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Abstract. This review paper contains a literature survey about some additive manufacturing technologies
and their medical use. Additive Manufacturing is a generic term referring to several technologies used to
create physical models or prototype parts based on 3D drawings. Additive Manufacturing models can be
used for various testing methods. The paper summarizes the application of Additive Manufacturing
Technologies in medicine. It describes the main steps for how to create 3D models for medical
applications. Some details can be found on the topics: Data acquisition using medical scanners; Data
transformation; Creation of virtual 3D models; Surgical planning and simulation on the virtual 3D
model; and Creation of Physical 3D Models for Additive Manufacturing Technologies. 3D physical
models can be extremely useful in planning complex surgical interventions, which can be simulated on
these models before the actual procedure.

Keywords: Additive Manufacturing; medical imaging; Selective Laser Sintering.

1. Introduction

In the scientific literature, there are several classifications of the manufacturing
technologies known and used until the early 1990s. One of these classifications [1]
considers two main groups:

1. Material removal processing technologies. These technologies start with a
large quantity of raw material, and by using conventional methods (turning, milling,
grinding, etc.) or non-conventional methods (electroerosion, laser processing,
ultrasound, etc.), the excess material is removed, resulting in the final piece.

2. Material redistribution processing technologies. These technologies start with
the correct amount of raw material, which is redistributed into the required shape
through deformation in the solid state (forging, stamping, drawing, extrusion, etc.) or
redistribution in the liquid or semi-liquid phase (casting, injection molding, etc.).

In the 1990s, a third group of technologies emerged, Rapid Prototyping (RP)

technologies (also known as Additive Manufacturing). This new technology is
©A. G. Tirnovean, N. D. Csoregi, C. Borzan, G. Varga, 2024
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different from the existing ones because it uses a different principle for materializing
parts, where material is added only where and as much as is needed. Due to the
manufacturers’ efforts to reduce the time from conception to market release and lower
the costs of assimilating and producing new products, Rapid Prototyping technologies
began to grow in importance [1].

Starting from a CAD description without the need for machine tools or specific
devices, these systems can produce complex three-dimensional models.

Regardless of the chosen Additive Manufacturing technology, the part
production algorithm remains the same [2]:

1. Modeling the part using a CAD software package.

2. Conversion to a*. STL format (Standard Triangulation Language), a format
adopted as the industry standard for rapid prototyping production [3]. This format
represents the 3D surface as a collection of flat triangles. The file contains the
coordinates of the vertices and the outer normal direction of each triangle.

3. Slicing the *.STL file: A pre-processing program prepares the *.STL file for
building. Various programs are available, and most allow the user to adjust layer size,
placement, and orientation of the model. Depending on the construction technique, the
pre-processing software slices the *.STL model into layers ranging from 0.01mm to
0.7mm [3]. The program can also generate a supporting structure for the model during
the construction process. Each RP machine manufacturer provides its own pre-
processing software.

4. Constructing the model "layer by layer." The material used for model
construction varies depending on the chosen Rapid Prototyping technology (polymers,
metal powder, paper).

5. Cleaning and finishing the model is the final step in the part-building
algorithm (post-processing). This involves removing the prototype from the machine
and detaching any supporting structures. After cleaning the model, a surface treatment
can be applied to improve appearance and durability [4].

The most significant successes of RP system users are found in processes and
technologies that justify their investment in these systems. They see RP systems as the
basis for new technologies that allow them to function more efficiently and perform
better compared to past methods [1].

In Figure 1, the upper curve refers to traditional manufacturing technologies,
while the two lower curves refer to computer-aided manufacturing technologies.
Computer-aided manufacturing is more flexible and efficient, regardless of the
geometric complexity of the parts, involving significantly fewer tools [5].

Current rapid prototyping systems have become available to users, even though
they were still in the experimental phase in the early 1990s. Initially, these systems
required highly skilled personnel who understood and adjusted numerous parameters
that characterized the operation of these systems and technologies. Today, adjusting
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these parameters has been simplified through standardization, making system
operation easier and requiring less skilled personnel. From a mechanical point of
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Figure 1.The impact of technology on the cost of production units, adapted from [5]

view, rapid prototyping systems are much more robust, reliable, and easy to maintain.
Dimensional accuracy, surface quality, and deposition speed have all improved and
continue to improve [1].

Since product development is a creative process, an algorithm must exist for the
process. An example of an algorithm is presented in Figure 2. As with any design and
development concept, this must be evaluated, preferably with the help of a prototype,
thus allowing opportunities for product improvement to be identified. This cycle must
be repeated until the final design and functionality are satisfactory. The main
advantage of prototypes is that they offer various stakeholders (engineering, sales and
marketing, manufacturing, suppliers and subcontractors, logistics) a visual
representation of the future product and the possibility of modifying the product's
characteristics according to stakeholder requirements [5].

Additive Manufacturing models can be successfully used for the physical
visualization of the product. This can be done from the design phase of a new product
or for the modernization of an existing one. By using this technology, communication
between the manufacturer and the customer is improved. Thus, the product is
developed in close collaboration with the customer.

Due to AM technology, manufacturers can sell products long before their actual
production. By presenting AM models to customers, they can learn the characteristics
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of a new product. After such consultation and product acceptance, the manufacturer
can begin production preparation [5].

Additive Manufacturing is a generic term referring to several technologies used
to create physical models or prototype parts based on 3D drawings (files). Proposals
for new products are studied and analyzed after being drawn up, but a physical model
made of a certain material is much more convincing, especially if it is used in the
environment in which it will function. Thus, AM models are used in the creation of
mockups. The entire mockup is built piece by piece and then used to study shape,
design, assembly, the space required, and even function. These mockups are often used
in architecture or in the automotive industry [6].

These technologies rely on layered manufacturing, allowing the creation of a
physical model at a low cost and in a short time.

=
! dn
=

?J

osmmmm

Figure 2. Product development algorithm, adapted from [5]
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Additive Manufacturing models can be used for various testing methods.
There are three factors that influence the testing of a product [1]:

1. Material: The material must be chosen according to the purpose of the test.

2. Model size: The size is conditioned by the capabilities of RP systems; the
part should not have wall thicknesses smaller than 0.2mm (the average
diameter of the laser beam); for sufficient rigidity during processing and
testing, wall thicknesses of 1.5mm - 3mm are recommended.

3. Model design: This is critical for the solidification process or construction,
along with the model's orientation during manufacturing. This factor can
determine the appearance of shrinkage and deformations during or after

construction.

These tests are used to verify the visual acceptance of the product, to
understand its construction and functionality, as well as to finalize the final elements.

The most used tests are functional tests, simulation tests, manufacturing
control, fixing and assembly, and packaging.

One of the advantages of these technologies is the reduction of time required
to assimilate new products and the costs of creating new tools (devices and verification
gauges) [6].

Rapid Tooling (RT) describes a process that combines Rapid Prototyping
techniques with conventional processing practices to quickly produce a mold or parts
of a functional model based on the CAD (Computer Aided Design) model in the
shortest possible time and at the lowest possible cost compared to traditional methods.

There are two categories of Rapid Tooling: indirect and direct [7].

« InIndirect Rapid Tooling methods, parts created through AM processes are used
as models for making molds, where the primary goal is not to obtain final parts.
"Master" models made of wood, plastic, aluminum, steel, or cast iron are used to create
amold into which the material for the final model is cast. AM models can be indirectly
used in several manufacturing processes. The most used indirect Rapid Tooling
methods are vacuum casting, sand casting, investment casting, and injection molding
[2].

+ Direct Rapid Tooling involves directly obtaining the model by adding material
layer by layer, often followed by post-processing operations to improve surface quality

[5].

Rapid Prototyping technologies have and will continue to have a significant
impact in many sectors, from industrial production to medicine, giving this technology
strategic importance in companies that use RP [1].

2. Application of additive manufacturing technologies in medicine

In medical imaging, the introduction of X-ray computed tomography (CT), and
magnetic resonance imaging (MRI) has broadened the general applicability of
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paraclinical investigation techniques, providing essential diagnostic justification for
determining therapeutic interventions. These techniques are an important component of
evidence-based medicine. Although the cost of these examinations remains high and
access to the offered investigations is restricted due to economic factors, the benefits for
actual interventions are significant for both the patient and the healthcare system. These
non-invasive diagnostic techniques offer decision-makers the ability to plan appropriate

and timely surgical interventions, including the surgical technique itself [8].

Additive Manufacturing Technologies assist designers in constructing physical
replicas of virtual models created in CAD systems, providing a physical model that offers
more information about the same object and is easier to understand. In medicine, medical
imaging provides high-resolution images of internal structures of the human body. Based
on this information, a physical model useful for preparing complex surgical interventions
can be created [9].

These 3D models have three main uses [6]:

1. Surgical planning: 3D physical models can be extremely useful for planning very
complex surgical interventions, which can be simulated on these models before the
actual surgery. For example, in maxillofacial surgery, the greatest advantage of
simulations is the ability to make decisions about bone fixation and to measure all
intra- and post-operative bone movements.

2. Diagnostics: The 3D solid model can serve as a physical copy of a dataset and can
form a solid basis for diagnosis, choosing the appropriate therapy, and teaching
purposes. The model simplifies communication between members of surgical
teams, between the radiologist and the surgeon, and between the doctor and the
patient. This is important because the two-dimensional images provided by
radiologists must be transformed into realistic 3D images that are extremely useful
to the surgeon, allowing them to measure and simulate intraoperative situations.

3. Prosthetics: Creating a prosthesis is much easier with the existence of an accurate
physical model of an existing structure. The model can be used as a negative or as
a master model for making the implant. To reconstruct damaged parts in order to
achieve symmetry, mirror images of healthy areas can be used. One forward-
looking solution is to create these physical models directly on rapid prototyping
systems using biocompatible materials with the human body.

These models produced by AM Technologies replace older models made using
other technologies to understand various internal structures of the human body.

3. Steps to create 3D models for medical applications

Creating three-dimensional images involves the following steps [10]:
1. Data acquisition using medical scanners (CT, MRI, etc.).
2. Transferring data into DICOM format (Digital Imaging and
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Communication in Medicine).

3. Creating virtual three-dimensional models.

4. Planning and simulation on virtual models (optional).

5. Creating physical three-dimensional (3D) models using Additive
Manufacturing technologies.

These steps are visually summarized in Figure 3.

e tqm

1 p!

a. Data aéquisition b. Imag"e' J ¢. 3D reconstruction with  d. Final 3D model

A

(using magnetic processing MIMICS software made from
resonance - MR) (Materialise Leuven, transparent resin
Belgium).

Figure 3. Visual synthesis of the stages of creating a patient's aortic arch [11].
3.1.  Steps to create 3D models for medical applications

To obtain images, sensors are required to convert radiation energy into
electrical signals. There is a wide range of sensors that detect radiation, from gamma
rays, X-rays, ultraviolet rays, visible radiation (light), infrared radiation, microwaves,
and radio waves.

Images can be captured sequentially using "linear" scanners, by scanning the
object in one direction, or using cameras that directly produce a two-dimensional
image. To obtain 3D information, which is increasingly in demand, scanners, or
camera systems are arranged to capture spatial information. Most medical
applications are based on images directly captured from the patient [12].

The informational content of medical images varies significantly depending on
the image acquisition system used. Therefore, the first step in medical imaging is
selecting the acquisition system appropriate for the intended purpose.

The informational support for creating 3D virtual models can be obtained
through various types of medical scanning such as computed tomography (CT),
magnetic resonance imaging (MRI), ultrasound, etc. The most used methods for
acquiring data for 3D models are computed tomography (CT), which provides
accurate information about bone structures, and magnetic resonance imaging (MRI),

9
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which provides details about soft tissues. These two methods can be combined when
3D models are needed that include both the skeleton and soft tissues [10].

3.2.  Transferring data into dicom format

Image processing has multiple applications in medicine, aimed at optimizing
analysis and interpretation by the human observer of the information received from
the external environment.

The human body includes an image analyzer for the external environment,
represented by the human eye, responsible for capturing, transmitting, and
converting light impulses into visual images.

In the technical field, the development of new image acquisition, storage, and
transmission technologies finds application in diversifying equipment with medical
applications.

Based on the visual sense, computer-assisted image processing attempts to
create equipment capable of integrating visual facilities as simply as possible into
electronic devices.

A digital image represents the numerical replication of an optical image. It can
be stored in files with various formats, each adapted for specific uses (capture,
processing, archiving, printing).

Images can be divided into two categories [13]:

1. Vector images (coordinate files).

2. Matrix images (composed of pixels).

Among matrix images, formats such as BMP, JPEG, GIF, and DICOM are
common. In medical imaging, the most frequently used formats are DICOM and
ANALYZE, which aim to store information related to slice thickness, voxels, the
patient, the device used, and the medical facility where the images were obtained.

DICOM format (Digital Imaging and Communications in Medicine) is a
standard created by the National Electrical Manufacturers Association (NEMA) to
regulate the distribution and visualization of medical images obtained through CT,
MRI, and ultrasound. Data in this format is included in a single file (*.dcm) that
contains two parts: a header, intended for auxiliary information, and the other part
for graphic data [14].

3.3. Creating virtual 3D models
Special programs are required for visualizing and performing additional

operations (3D visualization, image modification, measurement, or exporting
images in other formats).

10
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In addition to proprietary programs for each medical scanner, there are many
programs that can perform the operations (MIMICS, AGNOSCO, DICOM
VIEWER, SANTE DICOM VIEWER, RADIANT DICOM VIEWER, WEASIS
DICOM VIEWER, MITO MEDICAL IMAGING TOOLKIT, etc.). An example of
Graphic user interface of the MIMICS application is shown in Figure 4.

R

Figure 4. Graphic user interface of the MIMICS application [15].

Certain measurement techniques require pre-processing to obtain 3D
coordinates of the scanned surface points. In the case of computed tomography,
sections are obtained containing images with transverse densities and known
distances between adjacent sections [5].

For the three-dimensional modeling of an anatomical system, three major steps
are necessary:

1. Reading and processing input data.

2. Segmenting the input data to automatically identify objects in the images
(useful when the goal is to detect and highlight areas of interest).

3. Three-dimensional reconstruction of anatomical models [16].

Processing images acquired through tomography is an essential step in
obtaining valid *.STL models and then producing accurate physical models. For this
purpose, the Belgian company Materialise created a specialized software package
that simplifies the methodology of obtaining models within certain limits [1].

The MIMICS software includes several modules. Figure 5 shows the links
between the main program and its various modules [17].
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Figure 5. Modules of the MIMICS program, adapted from [17].

The MIMICS program displays image data in multiple ways, each providing
unique information. MIMICS divides the screen into three or four windows, each
offering a specific view or image:

The axial view of the image.
The processed coronal image.
The processed sagittal image.

ressed) - Mimics 8.1 - The Next Generation

)
&
£
#
=
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)
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Figure 6. Results in the MIMICS program [18].

A three-dimensional reconstruction view (Figures 6).
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3.4. Surgical planning and simulation on the virtual 3D model

Three-dimensional visualization of the patient's internal anatomy before the
surgical phase represented a significant leap in diagnosing and treating various
conditions. Once the 3D model is created, it faithfully represents both the anatomy
and pathology of the patient. It can be used for diagnostic purposes as well as for
planning and simulating surgical interventions.

Software packages allow the surgeon to rotate the virtual model in all desired
directions and to section it into different planes. This way, the diagnosis is precise,
and the planning of the surgery can be done in detail [10].

3.5. Creation of physical 3D models for additive manufacturing
Technologies

Using AM technologies, real models are transformed into physical models. The
new techniques are based on CAD/CAM (Computer-Aided Design/Computer-Aided
Manufacturing) processes and utilize special machines controlled by computers to
generate physical 3D models using specific technologies. This technique is
widespread globally, so much so that it can be said that most people use, in their
daily activities, at least one product made by AM.

The main processes of AM are [1]:

»  Stereolithography (STL)

. Fused Deposition Modeling (FDM)

. Laminated Object Manufacturing (LOM)
. Selective Laser Sintering (SLS)

. 3D Printing

e Wax Object Manufacturing (WOM)

. Model Maker Manufacturing System

. Stratoconception Manufacturing System

3.6. Selective laser sintering (SLS)

Selective laser sintering (SLS) is a very popular AM technique. Selective Laser
Sintering (SLS) is a freeform fabrication process of components through the
sintering of powders. This process is one of the most used for creating prototypes
from various metallic and non-metallic powders [20].

SLS uses a laser beam directed by a computer over the surface of the powder
bed to rapidly produce solid copies of virtual models. It is one of the few RP
processes capable of producing durable and functional parts from a wide range of
materials [5].

13
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This process is based on materializing a CAD product by adding successive
layers. The laser used in this process is typically a CO2 laser. The laser covers the
entire surface of the section (point by point), sintering the fine layer of material
deposited on the work platform [1].

Through this process, three-dimensional parts can be obtained by heating and
bonding powders at temperatures below their melting points.

The laser system generates laser radiation, which is focused by a lens and
directed through a system of mirrors to the surface of the work platform (Figure 7).
At the beginning of the work process, the platform is in the upper position. A feed
system deposits a thin layer of powder of controlled thickness on the surface of the
platform. The laser beam scans the platform's surface according to the geometry of
the first section of the workpiece. As a result of the scanning process, the laser
radiation locally sinters the powder layer.

After the laser has scanned the entire surface of the first layer, the work
platform lowers by a distance equal to the thickness of one layer. The feed system
deposits a new powder layer over the previous one. Once again, the laser beam scans
the current powder layer according to the geometry of the next section through the
solid model of the workpiece.

Scanning Mirrors

Power
Delivery Piston

Power
Delivery Piston

Figure 7. Schematic diagram of the Selective Laser Sintering process [21].
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During the process, there is constant control over the thickness of the powder
layer deposited on the platform, the distance between the sections created by the
computer program through the model, and the distance moved by the work platform
after each processed layer [1].

SLS systems are primarily produced by DTM Products Inc. in the USA and in
Europe by Electro Optical Systems GmbH from Germany.

The materials used in the SLS process are very diverse, including a wide array
of thermoplastics, such as polyamides, ABS, polycarbonates, and nylons, but also
metal powders, quartz-based powders, or zirconium-based powders [22].

Selective Laser Sintering (SLS) offers multiple advantages such as high
mechanical strength of the manufactured parts, recyclability of unused powders, and
the ability to print large batches without support structures [23].

4. Conclusions

The main advantage of physical prototypes is that they provide various
stakeholders (engineering, sales and marketing, manufacturing, suppliers and
subcontractors, logistics) with a visual representation of the future product and the
opportunity to modify the product characteristics according to needs.

AM models can be successfully used for physical visualization of the product,
starting from the design phase of a new product or when modernizing an existing
one.

Additive Manufacturing technologies allow the creation of physical models
using layer-by-layer manufacturing, at a low cost and in a short timeframe.

3D physical models can be extremely useful in planning complex surgical
interventions, which can be simulated on these models before the actual procedure.

Radiological images presented in two dimensions must be transformed into
realistic 3D images that are extremely useful to the surgeon, as the models allow for
measuring and simulating intraoperative conditions.

Creating a prosthesis is made much easier by having an accurate physical
model of a structure. The model can be used as a negative or as a master model for
creating the implant.

The physical model can be used both for diagnosis and for planning and
simulating surgical interventions.
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Aworanisn. [ana cmamms micmumb 02180 Aimepamypu wjo00 OesSKUX MEeXHON02IU AOUMUHO20
BUPOOHUYMBA MA X MEOUUHO20 3ACMOCYBANHS. AOumusHe UPOOHUYMBO — Ye 3a2aTbHUll MePMiH, Wo
CMOCYEMbCS KIbKOX MEXHON02IH, KL GUKOPUCTOBYIOMbCSL Ol CMEOPEHHs i3uunux moodenell abo
npomomunie Odemaneii Ha ochogi 3D-xpecienv. Modeni adumuenoco upoOOHUYMEA MOAUCYMD
BUKOPUCTNOBYBAMUCS Ol PIHUX Memoodié mecmygeanus. Y cmammi y3a2anbHeHO 3aCmocy8aHHs
MEexXHON02Il aOUmMuUeHO20 BUPOOHUYMBA 8 MeOUYUHi. Y HboMy onucani ocHosHi emanu cmeoperHs 3D-
Mooeneil 0151 meOuunux 3acmocysans. OcHosHa nepesaza i3uyHUX NPOMOMUNie NOAA2AE 8 MOMY, U0
6OHU HAOAIOMb PI3HUM 3aYiKAGIEHUM CMOPOHAM (THJICeHepis, npooaiic i MapKemune, upoOHUYmeo,
NOCMayanbHuUKu i cyOniopsaOHuKu, J102ICMuKa) 6izyanibHe npeoCmAasientss Mabymnb020 npooykmy i
MONCTIUBICMb MOOUPDIKYBAMU XAPAKMEPUCMUKU NPOOYKNLY 8ION0BIOHO 00 nomped. Modeni adumusHo2o
MOOeNI0BAHHA MOJCYMb YCNIWHO BUKOPUCOBY8AMUCS 051 (Pi3uuHOT 8i3yanizayii npodykmy, nouuHaiouu
3 emany npoeKmyamHs H08020 NPOOyKmy abo npu MmooepHizayii exce icuyrouoeo. Texnonoeii
aoumueHo20 BUPOOHUYMEA O0360IAI0Mb CIMEOPIBAMY QI3UUHI MOOEN 3 BUKOPUCIIAHHAM NOUAPOBO2O
BUPOWYBAHHS, 3 HeGeIUKUMU eumpamamu i 6 cmucai mepminu. 3D izuuni modeni modxcyms 6ymu
HAO36UNATHO KOPUCHUMU NPU NAAHYS8AHHI CKIAOHUX XIDYDIYHUX GMPYUAHb, SIKI MOJICHA 3MO0eT08aAMU
Ha yux Mooesx neped Qakmuurow npoyedyporo. Penmeenonoiuni 300paicents, npeocmaeieti y 080x
BUMIPAX, NOBUHHI Oymu nepemeoperi Ha pearicmuyti 3D-300padcenns, AKi € HAO36UYATIHO KOPUCHUMU
0 Xipypea, OCKiIbKU MOOeni 00360A10Mb BUMIPIOSAMU MA MOOEN08amu IHMpaonepayitivi. yMosu.
CmeopenHs npomesa 3HaA4HO CRPOUWYEMbCS 3A80SKU HASABHOCHE MOYHOI Qi3UUHOI MOOeNi KOHCMPYKY.
Modenb modice 6UKOPUCIIOBYBAMUCS AK MaLICEP-MOo0enb O cmeopenns imnaanmamy. Dizuuna mooens
MOdice BUKOPUCTOBYBAMUCSL SIK OJisl OiA2HOCIMUKU, MAK i OJis NAAHYS8AHHSI MA MOOENI08AHHS XIDYPIUHUX
smpyuans. [eski noopoduyi MOX*CHA 3HAUMU HA Mmemu: 30ip OAHUX 3a OONOMO20I0 MEOUYHUX CKAHEPIB;
mpancgopmayis oanux,; cmeopenns gipmyanvrux 3D moodeneil,; Xipypeiune naany8ants ma CUMyiayis Ha
sipmyanvhii 3D mooeni; cmeopenns @izuunux 3D-modeneii 05 mexHon02il AOUMUEHO20 SUPOOHUYMEA.
3D izuuni mooeni modxcymo Oymu HAO38UYAUHO KOPUCHUMU NPU NIAHYBAHHI CKIAOHUX XIDYPIIYHUX
8MPYUAHb, KL MONCHA 3MOO0ETIO8AMU HA YUX MOOENSX neped GakxmuyHor npoyedypor.

KaiouoBi ci10Ba: adumuene 6upobHuymeo; MeouyHa i3yanizayis; celeKmusHe Ja3epHe CRIKAHHSL.
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Abstract. It was established that conditionally viscous-brittle tool materials (high-speed steels
and hard alloys) behave in the same way with an increase in hardness: wheel wear and the
specific energy consumption of their grinding decrease. As the hardness of brittle tool oxide-
carbide ceramics increases, both wheel wear and the specific energy consumption of grinding,
on the contrary, increase. That is, an increase in the hardness of viscous-brittle materials
facilitates the separation of elementary chips, less energy is needed for this, and accordingly
the wear of the wheel and the specific energy consumption of their grinding are reduced. On
brittle ceramics, with increasing hardness, there is no change in chip removal, but harder
sludge becomes more abrasive and, as a result, the wear of the wheel and the specific energy
consumption of their grinding increase. The conclusion from the literature that hard and less
plastic materials require relatively less specific energy for grinding is confirmed by us when
comparing materials of approximately the same hardness - hard alloys and ceramics. In
ceramics, the energy consumption of grinding is actually four times lower than that of hard
alloys.

Keywords: hardness; high-speed steels; hard alloys; ceramics; wear of SHM grinding wheels;
specific energy intensity of processing.

1. Introduction

The hardness of materials is related to a complex of mechanical properties,
such as elasticity, plasticity, strength and yield limits, as well as micro- and
nanohardness with such thermodynamic characteristics of substances — the energy
of the crystal lattice, the energy of breaking crystal bonds, surface energy, melting
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point [1]. The hardness indicator characterizes a state of stress close to non-
equilibrium compression, and thus determines the resistance to contact stresses
arising in the working part of the cutting tool [2]. Therefore, for a cutting tool, the
hardness of the tool material has a determining role. At the same time, it affects their
processability, although there are certain features noted in publications [2—4]. Thus,
the hardness of ceramics based on silicon nitride and silicon carbide has a smaller
effect on their machinability than their density [3], and in [4] itis indicated that when
grinding hardened steels, the cutting force does not depend on their hardness. The
hardness of heat-resistant tool steels is determined by the dispersion and amount of
carbides released during tempering, and residual austenite as a soft component [2].
Up to the hardness index of tool steels of 65 HRC, with increasing hardness, their
strength also increases. However, their high hardness corresponds to a sharp
decrease in viscosity [2]. That is why studies of the influence of the hardness index
on the machinability of the tool material, when the hardness changes on one material,
may be of some interest.

2. Modern studies on the influence of hardness on the operational
characteristics of the material

Let us point out that modern researchers pay due attention to the hardness
indicator, even in areas related to abrasive processing. Let us point out that modern
researchers pay due attention to the hardness indicator. A vivid example is the
polygonization of a railway wheel, which is a type of uneven wear of the material
that worsens the directional stability of trains. On the railway, wheels and rails of
different hardness are used, respectively HW and HR. An important factor affecting
wear is wheel-rail hardness matching (ie HW/HR hardness ratio), which can affect
the formation of a polygonal wheel. The results show that when fitting a softer rail,
the wheel is less likely to become polygonal as HW/HR increases. When paired with
a stiffer rail, the wheel showed early polygon initiation. The highest HW/HR ratio
of 1.263 represented the best anti-polygonal condition for the wheel material [5].

