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Beyond Traditional Healthcare: The Expanding Role of eHealth and Telemedicine in the
Digital Era

Martin Cillik"-?*, Ivan Kuric2, Miriam Kuricova!
National Institute of Endocrinology and Diabetology, Cubochiia, Slovakia'
University of Zilina, Faculty of Mechanical Engineering, Zilina, Slovakia2
cillik@nedu.sk
Abstract: Over recent decades, healthcare has undergone transformation through digitalization, and systematic data exchange. These
developments have contributed to the emergence of Healthcare 4.0 and have changed the organization, delivery, and monitoring of healthcare
services. Modern healthcare systems increasingly rely on interconnected technologies that link patient-based and hospital-based components
into broader digital ecosystems, supporting communication, structured data sharing, and more continuous healthcare delivery. Wearable and
sensor-based technologies have expanded home-based patient monitoring by enabling the collection and transmission of health-related data
outside traditional clinical settings. This data may be shared with healthcare professionals and incorporated into the electronic health record
(EHR), a one of the key components of modern eHealth infrastructure. However, clinical usefulness depends on effective integration,
interoperability, and interpretation within healthcare information systems. Telemedicine platforms enable remote communication between
healthcare professionals and patients and may provide access to selected clinical data in real time. This concept can support individualized
counselling, continuity of care, and adherence to therapeutic recommendations. Nevertheless, telemedicine should not be understood as an
isolated service, but as part of a broader digital healthcare ecosystem. Artificial intelligence (Al) has further expanded the potential
applications of telemedicine across medical specialties and may contribute to improved healthcare efficiency. This article provides an overview
of current eHealth systems and telemedicine, with attention to their integration into digital health infrastructure and future perspectives in the

transition from Healthcare 4.0 toward Healthcare 5.0.

Keywords: HEALTHCARE, TELEMEDICINE, EHEALTH, DIGITALIZATION

1 Introduction

Telemedicine and electronic healthcare (eHealth) represent
major components of modern healthcare systems, primarily through
the implementation of information technologies. While eHealth
broadly refers to the use of digital tools and IT infrastructure in
healthcare delivery, telemedicine specifically involves the provision
of medical care at a distance through electronic communication
between healthcare professionals and patients. The primary aim of
telemedicine is to reduce the need for direct physical contact, while
enabling the transmission of clinical information regardless of
geographical distance. Furthermore, by overcoming spatial barriers,
telemedicine may improve access to healthcare services and support
more efficient communication within modern healthcare systems. [1]

This concept of healthcare encompasses a broader
spectrum of digital solutions aimed at monitoring patients, managing
healthcare processes, and optimizing the provision of medical care.
It includes the integration of electronic health records (EHR), the use
of mobile health technologies (mHealth), sensor-based systems,
artificial intelligence (Al), and the Internet of Things (IoT). When
applied in the medical field, it is commonly referred to as the Internet
of Medical Things (IoMT). While these technologies differ in their
specific functions, they collectively contribute to the digital
transformation of healthcare. Furthermore, their implementation
enables more effective coordination of medical processes and may
contribute to an improvement in the overall quality of healthcare
delivery. [2-3] The significance of telemedicine and eHealth
increased dramatically during the COVID-19 pandemic, which
accelerated the implementation of these systems as essential tools for
maintaining continuity of medical care under conditions of limited
physical contact. Telemedicine systems use a broad spectrum of
information technologies, ranging from short-range wireless
communication technologies, such as Bluetooth and Wi-Fi, to mobile
network technologies, including 3G, 4G, and 5G. As a result, these
systems enable both real-time communication and asynchronous data
transmission, also supporting continuous patient monitoring. [4]
Current eHealth structures consist of complex information systems
and infrastructure, including data storage solutions, interoperable
platforms, and control systems implemented at the level of healthcare
organizations as well as within national healthcare systems. The
implementation of these systems is associated with improved
availability of healthcare services, increased efficiency, and potential
cost reduction. Despite these benefits, eHealth also introduces several
significant challenges, including problems related to interoperability,
cybersecurity, data protection, and unequal levels of technological
readiness among different countries. [1, 5]

In the context of future healthcare system development,
telemedicine may currently be considered an application layer within
the broader eHealth ecosystem. This ecosystem is progressively
moving towards fully integrated digital solutions. However, one of
the key future challenges remains the transition from multiple
fragmented platforms to interoperable systems that enable
continuous data flow across different levels of healthcare delivery.
Furthermore, another important trend is the gradual shift from
conventional medicine towards personalized medicine, supported by
large-scale data analysis and the application of Al systems. These
systems may enable not only a reactive approach to disease treatment,
but also a predictive model of healthcare focused on early risk
identification and prevention. Nevertheless, the implementation of
these technologies will require careful attention to cybersecurity
risks, ethical considerations, and regulatory limitations. Ultimately,
these factors are likely to determine both the scope and the pace of
integration of modern digital technologies into clinical practice. [1,3]

2 Healthcare 4.0, way from 1.0. to 4.0, role of
eHealth

Over recent decades, substantial progress has been
observed in information and communication technologies (ICT).
This progress has involved not only advances in processing
technologies and hospital equipment, but also the development of
electronic devices, data sharing, and data collection. Although
eHealth has recently been enhanced by several technologies
associated with the concept of Industry 4.0, it remains a relatively
established concept rather than an entirely new phenomenon. Among
the most important technologies currently integrated into eHealth are
Big Data, the [oMT, sensor-based systems, Al, and other digital
solutions. While earlier interpretations of eHealth were primarily
focused on enabling healthcare users to access and use information
related to health conditions, the contemporary concept is
considerably broader. It also includes the organization and support of
prognostic, diagnostic, research, auxiliary, and other medical services
and procedures. Thus, modern eHealth may contribute to the
provision of comprehensive services for both healthcare users and
healthcare professionals. Figure 1 shows the evolution of healthcare
across the past decades. [7]

One of the key features of this system is the provision of
easy access to patient data across healthcare institutions, with a very
low probability that relevant clinical information will be unavailable
when required. Consequently, this concept may substantially
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improve the efficiency of healthcare delivery, reduce costs, and
support earlier, more accurate, and safer medical interventions. [8]
However, despite the presence of many benefits, this concept also has
several limitations and shortcomings. One of the major challenges is
the need to integrate all relevant data into existing healthcare
information systems. Based on previous experience, successful
implementation requires that several essential conditions be fulfilled.
These include the development of a comprehensive framework
involving several key steps, such as electronification, system
integration, medical hardware innovation, and the development of
modern electronic devices. Furthermore, these devices form part of a
complex infrastructure that can be used to monitor patients’ health
status and educate healthcare users. Nevertheless, for such systems
to function effectively, all collected data must be systematically
processed, securely stored, and managed within large databases. [9]

lep

Healthcare 4.0

Healthcare 1.0 Healthcare 2.0 Heaftbrare 20
* Smart health

* Connected care

* Electronic health record

+ Computerized provider
order entry

* Remote care and

« Patient encounter
« Diagnosis and
treatment
telehealth

G S .|

Evolution of Healthcare

* Medical equipment
* Monitoring devices * Personalized medicine

+ Atificial intelligence

Fig. 1
[7]

Revolution of Health Care from Health Care 1.0 to Health Care 4.

A major milestone in the development of eHealth was the
widespread adoption of smartphones. These devices integrate various
specialized sensors that can be used to monitor health-related
parameters. Furthermore, smartphones can be connected to a range
of medical and wearable devices through dedicated applications that
are easily accessible and downloadable. Such devices include
smartwatches, heart rate monitors, continuous glucose monitors
(CGMs), insulin pumps, and many others. [10] Thus, smartphones
have become an important interface between patients, medical
devices, and digital healthcare systems. Internet connectivity plays a
significant role in the sharing and transmission of healthcare data. It
enables not only the exchange of patients’ clinical information, but
also the remote sharing and support of entire medical procedures and
interventions. Furthermore, this concept has important applications
in modern surgical practice, particularly within the framework of
Surgery 4.0. Thus, internet-based connectivity represents an essential
component of digitally supported healthcare and advanced medical
procedures. [11] Together with the development of Industry 4.0,
robotics has also found important applications in healthcare. Modern
robotic systems, such as the da Vinci Surgical System and others, are
increasingly used in routine clinical practice. Furthermore, various
expert systems supported by artificial intelligence Al may contribute
to more effective decision-making by providing clinically relevant
outputs that can be considered by healthcare professionals. The
importance of a well-functioning eHealth system becomes
particularly evident in situations where there is an insufficient
number of medical staff to adequately respond to patient needs. In
this context, digital healthcare solutions may improve daily
healthcare operations by making them more efficient, less time-
consuming, and better adapted to increasing demands on healthcare
services. [1]

Within the field of eHealth, a new concept referred to as the
eHealth Architecture Model (e-HAM) is currently being discussed.
e-HAM describes various component categories that together form a
functional digital healthcare system. The main component categories
include Foundation ICT Infrastructure, which comprises servers,

software technologies, common standards, and procedures managed
by IT professionals. Another important component is the Foundation
eHealth Infostructure, which includes data warehousing, consent and
access control, management of data exchange, and the integration of
electronic records and registers. Furthermore, the Health Process
Domain Components are focused on managing patients’ access to
healthcare services when medical care is required. These components
support the continuum of care, including clinical assessment of health
problems, diagnostic evaluation, treatment, patient education, and
other related aspects of medical care. Finally, the component of
Governance and National Ownership encompasses organizational
and governance structures, including funding mechanisms as part of
a national healthcare program. Thus, the main objective of e-HAM is
to maximize the efficiency, productivity, and cost-effectiveness of the
healthcare system. [1, 12]

2.1 eHealth Infrastructure

With the development of ICT, there has been a growing
trend towards connecting technologies within networks, giving rise
to [oT. In the context of healthcare and medicine, this development
represents an important challenge, particularly in relation to
establishing fast, secure, and reliable communication between
devices that collect health-related information and databases that
store these data. Thus, the effective functioning of eHealth
infrastructure depends not only on the availability of connected
devices, but also on the quality, security, and interoperability of the
systems that manage data transmission and storage. [13] Several of
the most frequently discussed advantages of these systems include
effective monitoring of users’ health status and the possibility of real-
time patient observation. With the successful interconnection of
multiple medical devices, a new concept known as the IoMT has
emerged. IoMT refers to a connected network of active medical
devices that monitor the health status of users or patients.
Furthermore, these devices can continuously collect and transmit
clinically relevant information to healthcare professionals in real
time. Thus, IoMT may support earlier clinical assessment, improve
patient monitoring, and contribute to more efficient healthcare
delivery. [14] The effectiveness of this system has been demonstrated
in several studies. However, despite its potential benefits, the system
also has important limitations. These include the requirement for a
constant power supply, the need for a large number of microchips,
and the need for a certain degree of autonomous functioning.
Furthermore, cybersecurity remains a significant concern, as
connected medical devices and data-sharing platforms may be
vulnerable to unauthorized access or misuse. Therefore, these
technical and security-related limitations must be carefully addressed
before broader implementation in clinical practice. [13, 15-17]

2.2 e-Health Composition and Infostructure

An effective electronic healthcare system consists of
multiple medical devices connected within a common network and
linked to a central database. In such a system, it is essential that data
related to the health status of the medical device user can be accessed
from the database at any time by an authorized operator. In this
context, the term operator refers mainly to healthcare practitioners
and therapists. Furthermore, the system not only provides medical
staff with information about the patient’s health condition, but more
advanced systems may also support clinical decision-making related
to diagnosis and subsequent treatment. This type of advanced digital
tool is referred to as a Clinical Decision Support System (CDSS).
With the use of mobile technologies for communication between
healthcare practitioners and patients, the concept of mHealth has
been established. Within this framework, smartphones may collect
data from various medical devices and transmit them through
databases directly to healthcare professionals. Thus, mHealth
represents an important step towards fully functional telemedicine,
as it enables remote data collection, communication, and patient
monitoring. [18]. Today’s use of AI helps healthcare workers collect
and analyze the data in a quicker way, helping them also considerably
facilitate the diagnosis and helps them make a faster decision. [19] In
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recent years, more than 20 interconnected eHealth systems have been
implemented across several European countries, including Germany,
Denmark, Poland, Italy, and others. These systems have been
successfully linked to healthcare organizations and are currently used
to support medical staff in patient monitoring, clinical decision-
making, and treatment management. However, their practical
benefits, several challenges remain. The most important limitations
include the financial costs associated with implementation and the
need to provide adequate technological training for healthcare
professionals. [20]

2.3 eHealth Components

Currently, smartphones represent one of the key standard
tools for data collection within eHealth systems. They can be
connected to various medical devices capable of detecting and
monitoring multiple physiological parameters and health-related
indicators in patients. Furthermore, smartphones serve as an
important interface between patients, medical devices, and healthcare
information systems, thereby supporting continuous data collection
and remote patient monitoring. [21] Nowadays patients use many
wearable devices such as smart watches, or smart rings to monitor
heart rate, physical activity, sleep patterns, or more specialized
devices such as CGMs. [22] Home-based medical devices, such as
blood pressure monitors, glucometers, spirometers, and
thermometers, can also be connected to smartphones and used for
telemonitoring. Furthermore, in daily hospital-based clinical
practice, one of the most widely used digital solutions is the Clinical
Information System (CIS), which collects data from bedside medical
devices. Thus, both home-based and hospital-based devices
contribute to continuous data acquisition and support the integration
of patient information within eHealth systems. [23] Patient’s (bedside
used) monitoring systems like, EKG, heart rate, blood oxygen, blood
pressure meters are lately most common devices currently linked to
CISs. [24] The field of clinical biochemistry involves the collection
and management of various biochemical, hematological, and
microbiological patient data through specialized Laboratory
Information Systems (LIS). These systems are usually connected
separately to CIS, as well as to the broader eHealth infrastructure.
Thus, LIS represents an important component of digital healthcare
systems, as they enable structured laboratory data processing,
integration, and availability for clinical decision-making. [25] In the
field of radiology, radiographic images are collected, stored, and
managed through Picture Archiving and Communication Systems
(PACS). These systems allow imaging data to be viewed not only
within different departments of the same hospital, but also at other
medical workplaces for consultation purposes. Thus, PACS support
more efficient image sharing, interdisciplinary cooperation, and
diagnostic decision-making.

Furthermore, an important category of medical devices is
represented by implantable medical devices, such as cardiac
pacemakers, implantable cardioverter-defibrillators (ICDs), and
implantable sensors used for various clinical purposes. These devices
enable continuous monitoring of selected vital functions and may
provide clinically relevant data over extended periods. In addition,
Patient-Reported Data Systems are increasingly discussed as part of
modern eHealth infrastructure. These systems allow patients to report
subjective information, including symptoms, perceived health status,
and quality of life. While these data cannot replace objective clinical
assessments, they may support earlier diagnostic evaluation and
long-term monitoring, particularly in patients receiving chronic
medication or long-term care. [26-27]

2.4  Governance and Electronic Health Records
(EHRs)

Many countries are currently developing national eHealth
systems and establishing regulatory frameworks to support their
implementation and operation. Within these national systems, EHRs
play a key role. An EHR can be defined as a digital system used for
the collection, storage, and processing of medical records over time

and across different levels of healthcare. Furthermore, EHRs contain
data recorded by various healthcare professionals working in
different clinical settings, including primary, secondary, and tertiary
healthcare. Thus, they enable the integration of patient information
from multiple medical workplaces and may support continuity of
care, clinical decision-making, and more efficient healthcare
management. [28] EHRs represent a crucial component of an
effective healthcare information system. With a functional EHR
system, healthcare practitioners can establish a coordinated network
for sharing clinical knowledge and relevant patient information.
Furthermore, such systems may contribute to the standardization and
improvement of eHealth practices across national healthcare
institutions. Thus, EHRs support better continuity of care,
interdisciplinary cooperation, and more efficient healthcare
management. [29]

3  Telemedicine and Its Role in the eHealth System

Telemedicine provides medical care through ICT,
regardless of the geographical distance between the patient and the
healthcare professional. It includes various forms of electronic
communication that enable the transmission of medical information,
support diagnostic processes, and facilitate remote consultation. In a
broader sense, telemedicine represents a method of delivering
medical services and sharing professional knowledge without the
need for direct in-person contact. Furthermore, by using modern
communication technologies, it may improve the accessibility of
healthcare services, increase the effectiveness of care delivery, and
reduce the time required for selected healthcare processes. [27] A
functional telemedicine system may be described as a complex
structure composed of several interrelated components. These
typically include a user interface device, such as a smartphone, which
enables access to the telemedicine system; a communication device,
which establishes the communication link; and a communication
channel, which serves as the pathway for data transmission.
Furthermore, the system may incorporate a video conferencing
device to support real-time interaction between patients and
healthcare professionals. In addition, a control unit is required to
ensure secure data transfer, while a protocol defines the rules
governing information exchange. A backplane or similar integrating
component connects the individual parts of the system and enables
their coordinated operation. The system may also include a virtual
medical device, designed to simulate selected functions of physical
devices, as well as a medical device used for examination and
diagnostic assessment. Finally, EHR and data storage form an
essential part of the system, as they ensure the collection, storage, and
availability of patients’ medical history. Thus, telemedicine functions
as an integrated digital environment that supports remote healthcare
delivery through coordinated technological components. [30]

3.1 Components of Telemedicine Systems

Telemedicine systems consist of a wide range of
interconnected components. In general, these components may be
divided into patient-based elements, monitoring devices, and
transmission technologies. Patient-based components primarily
include devices used for collecting health-related data, while
transmission technologies enable the transfer of these data between
patients, healthcare professionals, and healthcare information
systems. Furthermore, transmission technologies can be classified
according to their communication range. Short-range communication
technologies are commonly used for local data transfer between
medical devices and user interface devices, such as smartphones or
tablets. The most frequently used short-range technologies include
Bluetooth and Wi-Fi. On the other hand, long-range communication
technologies enable data transmission over greater distances and
support remote patient monitoring and consultation. These include
mobile and internet-based technologies such as 3G, 4G, 5G,
LoRaWAN, and GSM. Thus, both short-range and long-range
communication technologies are essential for the effective
functioning of telemedicine systems. [31]
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3.2  Patient-Based Components

Patient-based systems, including biosensors and wireless
technologies, together form a Wireless Body Area Network
(WBAN). A patient’s WBAN consists of small biosensing devices
that can collect, transmit, and, in some cases, temporarily store
health-related data. In general, these biosensing devices may be
divided into two main groups: devices that collect data directly from
the patient’s body and devices that collect data from the patient’s
surrounding environment. In the field of internal medicine,
commonly used biosensors include pulse oximeters, which measure
peripheral oxygen saturation and are useful for monitoring patients
with respiratory or cardiac failure. Other frequently used devices
include blood pressure monitors, heart rate monitors, body
temperature sensors, and electrocardiography (ECG) devices, which
record the electrical activity of the patient’s heart. Furthermore, in the
field of neurology, several biosensing technologies are used to
monitor  specific  physiological  signals. These include
electromyography (EMG), which records the electrical activity of
muscle cells, electroencephalography (EEG), which monitors brain
activity, photoplethysmography, and electrooculography (EOG),
which records eye movements. In addition, biosensors are also used
in other medical specialties. In dermatology, they may be applied for
the assessment of galvanic skin response, while in diabetology,
CGMs are widely used for real-time glucose monitoring. Special
dietary sensors may also be used to estimate or monitor patients’
caloric intake. Environmental sensors represent another important
component of patient-based monitoring systems. The most used
examples include motion sensors, external thermometers, humidity
sensors, weight sensors, and gyroscopes. = Moreover, more
specialized environmental and diagnostic sensors, such as laser-
engraved graphene-based immunosensors, have been investigated for
the use of saliva in diagnosis and early disease detection. Finally, the
data collected by these devices may be transmitted to healthcare
information systems and stored in the patient’s EHR. Thus, patient-
based components of telemedicine systems support continuous
monitoring, remote assessment, and more comprehensive integration
of patient-related data into digital healthcare infrastructure. [32]

Several biosensor systems, together with short-range
communication technologies, form a Local Area Network (LAN)
designed to connect networked devices located near the biosensing
systems. After data collection and integration, the acquired
information is transmitted through long-range communication
systems to the Care Seeker Unit and the Care Giver Unit. The
previously mentioned long-range communication technologies
enable data transmission to the Care Giver Unit, which refers directly

o PATIENT - WIRELESS BODY AREA NETWORK (WBAN)

Biosensors collect, transmit, and (in some cases) temporarily
store health-related data.

e LOCAL AREA NETWORK (LAN)

Short-range communication connects
WBAN devices to a local hub/gateway

to the healthcare practitioner or medical team. However, the size and
nature of the transmitted information may influence the speed and
reliability of data transfer. Furthermore, these factors can affect the
time elapsed between data detection, transmission, and clinical
availability. Thus, effective telemedicine systems require reliable
communication infrastructure to ensure timely access to clinically
relevant information. [27] The unit through which a medical
professional connects remotely is commonly referred to as the
Medical Professional Unit. Through this unit, physicians can retrieve
data from the database or from the patient’s EHR, where information
is transferred from the local WBAN through the relevant
communication units. However, full access to patient data should be
granted only after appropriate authentication. Once authorized access
is established, the physician can provide telemedicine services,
including teleconsultation with the patient, as well as consultation
with other specialists who may also be granted access to the relevant
clinical information. Finally, all of these components may function
together as parts of a single integrated ecosystem (Fig. 2). Ultimately,
one of the major benefits for patients is the possibility of accessing a
multidisciplinary team of healthcare specialists in a substantially
shorter time than was traditionally required, without the need for
physical presence or hospitalization.

3.3  Telemedicine Classification

Telemedicine may be classified according to its mode of
operation into asynchronous telemedicine, also known as store-and-
forward telemedicine, synchronous telemedicine, also referred to as
real-time telemedicine, and remote monitoring.

3.3.1 Asynchronous Telemedicine

In asynchronous telemedicine, clinical data are transmitted
to medical experts or other specialists for offline assessment, usually
based on a specific request. Although this model is based on delayed
evaluation rather than immediate interaction, it still includes online
storage and access to medical records. Nevertheless, the main
limitation of asynchronous telemedicine is the absence of real-time
consultation between the patient and physician, or between
physicians themselves. This may increase the risk of misdiagnosis or
incorrect interpretation of data. Furthermore, this model requires
broader distribution and accessibility of EHR data among specialists,
which may increase cybersecurity risks and create additional
challenges related to data protection. [33]
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3.3.2 Synchronous Telemedicine

Synchronous telemedicine includes various forms of
interactive communication between healthcare professionals and
patients. The most common examples are telephone calls, online
diagnostic communication, and real-time consultations. Furthermore,
this mode of telemedicine may also involve the real-time
transmission of EHR data. The transmitted information may include
not only clinical results and radiographic images, but also
physiological parameters reflecting the patient’s current clinical
status. However, a major limitation of synchronous telemedicine is
the requirement for a stable, secure, and reliable communication
channel. Therefore, the quality of the network infrastructure plays a
critical role in ensuring effective and safe real-time telemedical care.
[34]

3.3.3  Remote health monitoring

Remote health monitoring refers to continuous, often real-
time, monitoring of a patient’s health status. It is widely used in
intensive care units (ICUs), where continuous observation of vital
parameters is essential. However, its application is not limited to
hospital settings, as remote health monitoring is also increasingly
used for patients with chronic diseases in their home environment.
The spectrum of monitored conditions includes diabetes mellitus
(both type 1 and type 2), asthma, chronic obstructive pulmonary
disease (COPD), sleep apnea, cardiac arrhythmias, and postoperative
states. Furthermore, such systems usually include wearable devices,
data transmission technologies, and mobile applications, which
together enable continuous data collection and communication
between patients and healthcare professionals. While remote health
monitoring may significantly reduce hospitalization costs, it can also
decrease the stress associated with hospital admission. In addition, it
provides physicians with valuable information about how patients
manage their usual daily activities and how these activities influence
their chronic conditions. Thus, remote health monitoring represents
an important component of modern telemedicine and long-term
patient care. [33]

3.4 Medical Specialties with the Most Widespread
Use of Telemedicine Systems

3.4.1 Radiology

Radiology was one of the first medical specialties to
implement telecommunication technologies into routine clinical
practice. This approach enables even smaller hospitals, which may
not have a sufficient number of radiologists to provide continuous
on-site coverage, to maintain radiological services 24/7. Within a
functional telemedicine system in radiology, radiology technicians or
radiology assistants perform the imaging examination. After the
radiographic images are acquired, they are transmitted through a
secure communication channel to an on-call radiologist, who may
evaluate and report the images remotely, including from home.
Furthermore, teleradiology facilitates consultation between
departments and enables cooperation with more experienced
radiologists in complex or diagnostically challenging cases. By
allowing secure image transmission and remote expert interpretation,
telemedicine contributes to improved accessibility, continuity, and
quality of radiological services. [35]

The characteristics of teleradiology described above
represent a typical store-and-forward functionality of asynchronous
telemedicine. In this model, radiographic images are acquired, stored,
and subsequently transmitted for remote interpretation by a
radiologist. Currently, several Al-mediated systems are available for
the analysis of radiographic images. However, only a limited number
of these systems can directly support or facilitate clinical treatment
decisions. For a teleradiology system to function effectively,
radiographic images must have adequate resolution and be stored in
standardized formats, most commonly DICOM. Less frequently used
formats may include JPEG, TIFF, or BMP. After acquisition, these
images are usually transmitted to PACS. Furthermore, teleradiology

enables selected radiological procedures, such as X-ray imaging, to
be performed in workplaces where a radiologist is not physically
present. Nevertheless, the remote interpretation of imaging data
requires secure transmission, sufficient image quality, and
appropriate integration with hospital information systems. Among
modern image-analysis systems, Aidoc, developed in Israel, is
designed to rapidly analyze CT or MRI images and may provide
potential benefits in the early identification of clinically relevant
findings, particularly in emergency situations. Similarly, Qure.ai,
developed in India, can analyze X-rays and CT scans and may
support clinical decision-making. Yet, Al-supported teleradiology
represents a developing field with potential to improve diagnostic
workflow, although its implementation remains dependent on
technical reliability, clinical validation, and appropriate regulatory
oversight. [27, 36]

3.4.2 Dermatology

In the field of dermatology, the main objective is to enable
remote assessment and diagnosis of selected dermatological
conditions, including skin lesions, nevi, and other cutaneous
abnormalities. One of the key technological developments that
facilitated the broader use of teledermatology was the availability of
high-resolution cameras, which allow clinically relevant images of
the skin to be captured and transmitted for specialist evaluation. After
image assessment by a qualified dermatologist, the patient may be
referred for appropriate treatment or for further diagnostic
procedures, such as skin biopsy. Thus, teledermatology is most used
as an asynchronous form of telemedicine, based on the store-and-
forward transmission of clinical images. Although dermatology is
currently one of the medical fields in which telemedicine
consultations are well established, in many cases it remains necessary
for the patient to undergo an initial evaluation by a general
practitioner. This stepwise approach supports the stable role of
teledermatology not only as a method of remote consultation, but also
as a tool that may accelerate further diagnostic steps and contribute
to earlier final diagnosis. While teledermatology represents an
important and expanding part of telemedicine, camera-based imaging
systems used for skin assessment still require further evaluation,
standardization, and certification. [27, 37]

3.4.3 Diabetology and Diabetes Self-Management

In recent years, the use of telemedicine in diabetology and
diabetes self-management has become an increasingly important
topic, particularly as part of synchronous telemedicine. A major
milestone in this medical specialty was the introduction of CGM.
This technology is widely used in patients with type 1 diabetes,
especially in those treated with insulin pump therapy as part of
advanced hybrid closed-loop systems (AHCL), as well as in patients
using multiple daily injection therapy (MDI). Furthermore, this
modern approach is gradually being integrated into the routine
management of type 2 diabetes. Data from CGM and AHCL systems
are continuously uploaded to interactive cloud-based platforms,
through which physicians can assess glycaemic patterns, adjust
insulin therapy, and provide additional recommendations or advice.
In addition, these systems may help stratify patients according to their
estimated metabolic control, thereby identifying individuals who
may require earlier medical intervention. The most advanced cloud-
based platforms also include tools for interactive communication
between patients and healthcare professionals, as well as real-time
glucose data streaming. Several studies have shown that telemedicine
represents a promising approach for improving self-management
behaviors and reducing fear of hypoglycemia. Moreover, by
decreasing the need for frequent in-person visits, this approach may
provide a significant cost benefit. According to the recommendations
of the American Diabetes Association (ADA), telemedicine may be
particularly useful for rural populations. However, several limitations
remain. These include potentially higher initial investment costs in
developing countries, organizational difficulties, legal issues, loss of
connectivity, and cybersecurity risks. Therefore, the successful
implementation of telemedicine in diabetology requires reliable
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technological infrastructure, appropriate clinical workflows, and
adequate protection of patient data. [38, 39]

3.4.4 Ophthalmology

As with artificial intelligence applications, telemedicine
has also been implemented in the field of ophthalmology. As
described above, modern high-resolution cameras enable the remote
monitoring of the progression of chronic ophthalmological
conditions over time. This represents a relevant example of
synchronous telemedicine, particularly when direct consultation
between patients and healthcare professionals is included.
Furthermore, Al-evaluated images of retinal diseases, such as
diabetic retinopathy and age-related macular degeneration (AMD),
can also be assessed remotely. Table 1 shows differences in diabetic
retinopathy screening. This may serve as a second-level evaluation
after Al-mediated screening, especially in cases where screening
identifies positive or suspicious findings. In addition,
teleophthalmology may be used for screening other conditions,
including retinopathy of prematurity (ROP) in premature infants and
glaucoma or uveitis in the adult population. The latest use may be
also able in the field of Neuro-ophthalmology [40-41] While its
effectiveness depends on appropriate image quality, technical
infrastructure, and specialist availability, teleophthalmology can,
under optimal conditions, achieve clinical outcomes comparable to
those of traditional in-person care. [41]

Table 1:  The difference Between Ophthalmoscopy and Teleophthalmology
for Diabetic Retinopathy [40]

Ophthalmology Teleophthalmology

Requires trained technicians, only
the grading requires the trained
retina specialist

Requires trained ophthalmologist
or retina specialist for fundus
examination

Dilatation of the pupil is
mandatory

Dilatation of the pupil is optional or
targeted mydriasis

Higher initial investment for a
teleophthalmology setup

Less expensive

Cost to patients is higher Cost to patients is less

It is more convenient and hence
requires less travel, less time spent

It is less convenient in rural
areas as more travel, more time-
consuming

3.4.5 Cardiology

In the field of cardiology, the recording and interpretation
of physiological signals play a crucial role in establishing a diagnosis.
Modern telemedicine approaches enable advanced forms of real-time
monitoring, allowing diagnostic assessment and treatment
optimization without direct physical contact. This is particularly
valuable for patients at increased risk of secondary complications
related to hospitalization, such as immuno-compromised individuals.
The diagnoses with the most extensive application of remote
monitoring and telecardiology include cardiac arrhythmias and
chronic heart failure. According to the patient’s location and the need
for medical assistance, telecardiology can be divided into pre-
hospital, in-hospital, and post-hospital applications. Pre-hospital
telecardiology may be used for the early assessment of acute
coronary syndrome and for cardiovascular risk prevention. In-
hospital telecardiology includes ECG teletransmission and
teleconsultation between healthcare professionals. Finally, post-
hospital telecardiology is mainly applied in cardiac rehabilitation,
follow-up of patients with chronic heart failure, and remote
monitoring or control of implantable cardiac devices. [42-43]
Furthermore, telecardiology also enables data collection from
implantable cardiac devices, such as pacemakers and implantable
cardioverter-defibrillators, thereby supporting more precise device
monitoring and adjustment. The most used devices for remote
cardiovascular monitoring include blood pressure monitors,
thermometers, weight scales, step-counting watches, single-lead
ECG devices, 12-lead ECG devices, and pulse oximeters. However,
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the use of remote monitoring in patients with myocardial ischemia
remains less extensively studied. An essential part of telecardiology
is also the use of wearable devices, including small biosensors,
smartwatches, smart rings, and other connected technologies.
Nevertheless, one important limitation of these devices is that many
commercially available wearables lack appropriate certification for
routine medical use in remote monitoring. Therefore, their clinical
implementation requires careful evaluation of accuracy, reliability,
and regulatory status. [43]

3.4.5.1 Pathology

The key principle of telepathology is remote cooperation
among specialists from different centers of pathological anatomy. It
is particularly useful for consultation of complex cases, assessment
of oncological diseases, prognostic evaluation, and support of
decision-making in other clinically relevant conditions.
Telepathology represents a form of store-and-forward telemedicine,
as histopathological images are captured, stored, and subsequently
transmitted for specialist evaluation. However, this approach strongly
depends on high-resolution imaging to ensure adequate visualization
of disease-modified cells and tissue structures. These samples are
usually prepared using specific staining methods and then magnified
for microscopic assessment. Furthermore, a functional telepathology
system must enable rapid and secure transmission of high-quality
images between pathology departments, oncology centers, and other
specialized medical institutions. Thus, telepathology may support
interdisciplinary cooperation, improve access to expert consultation,
and contribute to more accurate diagnostic and prognostic evaluation.
[44]

3.4.6  Psychiatry

Telemedicine in the field of psychiatry may improve access
to medical care for patients with chronic mental disorders,
particularly in regions with a shortage of psychiatric specialists.
Synchronous telemedicine enables experienced psychiatrists to
monitor patients’ clinical status and provide online consultations or
therapeutic sessions. This approach may support both diagnostic
evaluation and long-term therapeutic follow-up. Furthermore,
psychiatry is a medical specialty in which complex physical
examination is often less central than in many other fields. Therefore,
selected psychiatric assessments and interventions may be suitable
for remote delivery. In certain psychiatric diagnoses, remotely
mediated care may serve not only as supportive follow-up, but also
as a direct therapeutic intervention, depending on the nature of the
disorder and the patient’s clinical condition. Moreover, evidence
supporting the use of telepsychiatry is particularly strong in the
treatment of post-traumatic stress disorder (PTSD), depression, and
attention-deficit/hyperactivity disorder (ADHD). However, a stable
and secure internet connection during telephone or
videoconferencing sessions is required. [45]

3.4.7  Obstetrics and Gynecology

Telehealthcare technologies in the field of obstetrics and
gynecology enable rapid exchange of clinical data and EHR between
peripheral hospitals, local outpatient clinics, and highly specialized
perinatology centers. This approach may support timely decision-
making regarding treatment plans in high-risk pregnancies, while
reducing the need for frequent in-person examinations of pregnant
women in specialized centers. Consequently, women with high-risk
pregnancies may avoid repeated long-distance travel, which can
improve comfort and accessibility of care. The most commonly
shared clinical data in this field include ultrasound findings and fetal
heart rate recordings. However, one of the main limitations is the
large volume of transmitted data. Nevertheless, its widespread
application in routine clinical practice remains relatively limited. [46]

3.4.8 Telerehabilitation

Across many healthcare specialties, there remains a
shortage of specialized physiotherapists with experience in specific
clinical conditions, such as post-traumatic states, postoperative
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recovery, and stroke rehabilitation. In this context, videoconferencing
enables healthcare providers to deliver highly specialized
rehabilitation care remotely. One example is remote physical therapy.
Apart from increased session frequency and improved time
efficiency, one of the greatest advantages of telerehabilitation is that
the therapist can monitor the patient performing exercises in real time
and assess the progress of rehabilitation. Furthermore, telehealthcare
applications in this field may also be considered a form of follow-up
telemedicine, as the course of treatment can be continuously
monitored and supplemented by data obtained from the patient’s
WBAN. [47-48] Thus, telerehabilitation may improve patient
cooperation and adherence to treatment. However, the major
disadvantage is the lack of direct physical contact, particularly when
the patient performs exercises incorrectly and requires immediate
manual correction. In general, telerchabilitation techniques appear to
have a relatively safe profile as an alternative to in-person
rehabilitation, with adverse effects reported only rarely. [48]

4  Future Impact and Development of

Telemedicine: A Pathway Towards Healthcare 5.0

The further implementation of Al into telemedicine
represents an important topic in the future development of healthcare
systems and is one of the key attributes of the emerging concept of
Healthcare 5.0. AI may play a significant role in enhancing the
quality, efficiency, and accessibility of medical and clinical services.
However, the specific form of its application may differ according to
the type of telemedicine used. In synchronous telemedicine, Al may
support models such as virtual triage, where chatbots can help
prioritize patients according to their reported symptoms. [49]
Furthermore, Al can be used for real-time image analysis or as a
virtual assistant capable of reviewing patients’ electronic health
records and providing clinically relevant suggestions. In
asynchronous telemedicine, Al may be particularly useful in medical
image analysis, including the routine assessment of radiographic
images such as CT, MRI, and other imaging modalities. In addition,
natural language processing (NLP) can be applied to clinical texts
and electronic health records with the aim of summarizing large
volumes of data and supporting clinical decision-making. [50]
Clinical Decision Support System (CDSS) may also offer
personalized treatment recommendations or predict clinical trends,
thereby contributing to the improvement of healthcare quality.
Moreover, in remote health monitoring, Al enables continuous,
accurate, and intelligent supervision through sensors and wearable
devices. Its key applications include continuous analysis of
physiological data, such as heart rate, blood pressure, oxygen
saturation, and interstitial glucose levels. Figure 3 illustrates the
structure of a CDSS and its role in supporting clinical decision-
making. However, despite the ability of such systems to process data
and provide recommendations, the final clinical decision remains the
responsibility of the physician. [36]

Healthcare Recipient Healthcare Provider
()
A

Patient Data \ .

Fig. 3
[36]

CDSS using Al and its role in supporting clinical decision-making

Furthermore, AI may support the prediction of disease
exacerbation by analyzing temporal data trends and identifying risk
signals in chronic diseases such as diabetes, chronic obstructive
pulmonary disease, and heart failure. It may also contribute to
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medication management, including dosage optimization and the
evaluation of potential drug interactions. [S0-51] Among modern
innovations, the TytoCare system, developed through cooperation
between technological companies from the United States and Israel,
may support faster clinical evaluation by analyzing patients’ clinical
data, vital signs, and selected diagnostic information. Nevertheless,
the broader implementation of Al-supported telemedicine will
require careful validation, appropriate regulation, cybersecurity
protection, and integration into existing clinical workflows. [52]
Finally, the future evolution of technology towards Healthcare 5.0,
corresponding to the fifth industrial revolution, is enabled by the key
technological enablers of Healthcare 4.0, with the addition of a
stronger patient-centered dimension. The central principle of this
concept is a paradigmatic shift from generally applied medical
approaches for specific diagnoses towards more personalized and
precise healthcare. Currently, many studies focus mainly on potential
future system architectures. However, several tested systems and
projects already illustrate the practical direction of this development.
One example is Babylon Health, a system that integrates artificial
intelligence and chatbot-based communication to analyze patients’
medical history, symptoms, and clinical signs, while referring the
patient to a physician for final decision-making. Furthermore,
another example is the integration of Dexcom CGM with the Livongo
system, which collects glucose data, analyses historical trends, and
may help predict future glucose patterns. Similarly, the concept of a
modern tele-intensive care unit, also referred to as TeleICU or eICU,
has been developed in the United States. This system enables the
remote monitoring of patients’ vital signs and clinical data, while
continuous Al-mediated analysis may help predict and evaluate
dangerous changes in the patient’s clinical condition. Thus, such
systems may enable a more rapid response to changes in patient status
and may contribute to improved outcomes in critically ill patients.
Nevertheless, to ensure high-quality care, several general limitations
must still be addressed, including system interoperability, data
security, and the ability to support early and improved diagnosis. [53]

5  Conclusion

The evolution of Healthcare 4.0 has introduced a modern
approach to the delivery of healthcare services. Over recent decades,
an increasing number of advanced technologies have been
implemented in everyday hospital practice. These innovations have
supported the broader use of information technologies in patient
monitoring, including mHealth, sensor-based systems, the 10T, the
IoMT, and, more recently, the wider application of Al. A modern
eHealth system, based on the extensive use of information and
communication technologies ICT, integrates data from the patient’s
environment through internet connectivity and cloud-based systems.
Currently, the most used wearable devices include CGMs,
smartwatches, smart rings, and other connected technologies.
Furthermore, additional medical devices, such as glucometers,
spirometers, CGMs, and pulse oximeters, may be connected to the
user’s smartphone and incorporated into remote monitoring systems.
In hospital settings, remote monitoring devices, including point-of-
care vital signs monitors, are commonly connected to local CIS,
while laboratory devices are integrated into LIS. Thus, both patient-
based and hospital-based technologies contribute to the continuous
collection, transmission, and integration of clinically relevant data.
However, the rapid expansion of Al use in telemedicine has also
introduced several challenges and questions for the future. Medical
data protection remains one of the key issues that must be addressed
to prevent misuse, including identity theft and privacy violations. To
reduce these risks, system developers must incorporate appropriate
international standards and regulatory frameworks, such as the
General Data Protection Regulation (GDPR), to ensure the highest
possible level of data security. Nevertheless, even with the integration
of modern security mechanisms, adequate education of users and
healthcare professionals remains necessary. Another important issue
is the potential bias of Al algorithms, particularly when systems are
trained on unequal or insufficiently representative datasets. Such bias
may contribute to inequalities in diagnosis and treatment, especially
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across different patient populations. Therefore, the development of
reliable and clinically applicable Al-supported telemedicine systems
requires careful validation, transparent training processes, and
continuous monitoring of performance. To create a well-functioning
telemedicine ecosystem, it is necessary to integrate individual
components into a unified system connected with the patient’s EHR,
allowing relevant data to be accessed when needed. In addition, up-
to-date legal frameworks for the routine use of these systems are
essential. Finally, the partial inability of Al-based systems to fully
comprehend complex clinical contexts, together with the risk of

unforeseen €rrors,

remains an important topic for future

development. While these limitations must be carefully addressed,
advanced technologies such as federated learning may contribute to
the development of more accurate, generalizable, and privacy-
preserving telemedicine systems.
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Abstract: The paper examines the relationship between environmental regulations and innovation processes in Slovak enterprises. The
theoretical part is based on concepts of environmental policy, its instruments, environmental management and eco-innovation. The paper
assumes that environmental regulations may function not only as constraints but also as stimuli for technological, process, product and
ecological innovations. The empirical part is based on a questionnaire survey conducted among 121 enterprises operating in Slovakia. The
results indicate that environmental regulations and environmental protection requirements influence business innovation processes, but they
are not the only or dominant motive for innovation. Firms innovate more often due to social responsibility, economic efficiency, general
legislative requirements and cost reduction. At the same time, the main barriers to innovation are high costs, complicated legislation and
insufficient state support. The paper highlights the need for a more comprehensible regulatory framework, wider use of environmental

management systems and stronger support for eco-innovation.

