHCMPYIOMb 3HAUHE NOKPAUWEHHS 2e0MEMPUYHOT MOYHOCII Npu 3MeHWweHHi moswunu wapy 3 20 mm
00 15 mm. Inubuna mpiwur Ha 6EPMUKATLHUX NOBEPXHAX 3MEHUUNACS HA 56%, MOOI 5K 8iOXUNEHHS 810
npamoninitinoi  2ceomempii nokpawunuca na 32%. Haiubitews nomimuum € 3HAYHE NOKPAUjeHHs
cmabinenocmi wupuny Koii, koegiyicnm sapiayii nokpawuecs na 91%, wo ceiduums npo cymmese
noxpawenna nogmoprosarnocmi npoyecy. Konpizypayia 3 moswunoto wapy 15 mm npooemoncmpysana
4y008y NPOOYKMUGHICMb 30 6CIMA BUMIPAHUMU NAPAMEMPAMU, OEMOHCMPYIOUU NOKPAWeHy adze3ilo
wapie, smeHwenHs 0eekniie NOGePXHI ma NOKpaujeHy po3mipry cmabinericme. Koegiyienm eapiayii
2nuburu mpiwun 3meruuscs 3 43% 0o 24%, a minaugicmo gioxunentHs smenwunacs 3 32% 0o 12%, wo
niomeepoHCye noKpawjeHutl KOHmpoab npoyecy ma nepedbadysanicms. L{i pezynbmamu oaome yinuy
inghopmayiio ons onmumizayii napamempis 3D-0pyky 6emony ma 6cmanosenen s NPOMOKOIE KOHMPONIO
AKocmi 01 adumueHo2o 6yodieHuymea. JJociiodcenHs cnpuse po3pooyi Cmanoapmu308aHux npakmuk
mexnonozii 3D-0pyky 6emomny ma demoHcmpye KpUmMuyHy 8axcaugicme Onmumizayii mosujunu wapy s
O00CSACHEHHS BUCOKOSAKICHUX OpPYKOBAHUX OemoHHUX KOHCmpyKyiu. Pesynemamu niomeepocyoms
eghekmusHiCIb 6NPOBAOINCEHHA MOHWUX WAPIE, NPU YMOSI NIOBUWEHUX BUMO2 00 2e0MeMpPUYHOL
moyHocmi ma AKOCMmi NOBEPXHI 8 ABMOMAMU308AHUX npoyecax OyoisHuymea bemonom. Lle docnioxncenns
6yno nposedero Ha 6asi TOB "l'eononimep” 3 memoio 8npo8aoiceHHs IHHOBAYIUHUX MEXHONO2I y
6y0i6enbHill 2ay3i.

Karouoi caoBa: 3D-dpyx bemonom; 6yOisHuymeo; onmumizayis MOSWUHU WApPy; 2eOMempuina
MOUHICMb; KOHMPOIb AKOCMI NOBEPXHI; OYIHKA AKOCMI; aHAli3 Oedekmie Oemony.
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