Attention was also paid to hardness in the study [6], where the mechanism
of plasticity with a deformation gradient was applied to study the size effect in the
behavior of single-crystal copper during scratching. It is shown that the scratch
hardness, which takes into account both the size effect and the dependence on the
crystallographic direction, is a suitable property of the material for the evaluation of
wear. Laser exposure and the use of a diamond tool with a negative front angle are
promising methods of processing hard and brittle materials.
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Fig.1. View of the surface, after processing with a diamond tool with grains with
a front angle of —65° and without laser exposure (a) with exposure (b) with a
power of 10 W [7].

In article [7], the mechanism of plastic removal of fused quartz is
investigated. And here the effect on hardness is important. The results showed that
ductile removal was improved with the laser due to hardness reduction and brittle
fracture was reduced due to high hydrostatic compressive stress when using a
diamond tool with negative rake grains (Fig. 1). Let's pay attention to the fact that
we can observe this type of surface (see Fig. 1, a) under the conditions of diamond
grinding of tool ceramics, when both plastic flow and brittle fracture zones are
observed on the processed surface, which we described in more detail in the article

[8].

In work [9], this was already considered for ultra-thin Ti-Al-Diamond
wheels with variable abrasive sizes, concentration and shape, i.e. not due to a
directed decrease in the hardness of the processed brittle material, but due to a
change in the characteristics of the diamond layer of the wheel. Experimental results
indicate that diamond abrasives significantly affect chip formation and material
removal of SiC workpieces by changing the thickness of undeformed chips (Fig. 2).
A theoretical analysis based on the classical brittle—plastic transition model shows
that a hard but brittle SiC single crystal can be removed in the plastic regime using
a relatively large abrasive size and low concentration in the work layer as long as the
undeformed chip thickness is sufficiently smaller than the calculated critical cutting
depth [9].
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Fig. 2. Machining conditions: diamond blade — frictional factors — undeformed chip
thickness

It was confirmed [10] that the specific energy during material removal has
an asymptotic behavior with the speed of material removal, and as this speed
increases, the specific energy consumption decreases. It is shown that in plastic
materials, the viscosity of the material due to the release of heat and a higher fracture
toughness compared to brittle materials increase the complexity of processing and,
accordingly, require more specific energy during grinding. When grinding hard and
less plastic materials, the growth rate of cracks when cutting with abrasive grains is
higher, which reduces energy costs for material deformation. For this reason, hard
and less plastic materials require relatively less specific energy for grinding [10].

Finally, let's pay attention to how the change in hardness of the studied
material affects its operational characteristics, especially since it is relevant for
modern conditions in Ukraine. The main role of the armor plate is to increase the
safety of the combatants. Armor plates are made by welding high-hardness armor
steel (HHA), but a reduction in hardness may occur. Taking into account the direct
correlation between the hardness of armor steel and its ballistic characteristics,
avoiding softening becomes important. For this, welding was performed using a flux
consisting of nanoparticles of tungsten carbide (WC), titanium carbide (TiC), silicon
carbide (SiC) and ethanol. As an example, hardness values of 654.0 HV and 590.4
HV were observed with 8% WC and 8% SiC, respectively, i.e. increases by 16.6%
and 5.28% compared to no nanoparticle flow [11]. That is, the use of flux with
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nanoparticles increases the hardness in the welding zone and the ballistic
characteristics of armor steel.

Let's summarize the above.

First, hardness is an important indicator, and in order to improve the
operational characteristics of products, one should strive to increase it [5, 11];

secondly, a decrease in hardness improves plasticity, i.e., the transition to
the plasticity mode when processing brittle materials is associated with a decrease
in their hardness [7];

thirdly, during diamond-abrasive processing, for such transfer to the
plasticity mode, it is necessary to increase the grain size of the abrasive and reduce
the concentration of abrasive grains in the working layer [9];

fourth, hard and less plastic materials require relatively less specific
energy for grinding [10].

3. Formulation of the purpose of the research

That is, the hardness of the processed material is an important factor that affects
its machinability and specific energy intensity during grinding. At the same time, in
the literature there are no studies of the performance indicators of the diamond
abrasive tool during the processing of different tool materials, but with a study of the
effect of changing their hardness in a certain range on the same material, which was
the goal of this work.

4. Presenting main material

At the same time, an exclusively brittle material (oxide-carbide ceramic
VOKG60, range of hardness change 82-94 HRA) and conditionally viscous-brittle
materials (hard alloy TT21K9, range of hardness change 90.5-92.0 HRA and high-
speed steels P18 and P6M5, hardness change range 60-64 HRC). The hardness
ranges specified above were determined by the possibilities of selecting a significant
batch of samples of one tool material and the presence of a noticeable range of
hardness at the same time. It should be noted that it was not possible to achieve this
only for hard alloy, but taking into account the large number of hard alloy plates, it
was possible to divide them into three sub-ranges according to the hardness of HRA:
90.5-90.9, 91.0-91.5 and 91.6-92.0. At the first stage, deep grinding of high-speed
steels with a productivity of 1920 mm3/min was considered. with a cubonite wheel
12A2-45° 150x10x3x32 — KPS 100/80 M1-10 100. Samples 100x20x8 mm in size
with a hardness of 60+0.5 and 64+0.5 HRC were pre-selected.
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The wear resistance of the grinding tool was studied based on the relative
consumption of KNB grains in the wheel during grinding (g, mg/g), and the effective
grinding power (Ner, KW) and the specific energy intensity of grinding (Epyt, kJ/kg)
were determined. The specific energy capacity of grinding was calculated according
to the new method described in the article [12]. The test results are shown in Table.
1.

In our opinion, as the hardness of steels increases, they become less viscous,
chips are removed more easily, and therefore both wheel wear and the specific
energy consumption of grinding are reduced. Indirect confirmation of this is the fact
that in P18 steel, where tungsten is almost 3 times more than in P6M5 steel, fragility
is also greater and, therefore, similarly, wheel wear and specific energy capacity are
lower than in PEMD5 steel (see Table 1).

Table 1 — Grinding indicators of high-speed steels at a productivity of 1920 mm3/min.

Steel brand Hardness, HRC Net, KW g, mg/g Epyt, kJ/kg
60 18 161 1065
POMS5 64 18 1.30 86.0
60 16 1.01 59.4
P18 64 16 0.86 50.6

At the second stage, grinding of TT21K9 hard alloy was considered at a
productivity of 480 mm3®min with a diamond wheel 12A2-45° 150x10x3x32 —
AC4MA 63/50 B1-111I1-2 125. Hard alloy samples measuring 16x16x6 mm were, as
indicated above, previously divided into 3 groups by hardness. Let's pay attention to
the fact that TT21K9 is one of the most difficult-to-machine hard alloys containing
(% by volume): TiC — 8.7 and TaC — 12.5. Its standard hardness should be 91 HRA,
so even small deviations in the smaller or larger direction, in our opinion, should
definitely cause a change in the diamond grinding performance. We investigated the
wear resistance of the grinding tool based on the indicator of the relative
consumption of diamonds in the circle during grinding (q, mg/g) and determined the
effective grinding power (Ner, KW) and the specific energy intensity of grinding (Epyt,
kJ/Kkg). The test results are shown in table. 2.

Table 2 — Grinding indicators of hard alloy TT21K9 at a productivity of 480 mm3/min.
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Range of hardness, HRA Ner, KW q, mg/g Epyt, kKJ/kg
90.5-90.9 0.95 2.8 304
91.0-91.5 1.00 2.4 274
91.6-92.0 1.20 15 206

From the table 2, it can be seen that a slight decrease in hardness (to 90.5
HRA), relative to the standard 91.0 HRA, slightly increases the wear of the wheel
and the energy intensity of processing, while with an increase in hardness to 92.0
HRA, the wear of the wheel and the energy intensity of grinding are significantly
reduced. That is, these two conditionally viscous-brittle materials (high-speed steels
and hard alloys) react in the same way to an increase in their hardness: wheel wear
and specific energy capacity decrease.

At the third stage, we considered the grinding of already extremely fragile
oxide-carbide ceramics VOKG60 with a productivity of 1750 mm3min with a
diamond wheel 12A2-45° 150x10x3x32 — AC4 100/80 B1-13 100. Samples of alloy
ceramics measuring 12x12x4 mm were previously divided into 4 groups by
hardness. We would like to point out that the standard hardness of VOKG60 ceramics
should be 93 HRA, but in the process of manufacturing these ceramics, we selected
samples with an abnormally lower hardness, which made it possible to obtain an
additional, quite noticeable hardness range of 82-91 HRA. The wear resistance of
the grinding tool was investigated by the indicator of the relative consumption of
diamonds in the circle during grinding (g, mg/g) and the effective power of grinding
(Nef, kW) and the specific energy intensity of grinding (Epy, kJ/kg) were determined.
The test results are shown in Table. 3.

From the Table 3, it can be seen that with the increase in the hardness of
such conditionally exceptionally brittle oxide-carbide ceramics VOKG60, both the
wear of the wheel and the specific energy intensity of grinding do not decrease, as
in the conditionally viscous-brittle materials described above (high-speed steels and
hard alloys), but on the contrary, they increase. That is, here, in our opinion, with an
increase in the hardness of ceramics, there is no transition to increased fragility and
easier material removal, which is indicated not by a decrease, but, on the contrary,
by an increase in the specific energy intensity of grinding. At the same time, an
increase in the hardness of sludge particles improves their abrasive properties, which
is reflected in an increase in the wear of the diamond wheel (see Table 3).
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Table 3 — Grinding indicators of oxide-carbide ceramics VOKG60 at a productivity
of 1750 mm?®min.

Range of hardness, HRA Ner, KW g, mg/g Epyt, KJ/kg
82-83 0.95 1.23 45.8
85-88 1.07 141 59.1
90-91 1.17 1.75 80.2
93-94 1.28 1.93 96.8

5. Conclusions

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

1. Both conditionally viscous-brittle materials (high-speed steels and hard
alloys) react equally to an increase in hardness: wheel wear and the specific energy
consumption of their grinding decrease.

2. With an increase in the hardness of such conditionally exceptionally
brittle oxide-carbide ceramics VOK®60, both wheel wear and specific grinding
energy do not decrease, as in conditionally viscous-brittle materials (high-speed
steels and hard alloys), but, on the contrary, increase.

3. That is, it is likely that an increase in the hardness of conditionally
viscous-brittle materials improves the separation of elementary chips, less energy is
needed for their separation and, accordingly, the wear of the wheel and the specific
energy consumption of their grinding are reduced. On exceptionally fragile materials
(ceramics), with increasing hardness, there is no change in chip removal, but the
slurry becomes harder and, accordingly, more abrasive, and, as a result, wheel wear
and the specific energy consumption of their grinding increase.

4. The conclusion from the literature that hard and less plastic materials
require relatively less specific energy for grinding is confirmed by us when
comparing materials of approximately the same hardness (in HRA units), hard alloys
and ceramics. In ceramics, the specific energy intensity of grinding is actually four
times lower than that of hard alloys.
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BIIJIUB PI3HOI TBEPJOCTI IHCTPYMEHTAJIBHOTI'O MATEPIAJTY
HA 3HOC IVII®YBAJIBHUX KPYI'IB 3 HTM TA IIUTOMY
EHEPI'OEMHICTD IIJII®YBAHHSA

AHoTaWisA. /[na pisanbHo20 THCMPYMEHmMY 6USHAYAIbLHY POIb  gidipde meepdicmb  Mamepiany
incmpymenmy. Boonouac ye éniusae Ha ix mexnonoiunicmy, xoua € negui ocoonusocmi. Tak, meepoicms
Kepamiku Ha OCHOBI HIMpUOy KpemHito i KapOioy KpemHilo MAe MeHWull 6naU8 Ha ix oOpoOI0eanicms,
HIDIC WiNbHICMb, A NPU WIDYBAHHT 3A2apMOBAHUX CIALell CUIA PI3AHHS He 3a1eXHCUmb 610 ix meepoocmi.
Teepoicmb  JHcapoOMiyHUX [THCIMPYMEHMATbHUX CMANel GUIHAYACMbCS OUCNEPCHICMIO | KLIbKICMIO
Kapbioie, wo 8UOINAIOMbCA NPU 8IONYCKAHHI, | 3ATUUKOBO20 AYCMEHIMY 8 AKOCMI M'AK020 KOMNOHEHMA.
Adxc 0o nokasnuka meepoocmi incmpymenmanvnux cmaneii 65 HRC, 3i 36inbuiennam meepoocmi

26


https://www.sciencedirect.com/journal/wear
https://www.sciencedirect.com/journal/wear/vol/540/suppl/C
https://www.sciencedirect.com/journal/tribology-international
https://www.sciencedirect.com/journal/tribology-international/vol/186/suppl/C
https://www.sciencedirect.com/journal/journal-of-materials-research-and-technology
https://www.sciencedirect.com/journal/journal-of-materials-research-and-technology/vol/24/suppl/C
https://www.sciencedirect.com/journal/journal-of-materials-processing-technology
https://www.sciencedirect.com/journal/journal-of-materials-processing-technology
https://www.sciencedirect.com/journal/journal-of-materials-processing-technology/vol/327/suppl/C
https://doi.org/10.1016/j.jmatprotec.2024.118390
https://www.sciencedirect.com/journal/journal-of-materials-research-and-technology
https://www.sciencedirect.com/journal/journal-of-materials-research-and-technology
https://www.sciencedirect.com/journal/journal-of-materials-research-and-technology/vol/18/suppl/C
https://www.sciencedirect.com/journal/materials-and-design
https://www.sciencedirect.com/journal/materials-and-design/vol/242/suppl/C

ISSN 2078-7405 Cutting & Tools in Technological System, 2024, Edition 101

3pocmac i ix miynicmo. O0nax ix sucoxa meepdicme 6ionosioac piskomy suudicennio 6'ssxocmi. Came
MOMY Ne8HUll [Hmepec MONMCYMb NPeoCmasisamu OOCHIONCeHHs. 8NIUEY NOKASHUKA MEepoocmi Ha
00pobosaHicme Mamepiany iHCmpyMeHmy, KOy 3MIHIOEMbCA MEepoicmb HA OOHOMY Mamepiai.
Bcmanosneno, wjo yMOSHO 6 S3KO-KpUXKi IHCMPYMeHMAlbHi Mamepian (WeuoKopizaieHi cmani ma
meepoi cniasu) 0OHAKOBO NOB00AMb cebe I3 NIOBUWEHHAM MBepOOCmi: 3HOC Kpyzy I numoma
eHep2oEMHICIb IX WY 8anHs sMenuyomocst. 3i 30iIbuenHsIM MEepOOCnti KpUXKOL IHCmpYMEeHmManbHOT
OKCUOHO-KAPOIOHOT Kepamiku, sK 3HOC Kpy2y, mak i RUmoMd eHepeOEMHICIb WLNi(DY68aHHs HABNAKU,
nioguwyiomocs. Tobmo, nioguwennss meepoocmi 8 sI3KO-KPUXKUX MAMepianié nonecutye io0inenis
efleMeHmHoi  cmpycKy, eHepeii O0nsl yvboeo mpeba menwie i GIONOGIOHO 3HOC Kpyey I numoma
eHepeoEMHICIb IX winighysarnts smenuwyomocs. Ha kpuxkitl kepamiyi 3i 30i161eHHAM M8epOoChi AK0ICh
3MIHU Y BUOAIEHHI CIMPYJICKU He 8i006y8acmbcsl, ane Oilbul meepoutl wiiam cmac i 6iabu abpasusHuM i,
SIK HACTIOOK, 3HOC Kpyey [ numoma emepeoemuicms ix winipyeanns 36invuyromvcs. Buchoeok 3
aimepamypu npo, me, wo meepoi i MeHwl NIACMUYHI mamepianu HOmMpeOyroms NOPIGHAHO MeHule
numomoi enepzii’ Ha Wiy 8anHs NIOMBEPONHCYEMBC HAMU NPU NOPIBHAHHI Mamepianie npudIU3HO OOHA-
K060I meepoocmi — meepoux cniasié ma Kepamik. Y Kepamik eHepeoEMHICMb Widhyeans pakmuyno y
YOMUPU Pazu € MEHWIOI0, AHIdIC Y MEEPOUX CRIABIS.

Kiio4oBi ciioBa: meepoicms, weuokopizanvii cmani; meepoi cniasu, Kepamikd, 3HOC WligyeanbHux
kpyeie 3 HTM; numoma enepeoemuicms 06pooKu.
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Abstract. Diamond burnishing is a cold plastic forming process, which used as surface improvement
finishing treatment after conventional chip removal procedures. This paper presents the experimental
study of the impact of different burnishing parameters on 3D surface roughness on cylindrical low alloyed
aluminium workpieces. To carry out comparative analysis, measurement of surface roughness was
implemented before and after burnishing with an Altisurf 520 measuring device. The results enable a
more accurate understanding of the processes that take place during the procedure and, for industrial
applications, can help reduce machining time and costs by better defining the set-up parameters.
Keywords: 3D roughness parameters; diamond burnishing; surface integrity; polycrystalline diamond
tool.

1. Introduction

Surface quality always plays a very important role in the proper design of
machine parts with properties that can positively influence, for example, lifetime,
wear and corrosion resistance, contact stiffness, vibration, etc. For traditional
machining processes, many researchers have shown that the required surface quality
can be achieved by setting the right parameter combinations [1-4]. For this reason,
in this research work | study a non-cutting finishing method, the sliding burnishing
which reduces the roughness parameters of the component and contributes to better
corrosion resistance. This is due to the fact that, compressive residual stresses are
formed in the near-surface layer, thereby increasing the microhardness of it. The
process also results in increased fatigue strength, greater resistance to frictional
fatigue, and reduced wear.

Several researchers have worked on analysing burnished surface roughness,
in addition more and more scientists became convinced that the third dimension
© V. Ferencsik, 2024

28


http://orcid.org/0000-0002-8673-1095
mailto:ferencsik.viktoria@uni-miskolc.hu

ISSN 2078-7405 Cutting & Tools in Technological System, 2024, Edition 101

should be added to the surface analysis [1]. Korzynski et al. [5] investigated the
influence of tool tip radius, burnishing force and feed on 28 different 3D surface
roughness parameters in the case of machining austenitic stainless steel 317Ti. To
plan and execute experiments they used the so-called Hartley plan, and the most
important finding of their work is that with the applied setting parameters, all but
one of the obtained equations is non-linear. The only linear equation concerns the Sy
roughness parameter, which is a measure of uniformity of the surface texture. Swirad
also used Hartley plan in his study [6], but the input parameters considered in it
include speed, force and line-to-line pitch. According to results, he observed that
burnishing force exerts the greatest influence on the values of the indicators of the
geometric structure. Kebede and Felho [7] used orthogonal L9 array Taguchi design
to examine the impact of burnishing force, feed rate and number of passes on 3D
surface roughness of medium carbon steel after CNC milling process. One of their
important observations is the similarity of the responses between pairs of surface
roughness parameters: Sq and S,, as well as Sy and S;, showed similar trends with
the change of the burnishing parameters.

In this paper, | examine the effect of burnishing force (F), feed (f), speed
(v), and number passes (i) on 2 kinds of 3D roughness parameters (Sk, Sioz)
investigating the correlation between these setting parameters on low alloyed
aluminium workpieces

2. Execution of diamond burnishing

During burnishing of cylindrical surfaces, a deforming tool moves under
burnishing force over the surface of the workpieces which rotates at a given speed,
thus elastic-plastic deformation takes place on the near-surface layer [810] as shown
in Figure 1.

Purpose of the application of this finishing process to improve surface
roughness, increase lifetime by increasing compression residual stress and hardness
of the near-surface layer [12, 13]. In this experiment the surface of the workpiece
was pre-machined by finishing turning set at f; = 0.2 than f, = 0.15 mm/rev, then the
burnishing operation was executed with the same machine (E400 universal lathe)
applying 3.5 mm radius PCD (polycrystalline diamond) tool and manual dosing oil,
which kinematic viscosity was v =70 mm?/s.
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Figure 1. Schematic representation of burnishing treatment [11]

Table 1 contains the adjusted polishing parameters, which were determined
based on the preliminary experimental work and taking account the mechanical
properties of the burnished workpiece material.

Table 1, The numerical value of the examined burnishing parameters

No | F[N] | f[mm/rev] | v[m/min] i[-]
1 15 0.05 50.54 2
2 25 0.05 50.54 2
3 35 0.05 50.54 2
4 25 0.01 50.54 2
5 25 0.1 50.54 2
6 25 0.05 35.71 2
7 25 0.05 71.43 2
8 25 0.05 50.54 1
9 25 0.05 50.54 3

3. Measurement of 3d surface roughness
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3D roughness measurement of the turned and burnished surfaces on 3 areas
of 2x2 mm — rotated by 120° - were conducted on Altisurf 520 surface profiler,
equipped with a CL2 confocal chromatic sensor and MG140 magnifier. The results
were evaluated with the Altimap Premium software, Figure 2 shows a state during
the measurement process.

Figure 2. State during measurement

3D roughness parameters can be classified into 6 groups, from them a
functional (Sx) and a feature parameter (S10;) were examined. Core height (Sx) means
the difference between the upper and lower levels of the core and its values are
calculated from the linear curve (equivalent linear curve) minimizing the sectional
inclination corresponding to 40% of the material ratio curve, as it can be seen in
Figure 3. This parameter is suitable for evaluating friction, abrasion and lubricity for
engine cylinder surfaces.

Ten-point height of surface (Sio,) is the average value of the heights of the
five peaks (hill area) with the largest global peak height added to the average value
of the heights of the five pits (dale area) with the largest global pit height.

31



ISSN 2078-7405 Cutting & Tools in Technological System, 2024, Edition 101

0
Equivalent
Spk straight line
» \
Svk
1 1 1 1 1 1 1 1 1
0% 10% of the entire 100%
Smrl f—mth gy
Gentlest inclined

straight line

Figure 3. Identification of core height [15]
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4. Results and discussion

Table 2 summarizes the averaged values of the measured roughness
parameters and contains dimensionless ratios that were created to make more
illustrative the changes.

The calculations were made according to El-Taweel and EI-Axir [16]:

Apr% — (beefore_sxafter) . 100%' (l)

beefore
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Sx before Surface roughness parameter measured after turning,
Sx after Surface roughness parameter measured after burnishing,
ApS;% Percentage value of the calculated ratio.
Table 2, The results of Sk and S0z With the calculated ratios of the experiment.
No. Sk [pm] Apg, Si0z [pm] Aps,,,
before after [%6] before after [96]
1 3.2382 2.2516 30.4675 5.0187 3.4009 32.2354
2 2.9783 0.8761 70.5838 4.4061 2.6265 40.3894
3 0.8095 0.9067 -12.0074 | 3.4399 2.1603 37.1988
4 0.8347 0.9178 -9.9557 2.6209 2.3119 11.7898
5 0.8441 1.0632 -25.9576 | 2.8703 3.4611 | -20.5832
6 3.2769 0.9292 71.6439 4.4580 2.6404 40.7716
7 3.0443 0.9465 68.9091 5.2193 2.7146 47.9892
8 3.4675 1.3365 61.4564 3.7883 2.7620 27.0913
9 3.6189 1.0423 71.1984 3.7851 3.7113 1.9497

6 show the topography of marked “6” and “7” befo

The higher the value of the dimensionless ratios, the greater the
improvement due to burnishing process. Table 2 clearly shows that the most
advantageous parameter settings were in the cases of marked “6” and “7” surfaces,
while the most unfavourable parameter setting belongs to the “5” surface. Figure 5-
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Figure 6. Surface topography of 7" surface before (left) and after (right) burnishing process

Effect of the examined burnishing parameters are presented in Diagram 1-
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0
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Diagram 1. Influence of burnishing force on the analysed parameters
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Diagram 2. Influence of feed rate on the analysed parameters
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Diagram 3. Influence of burnishing speed on the analysed parameters
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Diagram 4. Influence of number of passes on the analysed parameters

5. Summary

The paper presents the experimental investigation of burnishing process on
cylindrical low alloyed aluminium workpieces, in which the analysed setting
parameters were burnishing force, feed rate, speed and number of passes. The aim
of the study was to examine the impact of these parameters on two different 3D
surface roughness parameters: core height (Sk) and ten-point height (Sio).
Dimensionless ratios were designed to study the changes caused by burnishing and
to make it even more obvious diagrams were created for each burnishing parameter.
According to the measured, calculated and illustrated results, following statements
can be made:

e Asshown by the topography in Figures 6 and 7, the process corrected
micro-threading caused by turning and reduced the distance between
peaks and valleys.

e The most favourable changes in surface roughness were experienced
in the cases of marked 6 and 7, when burnishing force was set to 15 N,
feed rate was 0.05 mm/rev with 2 number of passes, while the speed
was set to the higher values.
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e Based on the diagrams, the middle values of the parameter ranges were
the most advantageous and it can also be observed that changing the
burnishing speed has only a small effect on the surface roughnes
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Bikropis ®epenunk, MimkombIl, YTopIirHa

BIIVINB AJIMA3HOI'O BUTVIAI’KYBAHHS HA CEPE/IHE 3HAYEHHS
BHUCOTHU HEPIBHOCTEN MOBEPXHI (Rz)

AHoTauis. Axicmb noeepxui 3a6xcou Gidiepae dysce 8aANHCIUSY PONb Y NPABUILHOMY NPOEKMYBAHHI
Ooemarnei MAuiUHY 3 GIACMUBOCHAMU, SIKi MOJCYMb NO3UMUGHO GHIAUHYMU, HANPUKIAO, HA MEPMiH
CYaHCcOU, 3HOCOCMIUKICIb MA KOPO3II0, JHCOPCMKICMb KOHMAknmy, eiopayiio mowo. J{ns mpaduyiiinux
npoyecie 006pobKu 6azamo 00CHIOHUKIE NOKA3AU, WO HEOOXIOHOI AKOCMI NOBEPXHI MONCHA 00CAMU
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WISAXOM  6CIMAHOBICHHS NPABUILHUX KOMOIHayit napamempis [1-4]. 3 yiei npuuunu 6 Oamii
QoCHiOHUYbKIL  pobomi 5 6ueuard memoo @IHIWHOI 00pPOOKU, WO He pidcembcs, Kos3awue
BULTAONCYBAHHSA, SKE ZHUNCYE NApaMempu WOPCMKOCMI KOMHOHEHMA I Cnpuse Kpawjitl KOpo3itiHoi
cmitikocmi. Lle noeé'sizano 3 mum, wo € npunoeepxHesomy wiapi ymeopioiomvCs 3aIUuKO6l Hanpyau
CMUCHEHHS, AKI MUM Camum Riosuwyioms 11020 mikpomeepoicme. Lleil npoyec makooic npuzgooums 00
niosuwenHs 8MoOMHOI miyHocmi, Oinbwiol cmitikocmi 00 6momu 6i0 mepms ma 3MEHUWEHHS 3HOCY.
Anmasue uenaddicy8anns — ye npoyec Xoa00H020 NIACHMUYHO20 POPMYBANH, AKUL BUKOPUCTHOBYEMbCS
5K hiHiwHa 006poOKa Ok NOKPAWEHHs NOBEPXHI NIC/IA 36ULALIHUX NPoyedyp eudanerus cmpyicku. 110
yac wiighyeanns YumiHOPUYHUX HOGEPXOHL Oeopmyiouuti IHCmMpYMeHm nepemiyacmscs nio Oicio
BUNATIOBATLHOT CUNU NO NOBEPXHI 3A20MOBOK, AKA 0DEPMAEMBCA 13 3A0AHOI0 WBUOKICIIO, NPU YbOMY HA
npunoeepxHesoMy wapi i00ysacmvcs NpyscHo-naacmuuna degopmayis. Y cmammi npedcmasneno
eKcnepumMenmanbhe OOCTiOJNCeHHs GNIUGY DI3HUX napamempis uenaddcysanus na wopcmxicms 3D
nogepxui Ha YUNIHOPUUHUX 3A20MOBKAX 3 HU3LKOE208AHO20 anoMiniio. [ npoeedenHs NopieHANbHO20
ananizy 6yno peanizo8ano GUMIpIOGAHHS WOPCMKOCH NOBEPXHI 00 i NICISL WNI(YBANHS 6UMIPIOBATbHUM
npunadom Altisurf 520. Pesymomamu 003601s10me 6iabue mouno posymimu npoyecu, sKi 6i00y6aiomscs
nio uac npoyedypu, i ONA NPOMUCIO8020 3ACMIOCYEAHHA MOJICYMb OONOMOSMU CKOPOMUmMU yac i
sumpamu Ha 0OPoOKY 3a paXyHOK Kpaujoeo 6UsHAYeHHs NApamempie HalaumyeaHHs.