Keywords: environmental regulations, innovation, eco-innovation, enterprises, environmental policy, Slovakia

1. Introduction

Growing pressure to protect the environment is changing the
operating conditions of enterprises across Europe. Environmental
regulations affect emissions, waste management, energy efficiency,
resource use and the transparency of business processes. For
enterprises, they therefore represent not only a legal framework, but
increasingly also a factor influencing technological, process and
product innovations.

The literature usually offers two basic perspectives. The first
emphasizes rising costs and administrative burdens, while the
second, linked to the Porter hypothesis, assumes that appropriately
designed regulation can stimulate innovation, improve efficiency
and support business competitiveness in the long term [1], [9], [10].

The aim of the paper is to examine how enterprises in Slovakia
perceive environmental regulations and whether these requirements
motivate them to innovate. The added value of the paper lies in
linking the theoretical background with the results of an original
questionnaire survey conducted among enterprises of different
sizes, ages and ownership structures.

2. Literature Review

Environmental policy is a set of instruments aimed at protecting
the environment and achieving the goals of sustainable
development. Its normative basis consists of laws, directives and
strategies, its economic dimension mainly includes taxes, fees and
subsidies, and its voluntary dimension includes education,
awareness-raising activities and environmental management [4],
(71, [13].

In the European context, Agenda 2030, the European Green
Deal and the national strategy Greener Slovakia play a decisive
role. These frameworks emphasize emission reduction, higher
recycling rates, support for renewable energy sources, green public
procurement and pressure for sustainable consumption and
production [2], [4], [5], [7]-

At the enterprise level, this framework is complemented by the
concepts of eco-efficiency and environmental management. Eco-
efficiency highlights the creation of higher economic value with a
lower environmental impact [11], while EMAS and ISO 14001
enable enterprises to systematically monitor environmental aspects
and plan improvements [8], [12].

3. Methodology

The empirical part is based on a questionnaire survey conducted
via e-mail among enterprises from various sectors classified
according to SK-NACE Rev. 2. Approximately 1500 e-mails were
sent, and 121 valid responses were included in the analysis. The
response rate was about 8 %. The survey examined the impact of
regulations on innovation, the relationship between firm size and
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innovation intensity, the importance of ownership structure and the
influence of firm age on environmentally motivated innovation.

Table 1. Characteristics of the research sample

Indicator Value
Number of respondents 121
E-mails sent (estimate) 1500

Response rate
Largest sector
Largest region

approx. 8%
Construction (>15 %)
Bratislava region 31.4 %

Firms founded 2000-2024 52.89 %
Medium-sized firms 32%
Large firms 17%

Source: authors’ own processing based on the questionnaire survey (2024)

The findings were interpreted through frequency-based and
comparative evaluation of responses. The results were compared
according to firm size, age, ownership and other characteristics. The
intention was to verify whether regulations function more as a
modernization stimulus or as an obstacle to the innovation process.

4. Results and Discussion

The results confirmed that environmental regulations and
environmental protection requirements have a real impact on
enterprise innovation processes. At the same time, however, firms
innovate more often in order to reduce environmental burden and
improve overall efficiency than merely to comply formally with
regulation.

43,80%
0 )
9% 31,40% 30,58%
30%
20%
10%
0%
Reduce negative Comply with No, regulations do
environmental environmental not influence
impact regulations innovation

Fig. 1. Impact of environmental regulations and environmental protection
on enterprise innovation

As shown in Fig. 1, 43.80 % of respondents stated that their
enterprise innovates in order to reduce its negative environmental
impact, 31.40 % innovate to comply with environmental
regulations, and 30.58 % stated that they do not innovate because of
environmental regulations. In practice, environmental protection is
therefore a slightly stronger motive than regulation itself.
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® Create pressure to innovate

® Unable to assess

= Do not create pressure

Fig. 2. Perceived pressure of environmental regulations on innovation

The perception of regulation as a pressure to innovate is strong:
64.46 % of respondents agreed that regulations create pressure for
innovation, 22.31 % could not take a clear position and only 13.22
% did not perceive such pressure. This supports the conclusion that
regulation is an important impulse, but not always the only motive
for innovation [1], [9].

H Positive effect
H Unable to assess

" Negative effect

Fig. 3. Impact of regulations on the ability of enterprises to innovate

Approximately 28.93 % of respondents attributed a positive
influence to regulations on their ability to innovate, while 10.74 %
reported a negative influence. The largest group, however, could not
clearly assess this effect. Regulations are therefore perceived
ambivalently: at the same time as pressure and as a potential
modernization tool.

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

86,21%

62,92%

37,08%

Domestic firms

Foreign parent / foreign owner

® Influence yes  ® No influence

Fig. 4. Impact of environmental regulations by ownership structure

Among Slovak-owned enterprises, 62.92 % reported that
regulations and environmental requirements influence innovation,
while among enterprises with foreign ownership or a foreign parent
company the share reached 86.21 %. This confirms the assumption
that international business groups are more sensitive to reputation,
ESG standards and formal management systems [8], [9].

80%
70%
60% 53,16%
50%
40%
30%
20%
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0%

66,67%

Established up to 1999 Established from 2000

® Influence share = Other response share

Fig. 5. Impact of environmental regulations by firm age

The assumption that younger firms would be more
environmentally oriented was not confirmed. Older firms reacted
more strongly: among enterprises established up to 1999, 53.16 %
reported the influence of regulations, while among firms founded
from 2000 onwards the share was 46.84 %. A likely explanation is
the need to modernize older technologies.

Table 2. Selected drivers and barriers of innovation

Indicator %
Legislation and current environmental standards 63.64
Social responsibility 56.20
Cost reduction 48.76
Environmental regulations and standards 47.93
High innovation costs 70.25
Insufficient state support 57.02
Complicated legislation 52.89

Source: authors’ own processing based on the questionnaire survey (2024)

Table 2 summarizes the most important drivers and barriers.
The key motives for innovation were legal and normative
requirements (63.64 %), followed by social responsibility (56.20
%), cost reduction (48.76 %) and environmental regulations and
standards (47.93 %). The most significant barriers were high
innovation costs (70.25 %), insufficient state support (57.02 %) and
complicated legislation (52.89 %).
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Fig. 6. Types of innovation implemented by enterprises in Slovakia
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Technical innovations dominated (64.46 %), followed by
systemic innovations (32.23 %), product innovations (28.10 %) and
marketing innovations (21.49 %). About 40 % of respondents also
declared the development of eco-innovations, which suggests that
environmental requirements are most often translated into technical
modernization and more efficient operations.

Yes
30,58
%

No
69,42
%

Fig. 7. Use of environmental management systems to monitor environmental
regulations

Only 30.58 % of enterprises stated that they use EMAS or a
similar system to monitor environmental regulations, while 69.42 %
do not use such tools. Firms therefore often lack a systematic
mechanism  for identifying shortcomings and planning
environmental improvements, which reduces their ability to respond
to changes in the regulatory environment [8], [12].

A significant share of respondents also does not perceive
environmental innovation as a direct competitive advantage in its
sector. This may explain why enterprises often pursue compliance
indirectly - through cost reduction, better image or technology
modernization - rather than through the explicit goal of 'being
greener'. From a practical perspective, it is therefore important to
simplify orientation in legislation, better connect regulation with
financial incentives and expand the use of environmental audits.

The findings also confirm that legislative and economic factors
overlap in enterprise decision-making. Firms do not separate
environmental requirements from questions of cost, reputation and
operational efficiency. The main problem is that regulatory pressure
is not always accompanied by sufficient information, financial
incentives or methodological support for implementation.

Risk reduction
Increasing employee satisfaction
Interest in increasing..
Expanding market position
Higher profit
Changes in market and..
Increasing productivity
Gaining competitive advantage
Increasing process efficiency
Improving company image
Environmental regulations..
Cost reduction
Social responsibility
Legislation and current..

14,05%

16,53%

19,83%

20,66%

23,14%

23,97%

25,62%

31,40%

39,67%
39,67%
47,93%
48,76%
56,20%
63,64%

0% 10%20%30%40%50%60%70%
Fig. 8. Reasons for introducing innovations in Slovak enterprises

A more detailed view of the structure of motives shows that, in
addition to regulation itself, broader strategic goals also play an
important role. The highest share was recorded for legislation and
current environmental standards, while strong motives also included
social responsibility, cost reduction and improvement of the
corporate image. This suggests that environmental innovation in
business practice is often closely linked to both marketing and
economic considerations.
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Fear of risk and failure 4,13%

Lack of business partners 4,13%

Environment is not a priority 8,26%

Conservative corporate policy 9,09%

Insufficient technological

0,
equipment 11.57%

Lack of information 14,05%
Lack of personnel 17,36%

High R&D costs

Lack of time for
adoption/development

19,83%

27,271%
Higher administrative burden 42,98%
Complicated legislation 52,89%
Insufficient state support 57,02%

High innovation costs 70,25%

0%

20%
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Fig. 9. Barriers to innovation implementation in Slovak enterprises

Figure 9 shows that the implementation of innovation in Slovak
enterprises is constrained mainly by high costs, insufficient state
support and complicated legislation. These findings confirm that
enterprises do not perceive innovation only as a strategic
opportunity, but also as a financially and administratively
demanding process. This helps explain why environmental
regulations are often accepted only when they are linked to clear
economic benefits.

4.1 Discussion of findings

Several recommendations for practice follow from these
findings. Enterprises should connect innovation decisions with
environmental goals already at the investment-planning stage, so
that new technologies or process changes bring not only economic
savings, but also better environmental performance. The state and
supporting institutions should simplify orientation in legislation and
strengthen the availability of advisory and financial instruments. If
regulatory requirements are linked to clearly communicated
business benefits, environmental regulation can become not only an
obligation, but also an important modernization impulse.

The low use of environmental management systems should also
be considered an important practical problem. If an enterprise does
not work with EMAS, ISO 14001 or at least an internal
environmental audit, it often cannot systematically identify where
the greatest environmental risks arise and where innovation has the
highest effect. Instead of planned improvement, it then reacts only
to a specific problem or to external pressure. This weakens the
firm's ability to perceive regulation as a long-term strategic
framework and supports rather short-term, partial solutions.

An equally important finding concerns firm age. Older
enterprises showed a stronger innovation response to environmental
requirements, probably because they more often face the need to
replace outdated equipment, optimize energy intensity and reduce
the environmental burden of historically established processes.
Younger firms may already have some of these measures built into
their operations from the start, and therefore do not perceive them
as a separate innovation impulse. This difference shows that when
evaluating the relationship between regulation and innovation, it is
necessary to consider the individual characteristics of the enterprise
and not only its size or turnover.

Particularly interesting is the finding of higher environmentally
motivated innovation activity among enterprises with foreign
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ownership. This may be interpreted as a consequence of a broader
managerial framework in which environmental requirements are
linked to ESG reporting, brand reputation and centrally defined
internal standards. Slovak enterprises are not necessarily less
sensitive to environmental issues, but they often lack a formalized
management system that would transfer environmental topics into
everyday decision-making and investment planning.

4.2 Implications for practice and policy-making

From the perspective of managerial practice, it is important that
enterprises do not separate environmental objectives from
investment and innovation decision-making. A practical step is the
introduction of at least a basic environmental audit, regular
monitoring of energy, material and waste consumption, and linking
these indicators with the evaluation of the return on innovation
investments. In this way, environmental requirements become a
measurable management parameter rather than only a formal
obligation.

The results also suggest that environmental policy should not
focus only on the repressive or control component. It is equally
important to create an environment in which enterprises can identify
the concrete benefits of innovation for their operations. This may
include advisory support, better availability of information, clearer
sector-specific guidelines or more targeted financial instruments for
small and medium-sized enterprises. These firms often lack the
capacity both to track changing regulatory requirements and to
finance technical or process changes on a sufficient scale.

From the viewpoint of public policy, these findings are
important because they confirm the difference between the formal
adoption of regulation and the real innovation response of the
enterprise. A firm may perceive regulatory pressure, but it will
invest in innovation only when it can link that investment with
economic returns, better image or market expectations. Otherwise,
regulation may remain only an administrative obligation without
generating a stronger modernization effect. This helps explain why
high costs and weak state support emerged as such significant
barriers in the survey.

5. Conclusion

The results confirm that environmental regulations are a
significant factor in enterprise innovation processes, although their
effect is not straightforward. Enterprises in Slovakia innovate more
often in order to reduce environmental burden, improve efficiency
and meet broader legislative expectations than exclusively because
of the formal fulfilment of environmental regulations.

From an applied perspective, simplifying firms’ orientation in
environmental legislation, wider use of EMAS and similar
management systems, and stronger support for partnerships,
research and the financing of eco-innovation appear to be
particularly important. An environment designed in this way can
transform environmental requirements from a perceived burden into
a stimulus for modernization and long-term competitiveness.

5.1 Research limitations and future research

It is important to mention the limits of the research carried out.
The questionnaire survey was based on the voluntary participation
of respondents, which may have influenced the final structure of the
sample. Enterprises already interested in environmental issues or
with a more positive attitude towards innovation may have been
more willing to participate. At the same time, it was not possible to
cover all sectors of the economy evenly, and the interpretation of
the results should therefore be understood as a picture of the
behaviour of an important part of Slovak enterprises rather than as a
fully representative picture of the whole business sector.

Another limitation is the nature of the data itself. The answers
were based on the subjective assessment of managers or enterprise
representatives and therefore may not always capture the real degree
of regulatory compliance or the actual scope of innovation.
Nevertheless, the survey brought an important insight: enterprises
perceive environmental requirements as part of their decision-
making framework, but their transformation into specific innovation
activity depends on economic possibilities, managerial approach
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and on whether the enterprise is able to recognize a strategic
opportunity in regulation [9], [10].

For further research, it would therefore be appropriate to
complement the quantitative approach with qualitative interviews
with managers from different sectors. Such an approach would
make it possible to explore in more detail which types of regulation
enterprises consider developmental and which they perceive as an
administrative obstacle. It would also be useful to examine
differences between sectors with a high environmental burden and
sectors in which environmental requirements enter business more
indirectly, for example through supply chains, public procurement
or customer expectations.

A useful follow-up step would also be to assess the real benefits
of environmental innovation over a longer period. Future research
could focus on whether enterprises, after implementing ecological
or technological measures, achieve not only better compliance with
regulation, but also measurable cost savings, higher energy
efficiency, better reputation and a more stable market position. Such
an approach would make it possible to demonstrate more precisely
that environmental regulation does not have to be perceived only as
an obligation, but can become an impulse for long-term
modernization if it is properly designed and supported by suitable
public policy instruments.
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Abstract. The study analyzes the impact of growing global economic instability on the innovation activity of Belarusian industry. Despite
external pressures, the share of enterprises implementing innovations increased from 20.4% in 2016 to 36% in 2024, with especially rapid
growth in the Brest region. However, innovation expenditures remain highly volatile, sharply declining in 2022 and recovering only by 2024,
particularly in import- dependent regions. Significant regional disparities persist in innovation performance: the Vitebsk region exceeds
30% of innovative products, while the Grodno region remains at 7%. Innovation services remain low nationwide but show rapid growth in
individual regions. The findings indicate that innovation development in Belarus is progressing yet remains vulnerable to currency, logistics,
technological, and sanctions-related risks, underscoring the need for integrated risk management models tailored to regional conditions.
KEYWORDS: INNOVATION, TECHNOLOGICAL RENEWAL, EXTERNAL SHOCKS, DIGITAL TRANSFORMATION, ECONOMETRIC
ASSESSMENT, SANCTIONS VULNERABILITY, TECHNOLOGICAL DEPENDENCE

1. Introduction

The innovation- driven development of the industrial sector of the
Republic of Belarus in recent years has been shaped by a
multifaceted configuration of external and internal determinants.
Intensifying global economic instability, escalating trade frictions,
shifts in the geopolitical architecture, and the broadening of
sanction regimes generate additional challenges for a small open
economy, constraining access to advanced technologies, investment
resources, and established markets. These dynamics heighten the
vulnerability of the industrial sector and necessitate a conceptual
reassessment of the mechanisms ensuring its resilience and capacity
for sustained innovative growth.

Statistical evidence indicates that, despite external constraints,
innovation activity in Belarusian industry has exhibited a generally
positive trajectory: the share of enterprises implementing
innovations is increasing, the innovation base is expanding, and the
volume of innovation- related services is growing in several
regions. However, this upward trend is accompanied by pronounced
volatility of innovation expenditures, substantial regional
disparities, and heightened sensitivity to currency, logistical, and
technological risks. Taken together, these factors shape a complex
environment in which innovation- driven development becomes
both an essential prerequisite for industrial growth and a structurally
vulnerable component of it.

Contemporary research underscores that sanction pressure and
institutional constraints substantially reshape innovation processes
in Belarus. In the works of E.V.Presnyakova [1], sanctions are
conceptualized as a form of economic coercion that restricts trade,
financial operations, and investment flows, thereby amplifying risks
for both innovation and investment activity. The author
demonstrates that the state’s policy response involves reallocating
resources within innovation funds, adjusting tax mechanisms, and
adapting the institutional environment, collectively generating new
conditions for innovation- driven development.

A substantial contribution to understanding the influence of political
and sanction- related factors on innovation ecosystems is provided
by the research of A.Khamiankova and T.Marynich [2]. Their
studies document the largest peacetime exodus of technological
entrepreneurs from Belarus, the dismantling of the local innovation
infrastructure, and the high sensitivity of startups to
sanction- induced constraints: 64 % of companies report negative
effects of sanctions. At the same time, the authors emphasize the
pronounced adaptability and “portability” of innovation ecosystems:
following relocation, Belarusian startups attracted three times more
investment, demonstrating the resilience of human capital and
network- based resources. The research further shows that broad
economic sanctions may unintentionally hinder the development of
sustainable technologies and innovations by amplifying institutional
risks.

In a broader context of industrial development, the study by
V. Karpovich [3] demonstrates that Belarusian industry between
2015 and 2024 evolved under the influence of successive external
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shocks, including the pandemic, sanctions, and persistent structural
constraints. The author notes that the sector exhibited substantial
resilience, driven by the restructuring of production and logistics
chains, an increase in investment activity, and the strengthened role
of state- owned holdings. Nevertheless, systemic limitations remain
and continue to exert a direct impact on innovation- driven
development: high material intensity, declining profitability,
shortages of skilled labour, and dependence on imported equipment.
The study underscores that the slow pace of technological adoption
and the limited scope of modernization continue to generate
long- term risks for the industrial sector.

Taken together, existing research demonstrates that the
innovation- driven development of Belarusian industry unfolds
under the combined influence of external economic shocks,
institutional constraints, and structural imbalances. Published
empirical and analytical studies highlight the need for adaptive
risk- management models, modernization of production systems,
strengthening of innovation infrastructure, and enhanced resilience
to sanction- related and political  pressures.  However,
comprehensive works that integrate analyses of innovation activity,
regional disparities, institutional risks, and the effects of external
shocks into a unified analytical framework remain limited — which
underscores the relevance of the present study.

2. Materials and Methods

The study draws on data from Belstat, sectoral reports, and
analytical materials produced by international organizations (World
Bank, OECD, UNECE, UNCTAD, EBRD) for the period 2015-
2024. The empirical base includes indicators of innovation activity,
innovation expenditures, the structure of industrial production, and
regional disparities.

The methodological approach combines descriptive statistics,
structural and comparative analysis, as well as trend evaluation of
key indicators of innovation development. To identify regional
heterogeneity, methods of interregional comparison were applied.
The qualitative analysis was conducted within the framework of the
institutional approach, which made it possible to assess the
influence of sanctions, regulatory changes, and the role of
state- owned holdings on innovation processes. The research
sequence included: examining the dynamics of innovation activity;
evaluating regional disparities; identifying external and internal
risks; determining institutional constraints; and formulating
proposals to enhance the resilience of innovation- driven
development.

3. Results

The results of the study indicate that the innovation- driven
development of the industrial sector of the Republic of Belarus in
2016-2024 unfolded under conditions of unprecedented external
pressure, institutional turbulence, and structural constraints, which
collectively shaped a new trajectory of technological dynamics [4].
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The key external factor was the sanctions imposed by the EU and
the United States, which, after 2020, acquired a systemic character
and affected virtually all channels of technological renewal-from
equipment imports and access to financing to logistics, export
operations, and international cooperation. EU sanctions included
restrictions on the export and import of high- technology goods,
dual- use equipment, petroleum products, and potash fertilizers, as
well as flight bans, financial restrictions, and asset freezes [5]. US
sanctions intensified the pressure by adding enterprises to SDN
lists, prohibiting transactions with American companies, and
imposing limitations on the export of technologies [6]. These
measures created an institutional environment in which
innovation- driven development became simultaneously a strategic
necessity and a source of additional risks.

Despite these highly restrictive external conditions, the innovation
activity of industrial enterprises demonstrated steady growth. At the
national level, the share of organizations engaged in innovation
increased from approximately 20 % in 2016 to 36 % in 2024. This
indicates that enterprises sought to compensate for external
constraints through internal resources, organizational adjustments,
and reorientation toward new markets. Particularly high levels were
observed in the Brest region and the city of Minsk, where
innovation activity exceeded 50 %. These regions became centers of
concentration of human capital, competencies, and investment
resources, enabling them to adapt more rapidly to sanction-related
restrictions. At the same time, the Gomel and Minsk regions
maintained comparatively low values, reflecting the structural
heterogeneity of industrial development and disparities in access to
resources. Sanctions further intensified this differentiation: regions
with more advanced infrastructure and stronger international
linkages adapted more quickly, whereas peripheral territories faced
constraints that hindered modernization.

Table 1. Innovation activity of industrial organizations, %

Region 2016 | 2020 | 2024 2(512‘2%92 .
Republic of Belarus 20,4 26,2 36 15,6
Brest Region 26,3 31,8 54,3 28
Vitebsk Region 18,7 22,4 33,1 14,4
Gomel Region 15,4 19,8 22,2 6,8
Grodno Region 17,9 231 294 115
Minsk Region 19,1 24 28,7 9,6
Mogilev Region 20,2 253 31,5 11,3
City of Minsk 29,8 35,1 50,7 20,9

Investment in innovation also exhibited significant volatility,
reflecting enterprises’ responses to sanction-related constraints.
After a sharp decline in 2021-2022, when total innovation
expenditures fell by nearly half, a recovery was observed in 2023-
2024, and by 2024 investment reached its highest level for the entire
observation period. However, the recovery was uneven: Minsk
increased innovation spending more than fourfold, whereas the
Vitebsk region lost over 75 % of its investment. This indicates that
sanctions affect regions asymmetrically: the capital region, with its
more diversified economy and access to alternative financing
channels, was able to offset external restrictions, while regions
highly dependent on traditional industries proved more vulnerable.
These findings are consistent with the conclusions of V. Gurski and
V. Archakov [7], who emphasize that sanctions exacerbate regional
disparities and pose risks to economic security.

The share of innovative products in the total volume of shipped
industrial output also demonstrated a positive trajectory, increasing
from 16-17 % to more than 22 % in 2024. Particularly high values
were recorded in the Vitebsk and Gomel regions, where the share of
innovative products reached 35-37 %. This may indicate a
reorientation of enterprises toward higher value-added products,
which represents one of the key strategies for adapting to sanction-
related constraints. At the same time, the Brest and Grodno regions
maintained comparatively low levels, reflecting their limited
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innovation potential and continued dependence on traditional
industries. These trends corroborate the conclusions of
V. Karpovich [3], who argues that Belarusian industry exhibits
adaptive resilience; however, this resilience is compensatory in
nature and is not accompanied by deep technological
transformation.

Table 2. Share of innovative products, %

Region 2016 2024 Change
Republic of Belarus 16.3 22.3 +6.0
Brest Region 2.1 10.6 +8.5
Vitebsk Region 32.9 35.0 +2.1
Gomel Region 25.9 36.8 +10.9
Grodno Region 6.2 7.0 +0.8
Minsk Region 14.0 18.2 +4.2
Mogilev Region 17.1 204 +3.3
City of Minsk 224 28.7 +6.3

The most problematic area proved to be innovation- related
services. Their share in the total volume of services nationwide
remained extremely low-below 1% throughout the entire period.
The only exceptions were several IT clusters, primarily in the Brest
and Vitebsk regions, where the share of innovation services reached
9-11 %. However, after 2020 the Brest region experienced a sharp
decline, driven by the relocation of IT companies and the erosion of
the local innovation ecosystem.

Table 3. Share of innovative services, %

Region 2019 2024 Change

Republic of Belarus 0.6 0.9 +0.3
Brest Region (IT) 36.1 10.2 -25.9
Vitebsk Region (IT) 0.0 9.6 +9.6
Gomel Region 0.3 0.4 +0.1
Grodno Region 0.2 0.3 +0.1
Minsk Region 0.1 0.2 +0.1
Mogilev Region 0.1 0.1 0

City of Minsk 0.6 0.5 -0.1

These trends fully align with the findings of Khamiankova [8],
according to which 64 % of Belarusian technology startups report
negative effects of sanctions, while many are forced to conceal their
Belarusian origin, change jurisdiction, and restructure their business
models. The relocation of technology firms led to a reduction in
domestic demand for innovation services and weakened regional
innovation centers. Moreover, Khamiankova’s [2] study shows that
sanctions create additional administrative barriers, including
enhanced banking oversight, difficulties in opening accounts, and
stricter compliance requirements, making it more challenging to
conduct innovation- oriented business in the EU and the United
Kingdom than in the United States or Latin America. These
findings help explain why innovation services in Belarus failed to
recover after 2020: a significant share of the country’s innovation
potential was compelled to move abroad.

Overall, the results of the study show that Belarusian industry
demonstrates a capacity for adaptation; however, this adaptation is
predominantly compensatory in nature. The growth of innovation
activity and the increasing share of innovative products occur
against the backdrop of high material intensity, declining
profitability, and dependence on imported equipment. Sanctions
have amplified existing structural constraints by limiting access to
technologies and financing, which is particularly evident in regions
with low innovation potential. At the same time, certain regions and
sectors were able to use the sanctions- induced crisis as an
incentive to restructure production chains, explore new markets, and
increase the technological complexity of their output.

Thus, the results of the study reflect a contradictory dynamic: on the
one hand, there is evidence of growing innovation activity and
partial adaptation to external constraints; on the other, systemic
risks persist, reinforced by sanction- related pressures and
institutional limitations. These findings confirm the need to shift
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from reactive measures to strategic modernization, the
strengthening of regional innovation systems, and the development
of mechanisms for technological autonomy. Under conditions of
continued sanction pressure, innovation- driven development
becomes not only a factor of competitiveness but also a key element
of the country’s economic security.

4. Discussion

The results of the study show that the innovation-driven
development of the industrial sector of the Republic of Belarus in
2016-2024 unfolded under conditions of unprecedented external
pressure, institutional turbulence, and structural constraints, which
collectively shaped a new trajectory of technological dynamics. The
key external factor was the sanctions imposed by the EU and the
United States, which, after 2020, acquired a systemic character and
affected virtually all channels of technological renewal-from
equipment imports and access to financing to logistics, export
operations, and international cooperation. EU sanctions included
restrictions on the export and import of high-technology goods,
dual-use equipment, petroleum products, and potash fertilizers, as
well as flight bans, financial restrictions, and asset freezes. US
sanctions intensified the pressure by adding enterprises to SDN
lists, prohibiting transactions with American companies, and
imposing limitations on the export of technologies. These measures
created an institutional environment in which innovation-driven
development became simultaneously a strategic necessity and a
source of additional risks.

The results of the study show that the innovation-driven
development of the industrial sector of the Republic of Belarus in
2016-2024 unfolded under conditions of unprecedented external
pressure, institutional turbulence, and structural constraints, which
collectively shaped a new trajectory of technological dynamics. The
key external factor was the sanctions imposed by the EU and the
United States, which, after 2020, acquired a systemic character and
affected virtually all channels of technological renewal—from
equipment imports and access to financing to logistics, export
operations, and international cooperation. EU sanctions included
restrictions on the export and import of high-technology goods,
dual-use equipment, petroleum products, and potash fertilizers, as
well as flight bans, financial restrictions, and asset freezes [9]. US
sanctions intensified the pressure by adding enterprises to SDN
lists, prohibiting transactions with American companies, and
imposing limitations on the export of technologies [10]. These
measures created an institutional environment in which innovation-
driven development became simultaneously a strategic necessity
and a source of additional risks.

Despite these highly restrictive external conditions, the innovation
activity of industrial enterprises demonstrated steady growth. At the
national level, the share of organizations engaged in innovation
increased from approximately 20 % in 2016 to 36 % in 2024. This
indicates that enterprises sought to compensate for external
constraints through internal reserves, organizational adjustments,
and reorientation toward new markets. Particularly high levels were
observed in the Brest region and the city of Minsk, where
innovation activity exceeded 50 %. These regions became centers of
concentration of human capital, competencies, and investment
resources, enabling them to adapt more rapidly to sanction-related
restrictions. At the same time, the Gomel and Minsk regions
maintained comparatively low values, reflecting the structural
heterogeneity of industrial development and disparities in access to
resources. Sanctions further intensified this differentiation: regions
with more advanced infrastructure and stronger international
linkages adapted more quickly, whereas peripheral territories faced
constraints that hindered modernization.

Investment in innovation also exhibited significant volatility,
reflecting enterprises’ responses to sanction-related constraints.
After a sharp decline in 2021-2022, when total innovation
expenditures fell by nearly half, a recovery was observed in 2023-
2024, and by 2024 investment reached its highest level for the entire
observation period. However, the recovery was uneven: Minsk
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increased innovation spending more than fourfold, whereas the
Vitebsk region lost over 75 % of its investment. This indicates that
sanctions affect regions asymmetrically: the capital region, with its
more diversified economy and access to alternative financing
channels, was able to offset external restrictions, while regions
highly dependent on traditional industries proved more vulnerable.
These findings are consistent with the conclusions of V. Gurski and
V. Archakov [7], who emphasize that sanctions exacerbate regional
disparities and pose risks to economic security.

The share of innovative products in the total volume of shipped
industrial output also demonstrated a positive trajectory, increasing
from 16-17 % to more than 22 % in 2024. Particularly high values
were recorded in the Vitebsk and Gomel regions, where the share of
innovative products reached 35-37 %. This may indicate a
reorientation of enterprises toward higher value-added products,
which represents one of the key strategies for adapting to
sanction-related constraints. At the same time, the Brest and Grodno
regions maintained comparatively low levels, reflecting their
limited innovation potential and continued dependence on
traditional industries. These trends corroborate the conclusions of
V. Karpovich [3], who argues that Belarusian industry exhibits
adaptive resilience; however, this resilience is compensatory in
nature and is not accompanied by deep technological
transformation.

The most problematic area proved to be innovation- related
services. Their share in the total volume of services nationwide
remained extremely low-below 1 % throughout the entire period.
The only exceptions were several IT clusters, primarily in the Brest
and Vitebsk regions, where the share of innovation services reached
9-11 %. However, after 2020 the Brest region experienced a sharp
decline, driven by the relocation of IT companies and the erosion of
the local innovation ecosystem. These trends fully align with the
findings of Khamiankova [8], according to which 64 % of
Belarusian technology startups report negative effects of sanctions,
while many are forced to conceal their Belarusian origin, change
jurisdiction, and restructure their business models. The relocation of
technology firms led to a reduction in domestic demand for
innovation services and weakened regional innovation centers.
Moreover, Khamiankova’s [2] study shows that sanctions create
additional administrative barriers, including enhanced banking
oversight, difficulties in opening accounts, and stricter compliance
requirements, making it more challenging to conduct
innovation- oriented business in the EU and the United Kingdom
than in the United States or Latin America. These findings help
explain why innovation services in Belarus failed to recover after
2020: a significant share of the country’s innovation potential was
compelled to move abroad.

Overall, the results of the study show that Belarusian industry
demonstrates a capacity for adaptation; however, this adaptation is
predominantly compensatory in nature [11]. The growth of
innovation activity and the increasing share of innovative products
occur against the backdrop of high material intensity, declining
profitability, and dependence on imported equipment. Sanctions
have amplified existing structural constraints by limiting access to
technologies and financing, which is particularly evident in regions
with low innovation potential [12]. At the same time, certain
regions and sectors were able to use the sanctions-induced crisis as
an incentive to restructure production chains, explore new markets,
and increase the technological complexity of their output.

Thus, the results of the study reflect a contradictory dynamic: on the
one hand, there is evidence of growing innovation activity and
partial adaptation to external constraints; on the other, systemic
risks persist, reinforced by sanction-related pressures and
institutional limitations. These findings confirm the need to shift
from reactive measures to strategic modernization, the
strengthening of regional innovation systems, and the development
of mechanisms for technological autonomy. Under conditions of
continued sanction pressure, innovation- driven development
becomes not only a factor of competitiveness but also a key element
of the country’s economic security [13].
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5. Conclusion

The conducted study made it possible to comprehensively
assess the impact of external economic shocks, sanction-related
restrictions, and internal structural characteristics on the innovation-
driven development of the industrial sector of the Republic of
Belarus in 2016-2024. The results obtained demonstrate that
innovation dynamics have been shaped by a contradictory
combination of enterprises’ adaptive capacities and systemic
constraints, which have been further reinforced by sanction pressure
from the EU and the United States.

The analysis showed that sanctions became the key external
factor shaping the institutional environment of industrial
development. Restrictions on access to technologies, equipment,
financing, and international markets substantially transformed the
operating conditions of enterprises, intensified regional
differentiation, and increased the risks of technological dependence.
At the same time, the industrial sector demonstrated a capacity for
partial adaptation: there has been growth in innovation activity, an
increase in the share of innovative products, and a recovery of
investment activity after the crisis period of 2021-2022. However,
this adaptation is predominantly compensatory in nature and is not
accompanied by deep structural transformations.

The regional analysis revealed substantial differences in
innovation potential: city of Minsk and the Brest region function as
centers of concentration of innovation-related resources, whereas
the Vitebsk, Gomel, and Minsk regions face limited opportunities
for modernization. These disparities are further amplified by the
impact of sanctions, reinforcing the conclusion that a differentiated
regional policy is required.

Particular attention should be paid to the sphere of
innovation- related services, which remains the most vulnerable
segment. The relocation of IT companies, the erosion of local
innovation ecosystems, and the decline in domestic demand have
led to stagnation in the sector despite isolated growth points. These
trends fully correspond to the findings of international research,
including the study by Khamiankova [8], which documents the
large- scale relocation of Belarusian technology startups and their
subsequent adaptation within foreign jurisdictions.

Taken together, the results of the study confirm that the
innovation- driven development of Belarusian industry is unfolding
under conditions of structural vulnerability, limited access to
technologies and capital resources, and a high degree of dependence
on external factors. At the same time, the identified adaptation
mechanisms — reorientation toward higher value- added products,
restructuring of production chains, and the growth of innovation
activity in selected regions — indicate the presence of potential for
further development.

Thus, the innovation trajectory of Belarusian industry under
sanction pressure is determined by the balance between external
constraints and internal capabilities. Ensuring sustainable
development requires a shift from reactive adaptation measures to
strategic modernization, including the strengthening of regional
innovation systems, the development of technological autonomy,
the stimulation of investment, and the creation of conditions for
retaining or bringing back high- technology companies. Only a
combination of institutional reforms, technological renewal, and an
active innovation policy will allow Belarusian industry to secure
long-term resilience and enhance its competitiveness amid ongoing
external economic turbulence.
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Abstract: Development of artificial intelligence in recent years has opened new possibilities in numerical analysis and engineering design.
This paper systemizes the main area of applications of artificial intelligence in engineering with emphasis on computational mechanics.
Fundamental approaches of machine learning are described including artificial neural networks, convolutional neural networks (CNN) and
physics-informed neural networks and their integration with the finite element method. Additionally, a review is given on the platform ANSYS
SimAl platform which combines predictive accuracy of numerical simulations with the speed of generative artificial intelligence in a cloud or
local computer environment reducing computational time by one or two orders of magnitude. It is worth noting that artificial intelligence is
not a replacement for classical analysis, but a powerful tool which speeds up the innovation process and can expand boundaries of numerical
modeling in engineering.

Keywords: ARTIFICIAL INTELLIGENCE, MACHINE LEARNING, ENGINEERING, FINITE ELEMENT METHOD, ANSYS SIMAI, NEURAL
NETWORK

approximation of nonlinear relations between input (model
geometry, material properties, boundary conditions, loads) and
Artificial intelligence (Al), especially methods of machine output (displacement, deformation, stress distribution, fracture
learning and deep learning, in recent years has become an important mechanics parameters like stress intensity factor, fracture toughness,
tool for solving complex problems in engineering science including ~ fracture energy and crack growth). Recent studies [2,3,6,13] show
numerical mechanics and fracture mechanics, which is confirmed by ~ that ANN trained on experimental and numerically obtained data
a significant number of high-impact publications [1-8]. In the field of ~ sets, can replace time and resource high consuming nonlinear finite
fracture mechanics and material damage, the application of artificial ~ element method analyses for a wide range of quasi-brittle materials.
intelligence provides more precise and computationally efficient In the context of mechanical engineering these networks are used as
modelling of crack propagation, determination of fracture toughness surrogate models for local stresses and strains in critical areas of
and optimization of design solutions where classical methods based complex structures [7,14,16].
on finite elements are augmented with machine learning models and KT
data [1-4]. For the engineering industry and academic community
this development has dual significance. On one hand it shortens the
time of product development and lowers time and cost of numerical
simulations on from the other side it introduces new approaches like
digital and hybrid twins, physics-informed neural networks and
machine learning surrogate models which expand the possibilities of
classical mechanics and fracture mechanics. This paper gives a
concise mechanical engineering-oriented systematization of current
literature on the application of artificial intelligence in numerical
mechanics, as well as computational fracture mechanics, fatigue
mechanics and modern concepts of physics informed machine
learning. Accordingly, this paper provides an overview of
fundamental machine learning approaches and physics-informed
neural networks relevant to mechanical engineering mechanics and e
shows representative examples of their applications in fracture GO on ot ML Modal i Engnesi
mechanics and gives a short insight into the emergence of industrial
tools of a new generation like, ANSYS SimAl, which integrates Fig. 1 Development of AI/ML models for approximation in engineering and
artificial intelligence and numerical simulations into a single fracture mechanics
engineering workflow [1-14].

1. Introduction

Al/ML Models for g
FEA Surrogates & Fracture Mechanics

T
AVERAGING
Lo )

¥

Physics-informed Ensemble
Neural (Multiple Models
Network Voting/Averaging)

Convolutional neural networks (CNN)

2. Fundamentals of Al methods in engineering These networks are particularly suitable for processing images

. . . . and fields and therefore they are used for automatic recognition and

Development of machine learning and deep learning in  segmentation of cracks on steel, concrete and composite
engineering and in computational mechanics has led to the forming  constructions as well as for determination of crack geometrical
of a series of models which can approximate nonlinear material characteristics like length, depth and their planar or spatial
beha\_/iors,_speed up numerical simulations_ and serve as surrogates to orientation. Studies [17,18] show that CNN models trained on large
classical finite element method (FEM) simulations. Recent review  gatasets of concrete surface images achieve crack detection accuracy
papers [1,2,5-14] show that the most common use in engineering  exceeding 95% allowing substitution or enhancement of classical
applications have is for artificial neural networks (ANN),  yisual inspections and significantly faster assessment of structural
convolutional neural networks (CNN), physics-informed neural  congitions. In the field of fracture mechanics, CNN approaches are
networks (PINN) and a wider set of machine learmning (ML) methods  geveloped in such a way that they can predict crack pattern and stress

(Support Vector Machine - SVM, G_aL_Jssiap Process Regression - distribution and therefore reduce the need to use of highly dense finite
GPR and ensemble models) for optimizing simulation processes and  glement meshes and nonlinear analysis.

parameter identification. This evolution is schematically illustrated o
in Fig. 1, which shows the development of AI/ML models for Physics-informed neural networks (PINN)

approximation in engineering and fracture mechanics. Physics-informed neural networks present a newer approach in

Avrtificial neural networks (ANN) which equations of equilibrium, constitutive laws, loads and

. . boundary conditions are directly implemented in the loss function of

ANN are currently the most widely used Al models in  the neyral network. In this way the neural network learns not only
computational fracture mechanics where they are used for  fom input data sets but also from physical laws. This is particularly

22



Innovations 2026

important in computational mechanics where data can be limited but
accurate physical behavior of the model is crucial. Recent studies
[4,5,10,1513,19] show that PINNs can be used as alternative mesh-
free solvers for problems from solid and mechanics computational
mechanics, including plate bending, contact, and discontinuity
problems, and have good potential to become a fundamental tool in
the development of digital twins for structures.

Machine learning (ML) in the optimization of simulation
process

Along with directly predicting stress distribution and the quantity
of fracture mechanics parameters, ML methods are increasingly used
as surrogate models of classical FEM analysis for systems like for
pressure vessels or complex structures where deep networks use
connections between input geometry, loads and resulting stresses and
deformations. Such surrogate models enable multiple evaluations
(for example in optimization and sensitivity analysis) with several
orders of magnitude lower computational cost compared to direct
nonlinear analysis. Physics-informed ML approaches additionally
enable integration of uncertainty in the assessment of reliability. This
is especially important for designing safety-critical systems in
mechanical engineering [15-19].

3. Al integration with FEM analysis

Integration of methods of machine learning and deep learning
with FEM today is considered as one of the key directions of
computational mechanics development because it enables reduction
of computational costs, automatization of part of modeling processes
and increase of the level of automatization in engineering design.
Recent literature differentiates Al applications across the
preprocessing stage like generation and parametrization of the model,
in the solver like surrogate models for partial differential equations
and in the process of postprocessing for example faster
reconstruction of stress or strain fields. The concept is illustrated in
Fig. 2, which shows a workflow diagram of a CNN-based crack
detection pipeline applied to images or FEM-based data, integrating
Al into the preprocessing and inspection stages of the analysis.
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Fig. 2 Workflow diagram of a CNN for crack detection [18]
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In the process of preprocessing ML is used for automatic
parametrization of geometry, mesh generation and assigning loads
and boundary conditions based on history data and rules noted in
previous projects. For example, a classical problem of determination
of mesh density, type of finite element or distribution of different
material zones when heterogeneity is present can be formulated as a
problems of classification or regression in which models learn
empirical rules which are obtained by experienced engineers through
years of practice. In such way Al in preprocessing acts like digital
assistant that accelerates model preparation and minimizes the risk of
major errors in setting boundary conditions.
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The greatest interest is however focused on the use of ML models
as surrogate solvers of partial differential equations. Deep neural
networks, trained with sets of FEM results, can learn nonlinear
relations between simulation inputs (geometry parameters, material
models and loads) and output stress or strain field distributions and
then in the exploitation phase replace the numerical solver. An
example of such a surrogate is shown in Fig. 3, which presents a
Finite-PINN mesh-free simulation of solid deformation, including a
heat map comparison and accuracy analysis against classical FEM
results.
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Fig. 3 Finite-PINN mesh-fi-ee simulation of solid deformation: heat-map
comparison and accuracy analysis [20]

In [14] authors showed that stress distribution in complex
constructions can be approximated with a deep model with a
difference of obtained results on the order of several percent
compared to the referent FEM results while computation time is
drastically reduced. Similarly, in [16] the authors developed a deep
learning surrogate model for submarine pressure vessel analysis,
showing substantial time savings per evaluation. This is particularly
valuable for the usually demanding process of optimization and
analyses where different scenarios are tested.

In the process of postprocessing, ML models are used for the fast
reconstruction of strain, deformation and stress field based on a
limited set of measurements or partial FEM analysis results. Instead
of rerunning the whole simulation, a trained model can in
milliseconds approximate the whole strain, deformation or stress
field which is very useful in interactive workflow and where digital
twins are used. If the process of fatigue is considered or if weld life
prediction is investigated, classical FEM analyses are replaced with
a hybrid approach in which an ML model, trained with an extensive
number of numerical and experimental scenarios, predicts parameters
like local stress, number of cycles to failure and geometric variations
in drastically lower computer demands compared to rerunning full
nonlinear fatigue or fracture analysis.

Fracture mechanics is one of the most challenging fields of
numerical mechanics because of the present strong nonlinearities,
discontinuities, path dependence of crack growth and high sensitivity
to material and geometric uncertainties present in models. Recent
review papers show that exactly in this domain machine learning
(ML) can offer the largest potential by learning complex relations
between geometry, loading, material behavior and fracture
parameters such as stress intensity factors and fracture toughness, and
by complementing classical FEM analyses rather than replacing them
[1-3,6,16].

4. ANSYS and platform SimAl

Over the past few years commercial simulation software vendors
have started to implement Al directly in computer aided engineering
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(CAE) in recent years and Ansys SimAl stands out as a leading
example [21]. ANSY'S SimAl is a cloud-based software-as-a-service
(SaaS) application launched in 2024. It combines the predictive
accuracy of Ansys numerical solvers with the speed of generative Al
to speed up numerical simulations in wide range of physical domains.
The platform is physics-agnostic and industry-neutral which means
that it can be trained on multiphysics simulation data (solids, fluids,
heat transfer and electromagnetics) generated by Ansys tools and
third-party solutions. In the last version ANSYS SimAl supports
local execution via the PySimAl Python package on Windows and
Linux with offline tokens, alongside its primary cloud access. SimAl
at its core uses generative deep learning models acting like surrogate
ANNSs trained on 3D simulation field data where system physics is
transferred through existing numerical solutions and not explicit
equations as mentioned earlier in the PINN approach. The overall
SimAl workflow, illustrated in Fig. 3, consists of three main stages:
(i) collection and upload of existing high-fidelity simulation results
(CFD, FEM or multiphysics), (ii) cloud-based training of a deep
generative model on those results, and (iii) rapid inference for new
design variants, delivering full 3D field predictions within minutes.

/Ansys SimAl

Classical Data Upload
CFD/FEA Simulations to SimAl Cloud
4

Al Model
Training

Fast Prediction
of New Designs
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Fig. 3 SimAl workflow diagram

In the typical workflow users first load existing simulation results
in the SimAl cloud, where they are separated into training and testing
sets and are used to build deep models that connect design geometry
with required performance without explicit parametric description.
After training a new design which are commonly provided as
geometry files can be evaluated within a few minutes and SimAl
generates three-dimensional fields and required derived quantities
that closely reproduce the reference simulation. According to
available benchmark examples sufficiently trained SimAl models
achieve speedups of the order of 10-100 times compared to classical
high-fidelity simulations for computationally demanding projects,
while in some documented CAE workflows in the cloud well trained
SimAIl models can get effective speedups of 200 times relative to
repeatedly running full solver simulations. This significant time
reduction enables the evaluation of dozens or hundreds of design
candidates in a single session. Figure 4 shows a representative
design-space exploration study in which SimAl predictions (such as
aerodynamic drag coefficient or peak thermal stress) are mapped
across a range of geometric parameters, allowing engineers to
identify optimal regions of the design space without running a full
solver for each candidate.

Fig. 4 Example of design-space exploration
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Application examples shown by the vendor and independent
authors cover a wide spectrum of engineering fields including
external and internal aerodynamics (drag assessment of a vehicle),
various thermal applications (electronics cooling, heat exchangers)
and structural and electrical analyses. In those scenarios SimAl
models act as high-level surrogates that enable very fast exploration
of large design spaces, rapid multiple scenario analyses and
prefiltering of design variants before a smaller subset is selected for
expensive and time-consuming high-fidelity simulations. This is
especially appealing in mechanically complex systems where a single
CFD or nonlinear structural analysis can require hours or days of
runtime on high-performance computing infrastructure and
substantial license cost.

One of the key goals of the SimAl platform is democratization of
simulation. The platform is available via a browser interface which
is tailored for designers and non-expert users, users that do not have
experience  with  scripting,  high-performance  computing
configuration, or ML model development. For more advanced users,
a Python SDK (PySimAl) is available, which enables integration of
the platform into automated workflows and continuous integration
and continuous delivery processes, without the need for deep
knowledge of machine learning. SimAl is then used as a service that
can be called from existing engineering scripts. Since training and
running prediction is executed on managed cloud infrastructure, the
vendor handles data management, security and scaling, while
engineering teams keep control over their simulation sets of data. In
this way, SimAl illustrates how Al surrogate models, cloud-based
delivery and intuitive user interfaces can be combined in one
commercial tool which brings advanced numerical simulation closer
to a broader community of mechanical engineers [21-24]. Figure 5
shows the SimAl browser interface, where users can upload
geometry files, monitor training progress, inspect predicted field
distributions, and review key performance metrics alongside
reference simulations - all without any scripting or high-performance
computing configuration.

Fig. 5 SimAl user interface display

5. Discussion and conclusion

Despite impressive results the application of Al in numerical
mechanics faces important limitations that are not easy to overcome.
Most deep models demand large, representative and precisely and
qualitatively labeled data sets, while in practice data sets are usually
limited, noisy or not uniformly distributed, which can lead to
overestimating of accuracy and weak generalization to new
geometry, materials or loading conditions.

Additional problem is sensitivity on domain change where
models trained on idealized numerical data may not behave reliably
on real constructions where there are present tolerances, possible
damage and complex exploitation conditions.

Interpretability is also one of the key limitations. Most deep
networks act like a black-box and it is difficult for an engineer to
explain why a model suggested a particular result like dimension
change, fracture toughness value or optimal design. This limits the
acceptance of such solutions in critical areas where high safety is
required. The development of Al that would be more explainable and
more interpretable is still an active research area and there no clear
consensus about what level of explainability is enough for strict
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engineering norms. Uncertainty quantification in machine learning is
not yet standardized in a such way that it can be compared to the
classical engineering approach where for the decision of structural
integrity of a construction is of key importance to know not just the
nominal value of prediction but also its reliability.

Physics-informed neural networks partially address the black-
box problem by explicitly embedding equilibrium equations and
boundary conditions into the loss function, but they have their own
limitations. Recent studies show that PINNs can experience slow
convergence, challenging calibration of loss-weight factors, and high
computational cost when scaling to 3D geometries and complex
nonlinear problems. Moreover, for PINN approaches, the issues of
verification and validation remain: PINN solutions must be
systematically compared with reference FEM analyses and
experiments to quantify discrepancies and define regions of reliable
application.

Expected future development is moving toward hybrid models
that combine the strengths of classical physics-based analysis and Al.
One direction is “physics-guided” ML models, where FEM results
generate synthetic data and inform the network architecture, while
experimental data are used for fine-tuning and uncertainty
quantification. Another direction is digital twins, which integrate
real-time measurements, reduced-order physical models, and ML
surrogates into a unified framework for structural health monitoring
and predictive maintenance. In all these scenarios, the engineer’s role
remains central: from selecting the appropriate model and control
variables, to monitoring the training process, and finally verifying
solutions against codes, safety factors, and engineering judgment.

A review of the available literature shows that artificial
intelligence currently serves as an important supplement, but not a
replacement, for classical numerical analysis in mechanical
engineering, mechanics, and fracture mechanics. Machine and deep
learning methods enable the approximation of nonlinear
relationships, acceleration of simulation processes, and construction
of surrogate models that significantly reduce computational
demands, while PINNSs and related approaches incorporate physical
laws directly into the model architecture, thus extending the classical
framework of computational mechanics. Notably, applications are
prominent in crack detection and characterization, prediction of
fracture parameters and crack growth in quasi-brittle and metallic
materials, and in the development of digital twins, where Al enables
rapid integration of measurements, simulations, and optimization.

At the same time, commercial tools such as Ansys SimAl show
how ML surrogates and generative Al can be implemented in an
industrially acceptable form, allowing engineers to evaluate new
designs within minutes rather than hours or days, with potential
speedups of 10-100 times compared to classical simulations. Such
tools contribute to the democratization of simulation — making
advanced numerical analyses accessible to a broader user base —
while also highlighting the need for clear protocols for verification,
validation, and uncertainty quantification [21-24].

In conclusion, Al is not a substitute for the engineer or for
established methods such as FEM, but rather a tool that dramatically
accelerates the innovation cycle and enables exploration of a much
wider design space than was previously possible with classical
approaches alone. Future development will likely move toward even
tighter integration of Al and physical models, the emergence of
hybrid digital twins, and the standardization of V&V procedures for
Al-enhanced simulations, while expert engineering judgment will
remain the core of the entire design and structural safety assessment
process.
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LOW-NICKEL METASTABLE TRIP STEELS: RELEVANCE OF USE, PROMISING METHODS OF
DEFORMATION TREATMENT
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Abstract. Currently, in the production of various metal products for critical applications, the problem of using materials with both high
strength and plastic properties has been partially solved by using residual austenitic steel, known as TRIP steel in international practice. This
steel has a multi-phase structure consisting of ferrite, bainite, residual austenite, and martensite. This work focuses on the relevance of the
production and use of low-nickel metastable TRIP steels in various industries. Additionally, the paper explores two promising methods for
the deformation treatment of TRIP steel, including asymmetric rolling for producing sheet billets and radial-shear rolling for producing round
bars. These methods allow for the implementation of severe plastic deformations during the deformation process, which can enhance the

processes occurring in TRIP steel during deformation treatment.

Keywords: TRIP STEEL, AUSTENITE, MARTENSITE, LOW-NICKEL METASTABLE TRIP STEELS, DEFORMATION TREATMENT,
SEVERE PLASTIC DEFORMATION, ASYMMETRIC ROLLING, RADIAL-SHEAR ROLLING

1. Bseoenue

VYxe HE OJHO JecATHIETHE B pA3NIUYHBIX OTPACIAX
MIPOMBIIIIEHHOCTH, OCOOEHHO B aBHa- M aBTOMOOMIIECTPOEHHH, B
CBSI3H C PACTYLIMMH TPEOOBAaHUSIMHU K O€30MIACHOCTH, HAJISKHOCTH U
YMEHBIIEHUIO BeCca 3JIEMEHTOB KOHCTPYKIMM M AeTallell MalluH,
HaOJfo1aeTcsl yCTOWYMBasl TEHJCHIMS K IPUMEHCHUIO MaTepPHAIIOB,
001afaromyX BHICOKUMHU [IOKA3aTeNIIMH HE TOJIBKO IO IPOYHOCTH,
HO U OJHOBPEMEHHO IO IUIACTMYHOCTU. KOHCTpYKLIMOHHBIE

JJIEMEHThl M3 OOBIYHBIX CTaleil MOBCEMECTHO 3aMEHSIOTCS Ha
IUIACTUKH M KOMIIO3UTHI, a OOJIETUYCHHBIE CHJIOBBIE JIIEMEHTHI
KOHCTPYKIIMH{ Ha BBICOKOIPOYHBIE CTAIM C TpeGoBaHMEM

TIOBBIIIEHHON TITACTUYHOCTH, YTOOBI IIPU aBapUH MPOUCXOAUIO HE
XpYIKOE pa3pylIeHne, a yIpaBIsieMoe CMATHE IPOYHOTO CHIIOBOTO
Kapkaca ¢ aacopOupoBaHHeM OOIbLICH PHEPrHH ynapa 3a CueT

HOBBINICHHOH  TPOYHOCTH W JOCTATOYHOW  IUIACTUYHOCTH
MaTepHaia.
Kak wu3BeCTHO GONBUIMHCTBO TpPAJUIMOHHBIX  CIOCOOOB

TIOBBIIICHHS TIPOYHOCTHBIX XaPaKTEPUCTUK METAIIOM3/IEIHH, TaKHe
Kak TepMooOpaboTKa; InepOopMalMOHHOE YIOPOYHEHHE, H B
YacTHOCTH croco0aMu 00pabOTKH MaBIICHUEM, PEaH3yIOIINMH B
mpomecce  AehOPMHUPOBAHMS ~ WHTCHCHBHBIE  IUIACTHYECKHE
nedopMariui; TepMOMEXaHW4Yeckas 0o0paboTka, B OOJBIIHHCTBE
cliy4yacB MpUBOAAT K CHH>XKCHHUIO MJIaCTUYCCKUX CBOMCTB
MaTepuagoB JaHHBIX MeTtamwtousnenuil. Ilpu mnpoumsBoacTse
Ppas3In4YHbIX MeTaHJ’[OH3JleJ'lHI>’I OTBCTCTBCHHOI'O HA3HAYCHHUA JaHHasA
npobieMa B HACTOSIIEE BPeMs YaCTHYHO pEIIeHa IPHMEHEHHEM
CTa C OCTaTOYHBIM ayCTEHHTOM, M3BECTHAas B MEXIyHapOMHOMH
npaktuke kak TPUII (Transformation Induced Plasticity) crains.
Orta cramb uMeeT MHOro(asHyl0 CTPYKTYpY, COCTOSIIYI0 U3
¢depputa, OeifHUTa, OCTATOYHOrO ayCTeHWTa M MapreHcuta [1].
I'maBHOH  OCOOCHHOCTBIO  JAHHOTO  MaTepHana  SBIAETCS
IPUCYTCTBHE B MHKPOCTPYKType  JaHHOTO  MaTepuaia
METacTabMIIPHOTO ayCTEHHWTa U HalMuue Tak HazpiBaemoro TPUII-
a¢dekra, KOTOPBIA MpPOSBISETCS B TpPaHCPOpPMAIMH KyOMdecKoi
TPaHENEHTPUPOBAHHOW  PEMIETKH  ayCTeHHTa B  OOBEMHO-
LEHTPUPOBAHHYI0  PENmETKYy  MapTeHCHTa B pe3yibTaTe
KOJUICKTHBHOTO CIIBHTA IUIOCKOCTEH IPH IPHIOKCHUH HATPY3KH.
WmenHo nannas ocobenHocts TPUII craneil cymecTBeHHO BIUsSET
Ha KOMIUIEKC MX MEXaHHYECKHUX CBOMCTB U IO3BOJISIET JOOMTHCA,
KakK MOBBIIIEHHs IPOYHOCTHBIX, TAK U INIACTHYECKUX CBOWCTB.
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2. AKmyanbHOCHb UCHONIb30BAHUS
nuskonukeneevix memacmaounvuvix TPHII cmanen

OpmHOIT W3 OCHOBHBIX TIPHYMH OTCYTICTBHSL  IIMPOKOTO
HNPOMBIIUICHHOTO NPUMEHEHHS JaHHBIX CTaJIeH SIBISETCS BBICOKAs
CTOMMOCTb ~ HX  TPOHM3BOACTBA, TaKk KaKk  OHH  Bce
BBICOKOJIETHpOBaHHEIEe. [lo3TOMy B Hacrosmiee BpeMs Iepen
yaeHbiMu M npousBoautessiMu TPUII cranmeit crour 3amada mo
pa3pabOTKe HOBBIX HH3KOJETHPOBAHHBIX MapoK CTaneil, B TOM
yucine u TPUII craineii, o01agaromux BCE TEM K€ IOBBIIIEHHBIM
YPOBHEM MEXaHMUECKHUX CBOWCTB. B wacTHocTH 3TOH mpobdiemoi
3aHUMaroTcst yueHble VHctuTyta uepHoit Metamtyprum (The
Institute of Iron and Steel Technology) Texuuueckoro
yHuBepcuteta - Opaiibeprckas ropras akagemus (TUBAF).
Haumnas ¢ 2020 roma mo HacTosmiee BpeMs B aKaJIeMHH
peammsyercst mpoekT Ne44797210 «Alloy and structure design of
austenitic cast Cr-Ni-Cu-N steel exhibiting TRIP/TWIP properties
for cold massive formingy», xoropsiii ¢puHaHcupyercst Hemerkoit
uccnenoBarensckoil accoruanueii (DFG). Tak ke B akageMuu
HPOBOJSITCS | MHULMATHBHBIE MCCIIEIOBAHMUS B 00JACTH BBIIUIABKH,
0o0pabOTKM M WCCIENOBaHUS  CTPYKTYpsl W CBOMCTB
SKOHOMHOJIETHPOBAHHBIX ~ AYCTEHHUTHBIX  CTalell  Pa3IM4HOTO
XHMHYECKOTO cocTaBa. [10 MOIydeHHBIM B paMKax HPOBOJMMBIX
UCCIIEIOBaHNUI  pe3yibTaTaM WMH ONMYOJIMKOBAaH IIENbIA  Psix
Hay4YHBIX pabOT B JaHHOM HAaNpaBJICHHH, B TOM 4HCIE paboTHI [2-
16]. OnHO W3 HampaBieHUWi, MpoBoaUMBIX B MHCTUTyTE depHOM
metajutyprun  TexHudeckoro yHusepcutera - @Dpaitbeprekas
TOpHas aKaJeMHsl HCCIENOBaHUH, CBSI3aHO C BBIUIABKOW H
HCCIIEJIOBAaHUEM HOBBIX HHKEJIbCOEperarmux MeTacTaOuIbHBIX
TPUII craneil. B nepByio ouepeab 3TO CBSI3aHO € TEM, YTO BBHICOKOE
cofiepXKaHIe HUKEIS 3HAUYUTENIbHO MOBBIIAeT CTOMMOCTD cTanu [17,
18]. Taxxxe HagO OTMETHTH, 4TO MO JAaHHBIM BO3, HUKENIb - OJUH
3 Hamboliee OIACHBIX 3arpsA3HHUTENeH OKpyXaromel Cpesl.
IoBbIIeHHOE  CcOzepKaHWE HHKENS B OKpYXalomed cpexe
(cormacHo  KiIaccupUKALMK MexyHapoJAHOTO  areHTCTBa
uccnenoBanuii paka (IARC) meramnuueckuil HHUKenb (IBUIB) U
Fl/IHOCyJ'll)(bPIT HUKEJIA SABJIAIOTCA KaHLUCPOr€HaMu U OIIaCHbBI B
koHueHTpauusx 0,0004-0,4 u 0,0001-0,1 mr/m3, cOOTBETCTBEHHO
[19]) npuBogWT K TOSBICHUIO JSHACMHYECKHX 3a00JICBaHMUIA,
OpPOHXHAIBEHOTO paKa.

Jpyroii HEMaJlIOBaXHO HUINEH NPUMEHEHUs] OC3HHKEICBBIX
BBICOKOIIPOYHBIX ~ CTaled SBISICTCS  siAepHas OdHEpreTHKa u
MEPCIIEKTUBHBIE TEPMOSIEPHBIE SHEpreTHyeckue ycraHoBku [20].
Huxens mpu oOnydyeHUHM HEHTpOHAMM pacmafercss OdYeHb
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TOKCHYHble M Joiroxusymue wusortonsl [21]. Ilpu cpemnem
conep>xaHuy HUKeIsS B 10% B THUITMYHBIX CTAISIX IPUMEHSIEMbIX IS
KOHCTPYKLIMH CaMOro KopIlyca peakTopa W TPYOOIpPOBOIOB
OMM3KMX K  AKTHBHOM  30He, mpoOneMa  HaBEIEHHOM
PaaroaKTHBHOCTH 3THX JIETAJICH, COCTaBILIFOIINX OCHOBY PeaKkTopa,
oueHb Bemuka [22-24]. U ecnm, ¢ Gosee W3BEeCTHOH mHpoOieMoit
YTIIIN3ALUK U IIepepaboTKH caMoTo SIEPHOTO TOIUIHBA (HAaIpHMep
B MOX-tommBo [23]) Bce OTHOCHUTENBHO IPOCTO, TO YTO AENATh C
MHOTOTOHHBIMH MAacCCHBHBIMH KOPITyCaMH PEaKTOPOB HE BIIOJIHE
sicHO. DTa, paHee He3aMeTHasl Ipobiema, OyJaeT TOJIbKO HapacTaTh
C pacTymed JIeKOMHUCCHEH cTapblX 3HEProbJOKOB MaccoBO
noctpoeHHbIX B 70-¢ u 80-¢ ronsl. IlomyueHune HOBOro Kiacca
OE3HHUKENEBBIX PEAKTOPHBIX CTalei IO3BOJNUT IMPUOIHU3UTECS K

pelIeHHI0  YTHIM3AIMM  KOPIycoB  peakTopoB. OcoOeHHyIo
JOKaJbHYI0 ~ aKTYaJbHOCTh O3TOT BOIPOC IpHOOpen  mocie
HammonaneHoro pedepennyma o crpoumrensctBe ADC B

Kazaxcrane [25].

Ha ocHoBe BhIIE CKa3aHHOTO MOXKHO CHENaTh BBIBOJA, YTO
HCCNeOBaHUsI B 00JacTH  BBIUIABKM W HOCIEAyHOIIeH
neGopMaMOHHON 00pabOTKH HHU3KOHHUKENEBBIX METacTaOMIBHBIX
TPUIT crameit [0 cux TOp  SBIAIOTCS  aKTyaJbHBIMU
HCCICNOBaHUsIMA. Tak Kak JaHHbIe (HHKeIbcOeperaromme
meTactabupHbie) TPUIT cTamu ¢ KaXabIM TO0M OyIyT HaXOAUTh
Bce Ooiee IIMPOKOE IPUMEHEHHE B PpA3UYHBIX OTPACIIIX
MPOMBIIUIEHHOCTH, B TOM 4YHCJIE OHHM MOTYT HAaWTH CBOe
TIPUMEHEHUE U TIPH MPOU3BOACTBE OECIMIOTHBIX AMIapaToB.

3. Ilepcnekmuenble cnocoovl OeghopmayuonHoll
oopabomku TPHII-cmanu

AKTyaJbHOCTh HCCIENOBaHUH B o0macté aedopMamnoHHON
00paboTKN HU3KOHUKENEBBIX MeTacTabmnbHbIX TPUII, kak u TPUIT
cTaleil J000ro XMMHYECKOTO COCTaBa, CBA3aHa C TeM, YTO
ONmarompuATHBIH ~ KOMIUIEKC — (DU3MKO-MEXaHHYECKUX  CBOMCTB
(dopMupyeTcsi B HUX HEMOCPEICTBEHHO B X0/ Ie(opMHUpOBaHHS 32
CUeT pealM3alli, HapsAAy C JUCIOKAMOHHBIM CKOJILKEHHUEM,
TaKWX IIPOIECCOB, KakK JBOIHMKOBaHWE, oOpa3oBaHue Ie(eKTOB
YIaKOBKU u nehopMaIoHHOTO MapTeHCHUTa [26].
HHaTencnduyposars BbIIE Ha3BaHHBIE MIPOLECCH], MPOTEKAIOIINE
mipu neopmuposanun TPUII craneii, Ha Ham B3I BOZMOXKHO 32
CUeT pealn3aluy B Mporecce AeOPMHPOBAHUS HHTCHCHBHBIX
mwiactudeckux nedopmanuii. Ilpu 3TOM, B Cioydae MOMyYECHUS
JINCTOBOIl 3arOTOBKH, MHTCHCHBHBIE IUIaCTUUECKUE AedopMalyy B
neopMHUPYeMOM MeTalle MOTYT OBITh peallM30BaHbl 3a CYET
NpUMEHEHHsT  Takoro  crmocoba  aeOpMHpOBaHHUS,  Kak
acUMMeTpHuHas npokartka [27] (puc. 1).
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Puc. 1. Accumempuunas npokamka

TIpu noyYeHHH Ke MeTaJUIOM3/IeNUi B BH/E IPYTKOB KPYTIIOTO
MOMEPEeYHOr0 CeYeHUsi, Hambojee MepCIeKTHBHBIM CII0CO00M
nedopMaMOHHOT 00paboOTKM  SIBISIETCS  PaJUabHO-CIBUIOBAs
npoxkatka (PCII) [28] (puc. 2).

Hauupiid  coco®d  medopmupoBaHus obecrnieynBaer
HHTCHCUBHYIO HPOpabOTKY HMCXOAHOH  CTPYKTYypbl — MeTaiuia
nebopmupyemMoro  mpyrka ¥ (GOpPMHpOBaHHE  IPAaIUCHTHOI
YIBTPAMEIKO3EPHUCTON CTPYKTYpBI npu MHHHMAaIbHOM
KOJIMYEeCTBE MPOX0/0B. CBA3aHO 3TO C TEM, YTO YBEJIWYCHHBIN MPH
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panuanbHO-CABUIOBOM MpOKaTke (B OTIMYME OT OOBIYHOH
MIOTIEPEYHO-BUHTOBOM TPOKATKH IO TPEXBAJIKOBOH CXeMe) yroi
noaadu 10 3HaueHus o = 18°-20° (mpu 0OBIMHOM yTIIe packaTku 3 =
5°) cnocoOCTBYeT pa3BUTHIO CHIIbHEiIIeH BUXpeBoi nedopmarmn
OT TIOBEPXHOCTH K LEHTpy nedopmupyemoro mpytka [29]. Ilpm
3TOM B odare JeopMaluy peaqu3yeTcs CXeMa HalpsHKeHHOTO
COCTOSIHUSI ONU3Kas K BCECTOPOHHEMY CXKATHIO C OOJBIINMU
nepopmarmsimMu capura [28-30]. A TEIMKOMTAILHOE HCTCUCHUC
MeTa/ula MO 3afaHHbIM TPAeKTOPHAM C 3aMEIJIEHHEM BHEMIHUX
CJIOEB 3arOTOBKH M YCKOPEHHEM BHYTPEHHHX CO3JaeT HHTCHCHBHBIE
CIIBUTOBBIE MepeMeeHUs B ouare nedopmanyu
TPYAHOIOCTIXHUMBIE OpyruMu crocobamu. [Ipu PCII mpoucxoaur
ri1y0oKoe YIJIOTHEHHE M MpopaboTKa CTPYKTYphl METaJlIa IO BCEM

YPOBHSIM  MeTammiodusnueckoro  crpoeHms. Ilo  cBoemy
MopdorornaeckoMy crpoennto Meramun mocie PCII cranoButcs
MaTepuaJoM HOBOrO KadecTBa. IIpu a3ToM  jgocTuraercs

KOMIUIEKCHOE TIOBBIIICHUE U CTa0MIM3ans (GU3HKO-MEXaHNIECKIX
U cIyXeOHbIX CBOICTB MeTaiuta. Haubonpimuii mpupoct cozmaercs
B IUTACTHYECKHX M BA3KHX, & TAKKE KOPPEIALMOHHO CBA3aHHBIX C
HUMH JKCIUTYaTaIllHOHHBIX CBOMCTBAx [29].

Puc. 2. Paouanvro-cosueosas npokamka

JanaHpit  cmoco®  nmedopMupoBaHUS obecrieunBaeT
WHTEHCHBHYIO TNPOpPAabOTKY HMCXOJHOW CTPYKTYyphl —MeTajuia
nepopmupyemoro mpyrka W (OpPMHpPOBaHWE TPaJUCHTHOM
YIBTPaMEIIKO3EPHHUCTOM CTPYKTYPBI npu MHHUMAJIEHOM
KOJIMYECTBE MPoxoaoB. CBS3aHO 3TO C TEM, YTO YBEIMUYECHHBIH MpH
paguanbHO-CABUTOBOM  INpokaTtke (B OTIMYHE OT OOBIYHOM
MOTIEPEYHO-BUHTOBOM IPOKATKH MO TPEXBAJIKOBOH CXeMe) yroix
mojadu 1o 3HadeHus o = 18°-20° (mpu 0OBIYHOM yTJIE PacKaTKH =
5°) cnocoOCTBYET pa3sBUTUIO CHIIBHEUIIEH BUXPEBOI AedopMarun
OT TOBEPXHOCTH K IEHTpPY Aedopmupyemoro mpytka [29]. Ilpu
9TOM B ouare JedopManuu pealu3yeTcsl cXema HarpsHKeHHOTo
COCTOSIHUSI ONu3Kas K BCECTOPOHHEMY CXKATHIO C OOJBIIUMU
nedopmarmsmu  caura [28-30]. A reiMKOMAANbHOE HCTEYCHHE
MeTajula MO 3aJaHHBIM TPACKTOPHSAM C 3aMEIJICHHEM BHEIIHHX
CJIOEB 3aTOTOBKH M YCKOPEHNEM BHYTPEHHHX CO3/aeT NHTCHCHBHBIE
C/IBUTOBBIE TIepEeMeTICHUS B ouare nedopmarn
TpyIHOIOCTIRUMEIe Apyrumu criocobamu. ITpu PCIT mponcxoxut
TIy0OKOe YIUIOTHEHHE M NMpopaboTKa CTPYKTYphI MeTalla 0 BCEM

ypoBHSAM  Mertamiodusuyeckoro  crpoenus. Ilo  cBoemy
MopdonoruueckoMy ctpoernto Mmerau nocie PCIT cranoButcs
MaTepualoM HOBOrO KkadecTBa. Ilpm 3ToM  ;moctHraercs

KOMIUIEKCHOE TIOBBIILICHUE U CTa0MIM3ams HHU3UKO-MEXaHHYECKHUX
U CITyXeOHBIX CBOMcTB Metaiuta. Hanbonpmmit mpupocT co3maercst
B IUIACTHYECKUX M BS3KHX, a TaKXKe KOPPEISIINOHHO CBSA3aHHBIX C
HUMH OKCIUTyaTallMOHHBIX cBo#cTBax [29]. JlaHHBIA cmOCOO
00paboOTKH aBIieHHEM OBLT OTPa0OTaH Ha LEJIOM psie YePHBIX (B
TOM YHCIIE ¥ Ha ONU3KHX IO COCTaBy M CBOMCTBaM ayCTEHHTHBIX
MapKax CTald) M I[BETHBIX METAUVIOB U CIUIABOB, a TaKXe Ha
Pa3IMYHBIX KOMIIO3MI[MOHHBIX MaTepHantax M IMPEeHMYINecTBa €ro
UCIIOb30BaHHs TPHBEAEHBI B OOJBIIOM KOJIHYECTBE HAYUHBIX
pabor, B ToM umcie B paborax [31-42]. OO030p Hay4HO-
TEeXHUYECKON JMTepaTypsl IIOKa3ajl, dYTO H3y4eHHEM BOIIPOCa
BIIMSIHUSL aCHMMETPHYHOM ¥ PajnaIbHO-CABUIOBOM IMPOKATKH Ha
HBOJIIONNIO MUKPOCTPYKTYPHI M U3MEHEHHE MEXaHUUECKUX CBOIMCTB
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TPUII craneii moka eie HU KTO He 3aHMMaiCs. To ecTb 10 cux nop
HE M3Y4YeHBI BOINPOCHI BIMSHHSA PA3IMYHBIX MapaMeTPOB JAHHBIX
(acummerpuunoit u PCII) cmocoboB mpoKaTKH, TaKUX Kak
TeMIepaTypa, o0xarue, CKOpocTh AeOpMHUPOBAHHA U APYTHX Ha
BO3MOKHOCTh TIOJYYCHUS] BBICOKOKAYEeCTBEHHBIX 3aroTOBOK U3
HU3KOHHKENEBhIX MeTacTabmipHbix TPUIT crameit. Ilostomy
HCCIIEOBAaHNS B JaHHOM HAINIPaBICHUH SIBISIOTCS aKTYaJbHBIMH M
TpeOyIOT TIIATEIFHOTO H3YUeHNSI.

Hannoe uccnedosanue unancuposaioce Komumemom nayku
Munucmepcmea nayku u evicuwezo obpasosanus Pecnybauku
Kasaxcman (I'panm Ne AP26100119).
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W3YUEHHUE N3HOCOCTOMKOCTH OBPA3IIOB, JUCITEPCHO-YIIPOUHEHHBIX
C IIOMOIIBIO HEHTPOBEKHOI'O JIMThbSA KAPBUJIAMMU TUTAHA,
BOJIb®PAMA N IUPKOHUA

STUDY OF THE WEAR RESISTANCE OF SAMPLES DISPERSELY HARDENED WITH TITANIUM,
TUNGSTEN, AND ZIRCONIUM CARBIDES BY CENTRIFUGAL CASTING

Abdrakhman Naizabekov?, llya Chumanov?, Andrey Anikeev?, Evgeniy Panin®, Pavel Tsyba®, Alexandr Arbuz*,
Sergey Kuzmin?, Valery Chigirinsky!

! Rudny industrial University, Rudny, Kazakhstan
2 Zlatoust Branch, South Ural State University (National Research University), Zlatoust, Russia
3 Karaganda Industrial University, Temirtau, Kazakhstan
“Nazarbayev University, Astana, Kazakhstan

Abstract. One of the promising methods for producing dispersed-reinforced steels with an undifferentiated layer interface is centrifugal
casting. This work focuses on studying the effect of dispersed strengthening of steel with titanium, tungsten, and zirconium carbides using
centrifugal casting on the wear resistance of 12X18H10T corrosion-resistant steel. A physical experiment was conducted using a high-
frequency induction melting unit and a horizontal centrifugal casting machine to produce a batch of cylindrical castings with a diameter of
120 mm, a height of 90 mm, and a wall thickness of 20 mm, which were dispersed-strengthened with titanium, tungsten, and zirconium
carbides. The results of the study showed that castings made from 12X18H10T corrosion-resistant steel that were strengthened with tungsten
carbide using centrifugal casting were the most resistant to abrasive wear. On the other hand, castings made from 12X18H10T corrosion-
resistant steel that were complexly strengthened with three carbides (titanium, tungsten, and zirconium) in equal proportions were the least
resistant to abrasive wear. This can be explained by the uneven distribution and clustering of the carbide inclusions, which can lead to

localized wear during abrasion.
Keywords:

DISPERSED HARDENING, DISPERSED REINFORCED STEEL, CENTRIFUGAL CASTING, WEAR RESISTANCE,

MICROHARDNESS, TITANIUM, TUNGSTEN, AND ZIRCONIUM CARBIDES

1. Beeoenue

B uépHoil MeTayuypruu TpaauIHOHHEIM U, HaBEpHOE, CaMbIM
HOPOCTBIM ~ CIOCOOOM  TOBBINICHHMS ~ MEXaHWYECKUX  CBOMCTB
BBIIUIABISIEMBIX CTaleil M CIUIABOB SIBIISIETCS JISTHPOBAHUE, INPU
KOTOPOM pa3jM4Hble CBOICTBA JaHHBIX MaTEpUAJIOB JAOCTUTAIOTCS
3a CU€T YBENHMYCHHS COJAEpKAHWS JICTHPYIOIINX JJIEMEHTOB B
MeTaJlInueckoil Marpuie. B Toxxe Bpems ¢ SKOHOMUYECKON TOYKHU
3peHHs  YCTOWYMBBIA  POCT CTOMMOCTH  (eppoCIiaBOB U
JEeTUpYyIomHX J00aBOK JenaeT JdaHHBI crmocod BcE  MeHee
npuBiekaTenbHbIM. [loaToMy yke He oxHO aecsTwiieTHe Oosee
MEePCHEKTUBHBIM MOAXO0/I0M K MOBBIIIEHUI0 MEXaHUYECKUX CBOMCTB
BBIIUIABISIEMBIX CTAJIed M CIUIABOB CUMTAETCS CIIOCOO OOOTaIleHus
MHKPOCTPYKTYPBI MeTajula JAUCTICPCHBIMH YaCTHIAMH MHKPOHHBIX
(mmn  menpue) pasmepoB [1, 2]. Takoit meronm oOecrednBaeT
CO37]aHMe  KOMIIO3WIIMOHHBIX  MATepHaoB  C  OCOOBIMH
XapaKTePUCTHKaAMU Gmaromaps paBHOMEPHOMY WITH
LIeJICHANPABICHHO HEPaBHOMEPHOMY pacHpefeleHHIo JacTu [3,
4].