KuawuoBi cinoBa: 3D napamempu wopcmxocmi; aimasHe GUIIA0NCYBAHHS, YLIICHICMb NOBEPXHI,
NONKPUCMANTYHUT AIMAZHUL THCIMPYMEHM.
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Abstract. Workability of material is defined as the ease of operating on it. 11SMn30 is widely used
material in automobile manufacturing industries. Cutting forces have been shown to be the most effective
measure for understanding metal machining processes. The forces which helps in performing machining
operation also affects the cutting tool, in terms of deformation, bend, wear, which leads to the vibration
in the machining system, This article aims to study the correlation between feed, components of cutting
forces and components of vibration in turning of 11SMn30 steel grade using dynamometer and MPU6050
sensor.

Keywords: turning operation; cutting forces & vibrations; correlation; analysis of variance.

1. Introduction

Automation in manufacturing industries is rapidly growing, enhancing the
efficiency, leading towards the reduced labour costs and with automation adoption
of Artificial Intelligence is on the rise as industries recognises the benefits of in
predictive maintenance and operational efficiency which helps industries in
economic growth and provide low cost solutions in the market. In addition the
companies are prioritizing the sustainable practices by focusing on use of material.
Material selection one of the key variable in manufacturing industry, which
frequently causes uncertainties regarding its workability. Workability of material is
defined as the ease of operating on it. 11SMn30 is widely used material in
automobile manufacturing industries. Joy. B. et al . [1], Varghese. L. et al. [2],
quoted 11SMn30 is free cutting steel for bulk applications for joining elements in
mechanical engineering and automotive components. Manganese and sulphide exist
as globules in the microstructure which aid machining these act as discontinuities in
the sites to form broken chips as a results there is need to investigate the workability
of 11SMn30 steel grade. Sharma V. et al. [3] highlighted that to produce automotive
parts like shafts, turning operation is more economical, turning is the most
commonly used machining process in the manufacturing industries to produce shaft

from hard material. For turning operation to be efficient selection of cutting
© T. Namboodri, C. Felhg, 2024
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parameters is highly recommended by the researchers. Machining parameters like
feed, cutting forces & vibrations induced from the interaction of workpiece and tool,
because they directly influence the quality of product, production time, tool wear,
which overall determines financial aspect of the manufacturing industries and has an
impact on the environment. For successful implementation of turning study of
cutting forces is critically important because cutting forces correlate strongly with
cutting performance such as surface accuracy, tool wear, tool breakage, cutting
temperature. The cutting force is one of the most significant characteristic variable
to monitor the cutting operations, since its variation is directly proportional to the
cutting conditions. Cutting forces have been shown to be the most effective measure
for understanding metal machining processes. I.N. Tansel et al., Rashid Ali Laghari
et al., Ulvi Seker et al. [11, 12, 13] mentioned that a significant amount of this
research has been focused on measuring and predicting cutting forces during milling.
That is because understanding the cutting forces is critical because they have a direct
impact on heat generation, tool wear, machined surface quality, and shape precision.
They are also used to design machine tools, cutting tools, and fixtures. The forces
which helps in performing machining operation also affects the cutting tool, in terms
of deformation, bend, wear, which leads to the vibration in the machining system
[7]. Abdullah Aslan [8], investigated variations in cutting forces and vibration have
a direct impact on flank wear. Yong Wu [9] mentioned one of the most frequently
accepted reasons for machine tool chatter is surface regeneration theory, the
machined surface becomes wavy as a result of relative vibrations between the tool
and the workpiece as a result, delay effects emerge in metal cutting operation models
because the cutting force is controlled by the chip thickness, which is dependent on
both the present tool position and the delayed position from the preceding cut, in
result, the delay-differential equations are employed to describe machine tool
vibrations, and regenerative machine tool chatter can be viewed as the manifestation
of self-excited oscillations in a time-delay system. Zerti et al. [10], applied the
Taguchi approach to reduce cutting forces and other machinability parameters.
Turning experiments were carried out on AISI D3 steel using CC650 grade ceramic
inserts without coolant. Haibo X. and Zhanjiang W. [11], [12] investigated how EVC
factors such as vibration frequency, amplitude, and cutting speed affect cutting
forces. The feed force is responsible for the cutting in machining operation therefore
the feed rate influences the cutting forces which results in vibration. U. Seker et al.
[5], investigated that increasing feed rate, increases cutting forces in turning
operations, while cutting force decreases with increasing speed. K. Kotaiah et al.
[13], studied feed has a marked effect on stability in turning due to force variation.
Rashid Ali Laghari et al. [6] studied that higher depth of cut, followed by feed rate,
increases the cutting force, while higher cutting speed reduces it. Kagde and
Deshmukh [14], studied optimization and effect of cutting parameters on numerous
performance variables (work piece surface roughness, spindle load) obtained during
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turning operations. Experiments were conducted using a CNMG 090308 PF carbide
insert as a tool and HCHC steel as the workpiece material. The results highlights that
spindle speed and feed rate were the most important parameters for numerous cutting
performance metrics. Shunmugesh. K. [15]. results suggest that the key factor
influencing surface roughness is depth of cut, followed by cutting speed and feed.
Sharma V. et al. and Al-Ahmari [3], [16], studied the machinability of turning
operations using input parameters such as cutting speed, feed, depth of cut, and nose
radius, and response parameters such as cutting forces and surface roughness. Dong
Y. [17] study demonstrate that cutting conditions such as cutting speed, feed rate,
depth of cut, tool geometry, and material qualities of both the tool and the workpiece,
have a considerable impact on the surface quality of machined parts. Monitoring
quality indicators such as tool wear, surface integrity, cutting power, and vibration,
among others, contributes to consistent development for best results. Monitoring
process parameters improves productivity and increases tool life. To make these
parameters more efficient, additional investigations on cutting forces and vibration
components are critical for complete understanding. Not only should the significance
of their weight be understood, but so should their correlation with one another,
several studies on cutting forces and vibrations is undertaken, however study of the
components and their relationship with machining parameters is still lacking.

This article aims to study the correlation between feed, components of cutting
forces and components of vibration in turning of 11SMn30 steel grade using
dynamometer and MPUG6050 sensor. To check the significance of the regression
model, analysis of variance (ANOVA) was used.

— F, - Tangential Force
~+ F,~ Axial Force

F;~ Radial Force
=+ R - Resultant Force
-~ Centre Line
- -+ Hidden Line

Figure 1. Components of cutting force in turning operation
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2. Material and Methods

The workpiece shaft used to conduct the experiment is 11SMn30 grade steel,
non-alloy quality, and not suitable for heat treatment, according to EN 10277-3 [18]
. The chemical composition and mechanical properties of the workpiece material are
shown in Table 1.

Table 1. Chemical composition in weight% and Mechanical properties of steel 11SMn30
(1.0715)

C Si Mn P S
max 0.14 max 0.05 09-13 max 0.11 0.27-0.33
Nominal Rm — Tensile Rpo.2 0.2% proof . .
thickness strength (MPa) strength (MPa) Min. elorzog/(z)a)tl(oECz;t fracture
(mm) (+C) (+C)
40-63 400 - 650 305 9

The workpiece was parted in 5 equal parts as shown in Fig. 2. It is to understand
the relation between feed, components of cutting forces and vibration with varied
feed in all the surfaces as mentioned in Table 2. [19]. Other machining parameters
like depth of cut was kept 1 mm, spindle speed was 2000 rpm, for all the machining
passes. Using these parameters, cutting forces and vibration data was recorded.

| Surface S I I Surface 4 I | Surface 3 I I Surface 2 I I Surface 1 |

Figure 2. Partition of surfaces for the experiment.

42



ISSN 2078-7405 Cutting & Tools in Technological System, 2024, Edition 101

The machining operation was repeated two times to collect more data on
cutting forces and vibration, resulting in good correlation accuracy. The diameter of
the workpiece specimen was 42 mm before machining, and it was reduced to 40 mm
in first machining pass, after final pass it is 38 mm as shown in Fig. 3.

Table 2. Machining Parameters according to surface partition.
Surface No. 5 4 3 2 1
Feed (f;) mm/r 0.3 0.25 0.2 0.15 0.1
Depth of Cut (ap) mm 1 1 1 1 1
Spindle Speed RPM 2000 2000 2000 2000 2000

The specimen was divided into 5 equal parts of 16 mm length, each partitioned
by a 1.5 mm groove, to test the vibrational signals and cutting forces at different feed
rates and to draw the relationship between feed, cutting forces and vibration, Fig. 3.
represents the final machined part to analyse the corelation between feed, cutting
forces, and vibration.

16

155 , _18.5

-

44
40
38

1.5

1.5

120

Figure 3. Drawing final machined part.

The tool used was the SVHBR2020K11 Walter Turn shank tool with screw
clamping (S), as shown in Fig. 4. This tool has positive basic form insert and is
appropriate for small-diameter shafts or low cutting pressures. The tool and insert
specification for the VCGX style, used for the cutting operation, are listed in Table
3, [20].

Table 3. Tool & Insert Specification
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Max Orth.
Shank | Shank | Functiona | Functiona L Rake | Inclinatio
Des. - . . Projectio
height | width | width I length angl n angle
n length A
Symbol | h=h: b f Ih ls Y As
valie | M | 0M 1 o5 mm | 125mm | 19mm | o° 0°
m m
Insert Clearance . Corner Radius
Style Insert Shape Angle Size (Re)
VCGX 35° Diamond 7° Positive 0.25 0.016
Insert .

h . - . Insert Insert Thickness

Matlerla Work Material Machining Application Coating ©)
High
. Temp+Cast . S
Carbide Iron+Non- Roughing & Finishing Uncoated 0.125
Ferrous
@ (b) ©
- b |-
ZE

(T07°31,
4
% Yot
hy f

Figure 4. (a) Tool (b) Tool Specification (c) Insert specification [20]

The cylindrical turning operation was conducted in a dry condition using the
Optimum Opti Turn S600 CNC machine Fig. 5(a). The vibrational data was
collected by connecting the MPUGB050 sensor to the tool, as seen in Fig. 5(c).
MPUG050 sensor, the comprehensive 6-axis motion tracking device which integrates
a 3-axis gyroscope, 3-axis accelerometer, and digital motion processor with ESP32
microcontroller comprised of two 240MHz cores [36, 37], each housing a Tensilica
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Xtensa 32-bit LX6 microprocessor were used to measure the vibrational signal
during each machining pass. The microcontroller was used to upload the code, and
an SD card module connected to the microcontroller was used to gather the data.
Sensor was attached to the tool with the help of a clip, the electronic setup was
attached with the help of a screw to the tool holder in CNC machine, in case of
movement of tool the electronic setup will also move to keep the connection secure
between sensor and microcontroller, the microcontroller was attached to monitor to
provide the power supply and also to visualise real time output vibration signals.

Fig. 5(b), depicts the electronic configuration. The orientation of sensor with
respected to tool is shown in Fig. 5(c).

Dynamometer Tool

Figure 5. Experimental Setup (a) CNC Machine, (b) Dynamometer Setup, (c) Accelerometer
Setup.

The cutting force components were measured using a three-component
piezoelectric dynamometer, from Kistler Corporation 9257-A, Fig. 8(a) and 8(b).
The dynamometer's output was amplified using a charge meter Kistler Corporation
Model 5015A for three force components i.e., Fx, Fy, Fz, has been connected to
National Instruments Compact DAQ-9171 four-channel data acquisition unit (USB),
The amplified signals from the charge amplifier are supplied into the data acquisition
system, where they are transformed to digital output, which is then transferred to the
computer. This setup allowed for the installation of a dynamometer between the tool
holder of the CNC lathe and the tool without interacting with other parts. The three
cutting force components were measured, as seen in Fig. 5(b). Tool, dynamometer
and sensor position is defined in Fig. 5(b) and 5(c) respectively, monitor allows to
validate the data during the process to avoid any error it is recommended to visualise
the real time data. This configuration allowed the experiment to be conducted cleanly
and without errors. Two boxes were fabricated using machining and 3D printing
processes as shown in Fig. 5(b), and an outer wire casing was used to protect wires.
These casings served as a shield to protect electronic setup from chips generated
during the machining process.
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3. Results

The results represents the calculated data of Force RMS (F RMS) for each
components, for tangential cutting force (F RMS T), Radial cutting force (F RMS
R) and axial cutting force (F RMS A), In Table 4. RMS calculation of force
components is presented, it can be seen that active forces are the tangential and axial
force as mentioned in article [23], the force RMS value measured for the tangential
are much higher than radial and axial, and in comparison the significance of radial
forces are much lower which is understandable because radial direction the tool is
stationary and do not apply the force downwards. The results also presents the
calculated values of vibration RMS for each components, Vibration RMS in
tangential (Vb RMS T), Vibration RMS in Radial (Vb RMS R) and Vibration RMS
in Axial (Vb RMS A), It can be concluded from Table 4. That tangential vibration
RMS values is much higher in compared to radial and axial vibration.

Table 4. Forces RMS and Vibrations RMS data.

Individual

Ex. Feed RI\F/IS RI'\:/IS F RMS Vb RMS Vb RMS Vb RMS

No. Rate T R A T R A
EX1S1 0.1 216.63 2.3 111.34 9.09 5.23 151
EX1S2 0.15 315.01 | 3.26 161.4 9.09 5.24 1.67
EX1S3 0.2 3954 | 5.16 181.98 9.14 5.25 1.49
EX1S4 0.25 473.69 | 7.46 191.19 9.28 5.32 1.78
EX1S5 0.3 532.61 | 10.91 | 183.74 9.43 5.31 1.75
EX2S1 0.1 206.59 | 4.39 114.63 9.08 5.22 147
EX2S2 0.15 303.55 6.7 164.73 9.12 5.24 1.48
EX2S3 0.2 366.82 | 11.71 178.89 9.1 5.25 141
EX2S4 | 025 | 425.64 | 19.03 | 182.08 9.3 5.31 1.79
2255 | 03 | ot | o | ereak | mrak | eresk | ek

The active vibration considered is tangential and radial because it has much
greater impact than the axial. It is understandable, because tool is moving in axial
direction, so the vibration values can be ignored in axial direction. In terms of force
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the axial force is much higher in comparison to radial because of the contact between
workpiece and tool. Table 5. represents the correlation between individual
directional forces and vibration, it can be concluded that feed has high influence on
tangential and axial force which is considered as active force and weak correlation
with radial forces. In terms of vibration feed has strong correlation on tangential and
radial and weak correlation on axial. tangential and radial vibration are considered
as active vibration.

Table 5. Correlation Analysis Feed, Forces RMS & Vibrations RMS.

= Vb Vb
Feed | cpmsT | Rms | FRMS [ VDRMS | pys | pvs
Rate R A T A
R
*
Feed Rate 1 089%* | 693 | geaxx | gogex | 98T | ggrx
Force RMS |- gggu 1 059 | .890%x | .g7axx | 90T | g7ax
Tangential ' ' ' ' * '
Force KMS | goae 0.59 1 | o581 | 0607 | .672% | 0.446
POrCeRMS | geaxs | oo | ose1 | 1 0503 | 731% | 0477
Vibration 914*
RMS .899** .871** 0.607 0.593 1 s .794*
Tangential
Vibration 850*
RMS .918** .900** .672* 731* 914** 1 T
Radial
Vibration - - - .850*
RMS Axial .681 674 0.446 0.477 794 * 1
** Correlation is significant at the 0.01 level (2-tailed).
* Correlation is significant at the 0.05 level (2-tailed).

The one streak sign in table “*”, Suggests correlation is significant at the 0.05
level (2-tailed). This indicates a moderately strong piece of evidence that the
observed correlation is not due to chance. There's a 95% chance that a real
relationship exists between the variables. tangential force also shows strong
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relationship with tangential and radial vibration and comparatively weak
relationship with axial, which can be understood by the above results of active
vibration and active force. radial force shows weak relationship with vibration
because it has very low value in compared with the other directional forces. There is
a strong correlation between force components and vibration components which
suggests that with change in value of force will influence the as well vibration
induced. The analysis of force and vibration components as well as the correlation
between the variables explains the influence of variables on one another, which can
be used to overlook the variables with the less effect on the machining process.

4. Conclusions

The introduced approach can be used to understand the machinability of
material and relationship between cutting forces and vibration, and several findings
can be drawn from this study.

Individual forces and vibration data allows us to understand the impact and
dependency of one variable on others. Tangential values in forces and vibration
calculations are much higher compared to radial and axial values, which implies that
tangential direction has significant impact on both forces and vibration.

The direction of active forces and active vibration differs, active force is the
sum of tangential and axial, whereas active vibration considers the sum of tangential
and radial direction.

Correlation analysis results.

Feed Rate shows strong correlation with F RMS tangential and F RMS axial
with 98.9% and 86.4% correlation respectively, also with the Vibration RMS
Tangential and Vibration RMS Radial with 89.9% and 91.8% correlation.

Components of forces also show the strong correlation with components of
vibration which suggests that the with change in value of cutting force value
influences the vibration, which can be used to predict the vibration in tool.
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Tanyit Ham0Oyapi, Yaba Penpxo, Mimxkonsi, YropmuHa

AHAJII3 KOPEJSIIIE MIZK CKJIAJJOBUMHY CHUJIN 1 BIBPAILIIT IPH
TOKAPHII OBPOBII CTAJII 11SMN30

AHoTanist. Texnonociunicms mamepiany U3HAYAEMbCs K 3pyuHicmb 1020 0opobru. Cmans mapku
11SMn30 € wupoxo euxopucmosysanum mamepianom 8 agmomoobine6yoyeanni. Bioomo, wo sycunis
Pi3anHs € HAUOLbW eheKMUGHUM NOKAZHUKOM OJis PO3YMIHHS npoyecie 06pobku memany. [ns ycniwnol
peanizayii moxkapnoi 06poOKu GUEUEHHs CUNL PI3AHHS € KPUMUYHO SAJCIUGUM, OCKLIbKU CUNU PI3AHHS
CUTLHO KOPeTIoIoMmb 3 MAKUMU NOKAZHUKAMU DI3aHHsA, K MOYHICMb NOBEPXHI, 3HOC THCHPYMEHNIY,
nonomka incmpymenmy, memnepamypa pizanns. Cuna pizanna € OOHI€I0 3 HAUOITbW 3HAUYUWUX
XapaKxmepucmuyHux 3MIHHUX O KOHMPONIO 34 ONepayiamu pi3aHHs, OCKINbKU ii 3MiHA NPAMO
nponopyitina ymosam pizanusi. Cunu, ki 0onomazarmes npu BUKOHAHHI onepayii MexauniyHoi 06pobKu,
BNIUBAIOMY § HA PINCYUULL IHCIPYMEHM, 8 NIAKT Oeghopmayii, GUSUHY, 3HOCY, WO NPU3EOOUMb 0 IOpayil
6 cucmemi 0opodxu, Komnonenmu cunu pizanns y ybomy 00CHiodcenni OYau 6UMIPsHI 3a 00NOMO20I0
MPUKOMNOHERMHO20 N'e30enexmpuuno2o dunamomempa gipmu Kistler Corporation 9257-A. Buxionuii
cueHan ounamomempa 6yé nocunenuti 3a 0onomoz2oio niocunosaya Kistler Corporation modeni 5015A
07151 mpboX cunosux cknadosux, a came, FX, Fy, Fz, 6ye nioknouenuii 0o vomupuranansnoeo 610Ky 360py
oanux (USB) National Instruments CompactDAQ-9171, Ilocuneni cucnanu 6io niocunosaia Haoxoosimo
6 cucmemy 300py Oanux, Oe NepemsopIolomMbCs HA YUGposull 6uxio, AKUl NOMiM nepeoacmvcs Ha
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xomn'tomep. Lla ycmanoeka 003601una 6cmanogumu OUHAMOMEMP MIJC Mpumavem IHCMpYMeHmy
moxkapnozo eepcmama 3 YI1Y ma incmpymenmom 6e3 63aemooii 3 inwumu demanamu. byno eumipsamo
mpu  cknadogi cunu pizanns. Ilonodicenns incmpymenmy, Ounamomempa i OamuuKa GU3HAYEHO
BIONOGIOHO, MOHIMOP 00360J5€ nepesipsimu OaHi 6 npoyeci Oist YHUKHEHHs 0Y0b-SKUX NOMUILOK,
pexkomenOyemuvcs gizyanizyeamu O0aHi 6 peanvrHomy uaci. Taxa Kougieypayisi 003601ua npoeecmu
eKxcnepuMerm Yyucmo i 6e3 NOMULOK. Jlana cmammsi Mae Ha Memi UGHUMU 63AEMO38 SI30K MIJIC NOOaero,
CKAA008UMU CUNl PI3AHHA | CKIAO0sUMU 8iopayii 6 mokxapHii o06pobyi cmani mapku 11SMn30 3
suxopucmanusm ounamomempa i MPUG6050 oamuuxa.

KuaiouoBi cinoBa: onepayiss moxapnoi 06podku, cunu pizanns ma 6iopayii; Kopeusyis;, OucnepcHull
ananis.
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Abstract. This review examines recent advancements and ongoing challenges in plunge milling. It is an
increasingly utilised machining process renowned for its high material removal rates, particularly with
hard-to-machine materials like hardened steels and titanium alloys. Plunge milling’s unique
perpendicular tool path offers enhanced stability and reduced lateral cutting forces, making it valuable
for applications that demand precision and efficiency, such as aerospace and automotive manufacturing.
The paper systematically analyses and synthesises research on critical areas of plunge milling
optimization, including tool geometry, material selection, coating technologies, and process parameters,
highlighting strategies to mitigate common issues like rapid tool wear and chip evacuation difficulties. In
this comprehensive overview, the review introduces theoretical and experimental findings on optimizing
plunge milling tools and process parameters—such as cutting speed, feed rate, and coolant delivery—
that are essential for improving performance and achieving desirable surface finishes. The paper also
explores innovative trends, including Al-driven optimization algorithms and hybrid machining systems,
which hold promise for addressing persistent limitations and enhancing plunge milling’s industrial
applicability. By consolidating findings from recent studies, this review contributes to a deeper
understanding of plunge milling’s role in high-precision manufacturing and identifies future research
directions for advancing the process. The insights presented offer practical and strategic implications,
aiming to guide ongoing developments in plunge milling technology and its adoption across various
precision-oriented industries.

Keywords: Plunge milling; material removal; tool optimization; cutting tool coatings.

1. Introduction

The role of machining in modern manufacturing cannot be overstated. It
enables the production of complex, precise components across various industries [1-
3]. Among the diverse machining techniques, milling has remained a staple,
particularly in aerospace, automotive, and tooling sectors, where precision and
efficiency are paramount [1]. Traditional methods like end and face milling typically
involve sweeping the tool horizontally across the workpiece, making them effective

but sometimes less efficient for high-volume material removal [2].
©A. Khattab, C. Felhg, 2024
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Plunge milling has emerged as a powerful alternative, especially for machining
hard materials such as titanium alloys and hardened steels [3].

Characterized by a unique vertical, perpendicular tool path, plunge milling
distinguishes itself by moving directly downward into the material, substantially
improving tool stability and cutting efficiency [4]. This approach minimizes lateral
cutting forces, extending tool life and reducing the likelihood of tool deflection—a
benefit crucial for applications requiring deep cavity cuts or roughing operations.
The technique’s effectiveness has been demonstrated in demanding applications like
the production of Kaplan turbine blades, where removing material rapidly without
compromising precision is essential [5].

Beyond its practical benefits, plunge milling has prompted extensive research
efforts to optimize tool geometry, material selection, and process parameters,
including coating technologies and cutting speeds. However, challenges persist,
particularly in managing rapid tool wear and optimizing chip evacuation [6,7]. This
review synthesizes current advancements and presents a detailed analysis of
optimization strategies, exploring emerging technology systems. By addressing
these critical factors, plunge milling will continue evolving, meeting the growing
demands of high-precision, high-efficiency manufacturing environments.

2. A Comprehensive Exploration

Precision milling hardened steel components, such as dies, molds, and press
tools, often rely on monolithic milling cutters [8]. In this context, plunge milling has
gained significant attention due to its ability to produce complex shapes and intricate
features [2] accurately. Driven by the need for greater productivity, high-speed
machining has also gained traction across industries [1]. This approach typically uses
small feed per tooth and minimal pick feed, which effectively produce precise
surface textures and are widely adopted for end-milling operations in manufacturing
die/mold components and precision mechanical parts [7,9]. For milling complex
surfaces, specific parameters, like axial cutting depth, play a critical role in ensuring
surface quality and dimensional accuracy [8],10]. Furthermore, advancements in
tool steel properties have supported the broader adoption of plunge milling, as these
developments enable achieving a high surface hardness while maintaining a softer
core structure advantageous for applications such as machinery parts and specialty
fasteners [11,12]. The precision and adaptability of plunge milling make it an
effective technique for accurately producing complex shapes and narrow apertures,
enhancing its relevance across manufacturing sectors focused on intricate part
production [13-15].