[Ipu 3TOM OHUM M3 NMEPCHNEKTUBHBIX HANPABICHUN MOITY4YEHUS
CTaleil M CIJIABOB CO CTPYKTYpOH, OOOTaIlleHHON IHUCIEePCHBIMU
YacTUIAMH, SBJISICTCS OMpelesieHHOe (3alaHHOe) COYeTaHHWe B
00B&Me BBHIIUIABIIEMOT0 MaTepuajia JUCICPCHBIX BBIACICHUI U
TpaJeHTHON CTPYKTYpEl. PaHee mpoBoaMMBIe HCCIIEIOBAHHS
MOKa3bIBAIOT, YTO COBMECTHOE JeiCTBHE  HAHOpa3MEpHBIX
BBEIJICTICHUH W HEOJHOPOJIHOM CTPYKTYpHI IO TOJIIMHE MarepHaia
MOXeT oOecreunts npo4yHocth Oonee 3 I'Tla mpu coxpaHeHHH
BBICOKOM IIACTUYHOCTH [5, 6].

OmHMM W3  TNEepCIeKTHBHBIX  CHOCOOOB — HampaBJIeHHOM
KpUCTaJNIM3alluu U MOJIYUYCHHS 3aroTOBOK, B KOTOPBIX COAEPIKAHUE
yIpouHsiomux a3 U3MEHseTcs OT IIOBEPXHOCTH K IEHTpY,
SBJIAETCS ILEHTpOOexHOe JmThe. VIMEHHO maHHBIH CcHoco6
MO3BOJSIET  IOJNy4YaTh  AWUCIIEPCHO-apMHPOBAHHBIE CTalld  C
HEBBIPAXKCHHOU IpaHullel pa3zena cioes [7].

Llenpto fmaHHOM paboTHI SBIAETCS HCCIENOBAaTh BIHSIHHE
JMCIICPCHOTO YHNPOYHEHHMS CTalM KapOuJamMu THTaHa, Bosibdpama u
IIUPKOHMS, OCYLIECTBIEHHOTO C IOMOIIBIO IIEHTPOOEKHOTO JUThS,
Ha U3HOCOCTOMKOCTB JaHHOM CTaJIH.
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2. Memoouka

JInst  NOCTYDKEHWsSl TIOCTABICHHOW LeNM ObUT  HPOBEJCH
¢u3MYecKUi  JKCMEPUMEHT MO MOJYYeHHUIO C  [OMOIIBI0
LEHTPOOEIKHOTO JINThSI ONBITHOW MapTUH JTUCHEPCHO-YIPOYHEHHBIX
ommBOK. Jng  mpoBeneHHs — (QH3MYECKOrO  SKCIIEpUMEHTa
HCHOJIb30BANM  YCTAaHOBKY BBICOKOYACTOTHOTO HHIYKIIHOHHOTO
TUTaBJICHUS MeTaia CDJIT-001-15/44-T u MAaIIuHY
TOPH30HTAIBHOTO IEHTPOOEIKHOTO JIUTHS. B KadecTBe MIHXTHI ObUIa
B3sita Mapka cramu 12X18H10T (C <0.12%, Cr = 17-19%, Ni = 9-
11%, Ti < 0.7%, Mn < 2%, Si < 0.8%, S < 0.02%, P <0.035%, Fe —
OCTaJIbHOE), packucieHue MIPOU3BOUIOCH HNEePBUYHBIM
MOPOLIKOBBIM aJIOMHHHEM. B 3KCIepuMeHTax HCIOIb30BAIHCh
kap6bun turana (TiC), kap6bun Boneppama (WC), u xapOun
mupkoruss  (ZrC), cocraB W Macca JOOaBISEMBIX YacTHI
npencraBineHsl B Tabmume 1. Kaxnmas mmaBka myOnmmpoBanack 3
pasa. B pe3ynbrare NpoBeACHHUs IIABOK OBUIM MOJTy4YEHbI OTIMBKH
OUIMHIpUIecKoi Gopmer muametpom 120 mm, BeicoToit 90 MM, ¢
TOJII[HHON CTEHOK 20 MM.

Tabmuua 1. Macca no0aBieHHBIX KapOMZOB B HCCIEIyeMble
00pas1sl
MapxupoBka Cocras Macca no6aBku, T
obpasia BBOJIMMBIX YaCTHIL
Etalon - -
T™W TiC+WC 50 + 50
TWZ TiC+WC + ZrC 33+33+33
Tz TiC + ZrC 33+33+33
T TiC 100
z ZrC 100
w wWcC 100

Jnst mpoBeneHWs MCHBITAHUH Ha W3HOC C BHEMIHEH U
BHYTPEHHEH CTOPOHBI OTJIIMBKUA OBLUTH MOJTOTOBICHBI 00pa3Ibl
pa3mepamu 10x10x50mm.

W3HOC mONMyYeHHBIX O00pa3loB  ONPENENsUICS  METOJIOM
abpa3suBHOrO HUCTHUpPaHHUS. B COOTBETCTBMM C IAaHHBIM METOAOM
HCCICIOBaHUS  M3HOCOCTOMKOCTh  IONYyYEHHOIO  MaTrepuajia
uccienyeTcs IyTeM BBIYMCICHHS IIOTEpH Macchl o0pasma B
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pe3yabTaTeé  NPOXOXKICHUS  OMpPENENICHHOTO  PAacCTOSHHA  C
OIpe/IeNICHHON Harpy3koi mo abpasuBHoil Oymare. MccnenoBanus
Ha  W3HOC  MPOBOJMIM  Ha  J1abOpaTOpHOM  YCTaHOBKE,
MpeCTaBICHHOI Ha pUCYHKE 1.

VYcraHOBKa Ui HM3MEpEHHs M3HOCOCTOMKOCTH MaTepuana
COCTOUT U3 CTaHHUHBI, ABUTATEN, LMINHIPUIECKOTO U KOHUYECKOTO

pelyKTopa C 4YEpBSYHBIMM [apaMM, BpallAOIIErocs CTola,
JiepKarens, IYCKOBOIO  MexaHu3Ma. Jlpuraresnp — nepenaér
BpallalOUIM MOMEHT 4Yepe3 CHCTeMy LIecTepeH paboueit

MOBEPXHOCTH, TaK HA3bIBAEMOMY CTOJIHKY, C 3aKpEIICHHON Ha Hel
abpasuBHOl Oymaroii. Tak e BpalleHHe IepeaaeTcsi Ha peayKTop,
paboTa KOTOpPOro oOecreyuBaeT IIEPEIBIKCHHE AEpXKaTels ¢
00pa3oM HaJ MOBEPXHOCTBIO pabodero cronuka. [lox melictBuem
CHJ TSDKECTH, Harpy3ka, KoTopas TIpWIOXKEHa CBepXy Ha
Iepkarenb, — Imepermaercs — oOpasiy, — KOTOPBI  HadMHAET
KOHTaKTHUPOBaTh ¢ abOpa3sMBHOH NOBEpXHOCTBIO. B pesymbraTe
BpalleHns] aOpa3uBHOI MTOBEPXHOCTH M IHEpPEMELICHHs JeprKaTes
MIPOUCXOJMUT W3HAIIMBAHUE 3aKPEIIEHHOTo 00pasla CO CTOPOHBI
KOHTAaKTUPYEeMOU MOBEpXHOCTH. [ Kakmoi 001acTH M3MEpeHUs
IyOmMpoBaJHCh MO TpU pasa (T.e. OCYHIECTBILIOCh MO TpHU
npoxona). Maccy ucciegyeMbix 00pa3ioB B3BEIIMBAIH 10 U TOCIIE
HCTIBITAaHUS Ha aHATNTHYECKUX JIAOOPaTOPHBIX BEcax.

IMapayulensHO Bce 00pasibl Takke ObUIM MCCIIENOBaHBI Ha
MUKpPOTBEPAOCTh (OT BHEIIHEH CTOPOHBI OTJIMBOK K BHYTPCHHEH).
OTCTYI OT KpaéB COCTaBIISI 2 MM.

Puc. 1. Buewnuii 6u0 1abOpamopHoOl YCMAHOBKU ONsi  UMePeHUs
UZHOCOCHOUKOCU MAMepuand

3. Pesynvmamut u 0ocyscoenue

Pesynbrarsl (ycpeqHEHHBIE) HCCIEIOBAHUS H3HOCOCTOMKOCTH
MOTYYSHHBIX  JUCIIEPCHO-YIPOYHEHHBIX  KapOujaMH  THTaHa,
Bomb(paMa W IUPKOHMSA (B pPAa3IMIHOW BapHaIMM) OTIHMBOK
NpeCTaBICHbl B TaOnuie 2, a pe3ynbTaThl (CpeIHUE 3HAYCHHS)
W3MEpeHHs] MUKPOTBEPIOCTH B Tabuuie 3.

ITo pe3ynbpraTam M3MepeHHsT H3HOCOCTOMKOCTH MOXHO CIENaTh

BBIBOJI, YTO H3HOCOCTOWKOCTH O0Opas3ioB TIpH abpasuBHOM
HCTUPAHUHM  OMpEAENSETCS TJIABHBIM 00pa3oM: ypOBHEM H
rpaieHTOM MHKDPOTBEPAOCTH MO CEUCHHIO, HAIMYHEM U
XapaKkTepoM pacrpeeneHust TBEPIBIX JTCTIEPCHBIX
(a3/okcUKapOUAHBIX ~ BKIIIOYEHHH; CTEMEHBI0  KIIACTePH3aIHU
BKJTIFOYCHHIH.

Taxk, o6pazenr W noka3bIBaeT MaKCHUMaJIbHYI0 H3HOCOCTOMKOCTD
(MMHUMaNbHBIE MOTEPU MACChl) KaKk Ha BHYTPEHHEH, Tak M Ha

BHEIIHEH CTOpOHE. DTO CBA3aHO C Hauboiiee BBICOKOM
MUKPOTBEPIOCTBI0 110  BCEMY CCUCHHMIO U BBIPAKCHHBIM
TIOBEPXHOCTHBIM YIPOYHEHHEM. IIpenBapurenbHble

MeTayutorpaUuecKie HCCIEeNOBAHUS TOKa3aId, 4YTO OTACIbHBIC
gactubl WC He HaOMIOJaInCh, a BONb(paM IPHCYTCTBYET B
MaTpHlle, YTO COOTBETCTBYET MEXaHU3My TBEPIOPACTBOPHOIO
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YIPOYHEHHS W  IOBBILICHHIO
abpa3uBOM.

COIPOTHUBJICHUSI MHKPOPE3aHHIO

Tabmuna 2. Pe3yapTaTel H3MepeHHsI H3HOCOCTOHKOCTH 00pa3lioB

Ob6paszer; | 3ona Mo, M, M, Amy, | Am, | Am,
p. p. Ip. Ip. Ip. Ip.
Etalon BHYT. 2,420 | 2,300 | 2,180 | 0,120 | 0,120 | 0,120
Etalon BHEIIL. 2,480 | 2,385 | 2,291 | 0,095 | 0,094 | 0,095
T BHYT. 2,510 | 2,410 | 2,310 | 0,200 | 0,100 | 0,100
T BHEIII. 2,540 | 2,446 | 2,352 | 0,094 | 0,094 | 0,094
TW BHYT. 2,560 | 2,472 | 2,382 | 0,088 | 0,090 | 0,089
TW BHem. | 2,590 | 2,490 | 2,390 | 0,100 | 0,100 | 0,100
TZ BHYT. 2,505 | 2,395 | 2,285 | 0,110 | 0,110 | 0,110
TZ BHem. | 2,545 | 2,440 | 2,336 | 0,105 | 0,104 | 0,105
Y4 BHYT. 2,530 | 2,425 | 2,319 | 0,105 | 0,106 | 0,106
Z BHem. | 2,570 | 2,480 | 2,390 | 0,090 | 0,090 | 0,090
TWZ BHYT. 2,480 | 2,350 | 2,220 | 0,130 | 0,130 | 0,130
TWZ BHEIIL. 2,530 | 2,420 | 2,310 | 0,110 | 0,110 | 0,110
w BHYT. 2,600 | 2,530 | 2,460 | 0,070 | 0,070 | 0,070
W BHEIIL. 2,620 | 2,565 | 2,510 | 0,055 | 0,055 | 0,055
Tabmuna 3 - MUKpOTBEPAOCTh B PA3IMYHBIX CEUCHUSIX
Obpazen Muxkpotseprocts, HV
Buyrpennsis| 1/3R 2/3 R | Buemmnsst | Cpennee
CTOpOHA CTOpOHA
Etalon 106.9 1402 | 1414 140.3 132.2
T 129.7 133.1 | 1546 138.9 139.1
TW 156.3 136.8 | 1334 149.5 144.0
TZ 1295 135.6 | 133.0 135.6 1334
z 127.7 140.0 | 144.0 145.0 139.2
TWZ 107.4 1279 | 1275 128.2 122.8
W 170.0 190.0 | 186.4 194.6 185.0

Ob6pazenr Z mmMeer Ooiee BBICOKHE pe3yIbTaThl HA BHENIHEH
CTOpOHE, YeM Ha BHYyTPEHHEeH. DTO OOBSICHIETCS TEM, UTO JJIS ATOTO
obpa3ia XapakTepHO HaJW4YHe B CTPYKType BHEIIHEH 30HBI
MOBBIICHHOH  JONMM  Zr-cofepKalluX  OKCHIHO-KapOWIHBIX
BKIIOYEHNH H Ooiee BBIPQKEHHBI TPaJUeHT YIPOYHEHUS K
HAapy)KHOH  MOBEPXHOCTH. ITO TIOBHIIIAET  CONPOTHBICHHE
abpasuBHOMY W3HOCY HMEHHO CO  CTOPOHBI  HapyXHOM
MOBEPXHOCTH.

Crpykrypa obpasua T oxunaemo obecreunBaeT yMEpEeHHOE
MOBBIIICHHE HM3HOCOCTOMKOCTH M OTHOCHTEJIBHO —HEOOJBIIYIO
pa3HUIly MEXAy BHYTPEHHEH M BHeIIHell cTopoHamu. B nmaHHOM
obpasme gactunbl  TiC/Ti(C,N)  pacnpenensitorcst  Gonee
paBHOMEpHO (0€3 pe3KOro TrpamueHTa MHKPOTBEPIOCTH), TIOITOMY
MoTepd Macchl ONM3KUM a1t  00eWX 30H, C HeOONBIIUM
MPEHMYIIECTBOM HapyKHOH CTOPOHBI.

O6pazerr WT 10 COBOKYIMHOCTH JaHHBIX MPOSBISET
AQHM30TPONUIO IO  CEUeHHIO o0pa3ma: BHYTPEHHsS  4acTh
HU3HAIIMBACTCA MCHBIIC, Y€M BHCHIHAA, TO €CThb HMCET Oonee
BBICOKYIO M3HOCOCTOIKOCTh. MccnenoBaHus MUKPOTBEPIOCTH AT
WT mnoka3zanu oOpaTHbIM TpagueHT (BHYTPEHHAS 30Ha TBEpKeE
HapyxHOi1). [Ipr 3TOM 00U YpOBEHb H3HOCOCTOMKOCTH - BBIIIE,
9eM y ITalOHa.

N3zHococTolikocTs 00pasna TZ moka3piBaeT ciraboe yayqlnieHne
OTHOCHTEIBHO JTaJloOHa. ODTO TaKKe MOATBEP)KAACTCS JaHHBIMU
MUKPOTBEPAOCTHU: JAHHBIC IO MUKPOTBEPAOCTHU 6J'[I/I3](I/I K 3TaJIOHY,
a pacrpezieneHe BKJIIOYEHUH MeCTaMH HEOAHOPOITHO (KJIaCTepshl),
4YTO IpH aGpaSI/IBHOM UCTUPAHNUU MOXXET NPUBOJAUTL K JIOKAJIbHOMY
BBIKpallIMBaHUIO )51 HC JaBaThb BBIPaXEHHOT'O HpI/IGaBHeHI/Iﬂ
HN3HOCOCTOHKOCTH.

MHOroKOMIOHEHTHas o1a4a KapOH/I0B ITOKa3aia HalMeHBIIee
BIHMSHUEC Ha W3HOCOCTOHKOCTH: B oOpasne TWZ Ha BHyTpeHHeEH
CTOpOHE TIOKa3aTelIM Jake HIKE JSTATOHA, 4YTO OOBICHIETCS
BBIP)KEHHOH  HEPAaBHOMEPHOCTBIO ~ pacmpejielieHHs  OOJbIIOro
KOJIMYECTBA YACTHI[ U KJIACTEpPH3aIMs, a TAKKe MHHHMAJIbHBIMU
MOKa3aTeNsIMU CpeAHeH MUKpOTBepaocTH. J{is abpa3uBHOro U3HOCA
3TO HEOIArompuATHO, TaK Kak KJIacTepsl M TPaHUIBI pasfena
«MaTpHUIa—BKIIOUYCHHE» B NAaHHOM clIydae MOTYT paboTaTh Kak
30HBI O0JIET4€HHOTO MHKPOBBIKPAIIMBAHMUS, MOBBIIAST CyMMApHYIO
HOTEPIO MACCHL.
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BriBoa: AGpa3suBHas M3HOCOCTOMKOCTB, OLIEHEHHAs IO MOTepe
Macchl  NPU  HWCTUPAHUM,  3aKOHOMEPHO  3aBHCHT  OT
YPOBHS/TpaJJUeHTa MHUKPOTBEPAOCTH M XapaKTepa paclpeleIeHus
TBEPABIX (a3. MHUHMMaIIbHBIE IOTEPU MACChl JIEMOHCTPHPYET
obpaszenr W (ocobeHHO Ha BHemHel cropoHe: Amcp = 0,055 1), 9To0
COOTBETCTBYeT HamboJiee BBIpa)KEHHOMY ynpodHeHnio. Obpasen Z
TaloKe ITOKA3bIBAaeT yJIydIISHHE IIPeXJe BCEro BO BHENIHEH 30HE
(Amcep =~ 0,090 r), 9TO CBS3aHO C MOBBIIICHHON KOHIIEHTpAIMeH Zr-
COZICpPKAIMX OKCHAHO-KApOWIHBIX BKJIIOUYCHHUH y HapyXKHOM
noBepxHocTd. [ obpasma T ymydineHne ymepeHHoe U Ooiiee
paBHOMEpHOE 110 ceueHuto (BHyTpeHHAs Amcp =~ 0,100 r; BHEIIH:SA
~ 0,095 1), Torma kak oOpasen WT mposBiser oOpaTHyIO
AQHU30TPONUIO (BHYTPEHHSI H3HOCOCTOMKOCTb BBIIIE BHEIIHEH).
Hanmenee ycToiuuBeIM K aOpa3suBHOMY H3HOCY OKa3aycs oOpaselr

TWZ (Buyrpennsss Amcp = 0,130 1), uYro oOBscHIETCS
HEpPaBHOMEPHOCTHIO pacnperneneHus u KJIacTepu3anuen
BKJIFOUEHUH, CO3JAIOIINX 30HBI JIOKAIBHOTO BBIKPAIIMBAHHS IIPH
UCTHPAHUH.

Hannoe uccredosanue unancuposanroce Komumemom nayrku
Munucmepcmea nayku u  evicuieco obpazosanus Pecnyonuxu
Kaszaxcman (Tpanm Ne  AP23485709).
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New technology for producing a screw reinforcement profile from bar scrap of ferrous
metals

Pavel Tsyba®, Valery Chigirinsky?, Sergey Kuzmin', Maxim Bogachev?, Sergey Lezhnev', Evgeniy Panin?

lRudny Industrial Institute, Rudny, Kazakhstan
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Abstract: This work is devoted to the development and research of a new technology for processing bar scrap from 40X steel to obtain high-
quality finished metal products in the form of a screw reinforcement profile. The developed technology included two stages. At the first stage,
the round-section bar scrap is formed on a radial-shear rolling mill to obtain conventional bars of the desired diameter and create initial
conditions for the formation of an ultrafine grained gradient structure in the resulting screw profile. The second stage is the direct
production of a screw profile with a gradient ultrafine-grained structure on a combined installation. Metallographic studies have shown that
after the implementation of the second stage of obtaining a screw reinforcement profile, a gradient structure is observed in 40X steel, with
equiaxed grains, the size of which lies within 1.2-1.4 um in the peripheral region and to a greater extent with elongated, directional-oriented

grains in the central region of the resulting reinforcement.

Keywords: RADIAL-SHEAR ROLLING, COMBINED INSTALLATION, BAR SCRAP, RECYCLING, SCREW REINFORCEMENT PROFILE,

MICROSTRUCTURE.

1. Introduction

T At the moment, almost 2 billion tons of steel are produced in
the world, which is used for the manufacture of various metal prod-
ucts used in various industries. At the same time, it must be recog-
nized that metallurgy is most often a "dirty" industry, since in this
case there is quite a lot of environmental pollution. Therefore, me-
tallurgical companies have been facing the task of "greening" metal-
lurgy for more than a decade. And currently there are achievements
in this direction. At the same time, the metal products turn into
waste, which have served their service life (scrap), which also needs
to be disposed of. One of the simplest and most frequently used
methods of recycling ferrous scrap and alloys, as well as non-
ferrous ones, is its remelting and further reuse.

If we talk about ferrous scrap metal, then in some countries of
the world another method of its processing has long been put into
practice, namely, recycling of some metal products that have served
their service life by various methods of hot pressure treatment to
obtain a finished commercial product. In our opinion, this method
of processing ferrous scrap and alloys can be attributed to “green”
technologies, as it allows to make a small contribution to improving
the environmental situation in the world.

At the moment, in many countries of the world, a number of dif-
ferent technological processes have been developed for the
processing of some metal products that have served their service life
using hot pressure treatment into a ready-made commercial product.
The founder of this direction of processing metal products that have
served their service life by hot pressure treatment is the American
scientist E.E. Slick, who at the beginning of the last century devel-
oped a technology for processing railway rails by hot rolling in
calibers in order to obtain flange profiles [1]. But then the technolo-
gy he proposed was not widely used in practice. It was only at the
end of the 20th century that the world scientific community and
manufacturers of metal products became interested in this direction.
Here are just some works [2-5] devoted to the development and
study of technologies for processing railway rails by hot rolling to
produce various finished metal products. For example, one of these
technologies, namely the technology of rolling railway rails into
construction fittings, has found application at a metal rolling plant
in Tula (Russia).

In addition to rolling railway rails into various finished metal
products, technologies for recycling non-dimensional pipe segments
are also being developed to produce marketable products in the
form of a thin ribbon. Thus, in [6-8], two options for processing
pipe segments into a cold-state tape were considered: the first op-
tion is flattening — rolling — separation, and the second option is
flattening — separation - rolling. According to both proposed op-
tions, a high-quality thin steel strip with a length of 1.5 m was ob-
tained.

The authors of the work [9] proposed a technology for using
man-made waste from metallurgical production of non-ferrous
trimming of copper pipes made by pressing to obtain a composite
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tape of the copper-steel-copper system. This technology includes
the following stages of deformation: the draft of a pipe segment
between the strikers, inside which a steel plate is placed; subsequent
longitudinal rolling of the resulting billet.

Another promising way of recycling some metal products that
have served their service life is their rolling on radial-shear rolling
mills [10]. But most often this method is applicable only for recy-
cling cylindrical metal products, for example, pumping rods [11]
and used railway axles [12], as well as bar scrap of ferrous metals
and alloys [13], including in the form of fittings [14]. In all cases,
this method is based on the principle of hot radial shear rolling of a
used so-called bar to a smaller diameter and subsequent use of the
resulting bar of a smaller cross-section for its intended purpose. It
should be noted that radial-shear rolling makes it possible to obtain
long-length products from various materials with a gradient ultra-
fine-grained structure [15] and in addition, this method is the most
technologically advanced and easy to implement compared to many
other methods of metal forming, which realize severe plastic defor-
mation.

As already noted above, radial-shear rolling makes it possible to
process bar scrap of ferrous metals to obtain a marketable product
in the form of bars for various purposes. In the future, these rods
can be used, among other things, to produce various high-quality
metal products, for example, hardware products or a coupling screw
for formwork, but this will require the use of additional technologi-
cal solutions.

Developing the direction of recycling of bar scrap using radial-
shear rolling, a new technological process for processing bar scrap
metal was proposed, combining radial-shear rolling and pressing
through a screw matrix (Fig. 1). This technology will make it possi-
ble to obtain a high-quality commercial product from round-cross-
section bar scrap in the form of a screw reinforcement profile with a
gradient ultrafine-grained structure and with a given level of me-
chanical properties.

4
Fig. 1. Combined method for obtaining a screw reinforcement profile from
bar scrap of ferrous metals: 1 — bar scrap; 2— rolling rolls; 3 — screw ma-
trix; 4 — screw profile
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Earlier in [16-17], using computer modeling in the DEFORM
software, it have been already proved the possibility of implement-
ing this combined process and determined the most rational geome-
tric and technological parameters for its implementation. The pur-
pose of this work is to confirm in practice the possibility of obtain-
ing a screw profile with a gradient ultrafine-grained structure during
the implementation of a new combined method shown in Fig. 1.

2. Materials and Methods

A laboratory combined installation for the production of a
reinforcing profile was assembled on the basis of the radial shear
rolling mill RSR 10-30 (Fig. 2a), on which a screw matrix was
installed (Fig. 2b) with a maximum diameter of the working screw
channel of 20 mm. Bar scrap, namely studs (GOST 9066-75, type-
Al), was used as the initial blanks for the physical experiment with
size of M36 x 150 mm made of 40X steel, which have served their
service life. Before deformation, these studs were subjected to
homogenizing annealing.

The proposed technology for recycling bar scrap in the form of
studs includes two stages. At the first stage, the pins with a diameter
of 36 mm, previously subjected to homogenizing annealing, were
heated to a temperature of 1150 = 10 °C and kept at this
temperature. Further, these studs were deformed on the RSR 10-30
radial-shear rolling mill according to the reversible scheme [13] to a
diameter of 24 mm, that is, 4 passes were carried out according to
the scheme @36—J33—>30->27—>24 mm.

Before the implementation of the second stage, the rods with a
diameter of 24 mm obtained at the first stage were heated to a tem-
perature of 1000 + 10 °C. The second stage of the stud recycling
technology was implemented on a combined installation assembled
at the RSR 10-30 radial-shear rolling mill (Fig. 2c). The deforma-
tion process of preheated rods on the assembled combined installa-
tion was as follows: first, the rod was rolled in the working cage of
the RSR 10-30 mill with an absolute compression in diameter of 5
mm, at the outlet of which it entered the screw matrix and due to the
pushing force created by the rolls, and pushed through the screw
channel. As a result, a screw profile was obtained on the deformed
bars (Fig. 2d).

b)
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d)

Fig. 2. Radial-shear rolling mill RSR 10-30 and the installation assembled
on it to produce a reinforcing screw profile: a - mill RSR 10-30; b — screw
matrix; ¢ - working cage of the mill and the installed screw matrix; d - re-
sulting screw profile

3. Results and discussion

Metallographic studies of the resulting screw reinforcement pro-
file, as well as those obtained on the SVP 14-40 radial-shear rolling
mill, were carried out using a Quanta 200i 3D scanning electron
microscope. The microstructure was studied in the center and on the
periphery of the section of the obtained rods with a diameter of 24
mm and a screw profile. The results of metallographic studies are
shown in Fig. 3.

An analysis of the microstructure evolution showed that the ini-
tial structure of the studs subjected to homogenizing annealing has a
typical coarse-grained ferrite-pearlite structure with an average
grain size lying in the range of 45-60 pm. The microstructure of the
peripheral region of a 24 mm diameter bar obtained by radial-shear
rolling has a predominantly equiaxed ultrafine-grained character
with an average grain size in the range of 1.6-1.8 um (Fig. 3a).
Structural striation is observed in the central zone of these bars, i.e.
grains elongated in the direction of rolling are observed with dimen-
sions lying in the range of 6-10.5x1.1-17 pum (Fig. 3b). That is, a
gradient structure was obtained in a 40X steel bar after radial shear
rolling, as expected.

Analysis of the microstructure of 40X steel after the implemen-
tation of the second stage of deformation, i.e. after obtaining a
screw profile, showed that by installing a screw matrix on a radial-
shear rolling mill, we not only obtain a screw reinforcement profile,
but also additionally modify the previously obtained gradient struc-
ture of 40X steel. At the same time, in the central and peripheral
regions of the resulting screw reinforcement profile, the grain size
has further decreased. In the peripheral region, the grain size de-
creased to an average size of 1.2-1.4 um (Fig. 3c). In the central
region of the resulting screw profile, grains elongated in the direc-
tion of rolling are also observed to a greater extent, due to the pre-
liminary deformation of the initial studs according to the standard
reversible radial-shear rolling scheme, but due to additional twisting
of the rod and back pressure arising from the side of the screw ma-
trix, a partial change in the structure previously obtained at the first
stage occurred. In particular, in the central zone, a partial restructur-
ing of the existing striped texture began to occur: most of the grains
in this area also remained elongated, but their disorientation in di-
rections appeared, and equiaxed grains were also observed in this
area (Fig. 3d).
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Fig. 3. Microstructure of 40X steel: a, b — periphery (a) and center (b) of the
bar after radial-shear rolling to a diameter of 24 mm; c, d - periphery (c)
and center (d) of the resulting screw reinforcement profile
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Conclusion

The conducted research has proved in practice that the proposed
combined technological process for obtaining a screw profile is
feasible. This process can be used for recycling bar scrap of ferrous
metals to obtain a finished commercial product in the form of a
screw profile and, accordingly, it can be attributed to "green" tech-
nologies.

This research was funded by the Science Committee of the Minis-
try of Science and Higher Education of the Republic of Ka-
zakhstan (Grant no. AP19678682 and AP14869135).
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A new Signal Panel with Led Edge lighting and uniform luminescence on both sides
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Abstract: The paper refers to an edge-lit LED signage panel able to provide uniform luminance on both sides of the visible surface. The
panel structure is of a sandwich type, consisting of PMMA sheets, backlit films and printed self-adhesive film, all mounted within a slim
aluminium frame. Illumination is achieved by means of a continuous rope-type LED strip positioned on the upper edge, while light
uniformity is obtained through light transmission across the mass of the Plexiglas Edge Lighting material and through reflection from
aluminium metallic films applied to the lateral sides. The panel ensures low energy consumption, has a very small thickness (10-15 mm), Wi-
Fi connectivity, and modular cascade installation capability. It is intended for heavily trafficked indoor spaces, offering a modern, reliable
and aesthetic solution for signage and advertising. The integrated configuration using Shelly Plus RGBW PM modules establishes a smart,
energy-efficient, and remotely monitored signage system for interior spaces. This configuration is fully compatible with existing BMS
infrastructure and scalable for future expansion across additional zones.

Keywords: LED SIGNAGE PANEL, UNIFORM LUMINANCE, MODULAR CONNECTIVITY, LOW ENERGY CONSUMPTION

1. Introduction c) Connectivity through a Wi-Fi module_ for easy operation
' management (on/off) and collection of electrical
In airport or other crowded indoor spaces, the signage panels consumption data;
play an essential role in guiding and informing passengers. This d) Bidirectional visibility and dual display;
article aims to present the advantages of an innovative signage e) High reliability and reduced maintenance;
panel product. Compared to classic systems in which lighting is f)  Slim assembly for the double-sided panel with acrylic
achieved using bulbs arranged inside the panel, the proposed panels front surfaces and a resistant aluminium frame (10-12
have a light source consisting of an LED light strip arranged on the mm  active/lighted section and 13-15 mm aluminium
inner surface of the upper side of the panel frame, the light being frame).
transferred to the entire surface of the panel, through acrylic .
materials. These panels are equipped with LED strips powered at 2. Energy consumption and laboratory tests
24V direct current (DC) and operate continuously 24/7 (Fig. 1). Modern airport terminal architecture uses solutions for ambient
o Panel frame lighting in passenger access areas using both natural light by using

generous glass wall surfaces and ceiling skylights but also artificial
light. In this way, the ambient lighting of passenger access areas is
variable during the day [4].

The objective is to ensure optimal visibility under varying
ambient lighting conditions while achieving energy efficiency,
operational reliability, and remote-control capability.

Display surfaces All signage panels operate using 24 VDC LED illumination
systems, continuously powered for 24 hours a day.

During daylight hours or in well-lit areas, panel brightness can
be reduced automatically, while it increases at night or in low-light
conditions. To minimize power usage without compromising
visibility and safety, the system includes a light intensity control

U strategy based on ambient lighting conditions.
Laboratory tests for the Chip-On-Board LED Panel [5, 6, ...,9]:
* Thermal testing — IR/thermocouple monitoring after 4h

LED strip

Fig. 1. Main parts of signage panel

operation.
The advantage of these panels is given by the advantages * Optical testing — luminance uniformity and photometric
offered by the LED strip, namely: the lifespan of the LED strip is efficiency.
superior to classic bulbs, the possibility of implementing solutions * Electrical testing — voltage/current stability and protection.
for automatic adjustment of the light intensity depending on the * Mechanical testing — vibration and protection (IP/IK).
ambient light level, without affecting the visibility of the displayed * Field operation — install in a real setting such as an airport,
information, with the effect of optimizing energy consumption. mall, or other spaces with intense traffic.
All solutions and patents encountered in the international In the Fig. 2 is presented the power supply testing: SELV power

literature propose different approaches, yet none manage to achieve supply (e.g. BERGMEN Eco LED Compact power supply or
uniform luminance on both sides due to interference in light LiFUD 24V, 30-100 W).
transmission. _ .

There are many solutions and technologies for obtaining m
signage panels, but these are based on multiple light sources or on n
transmission by reflection, without achieving uniform light Artiy o T
transmission through the PMMA material mass with illumination .an:...v
from only one side of the panel, between the aluminum protective ; Y, BT
frame and the edge of the Plexiglas® material [1, 2, 3]. @ : ‘

Advantages of the new signage panel:

a) Low energy consumption through illumination with an
LED strip positioned on the edge of the panel, on its
upper side; Fig. 2. Testing the panel power Fig. 3. Measuring the temperature of

b)  Uniform illumination across the entire panel surface; supply the illuminated panel
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Measuring the temperature of the illuminated panel (Fig. 3) was
another important test, based on power/meter of the LED strip
lighting [10].

The temperature increasing due to LED strip lighting is

calculated with the relation (1):
AT=P_iot X R_ (1)

where:

P_tot= total dissipated power (W) = 10 W x length (m) (approx.
— from Arelux data).

R_th= effective thermal resistance of the construction to air
transfer (°C/W).

Quick calculations (ambient temperature 25 °C): 10 W/m.

The calculation of AT and the approximate surface temperature
=25°C+ AT.

ImP=10W)

On aluminum (R _th = 0.5 °C/W): AT = 10 x 0.5 =5 °C —
surface temperature ~ 30 °C.

On acrylic in the box (R_th =2 °C/W): AT~ 10 x 2 =20 °C —
surface temperature =~ 45 °C.

3. System Architecture Overview

The use of lighting signage systems using LED strips is a
solution that offers a reduction in energy consumption compared to
classic systems with bulbs, and the management of the light
intensity of these strips depending on the ambient lighting in the
location where they are located can further reduce energy
consumption, without affecting the visibility of the information they
display.

The Table 1 shows the system components available with or
without energy management.

Table 1: Panel characteristics according the 2 variants

System without | System with
energy energy
management management
Power Supply Unit (PSU) 230 V AC / v v
24 V DC regulated converter
Illumination Source 24 V DC LED
strips v v
Control and dimmer box installed on
the low-voltage (24 V DC) circuit. v
Wireless Communication: Integrated
2.4 GHz Wi-Fi connectivity for remote v
management and data exchange

Fig. 4 shows the power connections for both solutions, with and
without energy management

24V DC
power supply

Terminals WG
@ o[58 m

a) Solution without energy management

220V AC
power local

Dimmer module
Input 24V 24V DC 220V AC
DC power supply power local

WI-FI 2.4

Terminals We

b) Solution with energy management
Fig. 4. Panel connections, with or without energy/brightness adjustment

The control and dimmer box is a smart module provide several key
functions:

e Dimming Control — Allows fine adjustment of LED
brightness levels via PWM (Pulse Width Modulation).

e  Power Monitoring — Measures real-time voltage, current,
and power consumption per signage panel.

e Remote Control — Enables remote adjustment of
illumination parameters via a centralized management
platform.

Currently there is a wide range of such modules and we used
Shelly Plus RGBW PM. This is a controller for LED strips,
operated manually via on/off inputs or remotely via Wi-Fi or
Bluetooth, with 4 independent channel control capabilities of 4
white LED strips or one RGB strip.

Flexibility in operation is given by an integrated ESP32
processor which together with RAM and ROM memories supports
loading and running of scripts, webhooks, MQTT, WebSocket,
HTTPS, UDP, TLS and custom certificates. The custom operating
logic is stored at the module level so that once loaded, the module
operates without operator intervention according to the scripts.

It has functionalities that recommend it for controlling the
brightness of airport signage panels, such as:

* Fine voltage control on the 4 outputs that can achieve a very
sensitive dimmer of LED strips

* Real-time consumption measurement

* Internal temperature monitoring, overtemperature protection

* Overcurrent protection

« Connection to Wi-Fi routers without a dedicated hub

* Easy integration with open-source platforms

The module allows connection to Wi-Fi networks only in the
2.4 GHz band. It has an RF power < 4 dBm, which limits its
distance from the router to 10m indoors and 30m outdoors.

The communication protocol used by the Shelley device is 4.2
(802.11n), a protocol that offers a higher data transfer speed and has
improved cyber protection that protects against scanning the
device's MAC address.

4. Control and Communication System

4.1 Network Topology
All modules connect to the airport’s dedicated internal Wi-Fi
network, segregated from public access networks and aligned with
cybersecurity protocols.
Data from multiple devices is aggregated using one of the following
methods:
e  MQTT (Message Queuing Telemetry Transport) protocol
with a central broker
e HTTP/REST API for direct data exchange with BMS
servers
The communication interface allows two-way operation:
e  Remote command transmission for brightness adjustment
or reboot
e  Data acquisition for performance analysis and trend
visualization

4.2 Centralized Monitoring Dashboard
The remote interface consolidates operational data from all signage
panels within a central dashboard. Core interface features include:
e  Panel Identification: Unique ID, location, and associated
area

e  Real-Time Status: Operating mode, brightness
percentage, current consumption
e  Energy Analytics: Hourly/daily/weekly consumption
graphs
e Remote Controls: Brightness adjustment, on/off
switching, module restart
Access control is configured according to airport IT security
standards with user authentication and role-based permission layers.

Module Setup and Integration Steps
1. Power Connection:
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o  Connect the 24 V DC output from the PSU to
the Shelly module’s input terminals.
o  Wire each LED strip channel (W or RGBW)

through the module’s output terminals.
2. Network Configuration:

o  Connect each module to the airport’s Wi-Fi
network using predefined SSID and encryption
credentials.

o  Assign a static IP address or DHCP reservation

for tracking.
3. Control Calibration:

o  Set default brightness levels and dimming
profiles via the web interface or Shelly Cloud
App.

o Integrate module endpoints into the central

BMS using HTTP or MQTT configuration
scripts.
4. Testing and Validation:

o Verify communication between the module and
central dashboard.

o  Test light intensity variations over different
ambient light scenarios.

o Record baseline energy consumption profiles.

5. Operation and Maintenance

a) Routine Monitoring
Operators can view the system dashboard remotely to ensure all
panels function within specified parameters. Automatic alerts are
generated for:

e  Excessive power consumption

e  Disconnected modules

e  Unexpected light intensity deviations

e  Excessive overheating

b) Control Functionality

e Manual Control: Set brightness levels locally via web
interface or mobile application.

e  Automatic Control: Dimming schedules initiated via
software based on time of day or sensor input.

e  BMS Integration: The building management platform
(e.g., via MQTT or HTTP REST) can dynamically adjust
brightness zones according to real-time light sensor
feedback.

¢) Preventive Maintenance
The energy data trends can be used to identify aging LED strips or
deteriorating power supplies that draw higher currents, enabling
predictive maintenance scheduling.

d) Cascading and Group Control Options
The Shelly Plus RGBW PM modules allow flexible cascade (group
or hierarchical) control modes to simplify the management of large
panel systems. This enables centralized or zone-based adjustments
without needing individual manual control of each unit.
The cascading (group control) function can be implemented in the
following ways:

v' Cloud / Platform-Based Cascading

e All modules connect to the Shelly Cloud or local MQTT
broker.
e  Zones (e.g., Departures, Arrivals, Corridors) are defined
within the management interface.
e Asingle brightness command to the group automatically
updates all assigned Shelly modules.
e  Advantage: No local wiring between modules — uses Wi-
Fi synchronization.
e  Use Case: Ideal for large airports with multiple terminals
and subzones.
v' Local Master-Slave Logic (LAN Cascading)
e One Shelly module in a zone acts as a “local master.”

e  Other modules receive instructions through the same
network via direct API calls or MQTT subscription topics
(e.g., zone/Bright_A/set/#).
e  Advantage: Reduces cloud dependency and improves
response speed.
e  Use Case: For safety-critical areas requiring low-latency
control, such as gate displays or emergency signage.
v" Hybrid Control
e Combines both approaches:
o  Local master controls all panels in the zone.
o  Central BMS still monitors energy and
overrides schedules when necessary.
Usual Case: Airport concourses with flexible configuration,
seasonal layouts, or partial shutdown procedures.
The electrical and control architecture is presented in the Fig.5:

BUILDING MANAGEMENT

I| >

STEM 5
| (BMS) / lot seRvER @

230V AC MAINS —\Q \

CONTROL COMMANDS
24V DC POWER AIRPORT SECURE
SUPPLY UNIT Wi-Fi NETWORK )

S

S

‘-’u

Shelly Plus RGBW
PM Module

'
DATA FLOW (MQQT/HTTP)

Input: 24V DC

4x PWM Outputs
Wi-Fi 24GHz
Energy Monitoring

CASCADING / GROUP COMMANDS

PWM Output
PWM Output

PANEL GROUP A | | PANEL GROUP B | | PANEL GROUP C
(Master/Slave) (Wi-Fi Linked) (Hybrid Mode)

LED SIGNAGE
PANEL

LED SIGNAGE
PANEL

ESNEIEEENE

LED SIGNAGE
PANEL

GATE A-01 CONCOURSE B-05 LED SIGNAGE B-05 BAGAGE CLAIM C-10

Fig. 5. Control network architecture in BMS
System Performance and Benefits are presented in the Table 2

Table 2. Description of the benefits of panels using WiFi and BMS

integration
Benefit Description

Energy Reduction Up to 40% load reduction via adaptive
dimming

Centralized Control Unified management of all zones via BMS or
10T platform

Scalable Infrastructure Add new panels through Wi-Fi provisioning
only

Predictive Maintenance Early detection of LED degradation and PSU
wear

Operational Resilience Local cascading ensures function even during
cloud outages
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6. Case study

In a regional airport in Romania, with a traffic of 600,000
passengers in 2023, a new terminal was built with an area of 12,791
sq m. The organization of passenger flows at the new terminal
required a number of 122 signage panels with lighting using COB
LED light strips.

The signage panels are sized depending on the information
displayed, the length and number of pieces being described in the
Table 3.

As can be seen from the table above, 205.01 m of LED strip
were integrated to illuminate the signage panels. At an average
consumption of 12W per linear meter, the total energy consumption
is 2.46 KW per operating hour, respectively 21550 KW per year.
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Table 3. Case study for total length of the panels

No Length No of pieces Total length
(mm) (m)

1 1000 46 46

2 1500 13 19.5

3 1800 1 1.8

4 1850 3 5.55

5 2000 41 82

6 2520 8 20.16

7 3000 10 30
Total length (m) 205.01

At an average electricity cost of 0.3 EUR/KW, the annual cost
of electricity consumed by the signage panels in the version without
consumption management is approximately 6465 EUR.

In the energy consumption management variant using Shelly
modules, considering that each module controls one panel on each
of the 4 outputs (although the Shelly module can control 96W on
each output, the equivalent of 8 ml LED strip), the required number
of Shelly modules is 31 pieces. At an average cost of 27 EUR/piece,
the total cost of the modules is 837 EUR.

Through this investment and a program adapted to the ambient
lighting conditions inside the passenger terminal, a consumption
reduction of about 35% could be achieved by reducing the light
intensity of the LED strips. This consumption reduction represents
7500 KW/year, respectively 2250 EUR/year. As can be seen, an
investment of 837 EUR, and minimal labor costs can achieve
savings of 2250 EUR/year [11, 12].

7. Conclusion

By integrating Shelly Plus RGBW PM modules with cascading and
hierarchical control logic, the airport achieves a fully smart, energy-
efficient interior signage system. Each panel can be independently
or group-controlled, synchronizing brightness and operating modes
remotely through Wi-Fi and the BMS interface.
This approach ensures:

e Reliable signage illumination

e  Measurable energy efficiency

e  Scalable architecture ready for future smart-building

integration.

The integrated configuration using Shelly Plus RGBW PM modules
establishes a smart, energy-efficient, and remotely monitored
signage system for interior spaces. By implementing PWM-based
dimming control, automatic brightness adjustment, and real-time
telemetry through Wi-Fi protocols, the airport achieves substantial
energy optimization and enhanced maintenance oversight.

This configuration is fully compatible with existing BMS
infrastructure and scalable for future expansion across additional
Zones.

Examples of applications:

- Signboards for airport terminals and public parking lots.
- Fixed light indicators for public spaces.

Limitation: Signboards cannot be placed outside buildings, in
conditions of excessive humidity.

The panel is adapted for use in relevant environments
(environment with intense human traffic, minimum temperatures
18°C-maximum 25°C, and relative humidity 30%-60%).

Advantages of the final prototype which is able to meet the
TRL7 technological maturity conditions:

- Slim assembly, 10-15 mm thick for the 2-sided panel.

- Uniform lighting due to the way the LED strip is placed and
the light transmission through the white layers of the materials used
(white backlit film, white sticker, white ink or any white material)
which makes the light uniform on the panel surfaces.

- Reduced energy consumption by using the COB LED
strip.

- Smart connectivity via Wi-Fi module.

- Possibility of mounting multiple panels in cascade.

- Modern signaling panel, designed for heavily trafficked
indoor spaces.
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Fig. 6. Final prototypes with custom sizes, graphics and colors

The final prototypes with encapsulated graphics and example of
colors are presented in the Fig. 6.
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Comparative tests of sprayed concrete, intended for repair and restoration works by dry
and wet spraying
Part I: Physical and mechanical characteristics
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Abstract: The basic principles of sprayed concrete mix design are reviewed. The technological options for use of the material for repairs and
restoration works, executed by “wet” and “dry” spraying methods, are analysed.

Widespread research program is developed and implemented for assessment of the main physical-mechanical and structural characteristics
of sprayed concrete for repairs and restoration works. New (author’s) compositions are prepared for this purpose, which are subjected to
series of tests, together with factory made products, in form of dry mixes, by leading producer. Two compositions of sprayed concrete are
chosen after preliminary selection — conventional for “dry” spraying and specially designed hybrid fiber-reinforced high-tech sprayed
Concrete for “wet” application method. The numerous additional components are included in the composition of the latter — high range
water-reducing admixture based on polycarboxylate ether, polymeric modifier for enhancing of fresh mix compactness and rebound
decreasing and new generation internal deep capillary-crystalline admixture.

Original scientific results are obtained concerning the basic physical-mechanical and stress-strain characteristics of both compositions of
sprayed concrete. The critical comparative analysis of the results is presented and the right options for the application of the compositions
are suggested.

Keywords: SPRAYED CONCRETE, DRY SPRAYING, WET SPRAYING, FIBER REINFORCEMENT, CAPILLARY CRYSTALLINE
ADMIXTURE, STRENGTH AND MODULUS OF ELASTICITY, WATER IMPERMEABILITY AND FROST RESISTANCE

minimum of fine particles, up to 0,25 mm in size, in the range from
11 to 26%. This content of fine particles is significantly higher than
The use of sprayed concrete is effective for restoring the cross- in ordinary concretes, even those intended for placement with a
section, respectively to increase stiffness and load-bearing capacity ~ concrete pump. The increased content of fine particles leads to a
of concrete and reinforced concrete structures [1,2]. With a properly ~ significant increase in the specific surface area of the aggregates
designed composition and compliance with technological discipline ~ and to increased cohesion of the concrete mix.
during execution, sprayed concrete is characterized by high
strength, density and impermeability, which is of paramount
importance in ensuring the durability of the treated structures or
individual structural elements.

1. Introduction

In modern construction practice, two spraying methods are used
- dry and wet once.

In the dry method, the constituent materials of the sprayed Passed,
concrete are supplied separately - on the one hand, the dry % by
components (cement, additives, fillers, fibers, etc.), and on the other mass
- the water. The mixing of the components occurs in the air, during
movement - between the spraying nozzle and the surface on which
the concrete is layered. This technology allows for a low water-
cement ratio, high strength and hence a reduced amount of cement "o | . i | ' f
required to guarantee the properties of hardened concrete. The main Gity, O 0% 7 . ? . ¥
disadvantage is the influence of the human factor - the operator ) Sieve, D mm
manually determines the amount of water, which is a prerequisite Fig.1 Recommended granulometric curve of aggregate for shotcrete,
for unevenness of the composition of the concrete. according to [3]

The coarse aggregate is in an amount of 0 to 25% of the total
amount of aggregates, and its size should not exceed 16 mm. Most
often, if coarse aggregate is used, a fraction of 4-8 mm is used and
in a limited amount, due to the risk of increasing rebound (ricochet).

In the wet method, the concrete mix is prepared centrally at a
concrete batching plant with the possibility of strict control of the
composition of the concrete, plus the possibility of using many
different components related to achieving certain characteristics of
the concrete mix and hardened concrete. In the present case, after preliminary selection of the constituent

materials, a design composition for wet concrete (WS) was

. . prepared, i.e. in the form of a ready-mix fresh concrete mix.
2. Concrete mix design )
Sulphate-resistant Portland cement CEM | 52,5R SR-5 was

The particle size composition of the aggregates in sprayed  used, in an amount of 500 kg/m®. The amount of setting water is
concrete is influenced by two main factors — physical and  significantly reduced by using a highly water-reducing chemical
technological. admixture (HRWRA) based on polycarboxylate ester, which in this
case acts extremely effectively, due to the high content of fine
fractions in the mix. Additionally, a polymer modifier is introduced
into the composition to increase the cohesiveness and compactness
of the fresh concrete and reduce ricochet. By adding a new
generation internal capillary crystallizer, absolute water
impermeability of the hardened concrete is obtained. The addition

In order to achieve maximum volumetric concentration of the
aggregates, minimal volumetric changes, high modulus of elasticity,
durability, etc., it is necessary to use aggregates with a continuous
particle size composition (Fig. 1). The above is also valid for
ordinary concretes. To guarantee high adhesion to the base substrate
(old concrete) and minimal rebound, it is necessary to ensure a
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of fibers allows to improve the ductility, impact toughness, crack From the drilling cores, by cutting and aligning, cylindrical test
resistance and other important properties of the hardened concrete. bodies with a base diameter of 100 mm and a height of 100 mm and
200 mm were obtained. the test specimens are stored under
laboratory conditions and tested at two, previously agreed ages — 7
days and 28 days.

Parallel tests were also conducted on sprayed concrete DS
(commercial product), which is available as a ready-mix in bags.

3. Old concrete substrate preparing and spraying

The conditions that must be met when performing sprayed
concrete in order to guarantee a satisfactory level of quality of the
sprayed concrete are described in detail in the EFNARC European
Specification for Sprayed Concrete and BDS EN14487-2:2007
[4].

The sprayed concrete must be applied to a completely clean,
rough, undisturbed and water-saturated surface. High-pressure
water (hydro-blasting) or sandblasting are recommended for
cleaning and roughening the base.

The location of spraying was selected and a pilot area was
prepared by agreement between the interested parties for
experimental application of the two shotcrete compositions - the
one based on dry shotcrete DS and the one defined as a new
technical proposal WS - for shotcrete by the "wet" method. The indicators of the main mechanical characteristics of the
hardened concrete — compressive strength, stabilized modulus of
elasticity under compression, ultrasonic pulse propagation velocity,
etc., are determined, which allow predicting the behavior and
durability of the restored structure.

Photo 7

The applicators prepare the base for application - ensuring the
parameters of the surface for shotcrete, including preliminary
positioning and anchoring of a welded steel mesh, as well as its
anti-corrosion protection. In this way, the necessary prerequisites
for experimental application are created under the same conditions 5. Test results
for both methods (Photos 1 and 2).

. . All tests were conducted at the University Construction

After all preliminary works 2 sprayed compositions are placed Testing Laboratory (UCTL), University of Architecture
ana smoothed out to the old concrete surface (Photos 3-6). Construction and ~Geodesy, ' Sofia, which holds a valid

: accreditation certificate for the relevant standardized methods.

5.1. Compressive strength

Since the compressive strength is determined by testing cores of
different sizes, the procedure provides for the use of correction
factors for the size of the cores taken according to Table NA.4 of
BDS EN 206/NA:2021 (Table 1). The volume density was
calculated after measuring the exact dimensions of the test
specimens.

The results obtained are presented in Table 1.

Table 1 Compressive strength

c i Volume density, Compressive strength,
f’t'.“po (kg/m®) at (MPa) at
s ; ool SIHons 7 days 28 days 7 days 28 days
Photo 4 WS spraying 2236 2225 36,10 43,80
K s i 2212 2220 32,20 45,90
S ‘ji ; 2 2237 2233 33,90 43,00
- mean: 2230 | mean: 2230 mean: 34,00 mean: 44,20
2322 2292 49,50 57,40
WS 2305 2306 55,30 60,60
2316 2290 51,10 62,40
mean: 2320 | mean: 2300 mean: 51,90 mean: 60,10

Afi’ - -

Photo 5 Photo 6

5.2. Determination of ultrasonic pulse velocity

The determination is carried out in accordance with the

4. Concrete sampling requirements of BDS EN 12504-4:2005 (Photo 9). The test

) L ) methodology is mainly related to determining the time for the

For the purposes of standardized sampling, in accordance with  passage of the ultrasonic pulse through the concrete cross-section
the requirements of BDS EN 14488-1, to prove the technical  and determining the speed of its propagation. The speed of sound
characteristics of the two compositions compared, the necessary  propagation is directly dependent on the so-called dynamic modulus

formwork was provided in advance - wooden crates for forming the  of elasticity and the density of the concrete, which is a determining
so-called "pies”, on which spraying was performed, and from them  factor for its compressive strength.

the necessary test-cores were later cut by drilling to prove the

technical characteristics of the two compositions. From the obtained

"pies" were cut drilling cores with a diameter of 100 mm and a

height equal to the laid layer of shotcrete - respectively 150 and 200 V= K.Eq
mm (Photos 7 and 8). Yo
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v - ultrasonic pulse velocity, km/s;

E,4 - dynamic module of elasticity of the concrete, MPa;
P- concrete density, kg/m?®;

K - correction coefficient

I )
A+ m)d-2p)

u - concrete Poisson’s coefficient, equal to 0,2 (in accordance of
Eurocode 2)

Photo 9

Photo 10

Table 4 Depth of penetration of water under pressure

Depth of penetration o
Composition f water under pressure, mm, at
7 days 28 days
48 36
38 32
DS 46 38
mean: 44 mean: 35
; 38 22
Photo 7 Ph 38 16
oto oto 8 WS 25 o
Table 2 Concrete ultrasonic speed velocity mean: 34 mean: 20
Concrete ultrasonic speed velocity,
Compositions (km/s), at
7 days 28 days 5.5. Splitting tensile strength
jég‘?‘ j’igg The test was conducteq according to BDS EN 12390-6 and the
DS 4:18 v 4:301 results obtained are shown in Table 5.
mean: 4,202 mean: 4,333 Table 5 Splitting tensile strength
4,619 4,684 . Splitting tensile strength, (MPa), at
WS 2,484 4515 Composition T 28 days
4,246 4,329 2.0 351
mean: 4,450 mean: 4,509 181 3.20
. . . DS 2,15 2,83
5.3. Stabilized static modulus of elasticity in mean: 2,02 mean: 3.18
compression 2,82 3,43
L - . . 2,21 3,40
The determl_natlc_)n of t_he stabilized static modulus qf elasticity Ws 215 334
under compression is carried out according to the requirements of mean: 2,39 mean 3,39

BDS EN 12390-13 - method *'B"*, which in this part is practically
identical to 1SO 1920-10 (Photo 10).

Cylindrical test specimens were used, cut from the structure
with a base diameter to height ratio equal to 1:2.

Test results are presented in Table 3.

Table 3 Static modulus of elasticity

Stabilized static modulus
Compositions of elasticity in compression (GPa), at
7 days 28 days

24,20 29,60

23,70 29,10

B 24,10 27,60
mean: 24,00 mean: 28,80

36,40 37,60

35,00 37,30

e 35,90 36,80
mean: 35,80 mean: 37,20

5.4. Depth of penetration of water under pressure
The test was conducted according to BDS EN 12390-8 (Photo

11).

The test specimens used were cylinders, with a diameter and

height of 150 mm. The measured water penetration depths are
shown in Table 4.
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5.6. Frost-resistance by accelerated method

Frost resistance is determined in accordance with the
requirements of BDS EN 206:2013 +A2:2021/NA:2021 NA.O.2
Accelerated method for determining the frost resistance of hardened
concrete by freezing and thawing in a sodium chloride solution.

The test specimens are saturated, frozen and thawed in an
aqueous sodium chloride solution in a refrigeration chamber
capable of maintaining a temperature lower than minus 35°C (-
35°C), preferably down to minus 50°C. The mass of the test
specimens is measured with a balance with an accuracy of + 0,1g
and a range of not less than 50% more than the mass of the test
specimens;

The test specimens are dried to a constant mass, then saturated
with a 5% sodium chloride solution. At least one freezing and
thawing cycle is performed within one day. The test is performed
continuously. In case of forced interruption, the test bodies are
stored in a 5% sodium chloride solution.

Test results are shown in Table 6 and Photos 13 and 14.
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—t—

Photo 13 WS sample’s general view — Photo 14 DS sample’s general view
after 5 cycles, zero mass lost after 5 cycles, mass lost

Table 6 Frost-resistance by accelerated method

Mass lost, %, after
Composition 4 cycles 5 cycles
(equivalent frost (equivalent frost
resistance class Cs 150) resistance class Cs 200)
1,00 3,10
1,70 3,00
DS 0,80 3,20
mean: 1,20<2,00 mean: 3,10>2,00
(approved for C¢ 150) | (not approved for C¢ 200)
0,00 0,30
0,00 0,30
WS 0,00 0,40
mean: 0,00<2,00 mean: 0,30<2,00
(approved for C¢ 150) (approved for C¢ 200)

6. Conclusions

The results obtained from the standardized tests conducted on
the two sprayed concrete compositions allow the following
important findings and comments to be made:

- compared to the composition for "dry" spraying ds, the
proposed composition WS has a higher volume density at 7 and 28
days of age, and also demonstrates higher compressive strength and
tensile strength at splitting at the studied ages;

- the proposed composition for "wet" spraying WS shows a
higher ultrasound propagation speed at 7 and 28 days of age, which
is directly related to its higher strength indicators at the studied
ages;

- the proposed composition WS shows significantly higher
values of the studied stabilized modulus of elastic deformations
under compressive loading at the two studied ages;

- the proposed composition for WS shows significantly lower
permeability, which is expected to decrease further (to 0) after
periodic treatment with water under pressure, due to the presence of
a capillary crystallizer;

- compared to the composition for "dry" spraying DS, the
proposed composition WS demonstrates the highest frost resistance
class C¢200 with proven insignificant mass loss. at the same time,
the composition DS meets the lower requirements for frost
resistance class C150.

44

3. References

1. ACI RAP Bulletin 12, Concrete Repair by Shotcrete
Application

2. Austin S., Sprayed Concrete Technology, The Proceedings of

the  ACI/SCA International  Conference on  Sprayed

Concrete/Shotcrete, ISBN 0-203-78536-3, Taylor & Francis e-

Library, 2005

3. European Specification for Sprayed Concrete — Guidelines for

specifiers and contractors, EFNARC, 1999

4., BJIC EN 14487-2:2007 Topkper6eron. Yact 2: UznbaHeHue;

5. BJC EN 14488-1:2006 M3nurBane Ha TopkpeTOeToH. Yact 1:
Bsemane Ha mpoOu OoT GeTOHHA cMec U BTBBPJCH OETOH;



Innovations 2026

MK3 MOJEJIUPOBAHHUE 3BOJTIOIUA MUKPOCTPYKTYPBI B XOJE
OJHOIIPUBOJHOU ACUMMETPUYHOMU IMNPOKATKH TOJICTOI'O JIUCTA B
PEJIBE®HBIX BAJIKAX

FEM MODELING OF MICROSTRUCTURE EVOLUTION DURING SINGLE-DRIVE ASYMMETRIC
ROLLING OF THICK SHEET IN RELIEF ROLLS
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Abstract: The paper presented the results of microstructure evolution obtained by finite-element modeling in the DEFORM program for a
new concept of asymmetric rolling in relief rolls - single-drive rolling, in which one of the rolls is driven and the other roll is idled. After
rolling in relief rolls, the billet undergoes two-stage leveling in smooth rolls. The presence of a single driven roll with the ability to adjust its
rotational speed allows for a higher asymmetry coefficient. The microstructure evolution was evaluated using the Cellular Automata method,
which allows for the assessment of changes in both grain size and shape. It was found that using a billet with a heating temperature of 700°C
is the most preferable option, as it eliminates the negative effect of static recrystallization.

Keywords: ASYMMETRIC ROLLING, REFIEF ROLLS, FEM, MICROSTRUCTURE EVOLUTION.

1. Beeoenue

OIHUM M3 MEPCHEKTUBHBIX BBHICOKOTEXHOJIOTHYHBIM CIIOCOOO0B
HOJIyYeHHUsS.  BBICOKOKAUECTBEHHBIX MCTAUIOM3ICIHNA B  BHIC
rOpsIYCKATAHOTO JIHCTA U TOJCTHIX IUIUT YK€ HE OJHO JCCSTHICTHE
SBJISICTCS AaCCUMETPUYHAs MpOKaTka, B IIpoLecce KOTOPOi B
nehopMHpyeMOM — MaTepHalle  PEaM3yIOTCSl  JIOIOJHUTEIbHBIC
notoku aedopmanuu capura [1]. Haubomnee pacmpocTpaHeHHBIMU
BUJIAMH aCHMMETPUYHOW MPOKATKH SBISIOTCS KHHEMaTHYeCKast
(pa3Hble CKOPOCTH BpAIICHHUSI BAJKOB), reOMeTpHYecKas (pasHble
JMaMeTpbl BAJKOB) M KCIOJIb30BaHMS Balka 0e3 TMpHBOjA
(xomocroro xoja), Kak mokazaHo Ha puc. 1 [2, 3]. Bo Bpems
ACHMMETPHYHOM TOHKOJIMCTOBOI MPOKATKH BO3HHKAIOT

JOTIOJTHUTENbHBIE AeOpMaliy CIBHUIa, KOTOPHIC B COYETAHHU C
o0ecreunTsb

neopManusAMH  CKATUS ~ MOTYT
CTPYKTYPHOE M3MENbUCHHE 3ePCH.

3¢ pexTHBHOE

a

Puc. 1. Bapuanmul acummempuyHoll RPOKAMKU. a — 8 8aIKax ¢ Pa3HbIMU
OKPYIACHBIMU CKOPOCTAMIU, O — 8 BATKAX PA3HO20 OUAMEMPA; 8 — C OOHUM
sankom 6e3 npugoda

[Ipyu o>TOM HEOOXOOUMO OTMETHTh, 4YTO 00a Haubosee
paclpoCTpaHeHHBIX  crocoba — peanu3aldl  aCHMMETPHYHOM
MPOKaTKU (T€OMETPUYECKUH M KHHEMAaTHYeCKUH) HMEIT CBOU
TEXHOJIOTHYECKHE HEIOCTaTKH. Peamm3amust TeOoMeTpHUYECKOH
ACHMMETPHH npu MPOKATKe MINPOKOTO copTaMeHTa
TOJICTOJIUCTOBOTO TIpOKaTa TpeOyeT HM3TOTOBJICHHE IIENOT0 ITIapKa
BaJIKOB Pa3IMYHOTO quameTpa. Takke XOUeTCsl OTMETHTH, UTO TIPH
reOMETPHUYECKO aCMMMETPHH Yallle BCEro HEBO3MOXHO JOOUTHCS
BBICOKOI'O 3HAYCHMUA KOSq)d)l/Il_Il/IeHTa ACUMMETPUHU TI0 TNPHUYUHE
OrpaHUYCHUSA JAuala3oHa AUAMETPOB BaJIKOB KOHCTPYKTUBHBIMU
rabapuTaMy CTaHMHBI. Peanusanus KHHEMaTHYeCKONH aCUMMETPHU
HE HMEeT SIBHBIX OTIPaHMYCHUH KO3()(PHUIMEHTa acCHUMMETPHU H
3aBUCHT  OT  BO3MOXKHOCTHM  PETYJIHMPOBaHHS  CKOpOCTEH
anexrpoaBurarenei. OfHaKo ISl JAaHHOTO BapHaHTa aCHMMETPHH
HEoOXoIUMa KapJWHAJbHAS PEKOHCTPYKIMS IIPOKAaTHOTO CTaHa
myTeM oOecleueHus] MHIUBHAYadbHOTO TPHUBOJA BAalKOB C
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BO3MOXKHOCTBIO DPETYJIUPOBKH OKPYXHBIX CKOPOCTEH KaKAOTo
paboyero Bajka M0 OTAEIBHOCTH.

ATBTEpHAaTUBHBIM DELICHUEM JaHHBIX HEIOCTAaTKOB MOXKET
CTaTh BapHaHT IMPOKATKH C OJHHAM IPHBOAHBIM BaikoM [4],
KOTOPBI MO3BOJMT emie OOJblle IOBBICUTE TEXHOJIOTHIHOCTH
mporecca MOTYyYeHHs] BBHICOKOKAYECTBEHHBIX METAIIOM3JCIHN B
BHJI€ TOPSYEKATAHOTO JIUCTA M TOJCTBIX IUTHT. B 3TOoM cmydae
JOCTaTOYHO (DU3MUYECKH OTCOCAWHHUTh OJMH BaJOK OT CHCTEMBI
NpUBOJA, 4YTO HE TIOTpeOyeT CYIIeCTBEHHOW MOJAEpHHU3AIUN
MPOKAaTHOTO CTaHa.

IMosToMy mpexnaraercst clefyromias KOHLENIHS HOBOTO
crocoba  aCHMMETPUYHOW  HPOKATKH. IlepBelit  mpoxon
OCYIIECTBIISIETCS. B pelibe(hHBIX Bajkax ¢ (AKTOPOM acCUMMETPHUHU
(reomeTprueckuM MM KnHeMarmdeckuMm). [Ipu sTom nmums oxuH U3
BAJIKOB SIBJISICTCS IPUBOHBIM, BTOPOH BAJIOK SIBIISICTCSI XOJIOCTBIM U
HNPUBOAUTCS BO BpaIICHWE 3a CUET CHJI TPEHUS IPH KOHTAaKTe C
JIBUKYIIEHCS 3arOTOBKOM.

Llensto naHHOW paboTBI OBUIO MOJECIMPOBAHUE 3BOJIOLHU
MHUKPOCTPYKTYPbl ~ CTaJbHOM  3aroTOBKM MpU  peanu3aluud
OJIHOIIPUBOJHOM AaCUMMETPUYHON IPOKAaTKH TOJCTOrO JIUCTa B
perbeHBIX BaJIKax JUIS OLIEHKH H3MEJIbUeHHUS 3epHa.

2. Memoouka modenuposanusn

B namHOlf paboTe OBUIO pemIeHO TNPOBOIUTH  BCE
TeopeTHdeckne wuccienosaHus B nporpamme DEFORM, kak
HanOoliee AaKTHUBHO pa3BUBAIOIIEMCSl MPOAYKTe B o0nacTu
MozenupoBaHust  mpoueccoB  OMJI.  3aroToBKy — peleHo
nedopmupoBaTh Ha crane B KaparaHAWHCKOM HHIYCTPUAbHOM
YHUBEpCUTETE, TIJe paHee ObUIM  YCHEIIHO  IHPOBEICHBI
SKCIIEPHMEHTH 0 Ae(OPMHPOBAHUIO ATIOMHHHEBBIX M MEIHBIX
3aroTOBOK  aHANIOTHMYHOH  TtommmHBl [5]. Ilpm »3TOM Ha
71a00paTOpHOM CTaHE MMEETCs BO3MOXKHOCTH IIPOKATKH Kak B
CHMMEeTpUIHOM pexxnMe (00a Banka amamerpom 200 MM), Tak U B
ACUMMETPUYHOM pekHMe ¢ Ko3(duIMeHToM acummerpun 1,5
(nnametp BepxHero Banka 200, muameTp HukHero Banka 300 Mm).

B kadecTBe BappHpPYEMOro TEXHOJIOTMYECKOTO Mapamerpa
Obula BbIOpaHAa TeMIeEpaTypa 3aroTOBKHM, KOTOpas OKa3bIBaeT
CYIIECTBEHHOE BIMSHHE KaK Ha HaNpsHKEHHOE COCTOSIHUE IpU
nepopMHpoBaHMM, TaK ¥ Ha TPOIECC PEKPHUCTANIN3AIUM.
ITockonpKy B JAHHOM HCCIIEOBAaHUHU HCHONB3YeTCsl OOBIYHAS CTANh
mapku AISI 1015, To ObuM BBHIOpaHBI ClIEIYIOIIME 3HAYCHHUS
temmeparypel: 1100°C  (rops4ast mpokaTtka ¢ IIPOTEKaHHEM
ctatudeckoi pexkpucraumzanun) 1 700°C (ropsuast mpokaTka 0e3
aKTUBALMK MEXaHU3Ma CTAaTHYECKON PEKPHUCTAIIN3ALNH).

KoHerpykuus penbedHoit HOBEPXHOCTH BAJIKOB MPE/ICTaBICHA
Ha puc. 2. [lnuna 6ouku BajkoB paBHa 400 mm. [luameTp riagkux
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BAJKOB AJIsI BBIpaBHUBAHUs 3aroToBku paBeH 200 mMM. 3arotoBka
MPECTaBIsIeT COOOM JIMCT MPSIMOYTOJIbHOM (opMbl ceuennem 10 x
300 MM 1 utrHOHR 350 MM.

Puc. 2. Koncmpykyusi pervehnbix 6a1K06 05k APOKAMKU 320MO8KU
monwuroi 10 mm

B kauectBe MaTepmana U 3aTOTOBKM ObLIa BRIOpaHa CTajb
mapku AISI 1015. IIpr KOMIOBIOTEPHOM MOZEIHPOBAHHH TIpoIecca
HCTIOJNIb30BAJINCH CJIETYIOIINE TEXHOJIOTUUSCKUE TapaMeTpPhIL:

- MaTepHuai 3ar0TOBKU OBUI ITOJTHOCTHIO N30TPOITHEIM;

- TpOKaTKa MNpPOBOJMIACH IIPH TeMIepaType OKpyKaromien
cpensl 20°C;

- Kk03(hUIMEeHT TerooOMeHa 3aroTOBKM C HHCTPYMEHTOM
cocrasisut 5000 BT-M'2-°C'1;

- K03()GHULIUEHT TerIo00MeHa 3aroTOBKA C OKpYKaromen
cpenoii coctasmsn 0,002 BT-M'2-°C'1;

- I CO3JAaHUSI MAaKCHMAalbHO J>XECTKMX YCIOBHH 3axBaTta
KO3((GUIUEHT TPEeHHs Ha KOHTaKTE MeTajula C BaJKaMH OBLI
npuaat 0,7 (Y4TO COOTBETCTBYeT 3arpyOJIeHHOW IOBEpXHOCTH C
HAaCeYKOW M BHICOKMM YPOBHEM IIEPOXOBATOCTH).

Jnst  co3maHMsT  CeTKM  KOHEYHBIX  JJIEMEHTOB  OBLIM
3a/IeHCTBOBAaHbl  aJalTHBHbIE HACTPOMKHM pematens. Bwmecto
(MKCHPOBAHHOTO YHCIIA KOHEYHBIX JJIEMEHTOB OBLIO YyKa3aHa
MHHUMAaNbHasl BEIMYNHA TPAHH TETPArOHAJIBHOTO IEMEHTA, paBHas
1,5 mm. Takum oOpa3om, HpH IIFOOOM TEPECTPOCHHH CETKH II0
TOJIIIMHE 3arOTOBKH Bcerjaa OyAyT MHHUMYM 6 3JIEMEHTOB. JTOro
KOJIMYECTBA OJIEMEHTOB II0 TOJIIMHE BIOJHE JOCTATOYHO JUIs
aJIeKBaTHOTO  oTOOpaxkeHWs  (opMon3MeHeHHs.  [locKoJbKy
KOHCTPYKIMsI 3a30pa B penbeHBIX Balkax I[OJpa3yMeBaeT
MaKCHMaJbHOE 3HAU€HHE aMIUIMTYABl 3aTOTOBKH, PaBHOE JBOHHON
TOJIIWHE, TO 3a30pHl U BBIPABHMBAHMS Ha BTOPOM H TPETHEM
npoxozae ObutH ycTaHOBIEHH B 25% u 50% COOTBETCTBEHHO, T.€.
IUTS 3arOTOBKH TONMMMHOKW 10 MM BO BTOPOM IPOXOJE 3a30p OBLT
paBeH 15 MM, a B TpeTbeM npoxoze — 10 mm.

3. Pesynomamol u oocyiicoenue

s oToOpaxkeHHs pe3ysIbTaTOB MOJEIUPOBAHMS ObLIM 3aJaHbI
YCTaHOBKM OKHa: (opmar — KBajpaTHoe, pasmepamu 150 na 150
MKM. B kauecTBe HCXOIHOH CTPYKTyphl MeTaljla B OTOXXEHHOM
COCTOSIHUM OBUIO 3aJlaHO PAaBHOOCHOE DACIOJIOKEHHE 3EPeH CO
cpexanM pazmepoM 40 Mxm (Puc. 3).
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Puc. 3. Hexoonas muxpocmpykmypa
Ha puc. 4 mpencraBneHsl pe3ynbTaThl HU3MEHEHHS pa3Mepa
3epHa Mocje OJHONPHUBOAHON ACHMMETPHUYHON MPOKATKU MPH IBYX
TeMieparypax. UnucieHHbIE 3HaUEHHS CPETHETO pa3Mepa 3epeH MpH
OJIHOTIPUBOJHON IpOKAaTKe M 3aroTOBKM TONIMUHOK 10 MM
TIpe/ICTaBIIeHEI B Tabiuie 3.

r)
Puc. 4. MUKpOCTpYKTypa B IPOJOJIBHOM CEUCHUH 3arOTOBKH
ToNMKHON 10 MM Ipu OAHONIPUBOAHOMN MPOKATKE: a — LEHTP NpU
1100°C; 6 — moBepxuocts npu 1100°C; B — uentp npu 700°C; r —

noBepxHocTh npu 700°C
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Taénuya 1. Cpeonuii pasmep 3epen 014 3a20moeku moawunou 10
MM NpU 0OHONPUBOOHOU NPOKATKE, MKM.

Mopenb NpoKaTku IlenTp [ToBepxHOCTH
OpnonpuBoxanas, 1100°C 25 21
OpnonpusojHas, 700°C 22 16

IIpu paccmoTpeHHH pe3ynbTaToB IO OJHOIPUBOIHON IPOKATKE
MO>KHO OTMETUTb CIEIYIOIIIE HIOAHCHI:

1) 1mpu TOHIDKEHHOW TeMmeparype OOWMid  ypoBeHb
U3MENbUYEHUSI 3€pHa SABIAETCS Oolee MHTEHCHBHBIM IO IPUYHHE
oTcyTcTBHSA 3] (eKTa CTaTHYECKOH PeKPUCTAIUTH3ALNH;

2) BEITSIHYTOCTB 3€peH HaOmomaeTcs Ipu 00enx TeMIepaTypax,
oxHako B Mojenu mpu 700°C BBEITSHYTOCTB 3epeH Oojiee BBIpaKeHa
3a CUET OTCYTCTBHS CTaTUUECKON pEeKpUCTAIN3ALUY;

3) B mogenn npu 700°C HOBEpXHOCTHBIE CIIOW ITOIYYarOT
ypOBEeHb M3MenbueHust 55-60 % oT HavanpHOro pasMepa 3epHa,
TOrJla KaK B LIEHTPAIBHBIX CIOSIX U3MENbUCHNE 3HAUUTETBHO HIKE.
OTo sBISIETCA Pe3ydbTaTOM BO3JCHCTBHS BBICOKOTO  YPOBHS
ACHMMETPHHU U OTCYTCTBUSI CTATUYIECKOH PEKPUCTAIIN3ALNH.

OueHka  JBONIOIMM  MHKPOCTPYKTYPHI ~ IIOKa3ajo,  4TO
UCIOJIb30BAaHUE 3aroTOBKM C Temneparypoir HarpeBa 700°C
SBJIETCS Hanboliee IpPEANOYTHTEILHBIM BapHaHTOM, TaK Kak B
9TOM CcIy4ae OTCYTCTBYEeT HETaTHBHBIH 3(dekT craTuueckoit
pexkpuctaumzanuu. Taxke Npu JaHHON TemIepaType peanu3anus
OJHONIPUBOJHOTO BapHaHTa JAe(GOpPMHPOBAHHUS IO3BOISIET B
HaMBBICIIEH CTETICHN U3MEIbUUTh HCXOIHOE 3EPHO.

Hannoe uccneoosanue ovino npogunancuposano Komumemom
Hayku Munucmepcmea Hayku u svlcuieco oopazosanus Pecnybnuku
Kazaxcman (cpanm Ne AP26199255).

47

Jumepamypa

1. Tecun AM., IlycroBoiiroB [1.0., buprokosa O.1.,
Koxemsikuna A.E. AcumMeTrpuyHas NpoKaTKa JIUCTOB U JICHT:
HCTOpHS W TIepCIeKTHBHI pa3ButHs // BectHuk OxHO-Ypansckoro
rocyaapcrBenHoro yrusepcurtera. Cepusi: Meramnyprus. - 2020. - T.
20. Ne 3. - C. 81-96.

2. Ji Y.H, Park JJ., Kim W.J. Finite element analysis of
severe deformation in Mg-3Al-1Zn sheets through differential-speed
rolling with a high speed ratio, Materials Science and Engineering A,
2007, Vol. 454, P. 570-574.

3. Salganik V.M., Pesin AM. Asymmetric Thin-Sheet
Rolling: Development of Theory, Technology and New Solutions. -
Moscow: MISIS, 1997 — 244 p.

4.  Baba W., Miyake M., Yanagimoto J. Warping behavior of
thin strip with single-drive rolling // Key Engineering Materials. —
2017. - Vol. 725. - P. 537-541.

5. Lezhnev S., Naizabekov A., Esbolat A., Rakovets A., Panin
E., Kuis D., Tsyba P., Panin D., Kuzmin S. Effect of asymmetric
rolling in relief rolls on the microstructure evolution and mechanical
properties of aluminum and copper workpieces // Results in
Engineering. — 2025. — Vol. 26. - 105195.



Innovations 2026

Optimization of natural gas reforming parameters in the midrex process to increase
hydrogen yield and reduce fuel consumption
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Abstract. In this paper, a comprehensive analysis of the process of natural gas reform in MIDREX technology was carried out, which was
aimed at optimizing this process in order to increase hydrogen yield, reduce the specific consumption of natural gas and minimize the risks
of soot formation. The paper also calculates the thermal balance, combined steam-carbon dioxide reforming (SMR + DRM). Based on the
conducted studies, optimal reforming modes were determined: gas outlet temperature ~915-920°C; H,0/C ~1.8; increased CO, fraction.
Switching to an optimized reforming mode reduces natural gas consumption by 5.5%, increases H, output by 6.4%, and reduces CO,
emissions due to better energy efficiency and H, addition potential. The results obtained in this work are useful for upgrading existing
Midrex installations in the direction of decarbonization, including the transition to MIDREX Flex/H, technologies.

Keywords: DIRECT REDUCTION OF IRON, MIDREX PROCESS, CATALYTIC REFORMING, HYDROGEN, ENERGY EFFICIENCY,

THERMODYNAMICS, CARBON FOOTPRINT.

1. Introduction

In the context of global decarbonization of metallurgy (Paris
Agreement, IEA Iron and Steel Technology Roadmap), the global
metallurgical industry is undergoing a profound transformation due
to the simultaneous increase in energy costs, stricter environmental
requirements, and the need to reduce greenhouse gas emissions. In
this context, direct reduction of iron (Direct Reduced Iron, (DRI))
technologies are considered as one of the key alternatives to
traditional blast furnace processing [1, 2]. Among these
technologies, MIDREX technology holds a dominant position,
providing more than 60% of the global production of DRI and HBI
(Hot Briquetted Iron) using natural gas as a source of reducing
agents (H, + CO), as evidenced by statistical data and analytical
reviews from recent years [1-3].