3. Process Optimization of plunge milling
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3.1. Cutting tool optimization
Tool optimization is essential in plunge milling, where high mechanical
stresses and thermal loads, especially with rugged materials, impact cutting
efficiency, tool life, and overall performance. Adjusting tool geometry and material
selection is critical to these improvements [1]. In particular, tool failure due to wear
is a significant concern that requires carefully selecting cutting parameters, cooling
strategies, and tool designs [6].
3.1.1. Optimization of Tool Geometry
The geometry of a cutting tool plays a critical role in plunge milling, particularly
in how it handles cutting forces and heat generation. Key geometric aspects include
the rake angle, clearance angle, and cutting-edge shape [2]. Plunge milling tools
typically feature a positive rake angle to reduce cutting resistance and a large
clearance angle to facilitate better chip evacuation, thereby minimizing the risk of tool
clogging. A study by Ding et al. [16] showed that optimizing the cutting-edge radius
and tool profile can significantly reduce tool wear by distributing cutting forces more
evenly across the tool surface [6]. This is particularly important for maintaining tool
stability during the high-impact forces of plunge milling, as shown in Figure 1 [7].

(b)

Figure 1. Used cutting tool, the strategy scheme, and Machining setup [7].

Edge Preparation: To reduce wear, the cutting-edge plunge milling tools can
be tailored with micro-polishing or edge rounding techniques. These techniques help
prevent chipping and fracture, which are common issues in plunge milling due to the
aggressive vertical plunge of the tool into the material [6].

Corner Design: Tools used in plunge milling often have rounded or chamfered

corners to increase strength and prevent the tool from fracturing at the corners under
heavy loads. However, the tool tip's rounded corners can wear significantly during
plunge milling, leading to potential failure. Common wear types include crater, flank,
and notch wear. Understanding these can enhance tool life and performance, as is
shown in Figure 2 [6]. Optimizing tool geometry increases tool life and improves chip
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formation and surface finish [7]. Effective chip evacuation is critical in plunge milling.
Chips generated during the plunge motion can obstruct the tool path, leading to tool
damage and poor surface quality [4,5].

~ Notch wear
Crater wear

Tool rake face

Figure 2. Plunge tool wear morphology [6].
3.1.2  Optimization of the Cutting Tool Design

The tools used in plunge milling have distinct features compared to those used
in other techniques. Plunge milling cutters are designed with robust cutting edges
and reinforced corners to handle the high stresses generated during vertical cutting.
Due to their strength and heat resistance, these tools are typically made from carbide
or high-speed steel (HSS) [2, 17]. Cutting tool design plays a critical role in the
efficiency and performance of plunge milling operations. Recent advancements in
materials technology, as is shown in Figure 3, have enabled the development of high-
strength and ultra-hard materials that are challenging to machine using conventional
methods [18-20]. Appropriate selection is also crucial in plunge milling, as it
directly impacts the tool's wear resistance, thermal stability, and overall service life
[6, 21, 22]. Cemented carbide, diamond-coated tools, and polycrystalline diamonds
are among the materials extensively studied for their suitability in applications [8,
17, 23]. Recent research has focused on material selection and the optimization of
cutter geometry. Investigations into the effects of axial and radial rake angles and
the impact of interference during helical milling have provided valuable insights into

the design of high-performance milling cutters [10, 22, 24, 25].
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b ©

Figure 3. Optimizing the (a) Design, (b) Manufactured, (c) Experiment, plunge milling
cutting tool [20].

3.1.3. Optimizing Cutter Geometry and Material Selection

Due to the significant differences in scale, traditional design methods for
milling cutters are no longer applicable to micro-scale tools [26], [27]. Researchers
have explored new micro-mill design approaches to address this challenge, focusing
on optimizing cutting processes and integrating them with the tool design process,
as shown in Figure 4 [21, 28]. One such approach is the development of parametric
design systems for micro-mills, which leverage computer-aided design tools and
programming techniques to establish a flexible and accurate tool design process [29—
31]. This enables the creation of customized tool designs tailored to specific
machining requirements by deconstructing the geometric features of micro-mills and
connecting them through expression functions [1, 32, 33].

WV,

Y

1- disc milling 2- plunge milling

3. side milling

Figure 4. Optimizing cutting processes in plunge milling [28].

3.2. Tool Materials and Coatings Optimization
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The choice of tool material is critical to ensuring high-performance plunge
milling. Cemented carbide is the most commonly used material for plunge milling
tools due to its high hardness and wear resistance [7, 23]. High-speed steel (HSS) is
also used in some applications, though it is less wear-resistant than carbide [17, 34].
In recent years, research has focused on advanced coatings to enhance tool
performance further [35, 36]. Coated carbide tools have significantly improved wear
resistance and thermal stability compared to uncoated tools. Typical coating
materials include:

— Titanium Nitride (TiN) is a widely used coating that provides wear
resistance and reduces friction during cutting [37, 38]

— (Sweatt et al., 2008) Titanium Aluminum Nitride (TiAIN) offers superior
oxidation and thermal degradation resistance, making it ideal for high-speed plunge
milling in materials that generate significant heat during cutting [7, 34, 39].

— Diamond-like Carbon (DLC) Coatings: These coatings provide extreme
hardness and low friction, improving tool life when machining abrasive materials
like composites and hardened steels [1, 40]. Zagorski et al. show that TIAIN coatings,
especially with AITIN, enhance plunge milling by creating a thermal barrier that
reduces adhesive wear and stabilises cutting forces. TiAIN-coated tools lower
cutting forces under high-speed machining (HSM) conditions, boosting tool
durability and milling efficiency in demanding applications [34, 41].

3.3. Process Parameter Optimization

Optimizing cutting parameters such as cutting speed, feed rate, and depth of
cut is essential for minimising tool wear and maximising machining performance [1,
2]. Finite Element Modeling (FEM) has become a vital tool in predicting how
different cutting parameters affect tool performance in plunge milling. By simulating
the forces, temperatures, and stresses acting on the tool during machining, FEM
helps identify the optimal cutting conditions that will reduce wear while maintaining
high MRR [21, 42, 43].

— Cutting Speed: Increasing the cutting speed improves MRR but generates
more heat, leading to thermal wear. Balancing speed with appropriate cooling
strategies is critical for maintaining tool life [5, 12, 44].

— Feed Rate: High feed rates lead to increased cutting forces, which can cause
tool deflection and wear. Optimizing the feed rate helps maintain tool stability and
reduces cutting-edge chipping [6, 12, 45].

— Depth of Cut: In plunge milling, the cut's depth directly affects the tool's
load. Guo et al. found that reducing the cut depth in combination with coated tools
can significantly lower tool wear, especially when machining hard materials like
Inconel and titanium alloys [1, 20].
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— Workpiece Materials and Geometries: Advances in materials technology
have led to the development of high-performance composites, ceramics, and other
difficult-to-machine materials, which pose unique challenges for conventional
machining [1, 24]. Plunge milling has emerged as a viable solution for effectively
machining these advanced materials. It leverages the direct application of energy to
remove material without the limitations of traditional chip-removal methods [2]. The
geometry of the workpiece, as shown in Figure, can significantly impact the tool
path planning, cutter accessibility, and overall machining efficiency [1, 26, 46].
Research has explored using CAD-based visualization techniques and cutter
accessibility maps to optimize the process for complex workpiece geometries, such
as those encountered in the aerospace and automotive industries [2, 26, 47, 48]

Conventional Plunge milling
milling
Cutting plan // Z

Cutting plan #/ x F_,
¢ T T T
Y I
% [

=y ey

Spiral strategy Strategy of zig zag

Spiral strategy with a pilot Strategy of zig zag with a
hole pilat hole

Figure 5. Machining strategies [26].
3.4. Optimized Chip Management and Coolant Delivery:

In plunge milling, efficient and coolant delivery is vital due to the high intensity
cutting process that can result in rapid chip accumulation [18, 19]. Researchers have
developed innovative methods such as air-jet-assisted chip removal, high-pressure
coolant systems, and optimized tool geometries. These techniques significantly
improve chip evacuation, preventing tool interference, machine damage, and surface
quality degradation [7, 19]. Moreover, cutting fluid and coolant delivery is crucial
in plunge milling to extend tool life, avoid thermal damage, and preserve surface
integrity [23, 49]. Advanced fluid delivery techniques, like minimum quantity
lubrication (MQL) and cryogenic cooling, have been investigated to optimize
cooling and lubrication. These advanced methods can enhance stability and improve
surface quality and efficiency [35, 50].
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3.5. Optimization Algorithms for Plunge Milling

Optimizing operations is a complex task that requires considering various
parameters, including tool geometry, material properties, and process conditions [29,
51]. Recent research has focused on developing advanced Optimization to improve
the efficiency and productivity of plunge milling [52, 53]. These algorithms leverage
computational models and simulation tools to predict and analyze the performance
of plunge milling processes, enabling the selection of optimal cutting parameters,
tool paths, and machining strategies, as shown in Figure 6 [1, 54, 55, 56,58].
Integrating these Optimization algorithms with CAD/CAM systems has further
enhanced plunge milling capabilities, allowing for the integration of design,
planning, and machining operations [51, 54, 55, 57].

Figure 6. (a) Rendering of CAD drawing, (b) toolpoint path design(right) for a plunge
milling example[58].

4. Advantages of plunge milling:

Plunge milling stands out in industrial machining for its high material removal
rates (MRR), improved productivity, and efficient chip evacuation [1, 12, 59]. It is
ideal for applications like mold and die-making, where precision is paramount [21,
28]. Unlike conventional methods, plunge milling directs the tool vertically into the
material, reducing machining time and generating less heat, which extends tool life
and enhances surface finish [55, 60]. It minimizes issues like tool deflection and
vibration, allowing for better dimensional accuracy and control over the cuts, which
is critical in complex geometries and intricate designs [22, 61]. Plunge milling
enables advanced strategies like trochoidal tool paths and high-speed machining,
reducing cutting forces and vibrations, enhancing tool life, and improving efficiency
[1, 5]. Optimal parameters—such as cut depth and feed rate—help prevent surface
and subsurface defects, especially in sensitive materials [4]. Its force control, tool
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stability, and cost-effective precision make plunge milling suitable for complex,
high-tolerance designs across industries [4, 41, 62].

5. Challenges and Limitations / Current Challenges:

Critical challenges include rapid tool wear when machining superalloys, di-
chip evacuation, and high tool costs [4, 20]. Grzesik et al. identified the need for
better materials and cooling strategies to overcome limitations [5, 1].

5.1. Barriers to Adoption:

The high initial cost of specialised plunge milling tools and the complexity of
process Optimization have limited its adoption in smiles [4,1]. She pointed out the
need for cost-effective solutions.

5.2. Technical challenges:

Tool wear, particularly when machining abrasive materials, remains a
significant challenge in plunge milling [27, 63]. Herbert et al. address the challenge
of achieving near damage-free surfaces while minimising material removal during
finishing operations [64], which can lead to cost savings and improved efficiency in
manufacturing processes [4, 46].

5.3. Material-specific challenges:

Plunge milling of superalloys such as titanium poses heat generation and tool
life challenges. Due to machine capacity or tool wear, high-temperature alloys and
lightweight materials may limit high-speed machining and high-performance cutting
[63, 65].

5.4. Surface quality and integrity:

Ensuring high-quality and consistent surface finish and integrity is crucial for
the long-term performance of some components [51, 66]. Xin et al. note that multi-
milling technology can increase cutting forces and vibrations, leading to surface
defects like burrs, scratches, and micro-cracks that may weaken blisks over time by
creating stress concentrators [28, 51, 66]. Guo et al. discovered that using the wavy-
edge cutter reduced vibration amplitude by over 90% and cutting force by about 50%
compared to straight-edge cutters [20].

6. Future Trends and Research Directions
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6.1. Smart Machining Systems:

The study mentions the use of Al technology in intelligent machining, which
includes various applications such as Optimization of machining parameters, real-
time monitoring, and process control [21]. Hashmi et al. integrate sensors and Al in
plunge milling to improve efficiency. Accelerometers on the spindle head measure
forces, while Al processing detects and mitigates chatter, boosting material removal
rates (MRR) and reducing machining time [64, 67]. Exploring advanced techniques
to further optimise the tool path planning process, improve the selection of optimal
plunger centres, and adapt the approach to various manufacturing scenarios [68].

6.2. Hybrid method:

Researchers have explored enhancing plunge milling's capabilities by
combining it with high-speed milling, laser-assisted machining, and additive
manufacturing [1], which improve surface finish, boost material removal rates, and
allow component repair or modification [64]. Effective integration requires
advanced process planning, control algorithms, and coordination of multiple
machining systems [42]. Xni et al. present a multi-milling technology for blisk
processing that combines disc, plunge, and side milling to boost efficiency and
reduce costs. Simulations reveal a 91.2% material removal rate, surpassing plunge
and side milling (86.5%) and side milling alone (81.8%) [28, 51]. Omari et al.
demonstrated that the Medial Axis Transformation can improve machining
efficiency by expanding the milling area and converting shapes into efficient, tree-
like structures for easier manipulation [31]. Also, using multi-axis milling machines
could potentially revolutionise complex layered contour plunging processes, further
enhancing the efficiency of plunge milling [31, 42, 69, 22].

6.3. Tool material development:

Future advancements in tool materials will likely focus on hybrid composites
and nanostructured coatings for improved durability and performance [7, 42].
Researchers focus on eco-friendly, energy-efficient plunge milling practices such as
alternative cutting fluids, optimised energy use, and dry machining to reduce
environmental impact, resource use, and costs while ensuring quality and
productivity [1, 4].

6.4. Sustainability and Eco-Friendly Approach

Altintas et al. developed a model to predict and reduce energy consumption in
milling, aiding sustainable manufacturing through energy-efficient process planning
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and parameter selection [27, 70]. Therefore, the study implicitly supports the idea
that Optimizing milling contributes to sustainability goals [52]. Researchers aim to
enhance machining while minimising the environmental impact, carbon emissions,
and production costs associated with the grinding process [4, 51]. Awale et al.
examine the grindability of AISI H13 tool steel using eco-friendly nano-lubricants
under minimum quantity lubrication (MQL), aiming to enhance sustainability in
tooling by improved surface integrity, reduced energy consumption, carbon
emissions, and cost savings [50].

7. Conclusion

This review highlights plunge milling as a valuable machining method that
enables high-efficiency material removal in hard-to-machine materials. By
emphasising vertical cutting, plunge milling achieves significant improvements in
tool stability and force reduction, proving especially beneficial for intricate and high-
precision applications. Through an analysis of the latest research, this paper presents
advancements in tool design, material selection, and process Optimizations that
collectively address core challenges, such as tool longevity and effective chip
evacuation. The findings underscore that, while plunge milling has established its
place in the industry, continued research is essential to unlock its full capabilities
and overcome existing limitations. This review provides a consolidated resource for
current practices and future directions, supporting the evolution of plunge milling
into a more versatile and sustainable manufacturing solution.
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MIPOI'PEC I TIPOBJIEMH BPI3HOI'O ®PE3EPYBAHHSA: OI'JIAJ
MOTOYHOI MPAKTUKU TA MAMBYTHIX HAIIPSIMKIB

AHoTauis. ¥ ybomy 02n:0i rimepamypu po3eisioaomscs 0CMAanHi 00CASHEHHS Ma NOMOYHI RPodiIemMu 8
8pisHo2o pesepysanns. Lle éce 6inbuL 4acmo GUKOPUCMOBYSAHUL Npoyec 0OpobKU, GI0OMULL CEOEIO
BUCOKOIO WIBUOKICINIO BUOANIEHHA Mamepiany, 0coOnueo 3 6adcKo0OpodMIosanuMU Mamepiaramu,
Makumu K 3a2apmoeaHi Cmaii ma MumaHosi CHIAsU. YHIKAIbHA NepneHouKyIsapHa mpackmopis
iHcmpymenmy 6pizHo2o gpesepysanns 3a6e3neuye nioguyeny cmadilbHiCmy | 3MEHULYE NONEPEYHE CUNU
Pi3anns, wo pobums 020 YIHHUM OISl 3ACMOCY8AHb, AKI 6UMAAIOMb MOYHOCMI MA epheKmueHocmi,
MaKux K aepokocMiune ma asmomoOilbHe UPOOHUYMBO. Y cmammi CUCMEMHO AHANI3YIOMbCs ma
V3a2anNbHIOIOMbCSL OOCIONCEHHS 3 KPUMUYHO 8ANCIUBUX 00acmel Onmumi3ayii 8pisno2o gpesepysanns,
BKNIOYAIOUU 2e0Mempilo THCMpYMeHmy, 6ubip mamepiany, MexHON02l NOKpummsa ma napamempu
npoyecy, 6uceimuOYU cmpamezii NOM'AKUMEHHA NOWUPEHUX NpoOreM, MAKUX AK WEUOKUL 3HOC
iHcmpymenmy ma mpYyOHOWi 3 e6aKyayiero CMmpytcKu. Y ybomy 6ceocsartHcHomy o02nidi 6 021401
npeocmasgieni meopemuyHi ma eKCcnepumMeHmaibHi 6UCHOBKU WOoO00 Onmumizayii incmpymenmie Ons
8DI3HO20 (hpe3epyB8anHs ma napamempis npoyecy, MaKux K WeUOKICMb PI3aHHs, WUEUOKICMb No0ayi ma
no0aya 0xon00X4cyoyol piouny, AKi Mames 6aiCiuee 3HA4eHHs 01 NIOGUUEHHs NPOOYKMUBHOCME ma
0ocsicHen A badxcanoi 06poOKu nogepxwi. ¥ cmammi makodc 00CioHcyromvcs iHHO8ayitini meHOenyii,
BKIIOYAIOYU AN2OPUMMU ONMUMIZAYIL HA OCHOBI WMYYHO20 IHMeENeKmy ma 2iOpudHi cucmemu oopooKu,
AKI € NepcnekmusHuUMU Osl  BUPIWEHHA NOCMIHUX —0OMedcenb [ NiOGUWEHHS. NPOMUCTO80T
3acmoco8HOCMI 8PI3HO20 (ppesepysanns. Y3azanbnioouu pe3yibmamu Heuwjoo0asHix 00ciiodceHs, yei
0271510 cnpuse 2IUOWOMY PO3YMIHHIO PO 6DI3HO20 (PPe3ePYBaHHS Y GUCOKOMOYHOMY 6UPOOHUYMEI ma
BU3HAYAE MAUOYMHI HANPSAMKU OOCTIONCEHb OJisi 600CKOHANEHHS Ybo2o npoyecy. IIpeocmaeneni ioei
Maromy npakmudni ma cmpame2iyni HACTIOKU, CNPAMOBAHI HA CHPAMYBANHS NOMOYHUX PO3POOOK Y
MexHON02il 6Pi3H020 pe3epysanHs ma ii 6NPOBAOICEHHSA 8 PISHUX 2ATIY35X, OPIEHMOBAHUX HA MOYHICTD.
Kuio4uoBi ciioBa: episne pesepysaniisi; guoanenns Mamepiany;, Onmumizayis iHCmpyMeHmy; nOKpummsi
PIdICYH020 iIHCMpPYMEHMmY.
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Abstract. Recent advancements in machining focus on precision, efficiency, and handling harder
materials, driven by sectors like aerospace and automotive. Hard machining, or processing materials
over 45 HRC, presents challenges such as rapid tool wear, intense heat, and maintaining dimensional
accuracy. Innovations in cutting tool materials and CNC technology have improved these processes, but
tool degradation and high forces still complicate machining hardened materials. Surface roughness is a
key quality metric, impacting performance factors like wear resistance and fatigue life. By optimizing
cutting parameters, manufacturers aim to achieve consistent surface finishes, essential for durability in
demanding applications. In this paper, the effect of the input parameters (depth of cut, feed, and cutting
speed) are analysed on selected surface roughness parameters. The setup parameters were selected
according to the full factorial design of experiment method. The results showed that higher feed rates
resulted in rougher finishes, leading to greater spacing between profile elements and steeper surface
profiles in the studied range.

Keywords: design of experiments; mean spacing of profile; root mean square deviation; root mean
square slope; surface roughness; tangential turning.

1. Introduction

In recent years, the field of machining has undergone significant advancements
due to the increasing demand for precision, efficiency, and cost-effectiveness in
manufacturing processes [1, 2]. Development trends in machining are largely driven
by innovations in material science, tool design, and automation. Modern machining
procedures have evolved to handle not only traditional soft and medium-hard
materials but also a range of harder materials, such as hardened steels, superalloys,
and composites [3-5]. This shift is driven by industries like aerospace, automotive,
and medical manufacturing, which require components with high wear resistance
and structural integrity. As a result, machining processes have adapted to achieve
these demanding specifications through innovations in cutting tools, machining
centres, and process control systems [7-9]. The development of advanced tooling
materials, such as carbide, cermet, ceramic, and cubic boron nitride (CBN), The

development of advanced tooling materials, such as carbide, cermet, ceramic, and
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cubic boron nitride (CBN), has significantly enhanced the machinability of hard
materials. In addition, high-speed machining, adaptive control, and computer
numerical control (CNC) technologies allow for greater precision and reduced cycle
times, improving productivity. The integration of digital technologies, including
real-time monitoring and data analytics [10, 11], further refines these processes,
enabling manufacturers to predict tool wear, optimize cutting parameters, and
minimize downtime. However, despite these technological advancements, hard
machining remains a challenging area due to the inherent difficulties associated with
processing hardened materials.

Hard machining, specifically the machining of materials with a hardness level
exceeding 45 HRC, poses several challenges. The primary difficulty is the increased
wear and failure rate of cutting tools [12, 13], which leads to frequent tool
replacements and higher production costs. The elevated hardness of materials
generates intense heat and cutting forces during the machining process, resulting in
rapid tool degradation. Heat dissipation in hard machining is also problematic; as
cutting temperatures rise, tool wear accelerates, impacting surface finish and
dimensional accuracy [14, 15]. Additionally, achieving desired geometrical
tolerances and surface finishes in hard materials requires precise control over cutting
parameters, including feed rate, depth of cut, and cutting speed. The presence of hard
carbides and other abrasive constituents within these materials can further
complicate the machining process, making it challenging to achieve consistent
results.

Surface roughness is a critical quality parameter in machining [16—18] and is
particularly important in the context of hard machining. Surface roughness affects
the functional performance of machined components, influencing properties such as
fatigue resistance, friction, wear, and corrosion resistance [19, 20]. In applications
where components must withstand high stress or operate in harsh environments, a
smooth and consistent surface finish is essential. Consequently, evaluating and
controlling surface roughness has become a central aspect of machining research.
Surface roughness evaluation typically involves measuring parameters like the
Average Roughness (Ra), Root Mean Square Roughness (Rq), and Mean Spacing of
Profile elements (Rms), Which provide insights into the micro-topography of the
machined surface [21, 22]. Various methods are used to assess surface roughness,
including contact and non-contact measurement techniques [23]. Contact methods,
such as stylus profilometers, physically trace the surface to record roughness values,
while non-contact methods, such as optical and laser-based systems, offer faster
measurements with less risk of damaging the surface. Advanced software tools and
three-dimensional surface analysis have made it possible to obtain detailed
topographical information, enabling engineers to better understand the effects of
machining parameters on surface quality. With these methods, researchers can
optimize machining processes by examining the impact of cutting speed, feed, depth
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of cut, and tool geometry on surface roughness. By improving control over surface
quality in hard machining, manufacturers can enhance the reliability, durability, and
performance of critical components.

In summary, while advancements in machining technology have enabled
significant progress in processing hard materials, challenges remain. The
optimization of surface roughness through careful selection and control of cutting
parameters is essential for achieving high-quality finishes in hard machining
applications. In this paper, an innovative machining procedure (tangential turning)
is studied, which could provide solutions for the challenges of hard machining. The
surface roughness of the machined workpieces was assessed by the evaluation of
Mean Spacing of Profile, Root Mean Square Deviation, Root Mean Square Slope
roughness parameters. The study aims to find connections between the input
technological parameters (feed, depth of cut, cutting speed), and the selected
roughness parameters.

2. Experimental conditions and methods

In this study, the tangential turning process was performed using a specialized
tool designed for precision and durability. The tool setup included a SANDVIK
Coromant CNMG 12 04 12-PM 4314 cutting insert for initial turning, followed by a
tangential turning tool from HORN Cutting Tools Ltd., with a 45° inclination angle.
The tangential tool assembly consisted of an S$117.0032.00 insert and an
H117.2530.4132 holder. The cutting edge used for tangential turning was an
uncoated carbide insert of MG12 grade, selected for its ability to maintain sharpness
under demanding cutting conditions.

The study focused on three primary technological parameters: cutting speed
(vc), feed per revolution (f), and depth of cut (a). A 22 factorial design was employed
to systematically vary these parameters and analyse their effects on cutting forces.
For each parameter, two levels were defined. Cutting speed was set at 200 m/min as
the lower level and 250 m/min as the upper level. Feed rates were chosen at 0.6 mm
and 0.8 mm, while the depth of cut was varied between 0.1 mm and 0.2 mm. In total,
eight different parameter setups were tested, as shown in Table 1. These ranges
allowed for a comprehensive assessment of the analysed parameters.

Table 1 — Experimental setups

Setup 1 2 3 4 5 6 7 8
[mfm] 0.6 0.8 0.6 0.8 0.6 0.8 0.6 0.8
[m /\:Tcﬂn] 200 200 250 250 200 200 250 250
a 0.1 0.1 0.1 0.1 0.2 0.2 0.2 0.2
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The workpiece material selected for these experiments was 42CrMo4 alloyed
steel, which was heat-treated to a hardness of 410 HV10 to replicate typical
conditions encountered in hard machining applications. Cylindrical workpieces with
an outer diameter of 65 mm were prepared for the tests, providing a consistent
geometry for evaluating the surface roughness.

All experiments were conducted on an EMAG VSC 400 DS hard machining
centre. This advanced machining centre enabled precise control of parameters and
consistent conditions across each setup, ensuring accurate and reliable data
collection for the analysis.

An AltiSurf 520 3D topography instrument equipped with a confocal chromatic
probe was used for measurements following the machining tests. Measurement
parameters were chosen in accordance with 1SO 21920:2021 standards. Roughness
profiles for each surface were recorded along three generatrix lines and subsequently
analysed with AltiMap Premium 6.2.7487 surface analysis software.

The evaluated 2D surface texture parameters [X] were the following (1SO
21920:2021):

e Ry — Root Mean Square Deviation of the assessed profile corresponds to the
standard deviation of the height distribution on the sampling length. [um]

e Rsn — Mean Spacing of profile elements, defined on the evaluation length. This
parameter is interesting on surfaces having periodic or pseudo-periodic motifs,
such as turned or structured surfaces, where this parameter approximates their
spacing. [mm]

e Ryq — Root Mean Square Slope of the assessed profile, defined on the sampling
length. A low value is found on smooth surfaces while higher values can be found
on rough surfaces with microroughness. [°]

Polynomial equations were also developed to calculate and represent the factors
under study according to the design of experiments method, as shown in Equation 1.
This equation incorporates variables (f, v¢, ap) and their interactions, with constants
(ki) representing the influence of each factor. In this study, roughness parameters are
expressed as the function y(f, vc, ap). These equations provide a quantitative and
visual means to assess the effects of each factor, offering a structured approach to
optimize machining processes for enhanced dimensional accuracy and surface
quality.

y(vc, f, 3.) = ko + kyve + kof + kza + kiovef + kizvea + kosfa + kiosvcfa (1)

3. Experimental results
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The experiments were carried out and the selected surface roughness
parameters are measured for each setup three times on three separate directrix of the
workpiece. The measurement results than averaged for each setup for the evaluation.
The values of Root Mean Square Deviation are shown in Table 2, the results of Mean
Spacing are presented in Table 3, and Table 4 contains the data of Root Mean Square
slope. Equation 2-4 present the deducted calculation formulas of the previously
declared roughness parameters, which are determined in the form of Equation 1
based on the design of experiments methodology.