The key feature of the MIDREX process (Fig. 1) is the use of
reducing gas generated directly at the plant through catalytic
reforming of natural gas using the recycled gas from the blast
furnace. Unlike the classic steam reforming schemes used in the
chemical industry for producing hydrogen, the MIDREX reformer
operates under complex multi-component raw material conditions,
including significant concentrations of CO, and H,O [3, 4]. This
fundamentally changes the nature of the reactions and the thermal
balance of the unit. The reformer is a key component that
determines the quality of the gas (H,/CO ~1.6-1.8), energy
consumption (30-40% of the cost), and CO, emissions. Current
trends include the addition of hydrogen (MIDREX NG with H, up
to 30-100%, MIDREX H,) [5-8] to reduce CO, by 35-95%
compared to (Blast Furnace / Basic Oxygen Furnace, (BF/BOF)).
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Fig. 1. Schematic representation of combined steam-carbon dioxide
reforming in the MIDREX process

An analysis of the scientific and technical literature shows that
the fundamental principles of catalytic steam reforming of methane
were established in the works of Roestrup-Nielsen, Froment, and
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Trimme, which provided detailed studies of the Kkinetics and
thermodynamics of the SMR (Steam Methane Reforming) and
WGS (Water—Gas Shift) reactions on nickel catalysts [9-13]. These
studies continue to serve as the basis for calculations and modeling
of industrial reformers. However, more recent publications have
shown that the presence of carbon dioxide in the feedstock activates
the DRM (Dry Reforming of Methane) reactions, leading to the
formation of the so-called combined reforming of methane [13-17].

Several authors have emphasized that DRM, on the one hand,
contributes to the utilization of CO, and the formation of carbon
monoxide, which is necessary for the carbonization of DRI, while
on the other hand, it reduces the H,/CO ratio and increases the risk
of soot formation [15]. The authors of [16—19] have demonstrated
that the stability of nickel catalysts under combined reforming
conditions is determined not only by the average ratio of oxidants to
carbon, but also by the local conditions of heat and mass transfer in
the reaction tubes. The industrial aspects of MIDREX reformers are
well documented in numerous technical reports and publications by
technology developers, including those related to the modeling and
optimization of existing installations [20]. These studies have
highlighted that operators often use elevated steam ratios as a
protective measure against soot formation and catalyst degradation.
However, this approach leads to increased fuel consumption,
increased heat load on the furnace, and reduced energy efficiency of
the entire system [21]. An analysis of the current state of the art
reveals that a significant portion of existing research is either
fundamental in nature and does not take into account the specific
gas composition of MIDREX, or focuses on specific operational
aspects without comprehensive thermodynamic analysis. The
literature lacks systematic data on the combined effects of
temperature, pressure, and H,O/C and CO,/C ratios on hydrogen
yield, H,/CO ratio, and natural gas consumption specifically in the
context of MIDREX industrial reformers [27, 28, 32, 33].

Thus, the relevance of this study is due to the need for a
comprehensive analysis of the process of combined steam-carbon
dioxide reforming of natural gas, taking into account the actual
operating conditions of MIDREX units. The results of such an
analysis will not only clarify the theoretical understanding of the
processes involved, but also provide practical recommendations
aimed at improving energy efficiency, reducing fuel consumption,
and minimizing the carbon footprint of DRI production. The goal of
this work is to determine the optimal parameters for reforming
natural gas in the MIDREX process, which will increase the yield of
hydrogen and reduce the specific fuel consumption.

2. Theoretical foundations of the process

The process of producing reducing gas in the MIDREX
technology is based on the catalytic conversion of natural gas in the
presence of the oxidizing components of the shaft furnace recycle
gas. Unlike classical steam reforming, where the initial raw material
is a binary system of methane and water vapor, the MIDREX
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reformer uses a multi-component reaction medium that includes
CH,, H,0, CO,, H,, and CO. This allows for the simultaneous
occurrence of several interconnected chemical reactions that form a
complex thermodynamic and kinetic equilibrium of the process.
Steam Methane Reforming (SMR) plays a crucial role in
determining the composition of the reducing gas:

CH, + H,0 = CO + 3H,, AH = +206 kJ/mol.

This reaction is highly endothermic and is accompanied by an
increase in the number of gas moles, which, according to Le
Chatelier's principle, requires high temperatures and relatively low
pressure to shift the equilibrium towards the formation of hydrogen.
SMR provides the main contribution to the generation of H, in the
reformed gas. In addition to SMR, dry reforming of methane
(DRM) becomes significant in the MIDREX process:

CH, + CO, = 2CO + 2H,, AH = +247 kJ/mol.

The increased endothermicity of DRM compared to SMR
makes it highly sensitive to temperature. This reaction leads to an
increase in CO content and a decrease in the H,/CO ratio, which is
important for achieving the desired conditions for direct reduction
carbonization of iron. The Water Gas Shift (WGS) reaction also has
an impact on the gas composition:

CO+ Hzo = C02 + H2, AH = —41 kJ/mol.

At temperatures typical for the MIDREX reformer outlet zone
(850-920°C), the WGS equilibrium is shifted towards the formation
of CO. However, at elevated vapor ratios, this reaction can
contribute to additional hydrogen generation and simultaneously
affect the partial pressures of CO and CO,. The combination of
these reactions forms the so-called combined steam-carbon dioxide
reforming, where SMR and DRM occur in parallel, and WGS acts
as a balancing mechanism for redistributing the components of the
reducing gas. One of the key limitations of the reforming process is
the formation of solid carbon on the surface of nickel catalysts,
which leads to their deactivation and increases the hydraulic
resistance of the reaction tubes. Thermodynamically, soot formation
is possible through the cracking of methane and the Budau reaction
[27, 28, 39]:

CH4 = C(s) + 2H,,
2CO = C(s) + CO,.

The probability of these reactions increases at lower values of
the oxidizer-to-carbon ratio (O/C) and local temperature
inhomogeneities in the gas inlet zone of the reaction tubes [13-15].
As can be seen from the thermodynamic carbon stability diagram
(Fig. 2), reducing the O/C ratio at the operating temperatures of the
reformer leads to the process entering the region of
thermodynamically possible soot formation. Modern studies show
that the stability of nickel catalysts is determined not only by the
average values of process parameters, but also by the local
conditions of heat and mass transfer, as well as the uniformity of
flow distribution in the tube bundle [16,18]. An additional risk
factor is the presence of sulfur compounds, even in trace
concentrations, which can lead to rapid passivation of nickel active
sites. Therefore, the theoretical analysis of the MIDREX reforming
process should take into account the combined effects of the
thermodynamics of the main reactions, kinetic limitations, and
catalyst deactivation factors, which is essential for subsequent
optimization of process parameters.
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Thermodynamic boundary of carbon stability (a(C) = 1)
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Fig. 2. Thermodynamic boundary of soot formation

Although thermodynamics determines the maximum possible
concentrations, the actual composition of the gas at the reformer
outlet depends on the kinetics (catalyst activity and contact time). In
industrial conditions, the Midrex process is carried out at gas outlet
temperatures of 850-920°C. This results in a residual methane
(CH,) content in the reformed gas of 0.5-1%. A decrease in catalyst
activity or a drop in flue gas temperature leads to an increase in
methane slip, which is equivalent to a loss of fuel and a decrease in
H, yield.

3. Impact of technological parameters on the
reforming efficiency

The effectiveness of the reform process in MIDREX technology
is determined by the cumulative effect of temperature, pressure, and
molar ratios of the components of the gas mixture. Unlike isolated
chemical and technological processes, the MIDREX reformer
functions as part of a single thermochemical system that is tightly
coupled to the operating mode of the shaft furnace, which imposes
additional restrictions on the choice of optimal parameters.

The influence of temperature. Temperature is a determining
factor affecting the degree of methane conversion and the
equilibrium composition of the reducing gas. The endothermic
nature of steam and carbon dioxide reforming reactions causes a
shift in equilibrium towards the formation of hydrogen and carbon
monoxide  with  increasing temperature.  According to
thermodynamic calculations and industrial observations, an increase
in the temperature of the gas outlet from the reformer to 900-920°C
reduces the residual methane content to 0.5-1.0% vol., which
corresponds to the rational use of chemical energy of the fuel [20,
22]. An increase in temperature leads to a shift in the equilibrium of
the endothermic reactions of SMR and DRM towards the formation
of H, and CO, which is accompanied by a decrease in the residual
methane content (Fig. 3).

At the same time, an excessive increase in temperature leads to
an increase in thermal stresses in the reformer pipes and accelerated
degradation of the catalyst, which limits the upper limit of the
operating range. Thus, the temperature regime of the reforming
should be considered as a compromise between maximum methane
conversion and the durability of the equipment. The influence of
pressure. From a thermodynamic point of view, an increase in
pressure has a negative effect on the SMR and DRM reactions,
accompanied by an increase in the number of moles of gas.
However, under MIDREX conditions, the choice of pressure is
determined not only by chemical equilibrium, but also by the
requirements of the gas dynamics of the shaft furnace, ensuring
stable counterflow and preventing air intake.
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4. Calculation of thermal balance and parameters
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Fig. 3. Influence of temperature on the equilibrium composition of the
reformed gas

Operational practice shows that the optimal reforming pressure
range is formed based on minimizing conversion losses while
maintaining stable operation of the entire gas circuit. In this context,
the effectiveness of reforming should be assessed not by the
absolute degree of methane conversion, but by the integral energy
effect for the entire conversion [22, 25, 28]. The effect of the H,O/C
and CO,/C ratios. The steam/carbon and CO,/carbon ratios have a
complex effect on the synthesis gas composition, the risk of soot
formation, and the stability of the catalyst. An increase in H,O/C
helps to suppress methane cracking and the Boudoir reaction,
reducing the likelihood of carbonaceous deposits. However, an
excessive steam ratio leads to an increase in the thermal costs of
water evaporation and a decrease in the concentration of reducing
components in the gas.

The presence of CO, activates DRM reactions, which promotes
the utilization of carbon dioxide and the formation of CO necessary
for the carburization of DRI [14, 15]. At the same time, an
excessive increase in CO,/C reduces the H,/CO ratio and may
worsen the reduction potential of the gas [18]. Studies show that the
optimal range for MIDREX industrial installations is H,O/C=1.6—
1.8 with a controlled CO, content providing an H,/CO ratio of the
order of 1.6-1.8 [21-23]. From the calculated thermodynamic map
(Fig. 4) it follows that an increase in the vapor ratio leads to an
increase in H,/CO, while an increase in the proportion of CO, in the
gas mixture has the opposite effect, reducing the reduction potential
of the gas. Thus, the efficiency of reforming is determined not by
the extreme values of individual parameters, but by their consistent
combination, ensuring the thermodynamic stability of the process,
minimal risk of deactivation of the catalyst and the required quality
of the reducing gas.
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Fig. 4. Thermodynamic map of the ratio H,/CO
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optimization

To evaluate the effectiveness of the proposed approaches, the
thermal balance of a standard Midrex reformer pipe (diameter 280
mm, core length 10 m) was calculated at a module capacity of 257
t/h DRI. The heat balance was calculated using the equation:

Qtotal = Qreaction + Qsensible + Qloss

where Qreaction — the sum of the enthalpies of SMR (+206
kJ/mol) and DRM (+247 kJ/mol) reactions multiplied by the degree
of conversion;
Qsensible — the heat spent on heating the gas mixture from
the inlet temperature (T;, =450°C) to the outlet temperature (Toy);
Quoss — heat losses (assumed 2% of the supplied power).
Two operating modes were modeled:
- basic mode (conservative): T, = 880°C, high steam ratio
(H,O/C = 2.5) to guarantee against soot;
- optimized mode (suggested): T,y = 920°C, reduced vapor ratio
(H,0/C = 1.8), increased CO, content in the power supply.
The calculated thermodynamic estimates given for 1000 Nm? of
natural gas are presented in Table 1.

Table 1. Simulation results

Parameter Unit | Basic Optimized Change
mode mode

Outlet °C 880 920 +40

temperature

(Tout)

Steam ratio - 2,5 1,8 -28%

(H,0/C)

Conversion % 92,5 96,8 +4,3

CH,

Product % 54,0 60,5 +6,4

composition

(Ha)

Product % 32,5 35,2 +2,7

composition

(CO)

Ratio H,/CO - 1,66 1,72 Optimum
for DRI

Residual % 1,9 0,9 -50%

methane

Specific energy | G/t 10,8 10,2 -5,5%

consumption

Switching to an optimized mode demonstrates a reduction in
energy consumption, despite an increase in operating temperature.
This is due to a sharp decrease in energy costs for heating ballast
water vapor (a decrease in Qgensinle OVerrides an increase in Qreaction)-
In addition, the reduction of H,/CO from 1.85 to 1.62 improves the
conditions of DRI carburization in the shaft furnace, allowing a
product with a carbon content of 1.5-2.0% to be obtained, which
reduces energy consumption during subsequent electric melting.
Based on our experimental studies, we have formulated the
following recommendations for the engineering and technical staff
of Midrex installations [30, 31, 34, 35] (Table 2). These parameters
are indicative for catalysts based on o — Al,O; with a Ni content of
12-15%.

The recommendations given in table 2 allow us to use the main
parameters of the reform process as diagnostic and control
indicators. The deviation of these parameters from the optimal
ranges directly affects the degree of metallization of DRI and the
modulus of reducing gas (H, + CO), which determines the sequence
of corrective actions discussed below.
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Table 2. Recommendations for optimizing the reform parameters

Control Optima | Consequences of | Recommendation
parameter I range | rejection s
Outlet gas | 905 — | <900°C - an | Maintain the
temperatur | 920°C | increase in CH, | maximum
e overshoot, a | possible
decrease in the | temperature T,
reduction potential | limited by the
of the gas; pipe wall
930°C — increased | temperature t°
heat load, | (usually Tmax=
accelerated 1050°C)
degradation of
pipes and
increased fuel
consumption.
Pressure (at | 25  — [ Pressure increase - | Keep it as low as
the  inlet | 2.3 bar | decrease in | possible, ensuring
and outlet equilibrium a pressure drop in
of the methane the shaft furnace
reformer) conversion (Le
Chatelier
principle);
A decrease in
pressure below the
calculated pressure
is a risk of
disruption of the
gas dynamics of
the shaft furnace.
Steam ratio | 1,6 — | 1.8-2.0 — increase | Decrease
(H,0IC) 18 in heat losses and | smoothly  (0.05
specific fuel | step) with
< _1'5_ " | control (AP) on
approximation  to pipes
the  region  of
thermodynamicall
y possible soot
formation.
CH, 09 -[10 % — | Use as an
content at | 1.0% incomplete indicator of
the output conversion and | catalyst activity
inefficient use of
natural gas;
< 0.8% — increase
in heat load
without significant
gain in gas quality.
Sulfur <5ppm | 5-10 ppm  — [ Strict control of
content (S) gradual decrease in | the  desulfurizer
the activity of the | operation (ZnO)
nickel catalyst;
10 ppm is a rapid
and practically
irreversible
poisoning of the
catalyst.
Conclusions

The paper provides a comprehensive analysis of the process of
natural gas reforming in MIDREX technology from the standpoint
of thermodynamics, reaction chemistry and energy efficiency,
which made it possible to consider the reformer not as an isolated
apparatus, but as an integral element of a single gas-thermal system
for direct iron reduction. It is shown that in the conditions of the
real gas composition of MIDREX, the reforming process has a
combined character and is determined by the combined reactions of
steam and carbon dioxide reforming of methane, as well as the
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reaction of water gas shear. It has been established that the presence
of CO, in the recycled gas fundamentally changes the equilibrium
composition of the reducing gas and should be taken into account
when choosing optimal operating parameters. Based on the analysis
of the influence of technological parameters, it was found that
temperature is a key factor determining the degree of methane
conversion and the quality of the reducing gas, while the pressure
and composition of the gas mixture impose system limitations
related to the requirements of the gas dynamics of the shaft furnace.
It is shown that it is advisable to evaluate the effectiveness of
reforming by the integral energy indicators of the entire gas circuit,
rather than by local conversion rates. The calculation of the heat
balance showed that an excessive increase in the steam ratio leads to
an unjustified increase in heat costs without significantly increasing
the stability of the process. It is proved that optimization of the
H,0/C and CO,/C ratios makes it possible to reduce the specific
consumption of natural gas, maintain the required H,/CO ratio and
at the same time minimize the risk of soot formation and
degradation of the catalyst. Practical recommendations are
formulated for optimizing the parameters of reforming for
MIDREX industrial installations, the implementation of which
ensures a reduction in specific fuel consumption by 5-7%, a
reduction in the heat load on the reformer and an increase in the
overall energy efficiency of the direct iron reduction process. The
results obtained expand the existing understanding of the process of
combined reforming in DRI technologies and can be used in the
design, modernization and optimization of operating modes of
existing and prospective MIDREX installations [36-38].

This research was funded by the Science Committee of the
Ministry of Science and Higher Education of the Republic of
Kazakhstan (Grant no. AP19675410).
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Abstract: Controlling wettability is increasingly essential for innovative applications in advanced manufacturing, energy systems, and
biomedical engineering. This study presents an Al-driven modelling framework that predicts the wettability of laser-textured microstructured
surfaces using height-map-based geometric analysis. Both synthetic and experimentally derived textures were converted into true 8-bit
height maps, allowing for the extraction of important topographical descriptors such as Sa, Sq, Sz, Sdr, solid fraction (p), and dominant
spatial period. These parameters were integrated into a hybrid predictive approach that combines machine-learning techniques with
physics-based wetting models (Wenzel and Cassie-Baxter). Young’s intrinsic contact angle was optimized using real experimental data,
enabling accurate predictions across two regimes for a set of ten engineered test surfaces.

Keywords: SURFACE TOPOGRAPHY, Al- DRIVEN MODELLING, CONTACT ANGLE PREDICTION, WENZEL AND CASSIE-BAXTER,

HEIGHT- MAP ANALYSIS

1. Introduction

Surface wettability, defined as the ability of a liquid to spread or
repel on a solid surface, plays a critical role in a wide range of
engineering and scientific applications, including self- cleaning
coatings, anti- icing systems, biomedical devices, and heat transfer
technologies [1-4]. The wetting behavior of a surface is commonly
characterized by the contact angle (CA), which depends on both the
chemical composition and the micro- and nano- scale topography
of the surface. While ideal smooth surfaces can be described by
Young’s equation, real engineered surfaces are inherently rough and
heterogeneous, requiring more advanced models to accurately
describe wetting phenomena.

Two classical models are widely used to describe wettability on
rough surfaces: the Wenzel model and the Cassie-Baxter model [5].
The Wenzel model assumes that the liquid fully penetrates surface
asperities, leading to an apparent contact angle dependent on the
surface roughness factor. In contrast, the Cassie-Baxter model
describes a composite interface in which the liquid rests partially on
trapped air pockets, resulting in higher apparent contact angles and
often superhydrophobic behavior. These models form the
theoretical basis for understanding wetting transitions and for
designing surfaces with tailored hydrophilic or hydrophobic
properties. However, the transition between these regimes is
complex and depends strongly on geometric features such as feature
size, spacing, and hierarchical structure [6].

In recent years, laser surface texturing (LST) has emerged as a
versatile and precise method for designing functional surfaces with
controlled wettability [7,8]. LST enables the fabrication of micro-
and nano- scale patterns such as grooves, dimples, and hierarchical
structures on a wide range of materials, providing a powerful tool
for tuning surface interactions with liquids. Numerous studies have
demonstrated that the wettability of laser- textured surfaces can be
significantly modified by altering process parameters such as
scanning speed, pulse duration, and pattern geometry. Furthermore,
bio- inspired designs, such as lotus- leaf or shark- skin- like
structures, have been successfully implemented to achieve extreme
wetting states, including superhydrophobicity [9].

To quantitatively characterize surface topography, modern
surface metrology relies on standardized areal parameters defined in
ISO 25178, such as Sa (arithmetical mean height), Sq (root mean
square height), and Sdr (developed interfacial area ratio). These
three- dimensional parameters provide a comprehensive description
of surface geometry and are essential for correlating microstructure
with functional properties such as wettability. Despite these
advances, establishing a direct and reliable relationship between
topographical descriptors and contact angle remains a challenging
task due to the complex interplay between geometric and
physicochemical factors [10].

Recently, artificial intelligence (Al) and machine learning (ML)
techniques have been increasingly applied to model and predict
wettability from surface characteristics [11,12]. Neural networks
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and other ML approaches have demonstrated high predictive
accuracy by capturing nonlinear relationships between surface
parameters and contact angle. Additionally, emerging studies
combining ML with experimental data from laser- textured surfaces
have shown promising results in predicting wettability across a
wide range of materials and structures. Nevertheless, the
performance of purely data- driven models is often limited by the
scarcity of high- quality experimental datasets, highlighting the
need for hybrid approaches that integrate physical models with
Al- based techniques.

In this context, the present study aims to develop an integrated
framework for predicting the wettability of laser- textured surfaces
using a combination of synthetic height- map generation,
image- based topographical analysis, and physics- guided
modelling supported by Al concepts. Specifically, the work focuses
on extracting key surface parameters from engineered textures,
calibrating wettability models using experimental data, and
applying hybrid predictive methods to estimate contact angles for
newly designed surface geometries. This approach seeks to provide
a reproducible and scalable methodology for the design and
optimization of functional surfaces with tailored wetting behavior.

2. Materials and Methods
2.1 Surface Data Preparation and Height- Map Generation

The study was based on a combined dataset consisting of both
synthetic surface structures and experimentally measured
laser- textured surfaces. The real pictures of laser-textured surfaces
are shown in Fig. 1 [13]. A set of ten synthetic surface geometries
was generated to represent a wide wettability spectrum ranging
from superhydrophilic to hydrophobic regimes. Each structure was
initially provided as a grayscale PNG image and subsequently
converted into a true height- map representation, in which pixel
intensity values (0-255) correspond directly to normalized surface
heights.

The conversion process involved transforming each image into
a grayscale format and applying linear normalization to ensure
uniform scaling across all samples. The normalized pixel values
were then interpreted as relative height distributions and mapped to
physical surface heights using assigned maximum amplitudes
(Zmax)- The Zna values were selected within the range of 200 -
800 um, depending on the intended structural complexity of each
surface. This approach enabled the creation of a consistent and
physically interpretable dataset suitable for both computational
analysis and potential laser surface processing.

2.2 Real Surface Dataset and Experimental Data

In addition to synthetic datasets, experimentally derived
height- maps of real laser- textured surfaces were used for model
calibration. These datasets were obtained from the Excel file,
containing multiple texture types (e.g., dimple, pyramid, fish- scale,
and bio- inspired structures) along with their corresponding
measured contact angles and surface depths.
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Fig. 1 Laser surface textured structures:
(h) Salamander; (i) Shark; (j) Whale.

(@) Cactus; (b) Dimple;

The experimental height- maps were processed using the same
normalization and scaling procedures as the synthetic data to ensure
methodological consistency. Surface heights were converted into
physical units (um) based on measured mean texture depths. These
real datasets served as the ground truth for calibrating wettability
models and evaluating predictive performance.

2.3 Surface Topography Characterization

Quantitative characterization of surface geometry was
performed using areal surface texture parameters defined in 1SO
25178 standard. These parameters were selected as they provide a
comprehensive three- dimensional representation of surface
topography. The primary parameters extracted in this study include:

Sa (arithmetical mean height) — average deviation from the mean
plane

Sqg (root mean square height) — standard deviation of height
distribution

Sz (maximum height) — peak- to- valley height difference

Ssk (skewness) — asymmetry of surface height distribution

Sku (kurtosis) — peakedness of height distribution

Sdr (developed interfacial area ratio) — percentage increase in
surface area relative to a flat plane

The Sdr parameter was calculated using discrete gradient
estimation derived from Sobel- type convolution kernels applied in
both x and y directions. The local slopes obtained from these
gradients were used to compute the true surface area, enabling
evaluation of the surface roughness factor.

In addition to ISO parameters, several functional geometric
descriptors were extracted:

Solid fraction (p) — calculated using Otsu thresholding to separate
solid peaks from void regions;

Dominant spatial period — obtained via two- dimensional Fast
Fourier Transform (FFT) analysis;

Autocorrelation length (Sal) and texture isotropy (Str) — derived
from normalized spatial autocorrelation functions;

Approximate feature diameter — estimated from solid fraction and
periodicity.

These descriptors were used to capture both the statistical and
structural characteristics of the surface, enabling a more complete
understanding of their influence on wettability behavior.

2.4 Wettability Modelling

The wetting behavior of each surface was evaluated using two
classical theoretical models: the Wenzel model and the Cassie-
Baxter model, which describe wetting on rough surfaces under
different physical conditions [14].

The Wenzel model (Fig. 2) assumes complete wetting of
surface asperities and is expressed as:

(c) Dome;

54

(d) Fish scale; (e) Hexagon; (f) Lobster; (g) Pyramid;

cosfy = r cosby, where r =1 + Sdr / 100

@

where r is the roughness ratio (related to Sdr) and 6y is the intrinsic
Young’s contact angle.

2. Wenzel Model (Homogeneous Wetting) }
[ [
§ R 0,y : apparent contact angle (Wenzel)
cos By = rcos Oy, Oy : Young's contact angle

r=1+ Sdr/100 r :roughness ratio (r = 1)
Sdr : developed interfacial area ratio (%)

= Surface
0 \ roughness
X e
| r=1

Wenzel state
(liquid penetrates asperities)

Young's angle (smooth)

Key implications
« If By < 90° (hydrophilic): increasing r — 6y decreases (more hydrophilic)

« If By > 90° (hydrophobic): increasing r — 0y increases (more hydrophobic)
+ Assumes full wetting of surface texture (no trapped air)
«+ Clip cos Oy to the physical range [-1, 1]

Fig. 2 lllustration of the Wenzel model

The Cassie-Baxter model (Fig. 3) assumes a composite solid-air
interface and is defined as:

€0SOcg = ¢ cosby — (1 — ¢), 2

where ¢ represents the solid fraction of the surface.

3. Cassie-Baxter Model (Composite Wetting)

Ocp : apparent contact angle (Cassie-Baxter)
Oy : Young's contact angle
¢ : solid fraction in contact with liquid (0-1)

cos Ocg = ¢ cos Oy — (1 — ¢)

Trapped air
in texture

e
Oy -

Cassie-Baxter state
(air pockets trapped under droplet)

Young's angle (smooth)

Key implications

« Air pockets (1 — ) reduce solid-liquid contact — increases 6cg
« Can produce apparent hydrophobicity even if 8y < 90°

+ Requires an estimate of solid fraction ¢ (from geometry)

« Clip cos Ocg to the physical range [-1, 1]

Fig. 3 lllustration of the Cassie-Baxter model.
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In this study, both models were applied to each surface to
evaluate possible wetting regimes and transitions. The roughness
factor r was approximated as:

r=1+Sdr/100 3)

linking ISO parameters directly to physical wetting behavior.
2.5 Al Assisted Model Calibration

To improve predictive accuracy, an Al- assisted calibration
approach was implemented. A dataset of real surface measurements
(including contact angle values) was used to optimize the intrinsic
Young’s contact angle 6y. A grid search optimization method was
employed over a range of plausible values (30° — 120°), minimizing
the root- mean- square error (RMSE) between predicted and
experimentally observed contact angles.

In addition, a Random Forest regression model was evaluated as
a purely data- driven alternative. The model utilized the extracted
topographical features (Sa, Sq, Sz, Sdr, ¢, and others) as input
variables. Due to the limited size of the experimental dataset, the
regression model showed restricted generalization capability, and
therefore its role was primarily supportive rather than definitive.

The final predictive approach was based on a hybrid
framework, combining physics based equations with Al- assisted
parameter calibration. This methodology allowed the incorporation
of both theoretical understanding and data- driven optimization.

2.6 Data Processing and Implementation

All computations were performed using Python based tools,
including NumPy for numerical processing, SciPy for signal
analysis, and Pandas for data handling. Image processing was
carried out using the Pillow library, while FFT and autocorrelation
analyses were implemented using standard numerical routines.

The final results, including all surface parameters and predicted
contact angles, were compiled into structured Excel files for further
analysis and visualization.

3. Results and Discussion
3.1 Surface Topography Characteristics

The quantitative analysis of the ten synthetic height- map
structures revealed a wide variation in surface topography
parameters, reflecting the intended transition from hydrophilic to
hydrophobic regimes. The extracted ISO- based parameters (Sa, Sq,
Sz) exhibited a gradual increase with assigned surface complexity
and height scaling (Zna), indicating greater deviations from the
mean plane and higher peak- to- valley amplitudes. This trend is
consistent with expectations for engineered textures, where
increased feature height and spacing contribute to enhanced surface
roughness.

The developed interfacial area ratio (Sdr) showed a particularly
significant variation across the dataset, ranging from approximately
2% for smoother structures to over 100% for highly rough, complex
surfaces. This increase in Sdr indicates a substantial rise in the true
surface area relative to the projected area, which has a direct
influence on wettability behavior through the roughness factor r.
Notably, structures classified as hydrophobic or highly structured
exhibited markedly higher Sdr values, suggesting a strong
amplification of roughness effects.

The solid fraction (¢) varied within a relatively narrow range
(approximately 0.38-0.49), yet its influence on wetting behavior
proved to be critical. Even small variations in ¢ significantly
affected the predicted contact angle values under the Cassie-Baxter
model. This highlights the sensitivity of wetting behavior to the
distribution of solid-liquid contact areas and the presence of air
pockets within the structured surface.

Spectral and spatial analyses further revealed that most
synthetic surfaces exhibited quasi- periodic patterns, as confirmed
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by FFT derived dominant spatial periods. Autocorrelation analysis
indicated that the majority of structures were relatively isotropic
(Str= 0.8 -1.0), implying uniform distribution of features in all
directions. Such isotropic surfaces are generally less prone to
anisotropic wetting behavior, which is beneficial for consistent
droplet interaction in practical applications.

3.2 Wettability Predictions Using Physical Models

The application of the Wenzel and Cassie-Baxter models to the
synthetic surfaces revealed two distinct wetting regimes, strongly
dependent on surface roughness and solid fraction.

Wenzel Model Behavior

The Wenzel model predictions demonstrated a clear trend: as
surface roughness increased (higher Sdr and roughness factor r), the
predicted contact angle decreased significantly. For low- roughness
surfaces, Wenzel contact angles ranged between approximately 23°
and 28°, indicating moderately hydrophilic behavior. However, for
highly rough surfaces, the model predicted near- zero contact
angles, suggesting complete wetting.

This behavior is consistent with the theoretical formulation of
the Wenzel model, where surface roughness amplifies the intrinsic
wetting characteristics. Given the optimized Young’s angle (~30°),
the increase in roughness strongly favors wetting, leading to the
transition toward a fully wetted state. This indicates that, under
Wenzel conditions, highly textured surfaces enhance hydrophilicity
rather than hydrophobicity, particularly when the intrinsic material
is already moderately wettable.

Cassie-Baxter Model Behavior

In contrast, the Cassie-Baxter model predicted consistently
higher contact angles across all surfaces, with values ranging from
approximately 95° to 106°. These results indicate hydrophobic
behavior and, in some cases, approach the threshold for
superhydrophobicity.

The relatively stable predictions across different structures
suggest that the Cassie-Baxter regime is primarily governed by
solid fraction rather than roughness magnitude. Since ¢ remained
within a moderate range (~ 0.4 — 0.45), the resulting contact angles
showed limited variation. This emphasizes that achieving
significantly higher hydrophobicity would require either lower ¢
values (i.e., more air fraction) or hierarchical surface design.

3.3 Wettability Predictions Using Physical Models

A direct comparison between the two models highlights a
fundamental divergence in predicted wetting behavior. While the
Wenzel model predicts increasing hydrophilicity with surface
roughness, the Cassie-Baxter —model predicts sustained
hydrophobicity. This discrepancy reflects the different physical
assumptions behind the models.

The Wenzel regime assumes complete liquid penetration into
the surface texture, resulting in increased solid-liquid contact area.
In contrast, the Cassie-Baxter regime assumes partial contact, with
air pockets reducing the effective contact area. The observed
differences in predicted contact angles suggest that the actual
wetting behavior of the surface will depend on whether the liquid
penetrates the texture or remains suspended above it.

For intermediate surfaces, the predictions of both models
diverge significantly, indicating that these structures lie within the
wetting transition region. Such surfaces are highly sensitive to
external conditions, including droplet size, impact velocity, and
environmental pressure. This highlights the importance of
considering both models when designing functional surfaces, as real
systems often exhibit mixed or metastable wetting states.

3.4 Role of Surface Parameters in Wettability
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The results demonstrate that not all surface parameters
contribute equally to wettability prediction. Among the extracted
features, Sdr and ¢ emerged as the most influential parameters.

The parameter Sdr directly controls the roughness factor in the
Wenzel model, making it a critical determinant of wetting behavior
in fully wetted conditions. High Sdr values significantly amplify the
intrinsic wettability of the material, which explains the rapid
decrease in contact angle observed in the Wenzel predictions.

The solid fraction ¢ plays a dominant role in the Cassie-Baxter
model by determining the relative contributions of solid and air
interfaces. A lower ¢ results in higher contact angles due to
increased air entrapment. Although ¢ variation was limited in this
study, its impact on contact angle prediction remained substantial.

Other parameters, such as Sa, Sq, and Sz, provide useful
descriptors of surface morphology but do not directly enter the
theoretical wetting equations. However, they are indirectly related
to wettability through their influence on Sdr and feature geometry.
Similarly, autocorrelation and spectral parameters (Sal, Str,
dominant period) help characterize structural organization but play
a secondary role in direct wettability prediction.

3.5 Evaluation of Al- Assisted Modelling

The Al- assisted component of this study was primarily used to
optimize the intrinsic Young’s angle based on experimental data.
The grid- search optimization resulted in a value of approximately
30°, which provided the best agreement between predicted and
measured contact angles for the available dataset.

The attempt to use a Random Forest regression model
demonstrated the limitations of purely data- driven approaches

(b)

®

(©)

©

when the dataset is small. Although the model was able to capture
general trends, its predictive accuracy was limited due to
insufficient training data. This confirms that, in the context of
surface wettability, hybrid approaches combining physics and Al
are more robust than purely machine- learning methods,
particularly in early- stage research or when experimental data is
scarce.

3.6 Implications for Surface Design

The proposed workflow provides valuable insights for the
design of functional surfaces. The results indicate that achieving
hydrophobic or superhydrophobic behavior is not solely dependent
on increasing surface roughness. Instead, the interplay between
roughness, solid fraction, and structural geometry must be carefully
considered.

To promote Wenzel behavior (e.g., for applications requiring
strong liquid adhesion), surfaces should be designed with high
roughness (high Sdr) and continuous contact pathways. Conversely,
for hydrophobic or self- cleaning applications, surfaces should be
engineered to favor the Cassie-Baxter regime by reducing ¢ and
introducing features that trap air, such as re- entrant or hierarchical
structures.

The use of synthetic height- maps allows for rapid prototyping
of such designs, enabling systematic exploration of parameter space
before experimental fabrication. This significantly reduces
development time and cost, especially in laser surface engineering
applications. Al generated surfaces for laser-texturing are shown in
Fig. 4.

. | “ 7‘1. | . .

0)

Fig. 4 Al-generated structures: (a) Superhydrophilic; (b) Very hydrophilic; (c) Hydrophilic; (d) Mild hydrophilic; () Neutral;
(f) Transition; (g) Mild hydrophobic; (h) Hydrophobic; (i) Very hydrophobic; (j) Superhydrophobic.

3.7 Implications for Surface Design

Despite the promising results, several limitations should be
noted. The primary limitation is the relatively small dataset of
experimentally measured contact angles, which restricts the
accuracy of model calibration. Additionally, the current approach
does not account for surface chemistry effects, which can have a
significant impact on wettability.

Future work should focus on expanding the dataset,
incorporating chemical surface properties, and exploring more
advanced Al models capable of handling complex nonlinear
interactions. Experimental validation of the predicted contact angles
will also be essential to confirm the applicability of the proposed
methodology.
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Overall, the results demonstrate that the combination of
height- map analysis, standardized surface parameters, and
physics- guided modelling provides a powerful framework for
predicting and understanding wettability in laser- textured surfaces.

4. Conclusion

1. A reproducible framework for wettability prediction was
developed, integrating synthetic height- map generation,
ISO- based surface characterization, and physics- guided
modelling. The approach enables systematic analysis of
structured surfaces and supports rapid evaluation of wetting
behavior prior to experimental fabrication.
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3.

Surface roughness (Sdr) and solid fraction (¢) were identified
as the dominant parameters influencing wettability, directly
governing the predictions of Wenzel and Cassie-Baxter
models. High Sdr strongly amplifies intrinsic wettability
(favoring Wenzel behavior), while ¢ controls the degree of air
entrapment and hydrophobic response in the Cassie—Baxter
regime.

A clear divergence between Wenzel and Cassie-Baxter
predictions was observed, particularly for highly structured
surfaces. This confirms that wettability is strongly
regime- dependent and highlights the importance of
considering both models when designing laser- textured
surfaces.

The hybrid Al- assisted approach demonstrated improved
robustness compared to purely data- driven models, especially
under conditions of limited experimental data. The
combination of physical modelling and parameter calibration
provides a reliable and scalable methodology for the design of
functional surfaces with tailored wetting properties.
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Abstract: Nickel-based nanocomposite coatings reinforced with silicon dioxide (SiO;) nanoparticles are attracting increasing interest in
advanced marine applications due to their superior mechanical properties and resistance to surface wear. In this study, selective Ni-SiO,
nanocomposite coatings were prepared and investigated to determine the relationship between microstructure, composition, and mechanical
properties. The microstructure of the coatings was investigated using scanning electron microscopy (SEM). The analysis showed that the
matrix is fine-grained and relatively homogeneous, containing well-dispersed SiO, nanoparticles at an amount corresponding to the optimal
reinforcement level. Energy-dispersive X-ray spectroscopy (EDS) analysis confirmed that silicon oxide had been successfully incorporated
into the nickel matrix and was uniformly distributed within it, and no significant signs of agglomeration were observed in the most effective
compositions. Mechanical properties were evaluated by scratch tests to assess the coating’s adhesion and resistance to mechanical damage.
The results showed that SiO -reinforced coatings exhibit significantly higher scratch resistance and higher critical load values. This
improvement is attributed to dispersive strengthening, grain refinement, and the barrier effect created by hard ceramic nanoparticles, which
together inhibit plastic deformation and crack propagation. In summary, the results of the study demonstrate the potential of Ni-SiO,
nanocomposite coatings as durable protective solutions in marine environments, where resistance to mechanical wear and surface damage
is particularly important. The study provides insights into how to adjust the microstructure and reinforcement distribution to improve the
coating’s performance characteristics.

Keywords: Ni-SiO; NANOCOMPOSITE COATINGS, SILICON DIOXIDE NANOPARTICLES, LASER SINTERING, NANOPARTICLE
REINFORCEMENT.

1. Introduction complicates their application [7]. Ceramic coatings have the

» . . properties of hardness, wear resistance, and high temperature

The maritime industry is a key component of the global regjstance, making them suitable for marine components such as
economy: it accounts for more than 80% of global trade in goods. It yropellers and shafts. However, their brittleness makes them prone
supports key oil, gas and renewaple energy extraction processes [1]. to cracking under mechanical stress, and their application often
However, the components used in this sector, from ship hulls and  requires advanced technology, which increases costs and limits their
propulsion systems to offshore platform equipment, are exposed t0  practicality for large-scale structures [2]. Metallic coatings, such as
extremely harsh operating conditions. Constant exposure to salt  zinc and aluminium-based systems, provide protective cathodic
wate_,\r, high humidity, temperature_ fluctu_atlons and abrasive protection to the underlying metals. Although effective, these
particles accelerates wear and corrosion, which greatly affects the  ¢oatings are susceptible to erosion in abrasive environments and
performance and service life of critical systems. This requires the  require frequent recoating. Their effectiveness may also be reduced
development and implementation of advanced security technologies in areas subject to high mechanical stress or biological
to ensure the (:!urability and reliability _of marine eq_uipment [_2]. contamination [8]. A common drawback of many protective
Corrosion remains one of the most pressing problems in the marineé  coatings s their environmental impact. Traditional coatings often
industry. According to estimates by the National Association of contain volatile organic compounds (VOCs) and heavy metals,
Corrosion Engineers, corrosion-related economic losses in this which can leach into the marine environment during degradation
sector amount to 3% of global gross domestic product. These losses and pose a threat to aquatic ecosystems. Maintenance and recoating
include direct component replacement costs as well as indirect costs processes generate additional hazardous waste, and coatings that are
resulting from equipment downtime, reduced operational efficiency,  prone to degradation or failure increase the risk of corrosion and
and increased risk of environmental incidents [3]. Wear is equally  pyctyral instability, increasing long-term costs and environmental
important, especially for moving components such as shafts, jsks. New technologies, such as eco- and nanocomposite coatings,
bearings and screws, which operate under high mechanical loads  aim to address these challenges by offering improved performance
and are exposed to abrasive particles. The wear and tear of these and a smaller ecological footprint. However, these innovative

parts not only increases maintenance requirements but also leads o g5)ytions often involve higher initial costs and require specialised
higher fuel consumption, lower energy efficiency, and higher  nowiedge for their application [9]. This research aims to overcome
greenhouse gas emissions, thus requiring effective solutions [4], [5]. these challenges by developing and evaluating advanced nickel-
Protective coatings are essential to mitigate these challenges as they  paseq nanocomposite coatings reinforced with silicon oxide (SiO5)
improve the durability and functionality of materials in marine  nharicles. These selectively deposited coatings aim to combine the
environments. The most commonly used coatings are €poXY,  jmproved mechanical and corrosion properties of nickel with the
polyurethane, ceramic and metal coatings. Despite their widespread enhanced wear resistance provided by the SiO, particles. Advanced
use, each type has limitations that require further innovation [2]. characterisation techniques will be used to investigate the
Epoxy coatings are favoured for their excellent adhesion, water \icrostructure, adhesion and performance of coatings under
resistance, and chemical resistance, making them suitable for ship  giyjated marine conditions. The research will prioritise the ability
hulls, “offshore platforms, and pipelines. However, over time, ot coatings to withstand the dual stresses of corrosion and abrasion,
especially when exposed to UV rays, these coatings become brittle  oqring “their suitability for critical marine applications such as

and can crack and peel. Furtherrr_lore, their e_ffec_tiveness_depends ship components, offshore platforms and subsea systems.
heavily on proper surface preparation and application, and improper

methods reduce their protective capabilities [6]. Polyurethane 2. Materials and Methods
coatings offer excellent UV resistance and a durable, glossy finish, '
making them ideal for use on the surface and above the waterline. The substrate material used was martensitic stainless steel

However, they are less resistant to prolonged immersion in water 1.4021, also known as X20Cr13 (EN 10088). The substrate plates
and can degrade when exposed to aggressive marine chemicals. were supplied by CHIRMED (Poland); with dimensions
Furthermore, their curing process requires strict control of 20x60x3 mm, and the selectively plated surface area was
environmental conditions such as humidity and temperature, which 20x25 mm. Since the substrate material is primarily used as a base
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for coating deposition, its role in the study was limited to the
preparation and surface treatment stages. The substrate surface was
not subjected for mechanically treatment by grinding/polishing
before selective plating. It was used as received. The plated area
was masked, and electrochemical surface preparation measures
were performed, including electrochemical cleaning,
electrochemical etching, and activation of the masked surface. After
activation, a nickel interlayer approximately 1 pm thick was
deposited by selective plating. This bonding layer was applied to
improve the adhesion strength of the subsequent coating and to act
as a hydrogen and oxidation barrier. Nickel-based SIFCO Ni 2080
electrolyte was used to deposit the Ni-SiO, nanocomposite coating.
The electrolyte had a pH of 2.3 and consisted of 20 wt% nickel
sulfate, 10 wit% nickel formate, 10 wt% citric acid, 1 wt%
aluminium sulfate, and deionised water. To prepare the
nanocomposite plating solution, 2 wt% SiO, nanopowder with an
average particle size of 10 nm was added to the nickel electrolyte.
The suspension was dispersed by ultrasonication for 15 minutes
before precipitation. During the selective platting process, the
electrolyte was continuously stirred with a magnetic stirrer to
maintain a stable dispersion of SiO, nanoparticles. Ni-SiO,
nanocomposite coatings were deposited by a selective method. The
prepared and activated substrate served as the cathode, and the
coating brush served as the anode. During deposition, an
electrolyte-saturated brush was moved across the masked substrate
area at a speed of 15 m/min. The applied plating voltage was
maintained in the range of 6-10 V. After deposition, the coated
samples were rinsed with deionised water and dried.

The coating thickness was measured using a CEM DT-156
coating thickness gauge operating on the principle of magnetic
induction. Its measuring range is from 0 to 1,250 pum, with a
guaranteed reading error of 3% + 1 um and an accuracy of 0.1 um.
The probe creates a magnetic field, and the thicker the coating, the
weaker the probe “detects” the ferromagnetic substrate; thus, the
layer thickness is calculated from the change in the measured
magnetic resistance.

Microstructural analysis of the samples was performed using an
FEI Quanta 200 FEG scanning electron microscope (SEM)
equipped with a field emission generator (FEG). The microscope
was operated under high vacuum to obtain high-resolution images
of the sample surface. Before analysis, the samples were prepared
using standard metallographic procedures, including cutting,
casting, grinding, and polishing.

The elemental composition was determined using an energy
dispersive X-ray spectroscopy (EDS) system integrated with a SEM
(Bruker XFlash 4030). EDS analysis was performed to determine
the chemical composition of the sample, assess the distribution of
reinforcing particles (e.g. SiO,), and detect any impurities or
interfacial diffusion. Spectra were collected at random locations
using an accelerating voltage of 15kV to ensure sufficient
excitation of characteristic X-rays.

Elemental distribution maps were created using the EDS
mapping mode. This allowed us to see the distribution of chemical
elements (Al, C, Su, Fe, Ni, Si, O) in the corresponding areas of the
studied coatings. The results of EDS mapping allowed us to observe
the penetration of SiO, particles into the metal substrate, revealed
the structural uniformity of the coating, and highlighted the
distribution and accumulation of chemical elements.

3. Experimental

SEM and EDS methods were used to study the distribution of
SiO, nanoparticles in Ni-2%SiO, composite coatings and their
morphology. SEM images of “Coating 17, “Coating 2”, and
“Coating 3” show a nodular morphology characteristic of
electrochemically deposited coatings on a nickel substrate;
however, there are noticeable differences in surface uniformity and
density. The “Coating 1” samples exhibit a relatively uneven

surface with irregularly shaped protrusions and areas of lower
density, which confirms unstable growth conditions (F|g 1la).

Fig. 1 Surface morphology: a — Coating 1; b — Coating 2; ¢ — Coating 3.

The “Coating 2” exhibits a significantly more uniform nodule
structure, characterised by a smaller variation in the range of nodule
sizes and a more compact, uniform surface structure. All of this
indicates that the conditions for vegetation growth are more stable
and that the vegetation density is higher (Fig. 1b). A nodular
morphology is also observed in the “Coating 3”; however,
compared to the “Coating 2”, its structure is noticeably coarser and
less uniform (Fig. 1c). The surface is characterised by larger
nodules, lower density, and localised irregularities.

The SI map, which shows the localised silicon deposits and the
uneven distribution of particles (Fig. 2 a), confirms the unstable
growth conditions in the “Coating 1”.

Fig. 2 Sl mapping: a — Coating 1; b — Coating 2; ¢ — Coating 3.
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The corresponding silicon (Si) distribution map of “Coating 2”
(Fig. 2b), reveals a wuniform and finely dispersed silicon
distribution, indicating effective nanoparticle incorporation and
increased coating density.

Visible microcracks and partially flat areas indicate the presence
of internal stresses and less controlled growth dynamics in the
“Coating 3”. These characteristics indicate a reduction in the
structural uniformity and density of the coating. This is associated
with a less homogeneous distribution of silicon, suggesting that
uneven particle penetration and local agglomeration contributed to
structural inhomogeneity and the formation of internal stresses
(Fig. 2 ¢).

The EDS spectra confirm that the matrix consists of nickel;
signals for silicon and oxygen were also detected, confirming the

cps/eV. cps/eV

presence of SiO, nanoparticles (Fig. 3). The relatively low intensity
of the Si peak indicates that the amount of the nanoparticle
reinforcement phase is small (2 wt.%) and that the particles are
small. The Fe signals detected in the spectra are attributed to the
1.4021 stainless steel matrix; they arise from the interaction of the
electron beam with the material under the applied acceleration
voltage. Furthermore, the presence of copper is not related to the
composition of the coating and is most likely due to secondary
factors associated with the brush electroplating process.

In summary, the results of the SEM and EDS analyses indicate
that “Coating 2” exhibited the most favourable balance between
coating growth and nanoparticle incorporation, resulting in the
densest and most structurally homogeneous coating, whereas
“Coating 1” and “Coating 3” exhibited greater heterogeneity
associated with a less controlled particle distribution.

cps/eV.
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Fig. 4 “Coating 1”. Elemental map of: a — nickel map; b — oxygen map; ¢ — iron map.

The distribution map of the elements in the “Coating 1" shows a
continuous but locally heterogeneous Ni matrix (Fig. 4 a), which is
consistent with the heterogeneous morphology of the nodules
observed in the SEM images (Fig. 1 a).

The Si and corresponding oxygen (O) signals confirm the
presence of SiO, nanoparticles; however, their distribution is
uneven, indicating partial agglomeration. The O map (Fig. 4 b)
shows a slightly more dispersed distribution compared to Si, which
confirms that slight surface oxidation also contributes to this. The
Fe signal is clearly visible (Fig. 4 c) throughout the study area,
which clearly indicates the influence of the substrate, caused by
limited coverage density or reduced thickness in certain areas.
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These results confirm once again that the microstructure of the first
layer is not homogeneous, the particles are distributed unevenly,
and the surface is not fully compacted.

The distribution map of the “Coating 2” shows that a highly
homogeneous and continuous Ni matrix has formed (Fig. 5 a),
which confirms stable coating growth and greater structural
integrity compared to the first coating. The distribution of silicon
(Si) and the corresponding oxygen (O) on the surface (Fig. 5 b) is
extremely fine-grained and homogeneous, which confirms that the
SiO, nanoparticles penetrate effectively without forming distinct
clusters. Unlike in the “Coating 17, the Fe signal here is
significantly weaker and more diffuse (Fig. 5 ¢), which confirms the
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limited influence of the substrate and suggests that the coating is
denser and more uniform.

MAG: 1000 x HV: 20.0 kV WD: 9.3 mm

a

Fig. 5 “Coating 2. Elemental map of: a — nickel map; b — oxygen map; ¢ — iron map.

~

MAG: 1000 X HV: 20,0 KV WD: 8.2 mm

a

MAG:1000 x HV: 20.0 KV WD: 9.3 mm

b

MAG: 1000 x HV: 20.0 kV.WD: 9.2 mm

b

MAG: 1000 x HV: 20.0 kV WD: 9.3 mm

MAG: 1000 x HV: 20.0 kV WD: 9.2 mm

Fig. 6 “Coating 3”. Elemental map of: a — nickel map; b — oxygen map; ¢ — iron map.

All elements are evenly distributed, which is consistent with the
refined morphology of the nodules observed in the SEM images,
confirming that “Coating 2” has a more homogeneous
microstructure and higher coating density compared to “Coating 1”.

The Ni distribution map of “Coating 3” shows a continuous Ni-
rich matrix (Fig. 6 a); however, it appears slightly less regular than
in “Coating 27, with minor local variations in intensity that
correspond to the coarser and less compact surface morphology
observed by SEM (Fig. 1 c). The oxygen distribution map is visible
across the entire surface (Fig. 6 b), confirming the presence of an
oxide-containing dispersed phase; however, its distribution appears
slightly less uniform than in the “Coating 2” and more closely
resembles a somewhat disordered particle arrangement. Meanwhile,
the Fe map (Fig. 6 c) is fainter than that of the first layer, indicating
that the upper layer still covers the bedrock fairly well, although it
appears slightly lighter than the densest parts of the second layer.
This confirms the earlier findings that, in terms of the influence of
the substrate, “Coating 3” is not as defective as “Coating 1”, but
structurally it is less homogeneous and less dense than “Coating 2”.

4, Conclusions

Based on a comprehensive analysis of all the studies conducted,
namely, SEM observations, elemental distribution maps, and EDS
spectra, clear qualitative differences are evident in the
microstructure of the Ni-SiO, nanocomposite coatings obtained
under different deposition conditions. The “Coating 1”, plated at a
voltage of 4 V, exhibits the most heterogeneous structure,
characterised by irregular node morphology, uneven silicon
distribution, and the strongest iron signal, indicating a partial
substrate effect and a very low film density. Meanwhile, the
“Coating 2”, plated using a higher voltage (8-10 V), exhibits a
highly homogeneous and densely deposited nodular surface
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characterised by an even distribution of silicon, a continuous nickel
matrix, and the weakest iron signal, which confirms better
nanoparticle penetration and better coating compaction. The
“Coating 3”, plated at a voltage of 4 VV and a shorter time (1 min),
also forms a uniform coating on the substrate surface; however, its
surface is rougher; furthermore, the presence of microcracks and a
less uniform distribution of Si indicate insufficient growth and
lower structural stability compared to “Coating 2”. The Fe signal in
the “Coating 3 is weaker than in the “Coating 1”, which confirms
the reduced influence of the substrate; furthermore, the shorter
curing time limits the coating thickness and uniformity. To
summarise the results obtained, it can be concluded that increasing
the deposition voltage to 6-10 V results in more uniform particle
penetration and the formation of a more compact layer, whereas a
lower voltage and shorter deposition time lead to a non-uniform and
less stable microstructure.
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Abstract: This paper deals with the study and evaluation of the utility properties of selected types of polymer powder coating systems applied
to S235JR structural steel. The primary objective was to assess the influence of the coating system composition (combination of primer and
topcoat versus individual layers) on its mechanical properties and corrosion resistance. The experimental part included surface preparation
by blasting, electro kinetic application of four types of coating systems (Corro zinc 97, Corro coat MX, and Corro coat PE-F), followed by
testing of roughness, thickness, adhesion, and bending resistance. Corrosion resistance was evaluated in a condensation chamber. The
measurement results confirmed that the plasticity, measured by the bending angle, decreases with increasing coating thickness. The highest
adhesion was exhibited by the combined coating system Corro zinc 97 + Corro coat MX. Corrosion tests demonstrated the crucial
importance of the zinc-rich primer, which significantly slowed down the spread of sub-corrosion at the site of mechanical damage.
Keywords: POLYMERPOWDER COATING, BLASTING, ROUGHNESS, PULL-OFF STRENGTH, CORROSION RESISTANCE

focus primarily on thermosetting powders. A key property of these

reactive powders is that curing occurs during the melting process,
Sustainability is becoming a key pillar of modern industry. triggering a change in molecular structure. This results in a cross-

Manufacturers seek ways to reduce their environmental footprint  linked polymer that does not melt when reheated. [13 — 15]

without compromising quality. Polymer powder coatings are - . .

emerging as one of the most eco-friendly surface treatment Initially, powder coating manufacturers had to adapt materials

methods, offering a superior alternative to traditional liquid paints ~ originally developed for liquid coatings; however, binder systems

by eliminating harmful emissions and minimizing waste. eventually evolved specifically for powder applications. The
requirements for binders in thermosetting powder coatings differ

The primary environmental benefit of this method lies in the  sjgnificantly from those used in conventional liquid paints. For
elimination of organic solvents, resulting in virtually zero emissions  reactive powders, it is crucial that the binder system has a relatively
of volatile organic compounds (VOCs). Toxicological studies  hjgh melting point (above 100°C) and a specific viscosity profile
indicate that most polymer-based powder coatings are considered  once melted. The melting point is also critical for storage stability.
inert. Since these coatings contain no solvents, they can be applied Additionally, these systems must offer rapid curing alongside
immediately without the need for ancillary processes typical of wet  excellent mechanical and chemical properties. Due to these
coatings, such as dilution or mixing. [1 — 4] requirements, the number of suitable binders for powder coatings
remains limited.

1. Introduction

In contrast to wet coatings, where the solids-to-solvent ratio is
typically 50:50, the solids content in powder coatings is practically
100%. However, because powder coatings are relatively
hygroscopic, they absorb moisture from the surrounding air during 2. Materials and methods
production, bringing the actual dry matter content to approximately
99.5%. From an environmental perspective, these coatings play a
crucial role by substantially reducing emissions of volatile organic 21 Basic material
compounds and other hazardous air pollutants. '

Unalloyed structural steel of usual quality S235JR was used
as the basic material. It is used for fusion-welded, statically and
dynamically stressed parts of constructions and machines of

The protective performance of polymer coatings depends on the
chemical nature of the base material and its resistance to aggressive
enV|roqmentaI factors_. Th_e durability O.f the protection Is prlma_rlly medium thickness. The chemical composition of the materials is in
determined by the diffusion of corrosive agents into the coating, Table 1
structural changes caused by sorption and diffusion, and the overall '
coating thickness. Table 1. Chemical composition of used steel S235JR in wt. %

Most polymer coatings consist of a mixture of resin (e.g.,
polyester, epoxy), curing agents, flow control agents, catalysts,
pigments, and fillers, with the resin serving as the matrix in which
all other components are dispersed. This resulting mixture is
practically insoluble in water. Similarly, most other components of
the powder formulation exhibit very low to zero solubility.
Toxicological studies indicate that the majority of powder coatings 2.2 Pre-treatment of the surface
are considered inert materials. [5 — 12]

Material | C P S N

S235JR | 0.17 | 0.045 | 0.045 | 0.009

The surface of the S235JR steel test samples was blasted with

In addition to the basic resin system with a curing agent steel shot with a grain size of dz=0.71 mm.

(binder/hardener), the resulting powder coating mass consists of: Steel shot is a round metal blasting medium made of

- pigments - contribute to the colour and covering properties of ~ hypereutectoid, specially heat-treated steel. It has a fine,

powder coatings, homogeneous structure of tempered martensite, which exhibits
. . . . . optimal rebound elasticity and fatigue resistance. This material
- fillers (fillers) - reduce the price of raw materials and give is optimal for most applications using shot blasting wheels.
applications their properties. Chemical composition: C > 0.75%, P < 004%, S < 0.04%,
- additives - they help with useful properties (film spillage, Mn > 0.40%, Si > 0.70%.
creation of texture and structure). Average hardness: 460-560 HV.
The earliest experiments and commercial applications of A pneumatic blasting device, type TIVP - 320, was used for
polymer coatings utilized thermoplastics. While these powder blasting the samples.

coatings are still used to some extent today, manufacturers now
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2.3 Roughness measurement methodology

Surface roughness of the produced samples was evaluated
according to ISO 21920 by the contact method using a stylus
profilometer Surftest SJ-201, Mitutoyo, Tokyo, Japan. This
standard defines roughness parameters based on the deviation from
the mean line for the primary profile. The measurement parameters
used were as follows:

- ameasured profile: R, filter: GAUSS, a sampling length

Ac = 0,8 mm, a number of sampling lengths N =5,

- an evaluation length In =4 mm,

In order to obtain as much information as possible about the
produced surfaces in individual positions, the surface roughness
was evaluated using a set of several parameters:

- the arithmetical mean deviation of the assessed profile (Ra),

- the maximum height of profile on the basic length (Rz).

2.4 The coatings used, the method of their application and
testing of properties

2 coating systems and 2 coatings were chosen for the experiments:
1. coating systems: Corro zinc 97 + Corro coat MX  (sample
designation Z+MX)
2. coating systems:
designation Z+PE-F)
3. coating: Corro coat MX (sample designation MX)
4. coating: Corro coat PE-F (sample designation PE-F)

Corro zinc 97 + Corro coat PE-F (sample

Corro zinc 97 [16] is a powder coating material, the basis of which
is epoxy resin, the powder is enriched with zinc for increased
corrosion resistance. Corro zinc 97 is used as a basic powder
coating material.

Corro-Coat MX is a powder coating based on a combination of
epoxy resin and polyester (hybrid). This product highly satisfies the
requirements, both in the field of aesthetics and functionality

Corro - coat PE-F is a powder coating material, the basis of which is
a mixture of polyester resins, inorganic and organic pigments, fillers
and additives. The coating meets strict requirements for gloss
stability and color fastness.

The samples were coated in an electrokinetic way using an EKP
031 gun for manual application of powder coating materials with an
attached powder container.

Coating thicknesses were measured with a DIGI-DERM 179 device

from Mitutoyo, Japan. It is a non-destructive method of coating
thickness measurement based on the electromagnetic method.

D

N

Fig. 1 Scheme figuration of specimen bending

As part of the experimental works, the bending angle of the
monitored coating systems was assessed. The ISO 7438 brittleness
test was used to determine the bending resistance. The test scheme
is shown in Fig. 1.

The bending test was performed on a ZD 40 hydraulic press from
VEB Leipzig. The bending process was completed at the moment of
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the appearance of a visible crack in the coating at the bending point,
and then the bending angle was measured o.

The adhesion evaluation of coating systems was carried out by a
modified tear-off test according to 1ISO 4624:2023. It is expressed
as a pull-off strength, which is the proportion of the tensile axial
force required to jointly tear off a coating with a defined area that is
adhered to the test counterpart

The protective effectiveness of the coating system in an aggressive
atmosphere containing sulfur dioxide was evaluated using a
simulated condensation chamber test in accordance with 1SO 6270-
2:2025. To simulate coating pores, the integrity of the system was
intentionally breached with a cross-cut, allowing the atmosphere to
access the substrate surface. The extent of corrosion along the cut
and the spread of corrosion products beneath the coating were
evaluated according to 1SO 4628-1:2016. The total test duration was
21 days.

3. Results and evaluation

» Roughness:

The quality of the blasted surface of the samples was evaluated
from 10 measurements. The average values achieved were:

- Ra=9.87um,
- Rz=56.73um.

In Fig. 2 is a profilogram of a surface blasted by round steel shot.
The blasted samples were subsequently coated by electrokinetic
method.
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Fig. 2 Surface profile blasted by round steel shot

» Coating thickness:

For the Corro coat MX coating, the manufacturer indicates a
coating thickness of 60 to 90 um. The average value we achieved
was 86 um. For the Corro coat PE-F coating, the thickness
recommended by the manufacturer is 80 to 110 um, the coating
thickness we achieved was 103 um. For the base coating type Corro
zinc 97, the manufacturer recommends a coating thickness of 90 to
120 pm, the average coating thickness we achieved was 117 um.
The coating system type Z + PE —F reached an average thickness of
191 pm, this value is in the range of values recommended by the
manufacturer. The coating system type Z + MX reached an average
thickness of 244 um.

All coating systems achieved an average thickness in the range of
values recommended by the manufacturer. Higher thickness values
were measured only for the Z + MX coating system, the average
value being 34 um more than recommended by the manufacturer.

» Bending angle:

The values of the bending angle in relation to the average thickness
of the coating are shown in Table 2.
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Table 2. The bending angle and the average thickness of the coating

Bending Aver_age
Type of coating Sample angle coating
number A thickness
al]
[pm]

Corro - Zinc 97 1 120 228
+ 2 139 147
Corro - Coat PE-F 3 118 242
1 129 157
Corro - Coat PE-F 2 135 75
3 116 211
Corro - Zinc 97 1 95 218
+ 2 85 241
Corro - Coat MX 3 105 151
1 116 134
Corro- Coat MX 2 137 75
3 112 103

The experiments confirmed the theoretical assumption that
increasing coating thickness leads to a decrease in the bending angle
at which the coating fails. A comparison of the average bending
angles revealed that Corro-Coat PE-F coatings exhibit slightly
higher plasticity than Corro-Coat MX, based on the point of failure.
This trend was observed both in individual coatings and in coating
systems where both types were applied over the same Corro-Zinc
97 primer.

» Adhesion of coating systems:

The average values of the pull-off-strenght are shown in Fig. 3. Of
the verified coatings, the Z+ MX coating system exhibited the
highest tear-off stress, and the Z+PE-F coating system showed the
lowest tear-off stress. The Z+MX and Z+PE-F coating systems
displayed a type C cohesive failure of the second coating, coating
systems MX and PE-F showed cohesive failure of type B (cohesive
failure of the first coating).
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Fig. 3 Average pull-off strength values

»  Protective effectiveness of coating systems

When evaluating the protective effectiveness of the coating
systems, a fundamental difference was observed between systems
with a primer (Corro-Zinc 97) and those without. These differences
were most evident in their respective resistance to corrosive
environments.

On samples with a primer-based coating system, the first signs of
under-film corrosion—appearing as dark brown spots—were
observed only after 14 days of exposure in the condensation
chamber. Subsequent spread of the corrosion was minimal. Visual
assessment showed no changes in color shade for either primer-

based system. By the end of the test (after 21 days of exposure), the
extent of corrosion was within the range of 6% to 8% of the cross-
cut length.

In samples without a primer, the first signs of corrosion appeared as
early as the second day of exposure. The progression of the
corrosion was more pronounced compared to the primer-based
samples; by the end of the 21-day test period, the extent of the
attack ranged from 10% to 15% of the cut length.

The appearance of the samples after the 21st day of exposure in the
condensation chamber is shown in Fig. 4.

a) coating MX

b) coating PE- F

¢) coating system Z+MX

e s

d) coating system Z+PE-F

Fig. 4 Appearance of the samples after exposure
in the condensation chamber
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Conclusions

This study aimed to evaluate the properties of selected coating
systems consisting of polymer powder coatings. Attention was
focused primarily on their service life and corrosion resistance
under accelerated environmental conditions. All coatings applied
via electrokinetic deposition exhibited equivalent corrosion
resistance in terms of adhesion, with no recorded decrease after 21
days of exposure in the condensation chamber. Furthermore, no
changes in the appearance of these coatings were observed during
the testing period.

A fundamental difference was observed when the integrity of the
coatings was intentionally breached prior to exposure in the
condensation chamber. The results clearly demonstrated the positive
effect of the primer. In systems without a primer, corrosion products
spread and accumulated at the site of the mechanical failure, leading
to partial delamination of the coating.

Based on the findings above, it can be concluded that all tested
coatings and coating systems are corrosion-resistant, provided that
technological parameters—especially minimum coating thickness—
are strictly maintained. Thinner coatings are more susceptible to
porosity, in which case a primer (base coat) plays a crucial role.
This also applies to scenarios involving mechanical damage,
leading to the recommendation that a dual-layer system consisting
of a primer and a topcoat be used.

The experimental results underscore the importance of proper
coating selection and application technology in ensuring long-term
substrate protection. While polymer powder coatings offer a highly
sustainable and efficient alternative to traditional liquid paints, their
performance is heavily dependent on maintaining optimal thickness
and structural integrity. The integration of a primer into the coating
system serves as a critical safeguard, significantly enhancing
corrosion resistance and durability even in cases of mechanical
failure. These findings provide a valuable baseline for further
optimization of surface treatment processes in demanding industrial
environments.
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Backdraft Damper for Fully Stopping the Backflow Air
through Vetntilation Appliences, Including Low Power Fans
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Abstract: Based on the patent number 67081 from 15.06.2020 issued by BPO, a back draft damper (shutter) for fully stopping the backflow
air is being developed. The commonly foreseen butterfly shutters, have slits and allow odors, wet and pathogens to enter through the vents
when ventilating devices are turned off. Available are shutters, using blades, with additional sealing mounted, which can solve the problem,
but they can operate only with powerful fans. Opening becomes problematic if used with low power domestic fans. On the world market
there is no fully closing shutter capable to work with the common low power fans. The present innovation works on the principle of the ball
check valve, as an assembly of multiple truncated cones containing low weight balls. It offers a solution of the shutter's incomplete closure
problem, suitable to operate with any fan. During the research, many parameters are being investigated to reach the optimal solution.

Keywords: BACKDRAFT DAMPER, SHUTTER, BALL-CHECK VALVE, HERMETICAL CLOSURE

1. Introduction

In today’s multiple store residential buildings, the ventilation of
bathrooms and kitchens of the individual flats is achieved mainly SHUTTER CLOSED SHUTTER OPEN
with exhaust fans and extractor hoods, respectively. Although FAN is OFF FAN is RUNING
butterfly dampers are commonly foreseen, undesirable wet and ' “
odors quite often are entering through the vents when the ventilating
devices are turned off. On the other hand, individual houses have
problems with the wet and cold entering through the ventilation
devices in wet or cold environments. The reason for this disturbing
effect is simple: the commonly used dampers, are not capable to
shut completely the vent due to an unavoidable shortcoming in their
design: whenever flaps are being used for making an easy operating
damper, inevitably slits may appear when the damper is supposed to
be completely shut. Improving the flap attachment and addition of
sealing can fix to some extend the problem, but the easy movement
of the closing members can get lost and they can operate only with
really powerful fans. In fact, the most common fans of diameter 100
mm, presently can operate, only with the simple butterfly shutter.

Fig. 1 Schematic drawing of the assembled back-draft damper in front of a
bathroom extractor fan.

Combining a cylinder with a tapered cone seat or with a
narrowing of another kind, or with a rim, flange, edges, suggests
that the obtained body is axially symmetric. Placing a ball inside
that body, whose diameter is smaller than the diameter of the
cylinder, which is necessary for the free movement of the ball for
the discussed application as a back-draft damper, and if the body is
not vertically oriented, then the ball's center can be offset from the
body’s symmetry axis. As a consequence, at certain inclinations of
the valve, due to the differing diameters and the misalignment of the
ball with respect to the symmetry axis, a slit may appear when the
valve is expected to be shut. By a dedicated choice of inclinations
and geometry of the valve body - valve closure assembly, the
appearance of the slit can be avoided and certainly this has to be
carefully examined if such layout is considered.

2. Previous innovations for ball valve backdraft All previously proposed as inventions air backdraft dampers
damper and the advantages of the present innovation (shutters) have cylindrical kind of shapes (curved, elbow or straight)
. . . and they all use only one valve body with an additional closure for

The first patented air backdraft damper with a ball as a closing  the pall in a form of ring-shaped seat, rim, or flange. In the present
member [2] is from 1996. The ball is moving within a curved duct  jyyention being developed, just a truncated cone is proposed as a
at whose lower end as a separate part, a ring-shaped seat IS yalve body, preferably without apertures on its surface, being
mounted. It is presented as to be placed outside of the home’s  placed in a way that the lower located narrow end of the truncated
interior and it is a voluminous body of con_3|derable size. It can cone is actually the conically tapered valve’s inlet. In this way,
hardly be used inside of apartments. There is also an abandoned  there is no need of attaching an additional closing part to the valve
patent application [3], where the ball is supposed to move inside of o4y The inclination of the truncated cone can be any angle from
a cylinder inclined at angle 5°-10° , containing an inner rim with gy angle with respect to the horizontal plane to vertical
padding for stopping the ball and closing the valve. In this case, the jnclination. In this case, the appearance of a gap when the check
ball must fit tight into the duct, which is necessary when the valve ya1ve should be in closed position for all possible mounting angles
has to be tightly closed. In this case, however, the unhlndered is avoided, unlike the proposed products in the prior art. The
movement of the ball could be easily obstructed. There is also @ {ryncated cone as a valve body eliminates the need of precisely
third document, an utility model [4], which describes a vertical  match the dimensions of the ball and a valve seat, flange, rim, as the
cylinder with a conical tapered seat for the ball at its end and a ball will naturally stop when it completely covers the decreasing
cover on top. It resembles the well known ball check valve. cross-section of the cone. The larger opening of the truncated cone
can serve as a natural outlet for ventilation without the need for

A solution was found in a patent [1] from 2020, issued by the
Bulgarian Patent Office. Instead of a flap based mechanism, a
truncated cone- with or without apertures, being the valve body, is
mounted airtight and slightly inclined into a housing with a
spherical closing member (ball) freely moving inside the truncated
cone, as shown in Fig. 1. The ball is light weighted, preferably
hollow, deformation resistant. The dimension of the ball is such that
it closes tightly the lower narrow end of the inclined truncated cone
when the fan is turned off. The damper opens, when the fan is being
turned on — when the ball frees the narrow end of the cone. When
closed, there are no slits between the ball and the round end of the
truncated cone, and the damper seals the vent basically
hermetically. It is recommended for the damper to include multiple
valve bodies and to be place in front of a fan.
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appertures on the surface of the truncated cone or providing an
additional branch to keep the ball away from the air flow. An
important innovation is the recommended use of several smaller
ball containing valve bodies, instead of one large valve body having
the dimensions of the vent, containing a correspondingly large ball
as in the previous innovations, which leads to a complicated indoor
installation and an unaesthetic and disturbing appearance. In this
way, the size of the shutter is significantly reduced without
significantly reducing the flow rate, which makes it particularly
suitable for use with bathroom fans, and even placing it in front of
the exhaust fan, not behind it. In addition, a hollow ball is
proposed. Using many valve bodies in one damper housing,
together with the hollow plastic balls, makes the damper more
sensitive and suitable for weak fans. It also allow the so-called
self-ventilation effect to take place, when under favorable
conditions the backdraft damper opens and lets the air flow to the
ventilation shaft without the fan being turned on. In this way, the
home is protected, but without at the same time being deprived of
air exchange. An illustrative example of the innovative product is
presented in Fig. 2.

Fig. 2 Illustrative example of the back-draft damper.

3. Research and development of the patented product

The aim of the development of the product was to achieve at least
the air flow as obtained with a simple butterfly damper, which is
currently the only damper which can work with a low power fans of
100 millimeter diameter. However, these dampers are far from
providing an airtight closure, enabling severe backdraft to pass
through them under unfavorable conditions. The development of the
current innovation will provide an airtight closing backdraft damper
(shutter), which can work with the weakest low power fans on the
market. Currently, to our knowledge, the world market does not
offer a product satisfactory fulfilling these requirements, although
the demand is present.

The working principle of the innovation is simple, but for the
development of an optimal product, many options have to be
considered altogether. Being basically a truncated cone, the valve
body has a certain opening angle which has to be carefully
determined. This angle must not be too shallow, so that the ball
shall not have a possibility to remain stuck in the valve body, but
also not too large in order not to take too much space inside the
damper. In addition, this angle must be determined consistently
with the inclination of the valve body, the diameter of the ball and
the material and smoothness of the ball. The inclination must be
such, that the closure to be guaranteed, as well the maximum
airflow and the self-ventilation at proper conditions to be allowed.
Using balls of bigger diameter will allow better rate of the airflow,
but using smaller balls will allow a more elegant appearance,
smaller dimensions of the damper, also serving as a decoration and
providing at the same time an airtight closure of the vent.

Series of measurements of the airflow with various extractor
ventilation fans, together with various shutters, various fan’s front
decorations, and with various front shutter’s decorations, were
performed. Measurements with a powerful fan of 120 millimeter
diameter and airflow of about 160 m%/h show an acceptable, even if
not perfect airflow with most shutters and decorations being
attached, as can be seen in Table 1. However, that is not the case
with a less powerful fan of 100 millimeter diameter with airflow of
60 — 90 m%h , which is actually the more common one. The
measurements of the airflow through a low power fan of 100
millimeter diameter show that introducing a butterfly damper
decreases the airflow by 60%. The airflow becomes heavily
obstructed when introducing a throttle flap. Such a low power fan
also can hardly open a shutter with well sealed slats. Considering
that most commonly there is a decoration in front of a fan, the
airflow will be additionally lowered. There are well developed grid
decorations, which decrease the airflow by less than 20%, but there
are also decorations which decrease the airflow by more than 40%
even without a shutter being placed behind the fan.

Table 1: Relative airflow through ventilation fan with added backdraft
damper (shutter) or decorative element in percent with respect to the
undisturbed airflow passing through the fan without damper or decorative
element. The presented air flow rates are estimated with our set up.

Relative airflow Relative airflow Relative airflow
Backdraft through a fan h haf ith through a fan wit
damper withd=100 | throughafanwi with d = 120 mm
d =100 mm and
attachments mm and Q ~ 140 m¥%h and
Q ~70m°h Q~ 160 m’h
d SN 40% 31% 75%
amper only
Decorational
grid only 82% B 81%
Decorational
grid and
butterfly a4% ) 3%
damper
Square
decoration 65% 71% 80%
only
Square Air flows only
decoration through the slits
and butterfly of the closed 6% 65%
damper damper
Single
dan::)a:etrte\r/vi th Damper does 4% Damper does not
P Y not open open
sealing rim,
without grid
Double
flatters
damper with 34% 20% 45%
sealing rim,
without grid
Ball back
draft damper
with 7 valve
b‘;g:;z ) irf‘d 55% 54% 75%
inclination of 50% 50% 5%
4° (upper
value) and 6°
(below)

With the present innovation, the necessity of a shutter and front
decoration is omitted. The backdraft damper is preferably placed in
front of the fan, serving that way both, as a back-draft damper fully
stopping the backflow air and as a decoration.

Few general results were obtained. It was found that if the balls can
be allocated away from the closing position by 75% of their
diameter, then the airflow through the back-draft damper is as there
were no balls at all. This can be interpreted as a sign of an
undisturbed airflow, which was not expected when the balls are
present. Thus keeping the airflow disturbances at a minimum is
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another aiming point in the design of the damper, together with the
damper's overall appearance and airflow's maximizing. Although
the damper is functional with a ball's path slope of just more than
1°, the inclination of the valve body must be such that the ball faces
a slope of more than 4° to take into account possible deviations
from the ideal positioning of the mounted damper. With the fans of
120 mm diameter available, and the cones chosen, an inclination of
not more than 12°, shows an appropriate reference, since its further
increase leads to decrease of the air flow through the damper.
However, that is not the case with 100 mm in diameter low power
as well as higher power fans, where a smaller angle is more
appropriate in order to obtain a higher airflow. The hollow balls of
Acrylonitrile Butadiene Styrene (ABS) or Polypropylene (PP)
plastic materials are considered as the most proper. It was
concluded that the best diameters for the balls is the diameter of 40
mm as are the ping-pong balls and 34 mm. The first case will allow
better airflow when it is needed, while the second will make the
damper more attractive in appearance. The initial choice of the
ping-pong balls is based on the fact that they have properties crucial
for the operation of the damper: smooth almost perfect spherical
shape, resistance to deformation, light-weight, and easily available.

The ball backdraft damper with multiple valve bodies, and smaller
and hollow plastic balls, makes the damper more sensitive to
weaker air flows, and thus functioning with very low power fans.
Indeed, when the ball pops out, it no longer opposes the airflow and
there is no need to increase the fan power. That is not the case with
the flap-based dampers, in which the flaps oppose the air flow until
fully opening, which is achievable only with more powerful fans.

Number of prototypes were prepared. The optimal angle of

inclination of the valve body for the case with 40 mm ping-pong
ball was obtained and incorporated in prototypes in Fig. 3 and Fig.
4. The optimal linear dimensions of the casing of the back-draft
damper were determined within dedicated measurements.

Fig. 3 A prototype of the developed innovative product with four valve
bodies and spherical closing members with diameter of 40 mm. The
ventilation fan is behind the backdraft damper.

It was found that using a low power fan of 100 mm diameter and
airflow of about 70 m°h with the backdraft damper presented in
Fig. 5, the airflow received is by 10-15 % higher than that with a
butterfly damper. So, the aim to receive at least airflow rate as with
a butterfly damper with a low power fan is not only achieved, but is
actually exceeded. The airflow rate through the present backdraft
damper and through a butterfly damper is similar when used with a
fan of 120 mm diameter and airflow of 162 m%h measured with our
set up. It was also found that one of the most proper fans with
which the developed backdraft damper to work with is the high
power fan of 100 mm diameter and airflow about 140 m%h, as
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measured with our set up. With this fan, the present damper
provides about 20 % higher airflow than the butterfly damper and
30 % more that the damper with well sealed slats. Of course, the
absolute rate through this fan with any damper is higher than the
rate through the low power d = 100 mm fan with the corresponding
damper. One can see in Table 1 that nonlinear effects emerge with
different fans and dampers.

Fig. 4 A prototype of the developed innovative product with five valve
bodies and spherical closing members with diameter of 40 millimeter.

Fig. 5 A prototype of the developed innovative product with seven valve
bodies and spherical closing members with diameter of 40 mm.

4. Summary

A back-draft damper for fully stopping the backflow air, based on
the patented invention [1] from 2020, issued by the Bulgarian patent
office, is being developed. It was found that the invention works
properly not only with powerful fans, but also with low power fans.
To our knowledge, it would be the only product on the market to
satisfactory fulfilling both requirements- to work with low power
fans and to fully stop the backflow air. Pointing out that the
invention can work properly with low power fans, in fact it actually
provides a higher airflow than the most common not fully closing
butterfly dampers. Taking into account that the present invention
combines the role of a backdraft damper and a decoration, then the
achieved airflow is effectively higher. A considerable market
demand for such a product is expected.
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Investigating the effectiveness of compost and liquid fertilizer obtained from an electro-
generative composter
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Abstract: This study investigates the effectiveness of a liquid organic soil fertilizer and compost obtained through the degradation of green
waste in a bio-electrochemical system. The substrate produced by an electro-generative composter was applied to humus- and nutrient-poor
soil planted with Lens culinaris (lentils). The results demonstrate a clear positive impact of the organic fertilizer and compost on soil fertility
and plant growth. Compared to a control group, the treated soil exhibited higher concentrations of nitrogen (N), phosphorus (P), and
potassium (K), along with improved moisture retention and lower acidity. Consequently, plants grown in the treated soil displayed
significantly greater stem and root lengths, fresh and dry weights, and overall biomass. These findings highlight the potential of bio-
electrochemical systems for sustainable waste management and the production of valuable organic fertilizers that enhance soil health and

crop productivity.