Rq(f, ve, @) =-0.0412fvca + 0.00661fv, + 4.55fa + 0.877f + 0.0402v.a -

0.00569v. -6.09a + 0.388 2)
Rsm(f, Ve, @) = -0.00463fvca + 0.000480fv; + 1.17fa - 0.0967f + 0.00297vca - 3)
0.00035v, - 0.773a + 0.119
Rag(f, Ve, @) = -2.19fvca + 0.017fv, + 380.3fa + 28.3f + 1.57vca + 0.005v, - @)
272.6a-6.70
Table 2 — Measurement results of the Root Mean Square Deviation
Rq
Setu
[um] P
No. 1 2 3 4 5 6 7 8

1 0.55 | 0.89 | 055 | 0.92 0.52 0.82 0.57 0.81
2 0.53 090 | 054 | 095 | 0.52 0.83 | 0.58 0.87
3 0.55 | 093 | 0.52 0.91 0.52 0.79 0.62 0.91
Avg. | 054 | 091 | 054 | 093 | 052 0.81 0.59 0.86

Table 3 — Measurement results of the Mean Spacing

Rsm
[mm]
No. 1 2 3 4 5 6 7 8
1 0.0452 | 0.0510 | 0.0440 | 0.0480 | 0.0428 | 0.0510 | 0.0440 | 0.0470
2 0.0452 | 0.0460 | 0.0450 | 0.0460 | 0.0428 | 0.0520 | 0.0390 | 0.0460
3 0.0471 | 0.0550 | 0.0420 | 0.0520 | 0.0430 | 0.0550 | 0.0420 | 0.0480
Avg. |0.0458 | 0.0507 | 0.0437 | 0.0487 | 0.0429 | 0.0527 | 0.0417 | 0.0470

Table 4 — Measurement results of the Root Mean Square Slope

qu
[°]
No. 1 | 2 | 3 | 4 ] 5 | 6 | 7 | 8

Setup

Setup
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145 18.6 15.9 19.1 14.6 18.4 17.7 175
14.3 20.3 16.9 20.6 14.7 19.7 18.8 18.1
13.7 19.2 15.9 18.6 15.3 185 18.3 18.5
Avg. | 14.2 19.3 16.2 194 14.9 18.9 18.2 18.0

WIN (-

4. Discussion

The paper continues with the analysis of the experimental results and the
deducted equations. The three surface roughness parameter will be evaluated
separately based on surface graphs based on Equation 2-4.

Figure 1 shows the alteration of the Root Mean Square Deviation in the studied
range. When the feed rate increases from 0.6 mm to 0.8 mm, we observe an overall
increase in Root Mean Square Deviation values, suggesting a rougher surface finish.
For example, in the setups with a cutting speed of 200 m/min and depth of cut of 0.1
mm (Setups 1 and 2), the average pf Root Mean Square Deviation rises from 0.54
pm to 0.91 um as the feed increases from 0.6 mm to 0.8 mm. This trend is consistent
across different combinations of cutting speed and depth of cut, indicating that
higher feed rates contribute to greater surface roughness due to the increased
material removal rate per revolution, which results in more pronounced feed marks
on the surface.

0.9

0.8
Rq [pm]

mm
rev

/]

a=01mm ap=0.2mm
Figure 1 — Alteration of the Rq in the studied range

The influence of cutting speed on surface finish is less straightforward, with
variations in effect depending on feed and depth of cut. In cases where the feed is
0.6 mm, increasing cutting speed from 200 m/min to 250 m/min (for example Setups
1to 3 and 5 to 7) leads to a minor decrease in Root Mean Square Deviation,
suggesting a slight improvement in surface quality. However, for experiments where
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the feed rate is 0.8 mm, a similar increase in cutting speed results in only a slight
reduction in Root Mean Square Deviation. This suggests that higher cutting speeds
may reduce surface roughness, likely due to reduced tool vibration and heat
generation, although the effect is moderated by the feed rate.

The impact of depth of cut on Root Mean Square Deviation appears significant.
In both feed rate conditions, increasing the depth of cut from 0.1 mm to 0.2 mm
generally leads to a reduction in Root Mean Square Deviation. For instance, at a
cutting speed of 200 m/min and feed rate of 0.8 mm, the Root Mean Square
Deviation drops from 0.91 um (Setup 2) to 0.81 pm (Setup 6) when the depth of cut
is increased. This could be due to the deeper cut stabilizing the tool’s engagement
with the material, thereby reducing the Root Mean Square Deviation.

The change in the measurement results of Mean Spacing of the profile elements
can be seen in Figure 2. The depth of cut has a noticeable impact on Mean Spacing
values, particularly at higher feed rates. For instance, at a feed rate of 0.8 mm and a
cutting speed of 200 m/min, increasing the depth of cut from 0.1 mm (Setup 2) to
0.2 mm (Setup 6) results in an increase in MSP from 0.0507 um to 0.0527 pm. This
suggests that a deeper cut creates a more pronounced surface profile with wider
spacing between elements, potentially due to increased material removal per pass,
which emphasizes surface features.

Rsm [mm)]

ap=0.1mm ap=0.2mm
Figure 2 — Alteration of the Rsm in the studied range

An increase in feed rate from 0.6 mm to 0.8 mm generally results in higher
Mean Spacing values, indicating greater spacing between surface profile elements.
For instance, in experiments with a cutting speed of 200 m/min and a depth of cut of
0.1 mm (Setup 1 and Setup 2), the MSP average increases from 0.0458 pum to 0.0507
um as the feed increases. Similarly, under a cutting speed of 250 m/min and a depth
of cut of 0.2 mm (Setup 7 and Setup 8), Mean Spacing increases from 0.0417 ym to
0.047 pm with the higher feed rate. This pattern suggests that as feed increases, the
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distance between profile peaks on the surface also grows, which is likely due to the
larger increments in material removed per revolution, creating more distinct peaks
and valleys.

The effect of cutting speed on Mean Spacing is less pronounced than that of
feed, but some trends can be observed. When the feed rate is held constant at 0.6
mm, increasing the cutting speed from 200 m/min to 250 m/min results in a slight
decrease in Mean Spacing. For example, in Setups 1 and 3, Mean Spacing drops
from 0.0458 pm to 0.0437 pum. This reduction could be attributed to higher speeds
improving tool stability, leading to a finer and more closely spaced surface profile.
However, when the feed is increased to 0.8 mm, the effect of cutting speed is less
consistent, suggesting that the interaction between cutting speed and feed rate
influences Mean Spacing more complexly.

The last analysed roughness parameter (Root Mean Square Slope) is presented
in Figure 3. The cutting speed also influences Root Mean Square Slope but to a lesser
extent than feed rate. When the feed is held constant, increasing the cutting speed
from 200 m/min to 250 m/min generally causes a slight increase in Root Mean
Square Slope. For instance, in Setups 1 and 3, with a feed rate of 0.6 mm and depth
of cut of 0.1 mm, the Root Mean Square Slope increases from 14.2 um to 16.2 pm
with a higher cutting speed. This suggests that higher speeds can contribute to
steeper surface profiles, potentially due to the increased energy in the cutting process,
which may amplify surface irregularities.

20.

0.8

7

mm
rev

mm
rev

ap=0.1mm ap=0.2mm
Figure 3 — Alteration of the Raq in the studied range

Increasing the feed rate from 0.6 mm to 0.8 mm generally results in a higher
Root Mean Square Slope, indicating steeper surface features. For example, in Setups
1 and 2, where the cutting speed is 200 m/min and the depth of cut is 0.1 mm, the
RMS Slope increases from an average of 14.2 um to 19.3 pm as the feed rate is
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raised from 0.6 mm to 0.8 mm. This trend is consistent across different cutting
speeds and depths of cut, suggesting that higher feed rates lead to sharper surface
peaks and valleys due to the increased volume of material removed per revolution.

The depth of cut appears to have a moderate impact on the Root Mean Square
Slope values. In both feed rate conditions, increasing the depth of cut from 0.1 mm
to 0.2 mm leads to a general increase in Root Mean Square Slope. For example, at a
feed rate of 0.6 mm and a cutting speed of 200 m/min, the Root Mean Square Slope
rises from 14.2 um (Setup 1) to 14.9 um (Setup 5) with a deeper cut. This effect is
more noticeable at higher feed rates, as seen in Setups 2 and 6, where the Root Mean
Square Slope increases from 19.3 um to 18.9 um. A deeper cut likely results in more
pronounced surface features due to the larger material removal.

5. Conclusions

The development of machining procedures requires the assessment of the
produced surfaces in the point of view of geometric errors among many things.
Surface roughness is a widely studied characteristic of the cutting processes, since
the machined surface should meet the strict requirements of the product design. The
surface quality could be improved by the application procedures with unusual
kinematics, from which the tangential turning is studied in this paper. Three selected
roughness parameters (Root Mean Square Deviation, the Mean Spacing of Profile
Elements and the Root mean Square Slope) were measured on workpieces machined
by this technique. The full factorial design of experiment method is applied in the
selection of input parameters and in the determination of calculation formulas.

In summary, the following conclusions can be highlighted from the study:

e Feed has the most direct impact on the Root Mean Square Deviation, the Mean

Spacing of Profile Elements and the Root mean Square Slope.

o with higher feed rates resulting in rougher finishes, leading to greater spacing
between profile elements and steeper surface profiles.

e Cutting speed and depth of cut have more subtle and less consistent effects,
although higher speeds and depths generally contribute to more distinct surface
textures.
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OIIHKA CEPEJHBOKBAJIPATUYHOI'O BIIXUJIEHHA HA
MOBEPXHSAX, OGPOBJEHUX TAHTEHIIHHOIO TOKAPHOIO
OBPOBKOIO 3 BUCOKOIO ITIOJAYEIO

AwuoTtauisi. HewooagHi docsenenns 6 2anysi 00po6Ku 30cepeddiceri Ha MOYHOCHI, eheKmueHoCmi ma
00pobyi meepoux mamepianie, wo 0O6YMOGIEHO MAKUMU CEKMOPAMU, AK AePOKOCMIuHA ma
asmomobinbHa npomuciosicme. JKopcmra 06pobra abo obpodxa mamepianie nonad 45 HRC nog'sizana
3 makumu npooiemamu, SIK WEUOKULL 3HOC [HCMPYMEHMY, [HMEHCUSHE HAZPIBaHHs ma 30epedcenHs
mounocmi po3mipie. Innosayii 6 pizanmi incmpymenmanoHux mamepianie i mexnonozii 411y noxpawunu
yi npoyecu, ane Oe2paodayis IHCMPYMEHmMY [ 6UCOKI 3YCULIL 6Ce We YCKIAOHIOIMb 00poOKy
3aeapmoganux mamepianig. [llopcmxicme nogepxui ¢ KIOY08UM NOKAZHUKOM SIKOCIMI, WO 6NIUEAEC HA
maxi ¢pakmopu npoOyKmMusHOCmi, K 3HOCOCMIUKICIb | mepmin cayocou. Onmumizyrouu napamempu
PI3aHHS, BUPOOHUKU NPACHYMb Q0CsemU CMadiibHOL 00pOOKU no8epxHi, HeoOXIOHOT 0t 006206IYHOCMI 8
CKAAOHUX yMogax. Y oanitl pobomi aHanizyemucs naue xXionux napamempis (enubuna pisanus, nooava
i WBUOKICMb pI3anHs) Ha 6UOpaHi napamempu wopcmrocmi nosepxui. Ilapamempu ycmanosKku
subUpaucs iONOBIOHO 00 NOBHO2O (YAKMOPIATLHO2O OU3AUHY Memody ekcnepumenmy. Pezyromamu
nokazanu, wo euwa WeUOKicms nooayi npusgena 00 Oinbul epy6oi 06poOKU, Wo npusseno 00 OinbUOoT
BIOCMAHI MidIC NPOPINLHUMU eleMeHMaMu ma Oibul KpYmumu npoQiisimu ROBEPXHI 8 OOCHIONCYBAHOMY
dianasoHni. Tlodaua mae Hailbe3nocepeOHiwull 8NIUE HA CepeOHbOKEAOPAMUYHE GIOXUNCHHS, CepPeOHE
SHAYEHHST GIOCMAHI MIdIC eleMeHmamu npogino ma cepeonvoxeaopamuunui Haxunt. bintvw eucoxa
weuUOKicms nooayi npu3gooums 0o Oiibut epy6oi 06podKU, WO NPU3B0OUMb 00 OLTLULOT GIOCMAHI MidiC
enemenmamu npo@pinto ma Oinew Kpymumu npogiiimu nosepxti. Llleudxkicme pisanHus ma enubuHa
pizanns marome 6i1bw MOHKUU | MeHut cmabiibHuil ehexm, Xoua Ui WeuoKoCcmi ma 2ubUHa 3a36udail
Cnpusiome OLbW YIMKIl meKcmypi nO8epXHI.

KawuoBi  cioBa:  niaumyeanus — excnepumenmis,  cepeOHs — GIOCMAHb  MidC  npoiisimu;
cepeonboKeaopamuyne  GIOXUNCHHS,  CePeOHbOKGAOPAMUYHULL  HAXUT,  WIOPCMKICMb — NOBEPXHI;
maneenyianbHe MmoviHHs.
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Abstract. The main aspects of color visualization of triangulated models of industrial products are
presented. The implementation of visualization capabilities is based on RGB and HSV color models. The
structure and key features of the software implementation of color visualization and the export of the
displayed image in PLY, and AMF formats are discussed. Methods for transformations between RGB and
HSV color models are described, as well as an algorithm for coloring the triangular faces of the model
based on specified color ranges. The developed algorithms allow for a sufficiently informative
representation of the desired areas of the product's surfaces by significantly altering one color component
while minimally changing the other two. This is achieved by directing the assignment of functional
dependencies and value ranges for each component of the color model. Examples of various methods for
color shading of vertices and/or edges and/or faces of the model are provided. The visualization
subsystem enables the analysis of the geometric characteristics of the polygonal model during the
preparation phase of additive manufacturing processes. Significant advantages of these approaches to
color visualization are evident when adapting the product design to technological requirements (design
preparation) and when solving optimization tasks in technological preparation. The developed software
is integrated into the technological preparation system for manufacturing enterprises in the machine
engineering sector. This research was developed at the Department of "Integrated Technologies of
Mechanical Engineering" named after M. Semko of NTU "KhPI".

Keywords: technology planning; additive manufacturing; triangulated model; color model; RGB; HSV.

1. Introduction

There is a problem of the low efficiency of additive technologies, especially in
the mass production of a group of 3D-models of complex products. Each technology
has its rational scope of application, which is determined by the design features of
the product [1]. Automation of determining the design features of the product by its
triangulation model creates the basis for a rational choice of manufacturing strategy

© Y. Garashchenko, V. Fedorovich, A. Poharskyi, O. Harashchenko, A. Malyniak, 2024
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and increases the efficiency of additive manufacturing [2]. An additional aspect of
the problem is the visual verification of 3D-models of industrial products at the
preliminary stage of technological planning of processes.

Geometric models in CAD systems are based on a specific data structure that
ensures the topological integrity of the model. In order to unify the representation of
information about the surfaces of 3D-models for their subsequent additive
manufacturing, a transition is made from CAD-models to triangulation models. The
triangulation representation of the product model (STL format) is approximate. The
accuracy of the approximation of the triangulation model to the original CAD-model
is ensured by a sufficient number of triangular faces (polygons) within the specified
limits of the permissible error.

2. Review of the literature

Color visualization of triangulated models plays an important role in
preparation for additive manufacturing. Colors can be used to represent different
properties of the model, such as surface curvature, wall thickness, or material stress.
This helps to identify potential problem areas before printing.

The RGB and HSV color models are widely used in computer graphics and
image processing. The HSV model is considered more user-friendly for human
perception due to its intuitive separation into hue, saturation, and brightness.
Conversions between RGB and HSV are actively investigated for computational
optimization [3].

Exporting triangulated models to PLY, OBJ, OFF, and AMF formats is
necessary for data exchange between different CAD and analytical systems. Much
work has been done to develop efficient methods for transforming and simplifying
polygonal meshes [4].

The use of color to encode geometric and physical properties of models helps
in visual analysis and defect detection [5]. Various shading techniques have been
developed that take into account curvature, slope, wall thickness, etc. [6, 7].

In general, color visualization is an important tool for the preparation and
optimization of additive manufacturing processes, which is confirmed by numerous
studies in this field [7-9].

The work aims to determine recommendations for color visualization of
polygonal model elements when analyzing both topological indicators and design
features of the product, affecting the implementation of technological preparation
tasks for additive manufacturing processes.

3. Materials and methods
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When visualizing triangulation models, two approaches can be used to
highlight the colors of the studied topological and geometric features: discrete
assignment of colors according to given conditions or the use of color scales for the
interval of change of the studied feature.

Primary analysis of product models manufactured by layered building shows
that to solve color visualization tasks, it is sufficient to use the RGB, and HSV color
models and their combination [10, 11].

RGB color model. The RGB model is based on the combination of three main
colors (components): red, green, and blue. Each of these colors has a range of
discrete brightness values of 0+255. The required color is achieved by adding three
basic colors with given intensity levels (additive model). The RGB model is the basic
one for computer devices and color visualization programs. The maximum number
of reproducible color shades is 256x256x256 = 16.7 million colors [12].

The disadvantage of the RGB model is the impossibility of constructing color
scales for visualizing changes in the studied features since it is difficult to predict
the consequences of even small changes in the color components R, G, B [10, 11].

HSV color model. The HSV model is based on the assumption that color can
be described by a single monochromatic wave — color tone (hue) H with an additional
assignment of saturation S and lightness V [10]. The parameters of this color model
are as follows:

H (Hue) — color tone, one of the main characteristics of color that determines
its shade, varies within 0°+360°;

S (Saturation) — saturation, characterizes the quality of the purity of the
chromatic color tone, the closer this parameter to zero, the lighter the selected color,
varies within 0+255 (0=1 or 0+100);

V (Value) — brightness, the closer this parameter to zero, the darker the selected
color, varies within 0255 (0+1 or 0+100).

In computer graphics, the parameters S and V are usually represented as an
integer from O to 255.

The main advantage of the HSV model is the ability to construct color scales
to visualize the features being studied.

The color scale displays the change in the studied feature using color shades
for a given color model (S = Spase, V = Viase). The color scale is defined by the range
from the initial value H = Hrop to the final value H = Heng, which contains all the
shades corresponding to the spectrum. For the original HSV model, the values Hrop
= 0°, Heng = 360° (Htop < Hena), which provides a smooth transition between the six
primary colors: red = yellow = green = blue = dark blue = purple [11]. When
creating special color scales, the range of color shades can be reduced (Hyert > 0°
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and/or, Hrignt <360°) or the order of shades can be reversed (Hiert > Hrignt). In color
visualization of computer models, Sgase = Vease = 255 is usually taken, i.e. the
maximum possible values of saturation and brightness (prismatic colors) [11, 12].

Color visualization taking into account the values of the studied feature X (Xmin
<x <xmax) is performed in two stages:

1. transition X = H = f(X; Xmin, Xmax, Heeft, Hrignt);

2. transition HSV = RGB: R, G, B = f(H; Sgase, VBase).

Transition x = H. The transition from the current x value visualized by color
to the H color value of the HSV scale for linear scales is performed according to the
following dependencies (proportion problem taking into account special cases):

o H = Her, if (X = Xmin @nd Hiert < HRight) or (X = Xmax and Hyert > HRight);

*H= HRight, if (X = Xmax and Hier < HRight) or (X = Xmin ¥ Hieft > HRight);

*H= [(X - Xmin) / (Xmax - Xmin)] X (HRight - HLeft) + Huert, if Hiert < HRight;

*H= [(X - Xmin) / (Xmax - Xmin)] x (HLeft - HRight) + HRight, if Hiert > HRight,
where Heert, Hrignt — left and right values of the HSV color scale;

Xmin, Xmax - Minimum and maximum possible values of x.

Transition HSV = RGB. The transition diagram is shown in Fig. 1. The
transition functions for each of the RGB components are piecewise linear and shifted
relative to each other by 120°.
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Figure 1 — Scheme of transition from HSV to RGB color model

The general algorithm for the HSV = RGB transition is presented in [12]. For
the case of H = 0+360°; S, V, R, G, B = 0+255, the calculation is performed

80



ISSN 2078-7405 Cutting & Tools in Technological System, 2024, Edition 101

according to the following dependencies in two stages (definition of auxiliary
variables and directly the RGB components).
Definition of auxiliary variables:
e integer part of the expression H /60 = H;;
o fractional part of the expression H/ 60 = f;
e maximum possible value R/G/B =V,

e minimum possible value RIG/B = p: p=V (1 -S/255);
amplitude (interval of change) of values R/IG/B = A: A=V -p=V S/ 255;
R/G/B value for downlink = t:.q=A (V-f) =V (1 -fS/255);
R/G/B value foruplink => t:t=p+f A=V[1-(1-f)S/255].

Determining the values RGB components:

«if Hi=0or6, then R=V, G =t, B=p;
«ifHi=1, then R=gq, G=V, B=p;
«if Hi=2, then R=p, G=V, B=t;
«if Hi =3, then R=p, G=q, B=V,
«if Hi = 4, then R=t, G=p, B=V,
«if Hi =5, then R=V, G=p, B=q.

4. Implementation of developments in the morphological analysis system

The considered approaches to color visualization are implemented in the
system of analysis of triangulation 3D models of products which was developed at
the Department of "Integrated Technologies of Mechanical Engineering” named
after M. Semko of NTU "KhPI" [13].

Color visualization of individual elements of triangulation models can be
performed using discrete color assignment (RGB and/or HSV) or the HSV color
scale (Fig. 2). The choice of color visualization strategy is determined by the features
of the topological or design-technological analysis in the context of the production
or educational task being solved.

The color of the model is assigned based on the data obtained during the
morphological analysis of the components of the triangulation model surface. The
subsystem allows coloring the following elements of the triangulation model:
vertices, faces, or edges. Visual perception of the topological features of the model
is achieved by comparing the specified color scale with the feature being studied.

For further work with the model, it is exported to formats that support color:
PLY, AMF (new format for additive manufacturing), or XLS (analysis results).
Vertex coloring during viewing is implemented as a gradient coloring of triangular
faces by the color of adjacent vertices.
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Figure 2 — Screen form of the color visualization subsystem

To view and edit the created files in the educational process, Materialise
Magics program is used with a sufficient set of tools and is free, which is important
for scientific research.

5. Examples of color visualization of triangulation models. Discussion

Let's consider several examples of color visualization of triangulation model
elements.

« Color visualization of vertices by the value of adjacency of faces (Fig. 3).
Vertices are assigned one of three specified colors. For example, if the adjacency of
faces at a vertex is Avert < 3, then the color RGB 1 (red) is assigned, if Averr =3 =
RGB 2 (green), Avert > 3 = RGB 3 (gray). This allows us to visually identify missing
edges that disrupt the closed nature of the model surface and lead to failure of the
layer-by-layer materialization installations.

* Color visualization of faces (Fig. 4) relative to the X, y, z axes, where the
orientation of the faces is determined by the direction cosines of the normal (HSV
model).

* Color visualization of faces depending on the area value of triangles (HSV
model). The studied feature that determines the color tone in this case is the area
value of the face. The left border of the color scale of the color tone implies the
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Figure 5 — Face area

largest value of the faces area, and the right one - the smallest (Fig. 5). Thus, the
color scale gives a visual representation of the sizes of the triangles.
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6. Conclusions

The research presents a comprehensive approach to color visualization of
triangulation models for additive manufacturing using RGB and HSV color models.
Key findings include:

—the HSV color model offers significant advantages over RGB for
visualization, enabling - intuitive color scale construction, smooth representation of
feature changes, flexible color mapping for various topological and geometric
characteristics;

— developed color visualization techniques allow for discrete color assignment;
interval-based color scaling, and detailed analysis of model elements (vertices, faces,
edges);

—practical implementation demonstrates the effectiveness of color
visualization in identifying surface topology issues, analyzing face orientation,
evaluating triangle areas, and detecting potential manufacturing challenges.

The proposed methodology provides a flexible tool for morphological analysis
of 3D models, supporting both scientific research and educational applications.

The developed color visualization approach enhances the preparatory stages of
additive manufacturing by enabling comprehensive visual analysis of geometric and
topological model features.
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SApocnas "apamenko, Bonognmup ®@enopornd, Auapiit [lorapcekuit, Onena
lapamenxo, Arnpiit Mamunsk, XapkiB, Ykpaina

KOJIIPHA BI3YAJII3ALIS 3D MOJAEJEM IS YIOCKOHAJIEHHS
MIATOTOBKH NPOLECIB ATUTUBHUX TEXHOJIOT T

AHoTauisl. /Ipeocmasneno komnaeKcHul nioxio 00 KoIboposoi ei3yanizayii mpianeyibo8anux mooeneil
NpOMUCTO8UX 8UpPOOI6 015l A0UMUBHO20 8upobHUymea. /locniosxcenns 6azyemocs Ha sukopucmanni RGB
ma HSV xonvoposux mooeneil, wo 003601510mMb CMEOPIOGAMU THHOPMAMUBHT MA HAOYHI 300PANCEHHS
2e0MEeMPUYHUX XAPAKMeEPUCMUK 8upobis. Pospobreno cmpykmypy ma memooonozilo npopamuoi
peanizayii Koibopogoi gizyanizayii 3 modcausicmio excnopmy ¢ cmamnoapmui gopmamu PLY, AMF.
JlemanvHo GUCBINMIEHO ANICOPUMMU  NEPEeMBOPEHHS MIdC KOIboposumu moodeisimu RGB ma HSV,
BKNIOUAIONY  MATMEMAMUYHI 3ANeICHOCMI Ol NEPemeOpents. 3HAYEHb KONbOPOGUX KOMNOHEHm 3
VPaxyeanusm cneyuixu Komn'tomeproi epagixu ma eumoz w000 GUKOHAHHS 3A0ay MEXHONIOIYHOT
ni020MOBKU Npoyecié aoUmMueHUX MexHoN02il. 3anponoHoeano Hosuti nioxio 00 po3gapbosyeants
mpuxymuux epaneti 3D-modeni, skuil 0036015€ YINECNPAMOBAHO 3MIHIOBAMU KONbOPOGI GIOMIHKU OJis
sudinentsi cneyudiunux ceomempuunux ocobrusocmeil. Knouosa nepesaca pospobnenoi memoouxu —
MOJNCTUBICIb  THHOPMAMUBHO20 Bi00OPAINCEHHA MONONOTYHUX XAPAKMEPUCHUK TOBEPXOHb ULIAXOM
KOHMPONbOBAHOI 3MIHU KONbOPOBUX KOMnonenm. Lle peanizosano winsixom ei3yanizayii Konwopie 3
SHYUKUM HATAUIMYBANHAM OUCKPEMHOCMI NPUSHAYEHHS KObOPY 34 HAOAHUMU THMEPEAanamu WKaml
Konwopis. Ilpedcmasients wkau Koavbopis y eueasioi mabauyi oae posuupeni moxcaugocmi. Tabauys
WKATU KOTbOPIB (POPMYEMbCS ABMOMAMULHO 3a HANAWIMYBAHHAMU, ANle MONCIUBA 3MIHA K OKPEMO NO
KOJHCHIIl KOMNOHEeHMI KObopy abo 6i3yanbHO HA OCHOGI naiemu (CMmaHOapmHo20 HAbopy) Kolbopis.
Llxana korvopis susHavaemocs dianazonamu komnonenm RGB modeni xonvopy, 3anescnocmsamu sminu,
3CY80M 3HAYEHb MINC KOMHOHEHmAaMu ma KilbKicmio inmepeanis. Peanizosano modcnugicme 3minu
KONbOPY GepuiuH, pebep ma epaneil 3aiedCcHO 6i0 IX eeoMempudHuX napamempie abo GiOHOCHO2O
poszmawiysanns. IIpeocmasneHo npakmuyHi NPUKIAOU 3ACMOCYS8AHHS PISHUX cmpameziil KOIbopo8oi
sizyanizayii. Pospobnena niocucmema eizyanizayii 3abesneuye eQekmueHuii ananiz 2eoMempuiHux
xapakmepucmuk noaieonanvhux 3D-modenei na emani nid20mosKu AOUMUEHO2O SUPOOHUYMEA,
HA0aouu poWUPEHi MONCIUBOCTI OJisl KOMNIEKCHOT KOHCMPYKMOPCbKOI Ma MexHOI02i4HOT ni020mo8Ku
aoumuenozo eupobruymea. Jlocnioxcents 6uKoHy8anocs 3 suxopucmannam cucmemu "Texnonoziuna
nideomosxka mamepianizayii cKIaOHuxX upoo6ie adumusHumu memodamu” po3pobnenoi na kagpeopi
«Inmezposari mexronoeii mawuno6yoysanusy im. M.@. Cemxa HTY «XTII».

Kai04o0Bi ciioBa: mexnonoziuna niocomogka,; aoumueHi mexnonoeii; mpianeyisyiina Mooenb, KOIipHa
mooenv, RGB; HSV.
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Abstract. Increasing productivity, machining accuracy and efficient use of resources are important
priorities for companies that manufacture competitive products. One of the main problems that hinders
these processes is the vibration that occurs during cutting. Various methods are used to suppress
vibration, one of which is the use of tools with a variable helical cutting-edge angle. However, when
choosing the cutting-edge angle, it is important to consider the types of vibrations that occur during
cutting, as they directly affect the efficiency of the milling process. In addition, the use of tools with
different cutting-edge geometries, such as wavy, gives positive results in roughing, but becomes
ineffective in finishing. The purpose of this paper is to study the effect of the helical cutting-edge angle
on the stability of the end-milling at different cutting speeds. Both theoretical aspects and experimental
data are considered, which make it possible to evaluate the effectiveness of using tools with different
angles of inclination to ensure the stability of the machining process and increase productivity while
minimizing vibrations in the most unfavorable third speed zone of oscillations for cutting. To conduct the
experiments, a special stand was used to adjust the stiffness of the workpiece, record the vibrations that
occur during cutting, and the time of contact between the workpiece and the tool. The milling was
performed in the third high-speed oscillation zone using a tool whose design provides for the possibility
of adjusting the angle of inclination of the helical cutting edge. Studies confirm that changing the angle
of inclination can significantly affect the stability of the milling process, reducing the intensity of
oscillations and improving machining accuracy. However, this effect depends on the initial cutting
conditions, such as the cutting speed. With its increase, the amplitude of the accompanying free
oscillations increases, regardless of the value of the angle of inclination. Ensuring the stability of the end-
milling in the third speed zone by changing the angle of inclination is possible only at the speeds that
determine the beginning of this zone. However, within the entire speed range covered by the third speed
zone, it is impossible to ensure a stable milling process only due to the angle of inclination. The study
emphasizes the importance of an integrated approach to selecting cutting parameters to achieve process
stability.

Keywords: milling; milling cutter; thin-walled components; feed rate; oscillogram; accompanying free
oscillations.

1. Introduction

Increasing productivity, machining accuracy, and being economical with all

types of resources are the top priorities for companies when manufacturing
©S. Dyadya, O. Kozlova, P. Tryshyn, D. Yakhno, D. Dziuba, 2024
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competitive products. One of the reasons why this is difficult is the vibrations that
occur during cutting. Small values of vibrations help to ease chip formation and have
a minor impact on surface quality. But such conditions occur at low cutting speeds.
With its increase, the intensity of vibrations increases and the cutting process may
not be possible. Various measures are used to suppress vibrations. Paper [1] proposes
to consider various cutting strategies that increase the rate of material removal
without vibrations using the method of structural modification. The authors of [2, 3]
propose to use the geometry of the cutting edge with a radius to dampen vibrations
during cutting. They found out its effectiveness at low cutting speeds. When milling
in the high-speed zone, it is proposed to use a tool with a variable helical cutting-
edge angle [4, 5]. For machining the side surfaces of gas turbine impellers, which is
accompanied by high cutting forces and vibrations, it is proposed to use variable
pitch cutters [6]. At the same time, adaptive control of the cutting force by changing
the tool orientation and depth of cut on a 5-axis machine allows it to be maintained
at a constant level, which significantly reduces the machining cycle. The use of end
mills with wavy grooves [7, 8] increases the stability of the cutting process, but due
to their specific profile, they cannot be used for finishing machining.

Researchers S. Tobias and W. Fishwick [11] suggested using lobe diagrams of
stability when assigning cutting modes, which would prevent the excitation of
regenerative oscillations. The widespread use of carbide cutters in high-speed
machining with the use of stability diagrams makes the cutting process highly
productive [10]. When determining an unstable milling process, modal analysis is
used to calculate the ratio between the frequency of free oscillations of a part and the
frequency of forced oscillations [9].

Manufacturers of cutting tools such as LIHSING, DHM, SUMITOMO,
NACHREINER, GUHRING, and others take into account the influence of the
helical cutting-edge angle on reducing the intensity of vibrations. To ensure the
stability of the cutting process when machining carbon, stainless, and hardened
steels, they recommend using cutters with a helical cutting-edge angle of 30° to 60°.
Cutting modes are also added to this. However, it is recommended to reduce the
speed if excessive vibration occurs. According to GOSTs 17025-71 and 17026-71,
domestic HSS milling cutters with a normal tooth are manufactured with helical
cutting-edge angles of 30° to 35°, and with a large tooth - from 35° to 45°. According
to GOST 18372-73, for carbide milling cutters, the helical cutting-edge angle for a
number of 3 cutting teeth is 30-40°, and for a number of 4 and 5 teeth it is 30-35°.

In contrast to straight tooth cutter milling cutters, where cutting starts at the
smallest layer thickness in counter milling and starts at the largest layer thickness in
plunge milling, in helical cutting, when the helical cutting-edge angle is greater than
zero, the cutting conditions are reversed and, in any feed direction, cutting starts at
the smallest layer thickness to be cut and ends at the smallest layer thickness. Under
these favorable conditions, the cutting force changes gradually. The research of A.
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M. Rosenberg [12] found that in oblique milling, the normal component of the
cutting force differs slightly in magnitude from the circumferential force and
depends little on the angle of inclination. The friction force on the front surface of
the cutting-edge increases with increasing tilt angle and reaches a significant value
at an angle of 70°, which has a positive effect on oscillation damping [12]. However,
to ensure the stability of the cutting process using helical cutting-edge angles, it is
necessary to take into account the types of oscillations that occur. This issue for end
milling is poorly understood. Therefore, the purpose of this work is to determine the
effect of the cutting-edge angle on the stability of end milling at different cutting
speeds.

2. Experiments and discussion of results

A special stand was used for the experiments, which allows adjusting the
stiffness of the part, recording vibrations during cutting, and the time of contact
between the part and the tool [12]. Milling was carried out in the third high-speed
oscillation zone with a special cutter, the design of which provides for adjusting the
angle of inclination of the helical cutting edge [12].

Table 1 shows the initial data for the study.

Table 1. Initial data for the research

Radial | Axial Feed Angle | Spindle | Cutter Freg- The
depth depth rate of speed dia- uency |[period of
of cut of cut Sz, inclina- [ n,rpm | meter | of free free
8, mm | ap, mm [ mm/to | tionof | (speed, | D, mm/ | oscilla- |oscillation
oth the v, number | tions of | of the
cutting | m/min) | of teeth | the part | part,
edge o, z fto, Hz [Tr0,103s
deg
0,15 1 789
0,5 4 0,1 30, 45, 50/1 455 2,19
60 (44)

First of all, it should be noted that during end-milling, due to the short cutting
time, no self-oscillations occur [13]. Therefore, the main sources affecting tool life
and machined surface quality are the accompanying free and forced oscillations.
According to the ratio of the cutting time to the period of free oscillations, parts [12]
divide the effect of possible oscillations into five speed zones [12]. Since different
materials are processed at different cutting speeds, this distribution can be used to
determine which types of vibrations need to be counteracted. It should be noted that
the effect of these oscillations is a physical manifestation of the system's excitation

88



ISSN 2078-7405 Cutting & Tools in Technological System, 2024, Edition 101

from the impact when the cutter plunges. While forced vibrations are always present
during cutting, the accompanying free oscillations (AFO) are present only for a
certain time, until the cutting time is less than the AFO period. It is the third speed
zone of oscillations that is the most unfavorable for the accuracy of the machined
surface shape, because it is the zone where the waviness from the cutting surface is
transferred as a heredity and where the intensity of the AFO is the highest.

Fig. 1 shows fragments of the waveforms obtained during milling according to
the initial data given in Table 1. To determine the period and magnitude of the AFO,
the waveform was aligned using the Savitsky-Golay filter.
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» - cutting into the workpiece, x - exit of the cutter from the workpiece, PEE — position
of elastic equilibrium, Aprof — deviation of the AFO forming wave from the PEE, Taro — period
of accompanying free oscillations of the part, 7ro — period of free oscillation of the part, teut —
cutting time

Figure 1 - Fragments of oscillation waveforms of a workpiece during end-milling with

cutters with different helical cutting-edge angles

Changing the helical cutting-edge angle @ changes the thickness of the layer to
be cut. This affects the properties of the workpiece. With an increase in the angle of
inclination during up- and down-milling, the period of the AFO and their span R
decrease. Their values are shown in Table 2.

In Fig. 2 and Fig. 3 show graphs of the dependences of the span R and the
period of the AFO on the angle of inclination of the angle of inclination the helical
cutting edge o.

Table 2 — Period and span of the AFO when milling with different angles of
inclination of the cutting edge

Feed Span of the AFO Rz, 10° mm  [The period of the AFO Taro, 103 s

direction | o | 15° | 30° [45°|60° | 0 | 15° | 30° | 45° | 60°
Yp- 153 | 141 99 | 76 | 15 | 1,92 | 1,86 | 1,74 [ 1,56 | 1,35
milling
Down- 1 195 | 162 | 68 | 36 | 12 | 1,86 | 1,86 | 162 | 156 | 1,44
milling

In Fig. 2 and Fig. 3 show graphs of the dependences of the span R and the
period of the AFO on the angle of inclination of the helical cutting edge .
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m — up-milling; A —down-milling
Figure 2 — Dependence of the AFO span Rz on the angle of inclination of the helical
cutting edge ®
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m — up-milling; A —down-milling
Figure 3 — Dependence of the period of the AFO on the angle of inclination of the
helical cutting edge ®

The correlation coefficient between the AFO span R. and of the angle of
inclination helical cutting edge o is (-0.97), which is described by the regression
equation:

R, = —0,0023 - @ + 0,165, (mm)

The correlation coefficient between the period of the AFO and the slope angle
o is (-0.98), which is described by the regression equation:

TAFO = —1 * 10_5 W+ 0,002, (S)

When milling with a spindle speed of n = 280 rpm (cutting speed v = 44 m/min),
the period of the AFO decreases by more than 10 times, or by more than 90%, with
an increase in the angle of inclination ® from 0 to 60°. At all values of o, the period
of the AFQ is less than the period of free oscillations of the workpiece. In general, it
decreases from 12% to 38%. However, provided that the oscillations have a
favorable effect on the chip formation process, with an R2/2 amplitude of up to 20
microns, stable milling will occur only when o is greater than 60° for counter milling
and greater than 45° for down milling.

When using the angle of inclination to ensure stable milling, it should be
remembered that the intensity of the AFO depends on the initial cutting speed. In
Fig. 4 shows fragments of the oscillation waveforms of a workpiece during end-
milling with an inclination angle of ® = 60° at a spindle speed of h = 710 rpm (cutting
speed of v =111 m/min).

Up-milling Down-milling
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Figure 4 — Fragments of workpiece vibration waveforms during milling at a spindle
speed of n =710 rpm

Table 3 shows the values of the swing and period of the AFO when milling at
a speed of v = 111 m/min with a cutter with an inclination angle of ® = 60°.

With a 2.5-fold increase in cutting speed, the AFO span during up-milling
increases 11 times, and during down-milling it increases 7 times. That is, the process
of milling with an end-mill with an inclination angle of ® = 60° in third speed zone
of oscillations becomes unstable.

Table 3 — Period and span of the AFO during up- and down-milling at a cutting speed
of v=111 m/min with a cutter with an inclination angle of ® = 60°

Feed direction Span of the AFO The period of the AFO
Rz, ].0'3 mm Taro, ].0'3 S

Up-milling 175 1,44

Down-milling 81 1,26

3. Conclusions

The study of the influence of the inclination angle ® on the stability of end-
milling shows that third speed zone of oscillations, where AFOs operate, the cutting
speed plays an important role. An increase in the angle has a positive effect on
reducing the intensity of the AFOs. But it depends on the initial conditions, which
include the cutting speed. With its increase, the AFO amplitude increases. Ensuring
the stability of end-milling in the third speed zone due to the angle of inclination ®
is possible at cutting speeds that determine the beginning of this zone. But in the
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entire range of cutting speeds covering the third speed zone, it is impossible to ensure
stable cutting due to the angle of inclination o.
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BILIMB KYTA HAXWUJIY 'BUHTOBOI PI3AJIbHOI KPAMKH HA
CTAJICTb KIHIIEBOI'O ®PE3EPYBAHHS

Awnotauist. [7Tiosuujenns npooyKmugHocmi, moyHocmi 06podKu ma egexmusHe UKOPUCTIAHHA PeCypCia
€ eadciueumu  npiopumemamu 01 NIONPUEMCMS, WO — 3AUMAIOMbCA  GU2OMOBIEHHAM
KOHKYPEHMOCHPOMOIICHOT npodykyii. OOHIEI0 3 OCHOGHUX NPOONeM, WO CIMPUMYE yi npoyecu, € si6payii,
AKI BUHUKAIOMb NiO Yac pizanHs. Hegenuki KoaugaHHs Marome He3HAUHUL 6NIUE HA SAKICMb NOBEPXHI
demaii, OOHAK, i3 30iLIbUWEHHAM WEUOKOCMI PI3AHHS IHMEHCUBHICMb BIOpayill 3pOCMAE, WO NPU3B0OUNb
00 3HUICEHHsT MOYHOCmI 06pobKu. /s npuchiuenns gibpayii GUKOPUCMOBYIONb PI3HI MemoOuU, OOHUM 3
AKUX € BUKOPUCMAHHS THCMPYMEHMI@ 31 3MIHHUM KYMOM HAXUTY 28UHMOG0I pizanvhoi xpauiku. Lfi
iHCMpYyMeHmu  Cnpuamb 3MEHUWEHHIO AMAIIMYOU KOIUEAHb, OCOOIUBO NPU BUCOKUX WBUOKOCIAX
pizanns. Y pobomax, wo npucesueni oaniti memi, NPONOHYIOMbCS PI3HI cmpamezii, sKi 00360J510Mb
RIOBUWUMU WBUOKICIb BUOANCHHS Mamepiany 6e3 SUHUKHeHHS 6iOpayitl 3a 00NOMO20H Memoolis
cmpykmypHoi moougpixkayii. Oonax npu 6ubOpi Kyma HAXumy pizaibHoi Kpaiiku 6adicaueo epaxosysamu
MUNU KOIUSAHb, WO SUHUKAIOMb NIO 4aC PI3anHs, OCKIIbKU 60HU 0e3n0CcepedHbo GNAUSAIONb HA
eexmusnicmo npoyecy @pesepysanns. Kpim moeo, euxopucmauus iHCMPYMEHMie 3 pisHUMU
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2eoMempisiMu Pi3anbHOI KpAUKY, SIK, HARPUKIAO, 3 X8ULeN00IOGHOI0 (POpMOIO, A€ NOZUMUBHI PE3YTbMAamu
npu 4opHogiil 0bpobyi, anre npu 03000106aNbHIl cmae Heepexmusnum. Memoio yici pobomu €
00CHI0MNCEHHA 6NAUBY KYMA HAXUTLY 26UHMOBOT PI3ANbHOT KPAUKU HA CMANICIb KiHYe8020 (hpesepyants
npu pisHux weuokocmsax pizanns. Pozensoaromucs Ak meopemuuni acnekmu, max i eKcnepumenmanbHi
0ani, Wo 0aionb MOICIUBICTIb OYIHUMU ePEKMUBHICIb 3ACIMOCYBANHS ITHCIMPYMEHMIE 3 PI3HUMU KYMaMu
Haxuny 0151 3abe3neyenHs cmadiibHOCmi npoyecy 0OpoOKu ma NiOBUWEHHS NPOOYKIMUBHOCMI Npu
MiHiMizayii 6ibpayill 8 HaUOLbW HeCNPUAMAUBIN ONA PI3aAHHA Mpemiil WeUOKICHIU 30Hi Konueauy. [ns
npoeedents eKCnepuMeHmie GUKOPUCTNOBYBABCs CHeyianbHull cmeno, AKUll 00360JIA€ pe2yniosamu
Jlcopcmyicmy 0emant, 3anuUcy8amu KOIUSAHHS, WO BUHUKAIOMb NI0 4ac PI3aHHA, MA 4ac KOHMAKMy
demani 3 iHcmpymenmom. Ppesepysanns NPOBOOUNOCS 6 mpemill WSUOKICHIN 30HI KOIUBAHL 34
00N0M02010 [HCIPYMENNTY, KOHCMPYKYIsl K020 nepeddaiac MOodlCIUGICMy pe2ynio6ants Kyma Haxuy
26UHMOBOT Pi3aNbHOI Kpatiku. JJoCHiONHCeHHs nIOMEEPOACYIOMb, WO 3MIHA KYMA HAXULY MOJCE CYMMEBO
enausamu Ha CcmabilbHicmb npoyecy (hpe3epyeanHs, SHUNCYIOUU [HMEHCUBHICMb KOIUBAHb |
NOKpawyouu moynicms 06po6xu. Ane yeil eghpexm sanexcums 6i0 NOYAMKOBUX YMOS DI3AHHSA, MAKUX K
weuoKicmo pizanus. 3 ii 30i1bWeHHAM aMAIIIMYOd CYRPOBOOJCYIOUUX GLIbHUX KOJIUSAHL 3DOCMAE,
He368axicalouu Ha BeIUYUHy Kyma Haxully. 3abesnedenHs cmanocmi KiHyeeozo (pesepyeéants 6 mpemii
WBUOKICHIL 30Hi 30 PAXYHOK 3MIiNU KYMA HAXUTY MOJCIUGE Juie npu UWUOKOCHIAX, WO GU3HAYAIONb
nouamox yiei 30nu. OOHAK, 8 Medicax 6Cb020 0iANA30Hy WBUOKOCHE, WO OXONIIOE Mpems WeUOKiCHA
30Ha, 3ab6e3neuumu cmabiibHULl npoyec (pesepyeants MilbKu 3a PAXyHOK Kyma HAXUTLY HEMOMCIUEO.
Jocnioocennss niokpecuioe 8adcIugicms KOMNIEKCHO20 NioXody 00 eubopy napamempie pisanms Os
Q0CsicHeHHs cmabiibHOCMI npoyecy.

KrouoBi cioBa: ¢hpesepysanns; gpesa; moHKOCMiHHUI eneMeHm, HANPAM NOOAHi, OCYUTOPAMA;
CYNPOBOOXHCYIOUI BiNIbHI KONUBAHH.
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Abstract. To determine the optimal cutting modes under conditions of increased requirements for the
stability of technological processes, it is necessary to take into account the value of the tool life with a
given probability. In this paper, the stability dependence for prefabricated cutters used on heavy machine
tools with maximum diameters Dmax = 1250-2500 mm is specified using the group argumentation method.
The study presents a new mathematical model that establishes the relationship between tool fracture
resistance and key operational parameters. This model incorporates the probabilistic nature of tool
performance, which allows for a more accurate assessment of the impact of part size variation, cutting
conditions, and process variability. The proposed relationship facilitates the determination of cutting
modes that not only increase tool stability but also ensure the reliability and efficiency of heavy machine
tools in industrial environments. This mathematical dependence makes it possible to take into account
the variation of workpiece parameters and cutting modes, which is especially important when working
with large-sized parts on heavy-duty machine tools. The results of the study are of practical importance
for industry, as they make it possible to increase the sustainability and productivity of technological
processes.

Keywords: cutting tool; tool life; reliability; failure probability; cutting insert; cutting force.

1. Introduction

The issues of wear and durability of cutting tools, machinability of various
materials by cutting have been considered to a greater or lesser extent by many
studies [1-13] and others. To obtain a mathematical model of the machining process
for determining rational cutting modes, the initial dependence is T=f(V, S, t).
Therefore, for a number of years, a large number of researchers have been engaged
in the study of tool wear patterns and resistance dependencies. At present, there are
a large number of formulas derived from experimental data and linking durability
with the elements of the cutting mode. Cutting speed has the strongest influence on
the durability period. At present, empirical dependences of durability on the
elements of the cutting mode have been established practically for all types of cutting
tools and most tool machined materials. The most frequently used equation is:
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S, =Cp-To™

However, the practice of using these formulas has shown that they are valid
only in a limited range of changes in cutting modes.

The most complete studies of the stepped resistance dependence indices were
performed in [6,11], which used multiplicative models of the resistance dependence,
in which the degree indices are functions of the cutting tool parameters and
machining conditions.

Despite the great variety of formulas describing the relationship between tool
resistance and elements of the cutting mode, the required reliability and accuracy of
the initial information for the calculation of cutting modes is not always ensured.
The described dependencies are valid for those machining cases when tool failure
occurs due to tool wear [3,8,9].

In real production conditions, carbide tool failure can occur not only as a result
of wear of the cutting part, but also due to its destruction. In real production
conditions, carbide tool failure can occur not only as a result of wear of the cutting
part, but also due to its destruction. Therefore, for these cases, the steady-state
dependences need to be clarified.

A number of works [12,13,14] have been devoted to the study of the tool
fracture process. In works [12,13] the causes of cutting tool fracture on CNC
machines are analysed. Failures of roughing cutters due to wear are only 60-70%,
the remaining failures are related to tool breakages [13]. When turning on heavy
machines, the percentage of cutting tool failures reaches 75% [14].

The most complete classification of the types of breakages of the working part
of the tool is given in [14]. It is proved that during rough turning the destruction of
a carbide plate mainly depends on the feed, and the wear depends on the cutting
speed. The relationship between feed and the number of durability periods is
expressed by the equation obtained on the basis of experimental and statistical data:

S =C K™ where

Sk — the feed rate corresponding to a certain period of resistance;

my — degree index;

In the same work, a similar relationship between the tool endurance to fracture
and the breaking feed rate is given:

Sp=Cp 'Tlgmp ,

where S, is a coefficient characterising the average strength of the tool and
depending on the processed material and working conditions;

mp — value characterising the degree of influence of T, on Sp.

When machining steel parts with cutters mp = 0,08-0,28. These dependencies
relate feed rate to the tool life before fracture and the number of tool life periods and
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are essentially similar to the V-T life dependencies. The former allows you to
determine the tool life under conditions of wear, the latter — under conditions of its
destruction. However, for practical use in the calculation of cutting modes, these
dependences need to be clarified in relation to specific conditions, since the values
of degree indices fluctuate in a wide range (especially my) and have been studied
mainly for medium-sized machine tools.

It was shown in [10] that the number of tool life periods can be considered with
some approximation as a value inversely proportional to the probability of tool
fracture.

The authors [3,9,12] pointed out the necessity of taking into account the
probability of tool fracture when determining the feed rate. However, due to the lack
of relations reflecting the probabilistic nature of the cutting process, taking into
account both tool wear and tool fracture, this problem has not been completely
solved.

In [11], an attempt was made to establish the dependence of tool life period
numbers on the feed rate. However, the experiments were carried out on medium-
sized machine tools. Therefore, the peculiarities of machining on heavy machine
tools could not be fully taken into account.

Taking into account the large dispersion of the tool life period during its
operation on heavy machine tools, the study of tool reliability and its relationship
with the parameters of the operation process is of particular importance.

2. Applied methods

The average tool life is a probabilistic value. It depends on the probability of a
particular type of failure (wear or fracture). Tool life is defined as the time between
failures of the corresponding type. In this case, these periods are conditional values
that characterise the properties of a given tool. The average actual life of a cutting
tool, which depends on its wear resistance and strength, is determined:

T= qus + qPTP )

where Ts, T, are the periods of stability due to tool wear and fracture,
respectively; ds, qp are the probabilities of tool wear and fracture, respectively,
Qs+0p=1.

To develop a mathematical model of the period of resistance to fracture of
turning cutters for heavy machine tools, the method of group accounting of
arguments was adopted [15].

This approach of self-organisation of models is fundamentally different from
the commonly used deductive methods. It is based on inductive principles - finding
the best solution by searching through various options.

By searching through different solutions, the role of assumptions about the
modelling results is minimised. The algorithm determines the structure of the model
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and the laws that apply to the object. It can be used to create artificial intelligence to
resolve disputes and make decisions.

The group argumentation method consists of several algorithms for solving
various tasks. It includes both parametric and clustering algorithms, analogue
complexity and probabilistic algorithms. This self-organising approach is based on
searching through gradually increasingly complex models and selecting the best
solution according to a minimum external criterion. Not only polynomials but also
nonlinear, probabilistic functions or clustering are used as basic models.

In this paper, we used the following types of functions:

f()=x, f(x)=1/x, f(x)=In(x) .

The next step is to determine the optimal complexity of the model structure,
adequate to the level of errors in the data sample. It is guaranteed to find the most
accurate or unbiased model — the method does not miss the best solution when trying
all options (in a given class of functions).

This method automatically finds the relationships interpreted in the data and
selects the most effective input variables, neglecting the least influential elements.
The method uses information directly from the data sample and minimises the
influence of the author's a priori assumptions about the modelling results. This
approach of this method can be used to improve the accuracy of other modelling
algorithms and makes it possible to find an unbiased physical model of an object
(law or clustering) - the same for all future samples.

3. Results and discussion

According to laboratory tests (Figs. 1, 2), the type dependence was obtained
for preliminary crust turning of steel with turning cutters with horizontally arranged
T5K10 carbide inserts and for machining on machine tools with a maximum
diameter of the workpiece above the bed (standard size) Dmax= 1250-2500 mm:

f(S,)=f(C,..Cqs,InV,Int, InD, Ino, t,V, D, 0),

where Sp is the average value of the fracturing feed, mm/rev; V is the cutting
speed, m/min; t is the depth of cut, mm; D is the dimensional parameter of the
machine tool, mm; ¢ is the tensile strength of the material being processed, MPa; Cs,
..., Cg are approximation factors.

In many cases, the period of resistance to fracture of a cutting tool is directly
proportional to the number of cycles before fracture. When turning under the
specified conditions, the stress on the front surface of the cutting element
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c=C,N™ =C(fT,J™ =C,T,™.
where: Cy is the coefficient characterising the strength of the tool,

N is the number of fracture cycles,
Tp is the period of resistance of the cutting tool to fracture.
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Fig. 1. Character of change in the breaking feed Sp with depth t and cutting
speed V (Dma = 1250 mm, 90XF - T5K10 (P30), on the crust)
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Fig. 1. Character of change in the breaking feed Sp with depth t and cutting
speed V (Dma = 2500 mm, 90XF - T5K10 (P30), on the crust)

where Cp is a coefficient characterising the average strength of the tool,
depending on the processed material and working conditions; mp is a value
characterising the degree of influence of the Tp on Sg (mp=1.6 for S=1.2-1.6
mm/rev, mp = 2.1 for S = 1.61-2.05 mm/rev.)

In developing the mathematical model, a sample (N = 240) of statistical
data from the information bank of failures of carbide tools on heavy machine
tools with a maximum diameter of the workpiece Dma= 1250 — 2500 mm was
used. Mathematical processing of the data collected at different plants made it
possible to determine the degree of dispersion of tool life and confirm the
probabilistic nature of tool failures. This proves the need to take into account the
destruction, not just the wear of the tool when determining its durability.

4, Conclusions

The stability dependence for prefabricated cutters of heavy machine tools with
Dmax = 1250-2500 mm is specified using the method of group argument accounting.
The new mathematical dependence of tool fracture resistance on the most common
operating conditions allows taking into account the probabilistic nature of tool
operation, scattering of workpiece parameters, and cutting modes. Based on the
research, a system of mathematical models and objective functions will be developed
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to optimise cutting modes and tool consumption rates according to the following
criteria: reduced costs, productivity, tool consumption, and the level of reliability of
a prefabricated turning cutter when machined on heavy machine tools.
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BU3HAYEHHS ITEPIOY CTIMKOCTI TOKAPHUX PI3IIIB
JJIAA BAYKKUX BEPCTATIB

AHoTauis. ¥ cmammi 0osedeno, wjo po3pobra peznamenmis eKcniyamayii pi3aibHux iHCmpymMeHmie Ha
BAIICKUX B8EPCMAMAX, (POPMYBAHHS YINbOBUX (PYHKYIU onmumizayii napamempis 06pobKku demanell
NOBUHHI 30iICHIOBAMUCA BUXOO0SAYU 13 3A0AHO20 PIBHA HAOIIHOCMI pi3anbHo20 incmpymenmy. IIpu yoomy
BUKOPUCIIOBYEMbCA  BENUKA  KIIbKICMb  NOKA3HUKIE, WO GU3HAYAIONb OKpeMO 6e38i0MOGHICb,
006208IYHICIb MA PeMOHmMONpUOamHuicms incmpymenmy. Ha oCHO8I cmamucmuyHux i meopemuyHux
00CiOHCeHb  IMOBIDHICHO20 Xapakmepy 61acmueocmell pi3aibHO20 IHCmMpyMeHmy [ napamempa
PO3NOOLNY HABAHMANCEHHA HA HLO2O OMPUMAHI KiILKICHI 3a1eHCHOCMI MIdC NAPAMEMPAMU PO3CitO8AHH
ernacmueocmeil i MOSWUHON THCMPYMEHMAbHOI naacmunu 30ipnozo incmpymennty. CmoxacmuuHui
Xapaxmep npoyecy 0OpoOKU HA 6AJICKUX 6epCMAamax 3yMOGIIOE 6eluKull PO3KUO 6racmusocmert
00poOII0BaNUX T IHCMPYMEHMATbHUX MAMeEPIanie ma iHwux napamempie 06pooku. Lle npuzeooums 0o
HEOOXIOHOCMI  IMOGIPHICHO20 MiOX00Y 00 BUHAYEHHS. KOHCMPYKMUGHO-MEXHOJIOZIMHUX Napamempis
pizanvHo2o incmpymenmy. Haoitinicmes pobomu 36ipHo20 pisyst 3anedcums 5K 6i0 1020 HABAHMAICEHHS,
maxk i 6i0 Hecyuoi 30amHOCMI KOHCMPYKYII [HCMPYMEHmMY, AKA € SPAHUYHUM HANPYHCEHHAM, WO
xapakmepuszye MiyHicms KOHCMpPYKYii. Buxopucmogyrouu iMosipHICHUL NIOXIO 00 PO3PAXYHKY MOGUUHU
pidicyyoi nnacmunu pisys, 6y10 6USHAYEHO NONPABOYHUL KOeDIYIEHM HA MOBWUHY 3 YPAXYBAHHAM PI6HS
Haoitinocmi incmpymenmy. 11i0 pienem HaOditiHOCMI pO3yMINU UMOGIDHICIb MO20, WO MAKCUMATbHE
HANPYJICeHHs, AKe BUHUKAE N0 OI€l0 HABAHMADICEHHA, He Nepesulyunb MpuManbHOi 30AmMHOCHII.
Jocnioxcysanucs munosi  KOHCMpYKYii, AKI  Hauuacmiwe SUKOPUCIOBYIOMbCS HA  CYYACHUX
NIONPUEMCMBAX 6AHCKO20 MAWUHOOYOY8AHHA. 3aKOH pO3NOOINY CUN PI3aHHA GU3HAYAGCS HA OCHOGI
CmamucmuyHux OaHux npo pobomy meepoocniaeHux pisyie.  Toewuna pidcyuoeo enemenma
DPO3paxoeyeanacs Ons peneigcbko20 3aKOHY pO3NOOINY HABAHMAICEHHA, 6USHAYEHO20 HA OCHOBI
CmMamucmuuHuX Oauux Npo CUmU PI3aHHS NpU MOKAPHIL 00pobyi Onis pi3HUX KOHCMPYKYIU Di3yis.
Posnodin mpumanbroi 30amHocmi iHCMpyMeHMAlbHO20 Mamepiany NAACMUH GUSHAYEHO HA OCHOSI
1a6Opamoprux 6unpooyeats.

KurouoBi cioBa: pisanvuuil incmpymenm; cmitikicms, HAOIUHICMb, UMOBIPHICIb 8I0MO8; pi3anbHA
naacmuna; Cuna pisauusl.
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Abstract. The study is devoted to a comprehensive analysis of the introduction of additive technologies
into modern construction production, revealing the technical, economic, and managerial aspects of
concrete 3D-printing of architectural structures. The work systematically analyzes the evolution of
additive manufacturing technologies and identifies the main structural types of 3D-printers (an additive
machine for layer-by-layer construction of objects), including portal, robotic, mobile, and hybrid systems.
A detailed study of the technological parameters of concrete 3D-printing with concrete mixtures is
presented, in particular, optimal printing speed modes, layer parameters, criteria for shaping and quality
of building structures. A comparative analysis of the technological capabilities of leading world
equipment manufacturers, such as ICON, COBOD International, Apis Cor, and WinSun, is conducted.
The economic analysis demonstrates significant advantages of additive technologies: reduction of
construction time by 2-6 times, reduction of construction cost by 20-35%, and increase in the load-
bearing capacity of structures. The study comprehensively explores the structure of capital and
operational expenses associated with technology implementation. Special emphasis is placed on the
management aspects of introducing additive technologies, highlighting the critical need for an
interdisciplinary approach and knowledge integration across architecture, engineering, management,
and computer modeling. The study determines the prospects for the development of concrete 3D-printing
technology in the construction industry and outlines the main directions of further scientific research and
practical implementation of innovative solutions. This study was developed between the Department of
"Integrated Technologies of Mechanical Engineering" named after M. Semko of NTU "KhPI" and
"Geopolimer" LTD to implement innovative technologies in the construction industry.

Keywords: concrete 3D printing; construction; economic efficiency; project management; building
materials.

1. Introduction

The introduction of additive technologies (concrete 3D-printing) into construction is
driven by many global challenges and industry needs. First, the global construction
industry is facing an acute need for rapid and cost-effective housing construction [1].

© Y. Garashchenko, O. Harashchenko, R. Kucher, 2024
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Second, the construction sector is one of the largest consumers of natural resources.
Additive technologies offer the potential for significant reduction of construction
waste and optimization of material use. Third, there is a shortage of skilled labor in
the construction sector. Automation of construction processes through concrete 3D-
printing allows for partially addressing this issue. Moreover, the relevance of using
additive technologies is underscored by the following factors:

« growing requirements for building energy efficiency;

« the need for rapid infrastructure restoration in post-conflict zones and
disaster-affected areas;

 the requirement to create complex architectural forms while reducing their
implementation costs;

« a trend towards individualization of housing construction and project
adaptation to specific customer needs.

From a technological perspective, recent advancements in materials science,
robotics, and CAD/CAM technologies create favorable conditions for the
widespread implementation of additive technologies in construction. New
construction mixtures optimized for concrete 3D-printing have been developed,
along with improved quality control systems and automation of layer-by-layer
forming processes [2—4].

However, despite the obvious potential, the widespread adoption of additive
technologies in construction is constrained by several technical, economic, and
managerial challenges that require comprehensive analysis and development of
appropriate solutions. This necessitates a comprehensive study of the possibilities
and limitations of additive technologies in the context of modern construction.

2. Review of the literature

The state of studying additive technologies in construction is characterized by
diverse and interdisciplinary approaches. Technical aspects of concrete 3D-printing
of building structures have been explored in works [1-5], which focused on
developing optimal construction mixture compositions [4] and technological
printing parameters [5, 6]. In the work [7] presented the main scientific research
directions for technological aspects of layer-by-layer construction using cement
mixtures. Researchers from China, the United States, and Australia have been the
most active in this research direction (in order of decreasing publication volume).
Now Germany, France, Netherlands, and England are the leaders in Europe. The
largest number of publications in journals: Construction and Building Materials,
Cement and Concrete Composites, Materials, Cement and Concrete Research,
Automation in Construction, Additive Manufacturing [8].
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Economic aspects of additive technology implementation were examined in the
work [9]. Studies [10] are dedicated to comparative cost analysis of traditional and
additive construction. Project management issues using concrete 3D-printing were
investigated in [11], focusing on the specifics of planning and organizing the
construction process.

A particularly well-developed research direction is determining the rational
composition of concrete mixtures depending on multiple factors and the physical-
mechanical characteristics of concrete samples [12].

If we count by the number of publications in Google Scholar, the greatest
scientific contributions to additive construction technologies were made by: Ma
Guowei, Wang Li, Sanjayan Jay, Xiao Jianzhuang, Mechtcherine Viktor, Tan Ming
Jen, Panda Biranchi, De Schutter Geert, Schlangen Erik, Zhang Yamei.

Despite the significant volume of research, there remains a need for a
comprehensive analysis of the interconnections between technical and technological
capabilities, economic efficiency, and management aspects of implementing
additive technologies in construction.

The work aims to identify research directions for developing a comprehensive
approach to evaluating the effectiveness of implementing additive technologies in
construction, based on the integration of technical, economic, and management
analysis.

3. Modern design solutions of 3D-printers for additive manufacturing
of concrete structures

Additive technologies in construction are currently experiencing a stage of
active development, where specialized 3D-printers for working with concrete play a
key role. The main structural types of such printers include [1, 2]:

 portal structures with a fixed frame (extruder movement along Cartesian X,
Y, and Z axes; provide high printing accuracy and process stability; used for small
architectural forms and construction structures);

+ portal structures with fixed or movable vertical structures and displacement
of two longitudinal and/or one transverse beam (provide sufficiently high precision
and printing productivity; used for obtaining large building structures);

* robotic manipulators (based on multi-axis industrial robots, allowing
printing of complex spatial structures. Have higher flexibility compared to portal
systems, but require more complex software and have lower productivity);

« mobile concrete 3D printers (design allows autonomous movement and
installation on various surfaces; for rapid construction of temporary structures);
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» hybrid systems (combine properties of different concrete printer types,
ensuring maximum adaptability to various architectural and construction tasks).

» All concrete printer types allow combining traditional construction
methods with additive technologies.

Each printer type has specific advantages and limitations, the selection of
which depends on specific project requirements, building geometry, and production
conditions.

The main criteria for equipment selection and comparison include:

+ printing accuracy (positioning and shape formation errors);

» workspace dimensions (possible building sizes);

+ extruder movement productivity and speed (construction time);

+ equipment mobility (preparation time for transportation, assembly time,
transportation requirements);

* equipment and operational costs.

Research directions are aimed at improving concrete 3-D printer structural
parameters, expanding their functional capabilities (parallel extruder or nozzle
operation, reinforcement during extrusion), diversifying nozzle and leveling knife
designs, reducing shape formation errors, and developing diagnostic and
construction process monitoring systems.

The subsequent details are considered for portal printers (Fig. 1), which are
among the most promising design solutions for rapidly restoring Ukraine's
infrastructure.
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Figure 1 — Concrete 3D-printer GP-1 (manufacturer "Geopoli" LTD, Kharkiv)
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4. Technological parameters of the concrete 3D printing

When determining the technological capabilities of additive technologies in
construction, the primary focus was on the shape formation mode parameters [2].

Printing speed V. Based on the practical experience of large-format
construction printer developers, the optimal printing speed range is V =50-
150 mm/s. The maximum speed can reach up to 1000 mm/s (depending on mixture
composition, layer width, and height [4]). Minimum speed: not less than 30 mm/s
(to prevent material solidification). Speed is primarily determined by mixture
composition and extruder productivity. Key factors influencing speed [13] include
concrete mixture viscosity, cement setting time, mixture supply pressure, nozzle
diameter, and ambient temperature.

Layer parameters: thickness h and width b.

Layer thickness h. The optimal range is considered to be 8-50 mm, with typical
values for vertical walls being 15-20 mm; h mainly depends on layer width, nozzle
diameter, and mixture rheological properties.

Layer width b. Recommended range is b = 20-60 mm, ensuring a rational b/h
ratio of 2.5-4.0. This b/h ratio is necessary to ensure a stable layer and overall
structure dimensions. The maximum possible b value is 300 mm. The b values
depend on nozzle diameter, supply pressure, printing speed, and surface inclination
angle a.

Permissible wall surface inclination angle range (without additional support)
a. = 75°-90°, with vertical walls providing the greatest structural stability, i.e., at
a. = 90°. With support, it is practically feasible across the entire a. range.

Factors influencing the permissible angle a. (without support): layer thickness,
mixture setting speed, previous layer strength, structure height, temperature
conditions, and mixture composition.

Additional technological parameters include:

+ layer construction interval tmin (necessary for ensuring stable shape
formation), optimal interval tmin=1-10 minutes, depending on mixture
composition, structure height, and environmental conditions;

« environmental conditions: temperature (optimal -15°C ... -25°C,
recommended range 5°C... -40°C), humidity (optimal -50% ... -70%), protection
from direct sunlight and wind.

5. Comparative analysis of technological capabilities of concrete 3D
printing equipment

Analysis of the technological capabilities of market-leading additive equipment
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reveals the following features:
ICON Technology:
» printing speed up to 2000 mm/s;
COBOD International:
* modular BOD2 system with broader scaling capabilities;
+ printing speed up to 1000 mm/s;
Apis Cor:
« mobile printer with a printing radius of up to 8.5 meters;
 ability to print curved surfaces;
WinSun (Yingchuang):
» large-scale systems for extensive projects;
 capability to print multi-story buildings;
* material recycling;
Generally for most manufacturers:
» proprietary material developments;
» operation in challenging weather conditions (advantages for ICON);
» integrated quality control system (advantages for ICON);
« multifunctional extruder;

+ ability to work with a wide range of materials (advantages for COBOD

International);

» high positioning accuracy (advantages for COBOD International and

Apis Cor).

In cases of printing under extreme conditions (low or high temperature and/or

humidity), key technological innovations can be separately highlighted:
Materials:
» special additives for rapid setting at low temperatures;
 viscosity modifiers for high-temperature operations;
« reinforcing components to increase early-stage strength;
Material supply system:
+ thermal insulation of transport line;
+ heating/cooling of material during transportation;
* moisture control system for components;
* automatic mixture composition adjustment;
Extruder:
* nozzle thermal stabilization system;
« protection against abrasive wear;
« dynamic extrusion diameter control;
 cleaning system during stops;
Control system (electronics):
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» compensation for structural thermal deformations;

» adaptive calibration system;

« vibration and position correction sensors;

» enhanced drives for operation during strong winds;

Control system (software):

» external factor compensation algorithms;

+ predictive print quality analytics;

» adaptive speed management;

« material structural integrity monitoring.

Due to these innovations, the working conditions are considered:

ICON (Vulcan system):

* temperature range from +2°C to +43°C;

+ relative humidity 20-95% (with compensation systems);

COBOD (BOD2 system):

* temperature range from +5°C to +40°C;

+ relative humidity 30-85%.

Research directions: optimizing extruder speed and acceleration depending on
movement trajectory, mixture composition, and environmental conditions;
predicting, monitoring, and preventing extruder movement jolts; optimizing building
design for specific equipment technological capabilities; optimizing trajectory and
construction time based on surface quality criteria.

6. Print quality criteria

There are several important quality criteria for 3D printing of buildings, based
on various technical standards. The main requirements include:

 verticality of the walls, the maximum deviation from the vertical should not
exceed 1/200 of the wall height (for a 3 m high wall, the permissible deviation is
approximately 15 mm);

 horizontality of the surfaces, the maximum deviation from the horizontal is
1/300 of the length (for a 6 m section, the permissible deviation is approximately 20
mm);

+ wall thickness, the permissible deviation is £5...10 mm from the design
thickness (it is important to ensure uniformity over the entire height);

 straightness (along the surface of the layer), on an arbitrary section of 2
meters the maximum deviation is no more than 10-12 mm, the total curvature along
the length of the wall should not exceed 20 mm;
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« corner joints, deviation of corners from the design position should not
exceed 5-7 mm;

* minimum concrete strength, 20-40 MPa;

* bond strength between layers, not less than 1.5-2 MPa;

» absence of delaminations;

» homogeneity of the concrete mix (the mix should be free of pores and
cavities, with a material density of no less than 97%, and a uniform distribution of
reinforcing elements).

7. Economic Aspects of Implementing Additive Technologies

According to research [14], the main capital costs associated with the
implementation of additive technologies in construction are as follows:

» construction 3D printer — 40...60% of the total investment;

« material mixing and feeding systems — 15...25%;

» software and control systems — 10...20%;

« auxiliary equipment, tools and consumables —5...15%.

The distribution of operating costs for such technologies typically follows this
structure [15]:

» materials — 30...45%;

 labor costs — 20...35%;

* energy consumption —5...10%;

* maintenance — 10...15%;

* logistics — 5...10%.

An analysis of the indicators for the most common construction technologies,
based on the example of a 100 m? private house, has led to the following results,
which are presented in Table 1.

A comparative analysis of construction technology characteristics (Table 1)
highlights several advantages of 3D printing, particularly in constructing walls with
a rectilinear configuration.

The fundamental advantages of the technology include:

+ reduction of construction time (for example, 3D printing technology allows
to reduce the duration of wall construction by 2—6 times compared to traditional
methods — masonry, aerated concrete).

» reduced load on the foundation and greater bearing capacity (a comparative
analysis shows that 3D printing technology provides significantly higher bearing
capacity indicators (2457.2 kN) with lower specific material consumption (0.185-
0.235 m® per 1 m? of wall)).
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* economic efficiency (the cost of 1 m? of wall using 3D printing technology
is 115-135 US dollars, which is 20-35% lower than traditional technologies).

Additional technological advantages include:

« the possibility of integrated insulation without the need for additional

structural elements;

« elimination of the need for external and internal finishing;
« architectural variability, enabling the individualization of structural

solutions.

Table 1 Comparison of indicators of the construction of the walls of the house per 100 m?

obtained by different technologies

Construction

Relative indicators (with a wall height of 3.0 m)

weight

permissible

volume per

min cost

Construction

technology kg/m?)|  load (kN) m? (1) ($/m?) time (days)
Stone masonry — brick,
51 cm wide 918 881 0,51 180 25
Construction of aerated | 1500 0.4 150 10-12
concrete
3D printing of a wall,
40 cm wide 370 2457 0,185 115 4
3D printing of a wall,
60 cm wide 470 2457 0,235 135 5
3D printing of a wall,
50 cm wide, reinforced | 1200 2 800-3 000 0,5 210 5
concrete (pouring)
Monolithic house,
formwork 50 cm wide,
1250 2 800-3 000 0,5 180-230 10-14

reinforced concrete
(pouring)

Note: The cost is indicated based on 2024 prices.

These advantages confirm the prospects of 3D printing technology in the

construction

industry,

especially

in countries with developed

infrastructure (USA, Netherlands, Western European countries).
Further research is needed on the issues of long-term operation, the influence
of climatic factors, and the adaptation of the technology to various construction

conditions.
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8. Project Management for Additive Technologies in Construction

The introduction of additive technologies into the construction industry
necessitates a fundamentally new approach to project management that accounts for
the specific requirements of 3D printing architectural structures.

The main components of project management include:

+ planning and preparation (special tasks of 3D modeling of an architectural
object, preliminary calculation of material consumption, selection of optimal
printing technology, preparation of specialized equipment);

» technological features of management (control of printing mixture
parameters, monitoring the accuracy of architectural form reproduction, printing
management, ensuring printing conditions);

» resource provision (training of qualified personnel, maintenance of 3D
printers, material logistics, equipment calibration);

« economic efficiency (optimization of construction time reduction,
minimization of labor costs, production waste, and project estimates);

 risk management (forecasting possible technological limitations, insurance
of project risks, ensuring the quality of the final design, testing of test samples).

A key aspect is the establishment of an integrated management system that
combines technological innovations, economic efficiency, and engineering
solutions.

Promising directions for further research include the development of unified
management standards.

The implementation of additive technologies requires an interdisciplinary
approach, integrating knowledge from architecture, engineering, management, and
computer modeling.

9. Conclusions

Additive technologies in construction are at the stage of active development,
demonstrating significant potential for transforming this industry.

Modern 3D printers are represented by various design types: gantry, robotic,
mobile, and hybrid systems, each with specific advantages and limitations.

The key technological parameters of concrete 3D printing are speed (50—
1000 mm/s), layer thickness (5-50 mm), layer width (20-300 mm), and surface
inclination angle (75°-90°).

Leading manufacturers of 3D printers (ICON, COBOD, Apis Cor, WinSun)
demonstrate unique technological solutions, particularly high speed, mobility, and
adaptability of equipment.
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3D printing technology offers several advantages over traditional construction
methods, including:

- a reduction in construction time by 2—6 times;

- a decrease in the load on the foundation;

- high load-bearing capacity of structures;

- economic efficiency, with cost reductions of 20-35%.

Clear quality requirements for 3D printing have been established,
encompassing:

- permissible deviations from vertical and horizontal alignment;

- specifications for wall thickness;

- criteria for the strength and uniformity of the concrete mix.

The distribution of capital costs for implementing this technology has been
analyzed, with the largest share attributed to equipment expenses. A distinctive
feature of budgeting for additive technologies is the significant proportion of
material costs, accounting for 30—45%.

The adoption of additive technologies necessitates a novel, integrated
management approach that combines technological innovation, economic
efficiency, and engineering solutions. An interdisciplinary effort is essential,
requiring collaboration among specialists in architecture, various engineering
disciplines (e.g., design, mechanics, electronics, technology, programming),
management, and computer modeling.

Additive 3D printing technologies demonstrate revolutionary potential in the
construction industry, offering more efficient, economical, and flexible solutions
compared to traditional methods.

10. Acknowledgements

This study was conducted as part of the project for the development of a 3D
printer for large-scale construction by the team at "Geopolimer” LTD. Special
gratitude is extended to the project manager, Elina Rudenko, for her invaluable
assistance in collecting and providing informational materials for this study.

References: 1. El-Sayegh S., Romdhane L., Manjikian S. A critical review of 3D printing in construction:
Benefits, challenges, and risks. Archives of Civil and Mechanical Engineering, 20, 2020. pp. 1-25. 2. Tay
Y.W.D., Panda B., Paul S.C., Noor Mohamed N.A., Tan M.J., Leong K.F. 3D printing trends in building
and construction industry: a review. Virtual and physical prototyping, 12(3), 2017. pp. 261-276. 3. Zhang
Y., Zhang Y., Liu G., Yang Y., Wu M., Pang B. Fresh properties of a novel 3D printing concrete ink.
Construction and Building Materials, 174, 2018. pp. 263-271. 4. Paul S. C., Tay Y. W. D., Panda B., Tan
M. J. Fresh and hardened properties of 3D printable cementitious materials for building and construction.
Archives of Civil and Mechanical Engineering, 18(1), 2018. pp. 311-319. 5. Panda B., Tan M. J.

113



ISSN 2078-7405 Cutting & Tools in Technological System, 2024, Edition 101

Experimental study on mix proportion and fresh properties of fly ash based geopolymer for 3D concrete
printing. Ceramics International, 44(9), 2018. pp. 10258-10265. 6. Zhou W., Zhang Y., Ma L., Li V.C.
Influence of printing parameters on 3D printing engineered cementitious composites (3DP-ECC). Cem.
Concr. Compos. 2022, 130, 104562. 7. Buswell R.A., De Silva W.L., Jones S.Z., Dirrenberger J., 3D
printing using concrete extrusion: A roadmap for research. Cement and concrete research, 112, 2018.
pp.37-49. 8. Wang J., Liu Z., Hou J., Ge M. Research Progress and Trend Analysis of Concrete 3D
Printing Technology Based on Cite Space. Buildings, 14(4), 2024. 989 p. 9. De Schutter G., Lesage K.,
Mechtcherine V., Nerella V.N., Habert G., Agusti-Juan I. Vision of 3D printing with concrete —
Technical, economic and environmental potentials. Cement and Concrete Research, 112, 2018. pp. 25—
36. 10. Sakin M., Kiroglu Y.C. 3D Printing of Buildings: Construction of the Sustainable Houses of the
Future by BIM. Energy Procedia, 134, 2017. pp.702-711. 11. Kazemian A., Yuan X., Meier R,
Khoshnevis B., Sanjayan J.G., Nazari A., Nematollahi B. 3D Concrete Printing Technology. 2019.
12. Overmeir A.L., Savija B., Bos F.P., Schlangen E. 3D Printable Strain Hardening Cementitious
Composites (3DP-SHCC), tailoring fresh and hardened state properties. Construction and Building
Materials, 403, 2023. p. 132924. 13. Roussel N. Rheological requirements for printable concretes. Cement
and Concrete Research, 112, 2018. pp. 76-85. 14. Tinoco M. P., de Mendonga E. M., Fernandez L. I. C.,
Caldas L. R., Reales O. A. M., Toledo Filho R. D. Life cycle assessment (LCA) and environmental
sustainability of cementitious materials for 3D concrete printing: A systematic literature review. Journal
of building engineering, 52, 2022. 104456. 15. De Soto B. G., Agusti-Juan |., Hunhevicz J., Joss S., Graser
K., Habert G., Adey B. T. Productivity of digital fabrication in construction: Cost and time analysis of a
robotically built wall. Automation in construction, 92, 2018. pp. 297-311.

Spocnas "apamienko, Onena [apamienko, XapkiB, Ykpaina
Pycnan Kyuep, Muxkonais, Ykpaina

AJIMTUBHI TEXHOJIOT'Ti B BYIIBHAIITBI:
TEXHIYHUAMW, EKOHOMIYHUAM TA MEHEJKMEHT-AHAJII3

Awnotaunist. Jocriodcents npucesauene KOMNIeKCHOMY aHATIZY 6NPOBAOICEHHS AOUUBHUX MEXHON02I Y
cyuacHe OydisenbHe BUPOOHUYMEBO, PO3KPUBAIOYU MEXHIYHI, eKOHOMIUHI ma ynpasnincoki acnekmu 3D-
OpYKY — apXimeKmypHux KOHCMPYKYili. ~AKmyanvHicmb —GUKOPUCMAHHA —~AOUMUSHUX — MEXHON02IU
NIOKPeCIOEMbC HACMYNHUMU (DAKMOPAMU: 3POCMAHHS 8UMO2 00 eHepeoeekmuerHocmi 0yoieenn,
HeoOXIOHICIb  WEUOKO20 GIOHOGNIEHHS THYPACMPYKMYPU 6 NOCMKOHMIIKMHUX 30HAX MA PAUOHAX
CMUXIUHUX UX; nompeda y cmeopeHHi CKIAOHUX aApXimeKmypHUX opm npu 3HUdICeHHi eapmocmi ix
peanizayii; meHOeHyiss 00 IHOUSIOyanizayii Hcumuo8o2o 6yOieHuymea ma adanmayii nPoekmie nio
KOMKpemui nompedu 3amMOBHUKIG. Y pobomi cucmemno NpOAHANI308AHO €BOTIOYII0 MEXHON02il
aoUmMUBHO20 BUPOOHUYMBA, BUSHAYEHO OCHOBHI Koncmpykmueni munu 3D-npunmepis, 6xnOua0O4u
nOpManbHi, pobomuz08ami, MoOIIbHI ma 2iopudHi cucmemu. Ha coo200mi y ceimi 6i0omo 6au3bKo
500 supobnuxie Oyoisenrvnux 3D npunmepie. IIpedcmaesieno demanbHe OOCHIONCEHHS MEXHON0IUHUX
napamempie 3D-0pyKy OemoHHuMU Cymimiamu, 30Kpema ONMUMATbHUX PeXCUMI6 WEUOKOCHi OpYKY,
napamempis wapie, kpumepiie Gopmoymeopenns ma skocmi OyoieervHux koHcmpykyiu. Ilposedeno
NOPIGHSIbHULL AHATI3 MEXHOJOSIYHUX MOJNCIUBOCMEN NPOBIOHUX CEIMOBUX BUPOOHUKIE 00JIAOHAHHS,
maxkux sik [ICON, COBOD International, Apis Cor ma WinSun. Exonomiunuil ananiz 0eMOHCMpYe 3HAUHI
nepegazu aOUMUBHUX MEXHON02I NO GIOHOWIEHHIO 00 [THWUX, AKI WUPOKO nowupeni y 6y0i6Huymei:
CcKopouenHs mepMinie 6yoisnuymea y 2 — 6 pasie, snudicenns cobieapmocmi 6yodisnuymea na 20 — 35 %,
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nioguujeH s Hecyuoi 30amHoCmi KOHCMPYKYill, 3SMEHUWEHHA HABAHMAdICEeHHA Ha hyHOamenm. Po3kpumo
CIMPYKMYpY KanimaibHux ma OnepayitiHux eumpam npu 6npoeaddiceHHi mexnonoeii. OCHO8HUMU
mexHono2iunumu napamempamu 3D-0pyky bemonnumu cymiuamu € weuokicms Opyky (50 — 1000 ymm/c),
moswuna wapy (8—50mm), wupuna wapy (20—300mm) ma xym Haxuny nosepxwi (75°-90°).
Ocobnugy ysazy npuoineHo YNpAasniHCbKUM ACNeKMAM 6HPOBAONCEHH AOUMUSHUX MEXHONO0Il,
HeoOXIOHOCMI  MIHCOUCYUNTIHAPHO2O0 NiOX00y ma iHmezpayii 3HaHb 3 apximexkmypu, IHdceHepil,
MeHeOJICMEeHNy ma KOMN'IomepHo20 Mooento8anHa. JJoCuiodceHHs BUSHAYAE NePCNeKmMUBl pO3GUNIKY
mexnonozii 3D-0pyky 6 OydisenvHill 2anys3i, OKpecuioc OCHO8HI HANPAMKU NOOANbUUX HAYKOBUX
00Ci0HCeHb MA NPAKMUYHO20 BNPOBAOHNCEHHA ITHHOBAYITIHUX piuteHb. [lOCTIONCeHHS 6UKOHAHO 8 PAMKAX
HAYKOBO-MEXHIYHO20 CRIBPOOIMHUYMBA MidC Kagheoporo «[Hme2poeani mexHono2ii MauunoOyO0y8aHHs»
im. M.®. Cemxay HTY «XIIly ma TOB «leononimep» 3 Mmemoio 6npo8a0*CeHHs IHHOBAYIUHUX
mexHon02Il 8 6y0i6enbHy 2ay3b.

Kawuosi ciioBa: 3D dpyk 6emony; 6y0ieHuymeo, eKOHOMIYHA eeKMUBHICMb, YAPAGIIHHS NPOESKMAMU,
byoieenvHi mamepianu.
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Abstract. The main provisions of the classification of the vibration processing process depending on the
characteristics and composition of the processing medium are given. It is established that vibration
processing is @ mechanochemical removal of metal particles and its oxides, and plastic deformation of
the microroughness of the surface of the part. It was found that vibration processing is related to
mechanical dynamic processes, when using chemically active solutions it is related to mechanochemical
processes, according to technological purpose to dimensionless processes, according to the type of tool
— to processing with free abrasives. It was determined that vibration processing is characterized by the
dynamic mechanochemical effect of abrasive medium granules on the treated surface and the acoustic
effect of shock waves. It has been established that the features of mechanical and physicochemical
phenomena of vibration processing differ in the physical properties of the granules of the medium, the
characteristics of the material of the processed parts, the dynamic nature of the process, the composition
and properties of the chemically active solution. A classification of defects in the formation of parts,
controlled parameters and vibration processing operations is given. The technological capabilities of the
processing are presented, these are micro-cutting and surface plastic deformation, the effect of variable
accelerations and continuous application of micro-impacts to the surface being processed, which ensures
the dynamic nature of the process and creates conditions for strengthening and stabilizing processing.
The design of the vibration machines allows the use of various compositions of solid, liquid and mixed
compositions of working media. To increase the efficiency of the process, a variable scheme for combining
technical solutions of new varieties of the vibration processing process is proposed. It has been
established that by combining various combinations of technological and design parameters it is possible
to expand the scope of application of the vibration finishing and cleaning process based on the creation
and implementation of its varieties.

Keywords: vibration finishing and cleaning; process classification; workpieces; classification of
shaping defects; combination of technical solutions; area of application of the process; process varieties..

1. General provisions for the classification of vibration machining
processes

© A. Mitsyk, V. Fedorovich, N. Kozakova, 2024
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Vibration processing, depending on the characteristics and composition of the
processing medium, is a mechanical or mechanochemical removal of the smallest
particles of metal or its oxides and plastic deformation of microroughness as a result
of mutual collisions of the granules of the medium with the processed surface of the
parts caused by vibration of the tank in which the processing medium and the
processed parts are placed.

In accordance with the accepted classification, vibration processing is related
to mechanical processing processes, and when chemically active solutions are
introduced into the working environment, it should be classified as a combined
process, in particular, as a group of mechanochemical processing processes.

Vibration machining is a dynamic and, by its technological purpose, a
dimensionless machining process. By the type of tool used, it is a free abrasive
machining process [1].

2. Basic phenomena and features of the vibration processing process

In general, vibration processing is characterized by the following phenomena:

— dynamic impact of the processing environment in the form of multiple
collisions of its granules with the surface of the workpiece;

— mechanochemical interaction of the abrasive medium and the material of the
part;

— acoustic impact of shock waves.

The features of mechanical and physical-chemical phenomena during vibration
processing are as follows:

— physical properties of abrasive granules of the medium;

— characteristics of the material of the parts being processed;

— dynamic process parameters;

— composition, properties and quantity of chemically active solution.

The efficiency of the vibration processing process, assessed by the weight
removal of metal from a unit of surface area of the processed part per unit of time,
depends on the intensity of mechanical and chemical effects and the ability of the
part material to resist the action of these phenomena [2].

3. Classification of defects in the formation of parts,

controlledparameters and operations of the vibration processing
process
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The results achieved when performing various processes of processing a part
are determined by the nature of the interaction of these parts with the working
environment, as well as the processing modes. The interaction characteristics are
considered as a general concept that includes the nature of the movements performed
by the workpieces and the working environment and the forces that arise in this
process.

Vibration processing and its varieties are considered as a combination of the
effects of several types of energy and schemes during technological operations such
as casting, pressing, forging, hot and cold stamping, processing on metal-cutting
machines, which are accompanied by the formation of defects on the surface of the
processed parts, causing deviations in their shape, accuracy and roughness from the
specified values. These defects in the production of parts must be removed before
assembly operations of the products and their further operation.

For the final processing of parts, defects acquired at various stages of their
manufacture are classified from the standpoint of the structure and features of the
technological processes for obtaining blanks of these parts (Fig. 1).

g ™ Burst
Surface shaping defects Growths, films in the places of
. separation of forms, press forms,
of parts stamps
J s .
Casting, forging, hot stamping
Burrs, sharp edges Tightening
Combs formed along the contour Bulging of metal on the edges of
of parts by shifting the metal parts
.S'I(mrlmng_ mechanical processing Cutting, chopping, hot and cold
stamping
Burnt Splash

Burnt-on remains of earthen or

g Metal particles that form uneven
crusty forms to the parts

surfaces of parts

Casting Electrophysical methods of
processing

Grat Scale
Growths in the places of separation
of forms. press forms on plastic
parts

Thermochemical crust formation
on the surface of parts

Casting, forging. hot stamping,

Casting, pressing heat freaiment
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Corrosion Traces of fats and oils
Connection of metal parts with Films of fats and oils on the
oxygen surface of the part

Oxidation in the form of a film Contact with lubricanis and coolants

Charging Traces of contamination
Embedding abrasive and diamond Yoo ;rgsz anﬁ ‘m(:.rgnmc‘
erains into the surface of the part compounds, dust on the surface of

the part
Finishing operations Machining operations

Fig. 1 Classification of surface shaping defects of parts subject to removal by
finishing and cleaning treatment
All defects in the formation of the surface of a part in metalworking production

are removed by carrying out various finishing and cleaning operations, the
classification of which is given below (Fig. 2).

Vibration finishing and cleaning operations in
metalworking industries

I |

Cleaning Washing
Removal of molding sand, Removal of sludge, oils and
scale, burnt-on deposits, contaminants
corrosion

Finishing touches

Removal of flash, burrs,
rounding of sharp edges

|
| ]

Grinding Polishing
Reducing roughness to Reducing roughness to
Ra = 0,32 um micron, giving the Ra = 0,32...0,16 um with giving the
surface a matte finish surface a glossy shade, preparation
for electroplating

Fig. 2 Classification of vibration finishing and cleaning operations used in
metalworking industries

119



ISSN 2078-7405 Cutting & Tools in Technological System, 2024, Edition 101

When considering cleaning operations, the controlled parameter of the
processing process is the degree of cleanliness of the parts from metallic and non-
metallic defects physically and chemically connected to the material of the part. In
addition, the effect of the duration of processing on the surface cleanliness is
controlled, which is illustrated graphically (Fig. 3) [3].

4. Technological capabilities of the vibration processing process

An examination of the technological capabilities of the vibration processing
process shows that they consist of a complex effect of a number of factors on the
processed surfaces of parts [4]:

— multiple micro-impacts of the working medium granules, ensuring uniform
impact on the surfaces of the parts being processed,;

— variable accelerations causing shock wave processes and bending stress in
the workpieces;

— chemically active solutions that cause physical and chemical processes;

— intensive movement of the working environment and workpieces.

Fovg. 0

N

U

40 R
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. e

v DR
0 60 o B0 240 300 fmin

Fig. 3 Effect of processing time on the surface finish of castings
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By analyzing the values of each of the listed process factors, we can imagine
its technological capabilities, which are as follows:

— Micro cutting and surface plastic deformation are the main elements of
the vibration machining process. The absence of a rigid connection between the part
and the tool eliminates the possibility of effective and controlled influence on the
geometric dimensions and shape of the part. Therefore, the vibration processing
process is dimensionless, i.e. does not determine the shape and dimensions of the
parts being processed.

— The effect of variable accelerations at different orientations of the
workpieces and continuous application of micro-impacts to the workpiece surface
ensures the dynamic nature of the process, shock-wave phenomena and the
performance of such operations as removal, alignment and creation of optimal
residual stresses ensure its stabilization at a certain level. Conditions are created for
the implementation of strengthening and stabilizing treatment.

The design of the vibration machines and the long-term vibration processing
process allow for the placement and use of various compositions of solid, liquid and
mixed compositions of working media, as well as changing their temperature. This
creates conditions for both mechanical processing processes and physical-
mechanical processes of their combination by introducing powder materials,
solutions, suspensions, and electrolytes into the working environment, which
intensifies the processing process.

5. Improving the efficiency of the vibration machining process

Consideration of the issue of increasing the efficiency of the vibration
processing process made it possible to propose a variable scheme for combining
technical solutions for new types of vibration processing processes (Fig. 4) [5].

When implementing process variations, according to the hardware design
options of the technological system "tank with working medium - device with
workpieces" in the tank of the vibratory machine, an energy effect is formed that
creates a general circulation character of the cyclonic movement of granules of the
working medium, freely penetrating to all hard-to-reach areas of the surface of the
workpiece, which leads to high intensity of processing, the control of which is
carried out by choosing rational combinations of the values of the amplitude-
frequency parameters of the oscillatory movement of the tank and the device with
workpieces, as well as the rotational movement of the spindle and impeller of the
vibratory machine.

The workpieces are given additional types of oscillatory and rotary motion by
installing them in machine tools, spindles and other devices. By combining various
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-
Schemes of the energy action of the reservoir on the working
medium and the processed parts

e N
The energy action of

chemically active solutions

-— on the vibration processing

The action of vibration forces
in the vertical plane of
oscillation

horizontal vibration exciter \_ )

The action of vibration forces
in the vertical plane of
oscillation

The action of vibration forces
in the horizontal plane of e

m oscillation ; 5 o ;
—————————— ————————— horizontal vibration exciter

vertical vibration exciter

The action of vibration forces
in the horizontal plane of

The action of

centrifugal forces New varieties of i |—————- oscillation
] the method of ; s ;
——————————————————— B 5 vertical vibration exciter
] vibration
impeller processing (area

of combination of
the schemes of
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The action of

The action of centrifugal o :
centrifugal forces

and vibratory forces in
horizontal plane of
oscillations

spindle

impeller — vertical exciter
The action of centrifugal
and vibratory forces in
horizontal plane of
oscillations -

The action of jet
motion of fluid flows ) . _
L] spindle — vertical vibration

""""""""""" exciter
hydraulic — dvnamic
attachment
N
Schemes of the energy action of the apparatus
on the working medium and the processed parts B
J

Fig. 4 Variable scheme of combining energy impacts and design elements of technical
solutions of new types of vibration processing methods
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combinations of technological and design parameters, it is possible to significantly
expand the scope of application of the vibration finishing and cleaning process based
on the creation and implementation of its new varieties [6].

Of all the problematic, from the point of view of finishing and cleaning
processing, nomenclature of parts of drive and distribution mechanisms, as well as
parts of the type of body of revolution, such as disks, bushings, coils, pulleys, gear
wheels and others, having a symmetrical surface shape and central through holes,
which can be used for basing and fixing in devices of working bodies of vibratory
machines.

6. Conclusions

1. It has been revealed that the process of vibration processing is a complex of
interrelated phenomena involving: microcutting; elastic-plastic deformation;
activation of the surface layer of the metal; formation and destruction of secondary
structures, repeating with the frequency of the action of the disturbing force.

2. It has been established that chemically active solutions perform the
following functions during vibration processing: intensification of the process by
chemical action on the processed surfaces of the part; cooling of the part during
processing; removal of wear products from the reservoir; prevention of sticking of
flat parts.

3. A variable scheme of hardware design of the technological system “tank
with working medium — device with workpieces” is proposed, the use of which
creates favorable conditions for processing parts with complex-profile surfaces with
a free abrasive medium.
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Anppiit Minuk, Bonogmvup ®enoposmy, Haranis Ko3akosa, XapkiB, Ykpaina

CYTHICTH ITPOLIECY BIBPALINHOI 03/10BJIFOBAJIBHO-
3AUUIIYBAJBHOI OBPOBKH, ii TEXHOJOI'TYHI MOKJIUBOCTI
TA HLISIXU NIIBUINEHHSI EOEKTUBHOCTI

AHoTauiss. Hasedeno ocrosmi nonogicenus knacugixayii npoyecy 6iopayitiHoi 0OpoOKu 3a1excHo 6i0
Xapakmepucmuk ma cKkiady o6pobnoeo cepedosuwja. Bemanoeneno, wo eibpayiina obpobra €
MEXAHOXIMIYHUM 3HIMAHHAM YACMUHOK MEmany ma 1020 OKcuois, ma niaCmudHum O0epopmy8aHHAM
MIKpoHepieHocmell nogepxHi demali. Buseneno, wo 6ibpayitina 00po6Ka 6i0OHOCUMbCS 00 MEXAHIYHUX
OUHAMIYHUX NPOYECi8, NPU UKOPUCIANHI XIMIYHO-AKMUBHUX PO3UUHIE [T BIOHOCAMb 00 MEXAHOXIMIUHUX
npoyecis, 3a MexHONOSIYHUM NPUSHAYEHHAM 00 Oe3PO3MIPHUX NpOYecis, 3a GUOOM THCHPYMEHMY 00
00pobKu GitbHUMU abpazueamu. BusHauero, wjo ibpayitina 06pobKa Xapakmepuzyemocs OUHAMIYHOK
MEXAHOXIMIUHOIO OICIO 2PAnYIl abpasueHO20 cepedosuud Ha 0OPOOII08aANY NOGEPXHIO MA AKYCUYHUM
BNAUBOM YOAPHUX X6Ub. BCmanoeneno, wjo ocobOIueocmi MexaHiyHux ma @i3uko-XiMivHux seuty
8IOpayiiiHoi  0OpoOKU  GIOPI3HAIOMbCA  PI3UUHUMU — GIACMUBOCMAMU — ZPAHYIL  Cepedosuud,
xapaxmepucmukoro mamepiany 06pobnioeanux oemainetl, OUHAMIYHUM XAPAKMEPOM NPOYECY, CKIAOOM
ma e1acmueoCmAMU XiMiuno-akmugno2o posuuny. Jana xracugixayia oegpexmie popmoymeopenns
Odemaii, KOHMPOILOBAHUX NAPAMemMpPie ma onepayiil 8iopayiinoi 06pobxu. I[lpedcmasieni mexHoI02iuHi
Moodicnugocmi npoyecy 06pooOKu, ye MIKpopi3anHs ma nogepxmese NiACHuiHe 0eqopMy6amnHs, GNIUG
3MIHHUX NPUCKOpeHb ma 0Oe3nepepeHe HAHEeCeHHs MIKpoyoapie no o00poOneawiti Noeepxui, wjo
3a6e3neuye OUHAMIYHULL Xapakmep npoyecy ma CMEOPHE YMOBU 3MIYHIOBAbHOT ma cmabinizayitiHol
06pobxu. Koncmpykmuene 6UKOHAHHS 6IOpOGepCMAmi6  003605IC  3ACMOCO8Y8AMU  Pi3Hi  CKIaouU
MeepouUx, piOKUX ma 3MIUAHUX CKIA0I8 pobouux cepedosuwy. /s niosuwjeHHs egpekmugnocmi npoyecy
3aNPONOHOBAHO BAPIAMUBHY CXeMy KOMOIHY6AHHS MEXHIYHUX PIUeHb HOBUX PI3HOBUOI8 npoyecy
sibpayiunoi  0bpobru. Bcmanosneno, wo KoMOIHyIOuU pI3HI  NOECOHAHHS MEXHOIOLIYHUX —Ma
KOHCIMPYKMOPCObKUX NAPAMEMPIS, MOUCTUBO POZUWUPUNY 00ACHTb BUKOPUCIAHHA npoyecy 8i6payiinol
03000/11080IbHO-3A4ULY8ATLHOL 00POOKU HA OCHOBI CIMBOPEHHS MA BNPOBAONCEHHS iT PIZHOBUIIE.
KarouoBi cioBa: ei6payiiina  030001108a1bHO-3a4UWY8ATbHA  00pOOKaA; Kiacuikayis npoyecy,
00Opobosani demani; kiacugikayis oeghexmis hopmoymeopents, KOMOIHYBAHHSL MEXHIYHUX PillleHb,
061acmy BUKOPUCMANHS NPOYeEC).

124



ISSN 2078-7405 Cutting & Tools in Technological System, 2024, Edition 101

CONTENT

A. G. Tirnovean, N. D. Csoregi, C. Borzan, G. Varga. A review of additive
manufacturing technologies and their applications in the medical field..... 3

V. Lavrinenko, V. Solod, V. Tyshchenko, Y. Ostroverkh. The influence of
different hardness of the tool material on the wear of SHM grinding wheels
and the specific energy intensity of grinding.......c.cceceeevvvvvviveveee o eveveen.0 18

V. Ferencsik. Influence of diamond burnishing on core height an ten-point
REIGNT. .ttt ettt et ettt e e aeaneee e 28

T. Namboodri, C. Felhé. Correlation analysis between components of force
and vibration in turning of 11ISMN30 steel...............coooiiiiiiiiiii, 39

A. Khattab, C. Felhd. Progress and challenges in plunge milling: a review of
current practices and future directions.................cocoiiiiii 51

I. Sztankovics, 1. Pdsztor. Assessment of the root mean square deviation on
surfaces machined by high-feed tangential turning.............................. 66

Y. Garashchenko, V. Fedorovich, A. Poharskyi, O. Harashchenko, A.
Malyniak. Color visualization of 3D-models for enhanced preparation of
additive manufacturing ProCesseS. ... ...o.ovviriieie e 77

S. Dyadya, O. Kozlova, P. Tryshyn, D. Yakhno, D. Dziuba. Influence of
helical cutting-edge angle on end-milling stability.............................. 86

G. Klymenko, Y. Vasylchenko, Y. Reva, D. Korchma, R. Boroday.
Determination of the stability period of turning cutters for heavy machine
10 0] 1 PP PP PPN )

Y. Garashchenko, O. Harashchenko, R. Kucher. Additive technologies in
construction: technical, economic and management analysis................ 103

125



ISSN 2078-7405 Cutting & Tools in Technological System, 2024, Edition 101

A. Mitsyk, V. Fedorovich, N. Kozakova. The essence of the process of
vibrational finishing and cleaning, its technological capabilities and ways to
iNCrease effiCIeNCY ... veieeeese sl 116

126



HayxoBe BumanHs

PIBAHHSA TA IHCTPYMEHTH

B TEXHOJIOTIYHHX CHCTEMAaX

30ipHUK HAYKOBUX TIPallb

Bunyck Ne 101

Yxnanau d.m.u., npogp. .M. ITudxcos
Opurunan-maket 4.M. Bopzenko
Biamn. 3a Bumyck x.m.H., npog. €.B. Ocmpogepx

B aBTOpcCHhKiif penakiii

Marepianu BiITBOPEHO 3 aBTOPCHKUX OPUTIHATIB

IMign. no npyky 23.12.2024.@opmar 60x84 1/16. IManipCopyPaper.
JIpyk - pusorpadis. apaurtypa Taiimc. YmoB.apyk.apk. 10,93. O6mnik.Bux.apk. 11,0. Hakman 30 mpum.
1-i 3aBox 1-100. 3am. Ne 1149. I{ina norosipHa.

Bunasuuuuit nentp HTY «XTID»
CBigonrBo 1po nepxaHy peectpauito JIK Ne 116 Bix 10.07.2000 p.
61002, XapkiB, ByJ. Kupnuuosa, 2




HayxoBe BumanHs

PIBAHHSA TA IHCTPYMEHTH

B TEXHOJIOTIYHHX CHCTEMAaX

30ipHUK HAYKOBUX TIPallb

Bunyck Ne 101

Yxnanau d.m.u., npogp. .M. ITudxcos
Opurunan-maket 4.M. Bopzenko
Biamn. 3a Bumyck x.m.H., npog. €.B. Ocmpogepx

B aBTOpcCHhKiif penakiii

Marepianu BiITBOPEHO 3 aBTOPCHKUX OPUTIHATIB

Ilign. no npyky 27.12.2024.Mopmar 60x84 1/16. IManipCopyPaper.
JIpyk - pusorpadis. apaurtypa Taiimc. YmoB.apyk.apk. 10,93. O6mnik.Bux.apk. 11,0. Hakman 30 mpum.
1-i 3aBox 1-100. 3am. Ne 1149. I{ina norosipHa.

Bunasuuuuit nentp HTY «XTID»
CBigonrBo 1po nepxaHy peectpauito JIK Ne 116 Bix 10.07.2000 p.
61002, XapkiB, ByJ. Kupnuuosa, 2