Keywords: BIO-ELECTROCHEMICAL SYSTEMS, GREEN WASTE, ORGANIC SOIL FERTILIZER, COMPOST

1. Introduction

Environmental pollution caused by solid organic waste is one of
the most serious global problems. The accumulation of large
quantities of agricultural waste, animal excreta, and municipal solid
waste poses a significant ecological challenge that is difficult to
resolve. Waste contains a considerable amount of energy, which is
why converting it into energy is considered a viable alternative. [1]
Widely used and researched biological treatment methods include
composting and anaerobic digestion. The latter, also known as
anaerobic composting, offers the possibility of converting solid
waste into usable energy and biofuel. However, modern research
shows that anaerobic digestion has several limitations — long
residence time, low degree of biomethane purification and its
conversion into electricity, as well as safety concerns, making it an
imperfect solution for achieving zero discharge. [2] On a global
scale, the management of wastewater and solid waste lags behind
the rate of their generation, leading to serious environmental and
health consequences. This highlights the need to develop new and
more efficient technologies for the treatment and utilization of
waste. [3]

The application of microbial fuel cells can be used for the
treatment of organic waste with simultaneous energy generation. A
microbial fuel cell (MFC) is a device that converts chemical energy
into electrical energy through the action of microorganisms. [4]
Most MFCs use an organic electron donor (from natural resources)
that is oxidized to produce CO, , protons, and electrons, thus
making the technology significant among other methods for treating
organic waste, particularly in terms of renewable energy production.
[5] In recent years, microbial fuel cells (MFCs) have increasingly
been studied as devices for alternative treatment and electricity
generation from waste (waste valorization) without intermediate
processing steps. [6]

Microbial fuel cells are classified according to the substrate
used — they are either liquid-phase or solid-phase microbial fuel
cells. The difference between the two lies in whether the substrate is
in a solid or liquid phase. The substrate used in liquid-phase
microbial fuel cells is usually domestic or industrial wastewater,
while the substrate used in solid-phase microbial fuel cells consists
mainly of solid organic waste — plant residues, food waste, animal
excreta, and others. [7] The resulting new processed substrate has a
highly valued agronomic potential as an organic fertilizer and liquid
soil conditioner. After the decomposition of the primary organic
waste in the microbial fuel cells, a new sustainable product with
added value is obtained, such as an organic soil conditioner. [8]

The growing global population, combined with urbanization,
leads to increasing food consumption. At the same time, modern
agriculture is under pressure to ensure food security while reducing
its dependence on synthetic chemical fertilizers, whose production
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is energy-intensive and can harm ecosystems. In this context,
organic fertilizers derived from organic and natural sources are
emerging as a promising solution. [9] By transforming organic
waste into nutrient-rich organic fertilizers, it is possible to bridge
the gap between waste management and sustainable agriculture.
This process not only reduces the environmental burden caused by
the disposal of organic waste but also supports soil health, lowers
agricultural costs, and promotes the principles of the circular
economy. [10]

Another important aspect is related to water resource
management and agriculture, focusing on soil salinization. It is one
of the most serious abiotic stresses facing agricultural systems
worldwide, posing a threat to global food security and ecosystem
health. Soil salinization reduces agricultural productivity through
several mechanisms — high sodium concentrations destroy the
structure of soil aggregates and the porous network, salt stress
suppresses the diversity of soil microbes and enzyme activity, and
through ionic antagonism and osmotic effects, the uptake of
nutrients by crops and water availability are reduced. Organic
fertilizers and compost can provide sufficient amounts of natural
moisture-retaining agents, ensuring longer soil moisture retention
and salinity reduction. [11]

Partially replacing chemical fertilizers with organic ones proves
to be an effective technique for improving soil nutrients and
increasing yields. Organic fertilizers play a key role in enhancing
soil conditions. They effectively support the formation of suitable
pore structures in the soil, facilitate the formation of
macroaggregates, improve water transfer within the soil profile,
regulate the ionic composition of the soil, and alleviate saline stress.
[12] Moreover, organic fertilizers optimize the microbial
environment in the soil and stimulate enzymatic activity in the root
zone, accelerating the decomposition of organic matter and nutrient
recycling processes. These synergistic effects ultimately increase
crop productivity. [13]

The application of organic fertilizers obtained from household
food waste and other organic sources represents a key tool for
sustainable agriculture. It allows for simultaneous waste
management, improvement of soil health, and increased crop
productivity. [14] Despite existing challenges related to
standardization, safety, and scalability of technologies, integrating
organic fertilizers into agricultural practices is essential for
achieving global food security and protecting the environment. [15]

The aim of this study is to determine the effectiveness of a
liquid organic soil fertilizer and compost obtained through the
degradation of green waste in a bio-electrochemical system. The
substrate produced by the electro-generative composter was applied
to humus- and nutrient-poor soil with planted Lens culinaris.
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2. Materials and methods
Liquid soil fertilizer and compost

After three months of vegetation staying in the electro-
generative composter, two products with potentially beneficial
effects on soil quality were obtained — a liquid soil improver and
compost. The resulting liquid soil improver has the following
characteristics — pH 5.3, COD 5214 mg O, /L, N 4.4 g/L, P 2.3 g/L,
K 7.7 g/L. The obtained compost was air-dried for two weeks, after
which it was sieved to a size of 2-3 mm.

Soil

The soil used for the experiment is extremely poor in humus
and infertile, with low nutrient content. It has the following main
characteristics — humus content 3 g/kg, N 3.81 mg/kg, P 5.47
mg/kg, K 15.02 mg/kg, pH 4.89.

Description of the experiment

In each of two containers, 1.5 kg of soil was placed. In one of
the containers, compost was added at a ratio of 20 g of compost per
1 kilogram of soil. Then, an equal amount of Lens culinaris was
planted in the soil of both containers. The container with soil and
compost was irrigated with a liquid soil fertilizer diluted with water
at a ratio of one to two. After planting, the containers were
illuminated with LED grow lights until the stem length of the plants
reached 10 cm (Fig. 1). Afterwards, the containers were moved
outdoors into sunlight. Following four weeks of vegetation, the
plants were removed, and their root system length, stem length,
fresh weight, and dry weight were measured.

Fig. 1 lllumination with LED grow lights at the beginning of the
experiment

The main soil characteristics were monitored throughout the
entire experiment, being measured every third day after irrigation.
Measurements of the main soil characteristics — moisture, pH, EC,
N, P, K —were carried out using a CWT soil analyzer (Fig. 2).

Fig. 2 Measurement of basic soil characteristics

3. Results and discussion

Figure 3 presents averaged data for N, P, K measured during the
experiment.
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Fig. 3 Concentration of N, P, K in two types of soil

The experiment clearly demonstrates a positive effect of organic
fertilizer and dry compost on the availability of the primary
nutrients—nitrogen (N), phosphorus (P) and potassium (K)—in the
soil. Data from the graph indicate that plants grown in soil amended
with compost and watered with organic fertilizer had significantly
higher concentrations of all three macronutrients compared with the
control group.

The mean nitrogen concentration in the compost- and
fertilizer-treated plants is 7.75 mg/kg, whereas the control plants
show 4.87 mg/kg. This 2.88 mg/kg difference shows that the
additional nutrients, especially nitrogen, were more readily
available to the plants. Nitrogen is a key element for the synthesis
of proteins, chlorophyll and other organic compounds required for
growth and photosynthesis. The higher nitrogen concentration in the
treated soils is an indicator of improved mineralisation of organic
matter and more efficient root uptake.

The mean phosphorus concentration in the compost-treated
plants is 11.12 mg/kg, compared with 6.87 mg/kg in the control.
The 4.25mg/kg increase is especially important because
phosphorus is critical for energy metabolism (ATP), root
development and flower/fruit set. The higher phosphorus level
suggests that the compost and fertilizer enhanced the
bio-availability of this element, likely by reducing its fixation in the
soil or by releasing it from organic forms.

The mean potassium concentration in the treated plants
is 26.12 mg/kg, while the control plants have 16.5 mg/kg. This
nearly 10 mg/kg difference is the most pronounced and indicates
that potassium was the best supplied in the amended soil. Potassium
plays a pivotal role in water-balance regulation, enzyme activity and
nutrient transport within the plant. The elevated potassium level is a
sign of greater stress tolerance and more efficient metabolism.

After three months of vegetation, the plants were uprooted and
the parameters of stem length and root length were measured. The
results of the study are presented on figure 4. The conducted
experiment clearly demonstrates the positive effect of organic liquid
fertilizer and dry compost on Lens culinaris development. The data
from the graph indicate that plants grown in soil with added
compost and irrigated with organic fertilizer showed more intensive
growth compared to the control group. The average stem length of
the plants treated with compost and fertilizer was 25.07 cm, while
for the control group it was 23.31 cm. This difference of 2 cm
greater stem length in the plants treated with compost and fertilizer
is an indicator of better photosynthetic activity and more efficient
light absorption. This means that the additional nutrients, especially
nitrogen, phosphorus, and potassium, stimulated cell elongation and
the formation of more leaf mass. A larger leaf surface allows the
plant to capture more solar energy and produce more organic
substances necessary for growth. Root length is an important
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indicator of the plant’s ability to absorb water and mineral
substances from the soil.
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Fig. 4 Average measured length of the stems and roots of the plants

The average root length of the plants grown with compost and
fertilizer was 3.27 cm, while for the control group it was 2.48 cm.
The difference of 1 cm indicates that even when sufficient nutrients
are present in the soil, the plant has developed a more effective root
system. This is likely due to the improved soil structure provided by
the compost, which facilitates root penetration and branching. A
longer root system enables the plant to utilize a larger volume of
soil for absorbing water and nutrients.

Figure 5 presents other important parameters for the
effectiveness of the applied liquid organic fertilizer and compost —
the fresh and dry weight of the plants.
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Fig. 5 Measured fresh and dry weight of the plants

The experiment clearly shows the positive influence of organic
liquid fertilizer and dry compost on the biomass of Lens culinaris.
The data from the graph indicate that plants grown in soil with
added compost and irrigated with organic fertilizer achieved
significantly higher fresh and dry weight compared to the control
group. The fresh weight of the plants treated with compost and
fertilizer was 23.15 g, while for the control group it was 19.98 g.
This difference of 3 g is statistically significant and shows that the
additional nutrients have stimulated not only growth but also the
accumulation of water and organic substances in the plant tissues.
Higher fresh weight is an indicator of better hydration and more
intense metabolism, which is a result of the more efficient
absorption of water and minerals from the soil.

The average dry weight of the plants grown with compost and
fertilizer was 7.08 g, while for the control group it was 4.87 g. The
difference of about 2 g is significant, as the dry weight reflects the
amount of true biomass — i.e., the organic substances that the plant
has synthesized through photosynthesis and accumulated in its
tissues. The higher dry weight indicates that the plants with
fertilizer and compost had better conditions for photosynthesis and
the accumulation of nutrients, which is key to their development
and future productivity. The dry compost improves the structure of
the soil, increases its water-holding capacity, and creates a favorable

environment for the development of beneficial microorganisms.
These microorganisms aid in the breakdown of organic matter and
the release of nutrients in a form accessible to plants. The organic
fertilizer additionally provides slow-release nutrients, which
prevents stress from excessive concentrations and maintains stable
growth. The combination of the two improves not only the quantity
but also the quality of the biomass, as seen from the higher dry
weight.Table 1 presents averaged data of soil parameters measured
during the experiment.

Table 1: Mechanical properties of selected powder materialg/exa! Humouuicom
na npenpamicama e ¢ naneper - xNote: \/alues in brackets are valid for heat-treated
material.

Soil moisture, % EC, uS pH
Soil with
compost and 20.16 238 421
fertilizer
Control soil 15.21 90.5 4.71
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The measured soil parameters — moisture, electrical conductivity
(EC), and pH — provide information about the environment in which
the plant roots developed. These data not only explain the observed
differences in growth and biomass, but also confirm the mechanism
of action of the compost and organic fertilizer.

The results show a significant difference in moisture between
the two groups. The soil with compost and fertilizer retained
20.16% moisture, while the control soil had only 15.21%. This
difference of nearly 5% is crucial for the success of the experiment.
The organic matter in the compost increases the soil’s capillarity
and water retention capacity. The higher availability of water in the
fertilized soil is a direct cause of the higher fresh mass measured
earlier. Plants in the treated soil were less subjected to water stress,
which allowed them to maintain turgor and sustain a more intensive
metabolism.

Electrical conductivity is an indicator of the total concentration
of soluble salts and ions in the soil. The value for the fertilized soil
is 238 uS, which is more than double compared to the control (90.5
uS). This confirms the hypothesis that the addition of organic
fertilizer and compost significantly increases the availability of
soluble nutrients. The high EC value correlates directly with the
previously measured higher concentrations of nitrogen, phosphorus,
and potassium (N, P, K). This means that the soil was more fertile
and provided a greater influx of minerals to the roots, which
stimulated cell division and stem elongation.

Both soils are in an acidic environment, with the soil containing
compost having a pH of 4.21 and the control soil having a pH of
4.71. The difference indicates that the process of decomposition of
organic matter in the compost led to the release of organic acids,
which lowered the pH. Although lentils generally prefer a slightly
acidic to neutral environment (6.0-7.0), the fact that the plants in
the more acidic soil showed better growth indicates that the positive
effect of increased nutrient and moisture availability outweighed the
potential stress from the low pH. This is an important point showing
that, in the absence of other limiting factors, nutritional status is
more decisive than a slight deviation in pH.

4, Conclusion

The conducted studies clearly demonstrate the positive impact
of the organic liquid fertilizer and dry compost obtained from an
electro-generative composter on the development and biomass of
lentil (Lens culinaris). The application of these organic amendments
leads to a marked increase in soil fertility, characterized by higher
concentrations of the major macro-elements, enhanced moisture
retention, and an optimized soil structure. As a result, the treated
plants exhibit superior growth performance, reflected in longer
stems and roots, higher fresh and dry biomass, and intensified
photosynthetic activity.

Specifically, the mean stem length of the plants treated with
compost and fertilizer is about 7 % greater than that of the control
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group. The mean root length is also greater in the treated plants—
approximately 32 % longer compared with the control. These results
indicate that, even when the soil already contains sufficient
nutrients, the organic amendments stimulate the development of a
more effective root system.

Regarding biomass, the fresh weight of the plants receiving
compost and fertilizer is roughly 16 % higher than that of the
control. The dry weight shows an even more pronounced increase—
approximately 45 % higher. The higher dry weight is especially
indicative because it reflects the amount of true biomass (the
organic material synthesized by the plant).

The  measured soil  parameters—moisture, electrical
conductivity (EC), and pH—confirm the mode of action of the
compost and organic fertilizer. The amended soil retains about 32 %
more moisture than the control soil. The EC of the treated soil is
more than twice that of the control, evidencing a substantially
greater availability of soluble nutrients.

These findings unequivocally highlight the effectiveness of
using electro-generative composters to convert green waste into
high-quality organic fertilizers. In addition to contributing to
sustainable waste management, this approach improves soil health
and promotes environmentally friendly agriculture. Future research
should focus on optimizing the operating parameters of the
electro-generative composter and scaling the technology for broader
practical applications.
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Synchronous Electric Motor with Permanent Rare Earth Magnets and with Increased
Power

Georgy Drensky’, Nikolay Pavlov*, Miroslava Yotova', Milen Peev?, Georgy Parvanov* A. Stefanov*
MMotors Ltd, Etropole, Bulgaria1
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Abstract: The present innovation represents an improved version of an synchronous electric motor with permanent rare earth magnets and
increased power, revealed in the utility model certificate No. 2609/05.06.2017, which has one two sites active rotor and two independent
stators in one compact module. That way the synchronous electric motor uses at the same time insite and outside active zones. The aim is to
upgrade and further develop through research and experimental realization the concept presented in the utility mode in order to receive
increased rotational moment and output power. The estimated characteristics, as the efficiency and the output power, of the electric motor
with permanent rare earth magnets to be built is expected to be higher than any electrical motor with permanent rare earth magnets
presently available at the global level.

Keywords: SYNCHRONOUS ELECTRIC MOTOR, PERMANENT RARE EARTH MAGNETS, INCREASED POWER

- High power per unit mass;

1. Introduction - Ability to increase the air gap, and therefore greater dynamic

Electric motors with permanent magnets are a promising direction  stability, without reducing efficiency;
in the electric drive systems. This has been particularly accelerated
by the creation of powerful key transistors such as IGBT, MOSFET,
and thyristors GTO, IGCT, SGCT, which have the capability of - The torque depends on the first degree of the supply voltage,
switching off via the control electrode. Synchronous motors are unlike asynchronous motors whose torque
indispensable for use in ultra-high power applications. A
synchronous motor requires the excitation of a constant magnetic

- Lower temperature compared to classical synchronous motors;

depends on the second degree;

field. This can be achieved in several ways: - Possibility of installing a larger number of pole pairs;

- External (independent) - Ability to produce high-torque electric motors;

- Internal (with an exciter machine on the shaft of the asynchronous - Brushless - electronic commutation replaces traditional
motor) mechanical commutation, providing reliable operation, lack of

wear, low failure rate, and a lifespan about six times higher than
brush motors, representing the direction of development for electric
The most promising solution is through permanent magnets. Most motors;

modern synchronous motors use neodymium magnets. These are
permanent magnets made from an alloy of neodymium, iron, and
boron (Nd2Fel4B) or samarium-cobalt (Sm-Co). Permanent
magnets of the types Alni, Alnico, and Ticonal, which are alloys - Since there are no brushes, mechanical energy loss due to
based on Fe, Al, Ni, Co, Cu, and Ti, are also used. They are friction is lower, which increases efficiency;

characterized by relatively high residual magnetization (Br) and

high magnetic energy (BH)max, low temperature coefficient of - Brushless motors can operate at high speed under any
changes - 0.02%/°C, high Curie temperature - 850°C, and operating conditions;

temperature up to 450°C. These characteristics make them
indispensable for use not only in electric motors but also in
measuring instruments, precision acoustic transducers, sensor and - Brushless motors accelerate and decelerate easily due to low
other devices. The new technologies in their production, created rotor inertia.

under high pressure, laser welding, and unique magnetization
processes, have allowed their widespread use in synchronous
motors (Permanent Magnetic Synchronous Motor).

- Self-excitation

- Brushless motors are more efficient because their speed is
determined by the frequency of the current supply, not the voltage;

- During operation, there are no sparks and much less noise;

There is an innovative electric motor with permanent rare earth
magnets and increased power, for which a utility model certificate
No. 2609/05.06.2017 has been obtained.

In the last decade, preference has been given to high-energy
magnets based on rare earth metal alloys, which have high coercive
force. This significantly improves the mass and dimension
characteristics and achieves higher torque while reducing the
volume of the stator. Samarium-cobalt (Sm-Co) and neodymium-
iron-boron Nd2Fel4B (Nd-Fe-B) are the most common materials
for modern magnets. Today's permanent magnets are usually _— . .
divided into the following groups: ferrite and AINiCo (alnico) and 2. EXp?CtEd CharaCte”Stlcs of the_ Innovation _and
rare earth: SaCo (samarium-cobalt) and NdFeB (neodymium or ~ comparison with the characteristics of previous
simply "neo"). Of course, each group has its variations and areas of  innovative solutions
application.

It has characteristics as output power 2600 W, weight 12 kg,
volume 1500 cm?, efficiency 82%. As the state of technology has
significantly improved since 2017, using this utility model as a
base, a further development under new innovative solutions, is
aimed.

The advantages of the described electric motor with permanent

rare earth magnets and increased power can be summarized as Some of the most important characteristics of electric motors

follows: include: 1. their efficiency, 2. the output power-to-weight ratio,
indicating how many watts of power correspond to each
- High energy performance and high efficiency; gram/kilogram of the motor, and 3. the output power-to-volume

ratio, indicating how many watts of output power the motor
provides for each cubic centimeter of its total volume. These
- High stability of rotational speed; characteristics are crucial because the goal of every machine and
equipment manufacturer is to ensure maximum power and
efficiency in minimal volume and weight of the driving force - the
motor of the machine/equipment, which in turn improves the

- Absence of excitation losses;

- Increased overload capacity;
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operational characteristics of the respective machine/equipment.
Therefore, the most important indicators for comparison with
available alternative solutions on the market globally are
determined as: Indicator 1 "Efficiency," Indicator 2 "Output power-
to-weight ratio (in kg)," and Indicator 3: "Output power-to-volume
ratio (in cubic centimeters)."

The electric motor with permanent rare earth magnets and
increased power with an utility model [1] is given as characterised
by output power 2600 W, weight 12 kg, volume 1500 cm?,
efficiency 82%. To the best of our knowledge there are few other
solutions available on the market. One of them is of the electric
motor with permanent rare earth magnets and increased power of
the QS Motor Jin Bei Avenus electric motor with characteristics
relevant to the comparison indicators as: output power - 2000 W;
motor volume - 2374 cubic cm; weight - 18.7 kg; efficiency — 84%.
Another solution with which the electric motor with permanent rare
earth magnets increased power is the GEM MOTORS from
Kamnik, Slovenia. Its characteristics relevant to the comparison
indicators are as follows: Output power - 4000 W; motor volume -
5785 cubic cm; weight — 19 kg; efficiency — 82%. And the another
solution known is that of the Golden Motor CHANGZHOU,
JIANGSU CHINA. Its characteristics relevant to the comparison
indicators are as follows: Output power - 1000 W; motor volume -
1325 cubic cm; weight - 6.8 kg; efficiency - 85%.

Starting with the innovation in utility model [1], further
innovative solution at higher level is developed with which the
followng characteristics are expected to be achieved: Output power
3500 W, weight - maximum 13 kg, maintaining the volume of 1500
cm?, and efficiency -minimum 86%. Thus, the values of the
comparison coefficients for the electric motor with permanent rare
earth magnets and increased power, developed under this project,
should reach the following levels:

1. "Efficiency": 86%;

2. "Output power-to-weight ratio (in kg)": 3500W : 13kg = 269
watts per kilogram;

3. "Output power-to-volume ratio (in cubic centimeters)™: 3500W :
1500 cm?® = 2.33 watts per cubic

3. Technical Description of the Innovation

The motor consists of a body in the shape of two hollow
cylinders, positioned one inside the other and connected at one end
by a common wall. Along the inner circumferential surface of the
outer cylinder and the outer circumferential surface of the inner
cylinder, an outer stator with corresponding winding and an inner
stator with winding are pressed. Between the two stators, there is a
space for the free rotation of the rotor, which is a hollow metal
cylinder, with external and internal radially magnetized magnets
fixedly attached to its outer and inner circumferential surfaces. At
one end, the rotor is fixedly connected to a shaft, which is supported
by bearings in the opening of the inner cylinder of the body. A
diagram of the motor can be seen in Fig. 1. A characteristic of the
electric motor is that the number of channels/teeth on the outer and
inner stators is equal, and the number of magnets fixed on the
sleeve is equal, with each pair of external and internal magnets

The working principle is that the two stators create rotating
magnetic field, which magnetic field interacts with the permanent
magnets of both sides of the rotor at the same time. That way the
sum of the vectors of the electromagnetic forces is achieved, which
shall increase the rotating moment.

The innovative part of the described electric motor is the use of
two sides active rotor, which works at the same time with two
independent stators. In that way, two electric motors are integrated
in one compact module.
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The present innovation represents an improved version of the
described synchronous electric motor with permanent rare earth
magnets and increased power, mainly through innovative
procedures in the experimental realization.

Fig. 1 A diagram of the electric motor with permanent rare earth magnets
and increased power.

4. Experimental upgarde, development and realization
of the innovation

The development and upgrade of the electric motor with
permanent rare earth magnets and increased power based on the
utility model [1], through new innovative experimental procedure
and realization is a novelty on a global level and will be of interest
in many applications.

Activities related to the experimental development and physical
realization of an innovative electric motor with permanent rare earth
magnets and increased power were performed. Most of the basic
constructive elements as the corpus, axle, rotor and stators with
appropriate materials. The preliminary experimental results,
obtained from the measurements of the induced voltage when
rotating the rotor by hand revealed the presence of phase matching
between the two stators. A diagram of the corpus of the electric
motor is presented in Fig. 2.

‘A

Fig. 2 A diagram of the corpus electric motor with permanent rare earth
magnets and increased power.
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The obtained results revealed that the aim of the task, an
increase of the rotating moment up to two times than the standard
Permanent Magnet Synchronous Motor (PMSM), higher density of
the power, decrease of the relative dimensions and increased energy
efficiency, can be achieved by the chosen methods. Presenting that
more explicit means that the output power of 3500 W, weight of
maximum 13 kg, maintaining the volume of 1500 cm? and
efficiency of minimum 86%, is possible. A physical prototype can
be seen in Fig. 3.

Fig. 3 A physical prototype of the electric motor with permanent rare
earth magnets and increased power.

5. Application

The developed innovative electric motor with permanent rare
earth magnets and increased power, can be used by manufacturing
enterprises that can incorporate it into their products. The
innovation is a module that can be integrated into a wide variety of
products - household appliances, ventilation systems, garden tools
and machines, electric mobility devices, and more.
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Abstract: This article presents a study of the possibility of creating adhesive-mechanical bonds between aluminum and a thermoplastic
matrix composite. In detail, the influence of drilling process parameters on the shape of the bushing and the formation of joints with fiber-
reinforced composites during direct drilling using various tool speeds and feeds is examined. Finally, the load-bearing capacity of the

formed joints is presented.
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1. Introduction

In today’s engineering industry, particularly in the automotive
and aerospace sectors, there is a growing need to join dissimilar
materials in order to reduce the weight of structures while
maintaining their load-bearing capacity and safety. Joining thin-
walled components made of aluminum alloys and composites is
relatively complex because these materials have different physical
and mechanical properties. It is precisely the complexity of joining
these materials that requires the use of advanced technologies that
employ multiple joining principles simultaneously, such as the
application of pressure, heat, and mechanical interlocking of
materials [1-3]. In the joining of thin-walled materials, the geometry
of the mechanical joint plays a particularly important role, as it
significantly influences its load-bearing capacity [4-7]. By
appropriately modifying the shape and dimensions of the joint, it is
possible to increase its load-bearing capacity without the need to
add additional fasteners, which also helps maintain low weight and
reduce manufacturing costs.

The aim of the experimental work was to investigate the
possibilities of creating hybrid adhesive-mechanical joints between
fiber-reinforced composites with a thermoplastic matrix and glass
and carbon reinforcement and aluminum alloy sheets using thermal
drilling technology without the use of fasteners. The adhesive joint
is formed by pressing the heated composite with the thermoplastic
matrix and the sheet metal across the entire overlap area. At the
same time, the joint is secured by a metal bushing, which is created
by drilling through the overlapped pair with a thermal drill bit, such
that, thanks to the heated thermoplastic matrix, the reinforcing
fibers in the vicinity of the forming bushing deflect without
breaking. This prevents any weakening of the composite part’s
load-bearing capacity at the joint, Fig. 1.
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To improve adhesion between the composite and the aluminum
sheet, an organosilicate agent with organomodified silica
nanoparticles was used in the study; this agent is applied to the steel
surface using the sol-gel method, where it forms a colorless,
transparent gel layer. After dehydration, a three-dimensional
network of silicate compounds linked by siloxane bonds is formed.
The organosilicate molecule has three key parts:

e a molecular core of aryl or alkyl origin ((CH; )n, where n =0,
1,0r3)

e a molecular end group containing an organic functional group
(amino, vinyl, alkyl, etc.) that enables bonding to a specific
organic monomer or polymer molecule via functional group
interaction

e the other end of the molecule consists of an alkoxysilane group
(Si(OR)n), where n = 3, which can bond to inorganic materials
(metals, minerals, etc.).

By applying this preparation, we expect the formation of a
strong bond between the metal substrate and the thermoplastic
composite matrix via chemical bonds, which could result in
increased adhesion of the joint.

2. Materials and Methods

EN AW-6082 T6 (AlSilMgMn) aluminum alloy, a precipitation-
hardened silumin, was used to form the joints in the form of 2 mm
thick sheet metal.

Two types of composites were used: TEPEX Dynalite 102-
RG600(3)/47% and Tepex® Dynalite 202-C 200(7)/52%, both with
a thickness of 1.55 mm. The matrix is PA6 thermoplastic with a
melting point of 220°C; the bidirectional reinforcement is carbon or
glass roving fabric (Twill 2/2), Tab. 1.

Tab. 1 Mechanical properties of materials used

Mechanical properties EN AW-6082 T6 | PA6-GF | PA6-CF
Re [MPa] 299 - -
Rm [MPa] 345 340 487
Ago [%] 16 1.8 0.87

A Flowdrill Long tool with a diameter of 5.3 mm was used for
thermal drilling. The shape and dimensions of the test specimens
were derived from the tool diameter in accordance with STN EN
ISO 12996 and are shown in Fig. 2.
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Fig. 2 Shape and dimensions of test specimens and the sigle-lap joint for the
Flowdrill Long tool, @ 5.3 mm
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The surface of the aluminum sheet was degreased with an
alkaline degreaser, followed by rinsing, immersion in a solution of
an organosilicate compound in demineralized water, and then air-
dried.

The materials to be joined were placed in a clamping fixture,
where the composite was also heated; after reaching the melting
temperature of the PA6 matrix (>220°C, approx. 240°C), friction
drilling was performed to join the two materials. The joint was then
rotated, and a flange was created using the same tool to close the
joint, Fig. 3. During thermal drilling, the effect of tool speed and
feed rate on the formation of the bushing was also tested separately
in aluminum sheet metal, as well as in interaction with the
composite. The tested tool speeds were 2400 and 4800 min~ !, and
the feed was manual, slow (S, approx. 60 mm-min*) and fast (F,
approx. 240 mm-min™).

composite Al
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final joint closed by fl
1 inal joint closed by flange
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Fig. 3 Procedure for creating joints

The joints were then tested for load-bearing capacity using a
tensile-shear test with a loading rate of 10 mm-min™* in accordance
with STN EN SO 12996.

3. Results

Metallographic sections through the bushing, created by thermal
drilling of an aluminum sheet at two tool speeds and feed rates, are
shown in Tab. 2.

Tab. 2 Metallographic sections through the bushing created under various
process parameters

2400

4800

Tab. 2 shows the effect of process parameters on the shape of
the bushing. The ideal bushing should be long enough to pass
through a composite plate with a thickness of 1.55 mm and should
have a shape that tapers smoothly. The greatest thickness of the
bushing is just below the level of the sheet metal. It is precisely this
area that should ensure sufficient joint strength and should be the
point of failure of the bushing under tensile shear test.

Subsequently, direct joints were created under the given process
parameters. Their cross-sections are shown in Tab. 3.

Tab. 3 Metallographic cross-sections of AI-PA6CF joints created under
various process parameters by direct drilling

Al-PA6CF

2400

2400

4800 | |
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Tab. 3 shows changes in the shape of the bushing under various
process parameters. The most suitable shape is observed at 2400S
and 4800S. A slower feed rate creates better conditions for forming
a bushing with the desired shape. From previous research, we know
that for non-ferrous metals, it is more appropriate to select higher
speeds, which is also recommended by the manufacturer of thermal
drilling tools. Delamination of the composite around the bushing is
also visible, which may be related to insufficient heating. However,
this problem is mitigated by flanging the joints. The same cuts were
made for AI-PA6GF joints, Tab. 4.

When drilling aluminum sheet on a composite panel, the
influence of process parameters is less noticeable because the glass-
fiber composite consists of only three layers of prepregs (unlike CF,
which has seven layers for the same thickness), the fibers are
thicker, the mat strands are more robust, and the fibers as a whole
offer less resistance to tool penetration during thermal drilling. For
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the subsequent creation of joints intended for load-bearing capacity
testing, a tool speed of 4800 rpm and a slow feed rate (approx. 60
mm/min) were used.

Tab. 4 Metallographic cross-sections of Al-PA6GF joints created under
various process parameters by direct drilling

Al-PA6GF

2400

4800

=

Al-PAGCF

Cross-sections of joints created under these process parameters
and closed with a flange are shown in Tab. 5.

Tab. 5 (AlI-PA6GF) also shows potential defects resulting from
manual feeding, namely excessive flattening of the bushing during
flanging. CNC control of the process is, of course, possible, but it is
very difficult to integrate the heating unit into a CNC-controlled
process.

Tab. 5 Cross-sections of joints closed with a flange

Al-PA6GF

A properly executed flange closes the layers of composite fibers and
prevents their delamination, Fig. 4.

fiber-rich zone

Fig. 4 Proper hem finishing

Figures 5 and 6 show the load-displacement curves obtained during
joint load-bearing capacity testing, as well as the failure patterns.
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a) load-displacement curve of Al-PAGCF joint

b) failure mode of Al-PAGBCF joint
Fig. 5 Load-bearing capacity testing and failure mode of the Al-PA6CF joint

Fig. 5 clearly shows that the tensile loading of the Al-PA6CF
joint exhibits a behavior typical of the progressive shear failure of
the bushing. The maximum load-bearing capacity of the joint,
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which consists solely of mechanical interlocking, is 2.1 kN. Failure
occurs over a distance of approximately 2 mm, which would ideally
correspond to the gradual shearing of the bushing—an aluminum
alloy ring. However, observation of the joint failure surface shows
that the bushing was only deformed when the joint was stressed; no
shearing occurred. The composite slid along the outer conical
surface of the bushing, causing it to move away from the sheet
metal and finally pull out.

The loading history of the AIOS-PAG6GF joint, Fig. 6, is different; it
exhibits the characteristics of a hybrid adhesive-mechanical joint.

35
3
25
2

1,5

load [kN]

1

0,5

15 2 2,5 3
displacement [mm]

35 4

a) load-displacement curve of AIOS-PAG6GF joint
B e - - < T—
v i - o

b) failure mode of AIOS-PA6GF joint
Fig. 6 Load-bearing capacity testing and failure mode of the AlI-PA6GF joint

The load-displacement curve shows two distinct regions: first, a
peak is observed, corresponding to the transfer of forces through the
adhesive bond between the two materials via the PA6 thermoplastic
matrix across the entire overlap area. The adhesive bond fails at a
load of 3 kN, and subsequently, the connection between the two
materials is maintained only by the bushing, which gradually
deforms, just as was described for the Al-PAGCF joint.

The measured data indicate that the organosilicate layer has a
positive effect on the adhesive bond between the materials;
however, there must be sufficient polymer matrix on the composite
side, which, after melting, would contribute to the formation of the
adhesive bond. According to the results, the glass fiber composite
has more matrix available than the carbon fiber composite.
Therefore, a hybrid bond does not form in the carbon fibre
composite.

However, deformation of the bushing is not an ideal mode of
joint failure; it does not guarantee that the mechanical properties of
the Al sheet are fully utilized. Maximum utilization would occur if
the failure took place immediately below the level of the sheet, at
the point where the bushing is thickest, where there is the most
material ensuring load-bearing capacity. To achieve this, it is
necessary to eliminate the tangential component of the force during
loading, which causes the composite to slip out of the bushing. We
will address this issue in future research.
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Conclusion

Based on the experimental results, it can be concluded that thermal
drilling technology is an effective method for creating hybrid
adhesive-mechanical bonds between aluminum alloys and
thermoplastic composites without the need for additional fasteners.
The study confirmed that the process parameters, specifically higher
rotational speed (4800 min~ ') and slow feed rate (60 mm.min~ '),
ensure optimal formation of the aluminum sleeve and flange, which
seals the composite layers and prevents their delamination. The use
of an organosilicate primer demonstrated a positive effect on
adhesion, which was particularly evident in the glass-fiber
composite (PA6-GF), where the joint achieved a load-bearing
capacity of 3 kN due to a combination of adhesive and mechanical
principles. In contrast, for carbon-fiber composites (PA6-CF), the
load-bearing capacity was lower (2.1 kN), and the joint was purely
mechanical in nature due to the lack of a polymer matrix to form an
adhesive bond. The primary failure mechanism remains
deformation and pull-out of the sleeve, which opens the door for
further research aimed at optimizing the joint geometry and
eliminating the forces causing the composite to slip.
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Abstract: This paper deals with vibration-based monitoring of micro-milling of DMLS Ti-6Al-4V ELI using a SCHUNK iTENDO? smart
toolholder. The study evaluates the applicability of vibration signals for assessing process conditions during machining with a 1 mm
diameter end mill. Annealed and non-annealed samples were machined under different cutting directions relative to the build layers and
different initial surface states. The tests were carried out at constant cutting speed, feed per tooth and depth of cut, while vibration data were
recorded continuously. The machined grooves were then evaluated by optical and profilometric methods with emphasis on burr formation
and edge quality. The results showed that annealing had the strongest positive effect on process stability, reducing vibration levels and
significantly improving edge quality. The lowest burr formation was observed in annealed samples machined perpendicular to the printed
layers, whereas the non-annealed material exhibited higher dynamic loading and substantially larger burrs. The study confirms that smart
toolholder-based vibration monitoring can provide useful information about changes in machining conditions during micro-milling of DMLS
titanium alloy and can support further development of process diagnostics in finishing of biomedical components.

Keywords: TITANIUM ALLOY, DMLS, MICRO-MILLING, PROCES MONITORING, VIBRATIONS, BURR

1. Introduction need to det_ermine Whether anrjgaling can improve process stabili_ty,
' preserve micro-tool cutting ability and reduce burr formation during
Additive manufacturing of Ti-6Al-4V ELI has become an  finishing [2,5,6].

important route for producing patient-specific spinal implants and
other biomedical components with complex geometry [1-4].
Despite the high geometrical freedom offered by DMLS,
functionally critical surfaces still require finishing operations in
order to achieve the required dimensional accuracy and surface
integrity [1,3]. In this context, micro-milling represents a promising
finishing technology for small titanium features and implant
components, especially where local geometric correction and
precise edge generation are required [3,5,6].

In this study, the micro-milling process was monitored using a
SCHUNK iTENDO? smart toolholder, which allows vibration data
to be acquired directly near the cutting zone [7-9]. This approach
corresponds with broader trends in intelligent and digitally
supported manufacturing, where process quality, repeatability and
production efficiency are increasingly linked with sensor-based
monitoring, virtual engineering and data-driven optimization [9—
11]. The experiment was designed to evaluate the influence of heat
treatment, cutting direction relative to the build layers and initial

However, micro-milling of titanium alloys remains surface state on chatter-related vibration response and burr
technologically demanding due to the low thermal conductivity of ~ formation in DMLS Ti-6Al-4V ELI.
titanium, its high chemical affinity to the cutting tool, strong heat
accumulation in the cutting zone, and the tendency toward burr 2. Experimental Procedure
formation and rapid edge degradation [5,6]. These effects become
even more pronounced in additively manufactured material, where
the as-built state is characterized by a hard martensitic
microstructure and significant residual stresses [2,3]. As reported in
studies dealing with DMLS Ti-6Al-4V, post-process heat treatment - S
substantially modifies the microstructure and mechanical response factors on process stability and surface quality: heat treatment,

of the material, which is expected to affect its machinability as well cutting _direction relatl\_/e to the build layers, and th? m't'f’il
2] topography of the workpiece surface. The process was monitored in

real time using a SCHUNK iTENDO? smart toolholder, while the
From the viewpoint of process stability, additively resulting micro-grooves were subsequently evaluated by digital
manufactured Ti-6Al-4V cannot be treated as an equivalent microscopy and profilometry.
substitute for conventionally produced material [2,3]. The specific . . .
layer-wise microstructure, anisotropy and residual stress state can The workpiece material was T"6AI.'4V ELI (Grade 23)
produced by the DMLS process. Experimental samples were

significantly influence machinability, vibration response and the )
quality of machined edges [2,5]. For this reason, process monitoring manufactured on an EOS.M280 system. The ppwder bed fusion
process was carried out with a constant layer thickness of 30 pm,

is particularly important in micro-milling, where the small tool - . 2 . L
diameter and limited stiffness make the process highly sensitive to which was sel_ected n _order to ensure sufficient geometric precision
instability [7-9]. Recent research on burr formation in slot micro- af‘d a _materlal density close to full c_onsol|dat|on. Fr(_)m the
milling of Ti-6Al-4V further confirms that burr size and viewpoint of the present s_tudy, this matgrlal state was particularly
morphology are strongly dependent on cutting conditions and relevant because DMLS Ti-6Al-4V ELI is characterized by a layer-
wise structure, directional anisotropy and a specific as-built

process stability, making burr evaluation a suitable indicator of . . LT .
machinability in micro-scale finishing [5,6] microstructure, which can significantly affect the cutting response
o during finishing.

The experimental part of this study was focused on evaluating
the machinability of additively manufactured Ti-6Al-4V ELI by
means of micro-milling under controlled cutting conditions. The
experiment was designed to assess the influence of three main

The presented experiment was carried out as an initial study
focused on the finishing of spinal implant components by micro-
milling. Its purpose was to verify the machinability of DMLS Ti-
6AIl-4V ELI and to assess whether heat treatment should also be
considered for smaller implant parts, for which annealing is
currently often omitted in manufacturing practice. In current
manufacturing practice, annealing is more commonly associated
with larger implant components, while smaller parts may remain in
the as-built condition; from the viewpoint of subsequent finishing,
however, this approach may not be optimal. The comparison of
annealed and non-annealed samples was therefore motivated not To isolate the influence of the selected variables, the samples

only by material science considerations, but also by the practical  were classified into eight test scenarios based on three factors. The

A total of eight samples with dimensions 32x12x12 mm were
prepared for the experiment. Four samples were subjected to heat
treatment, while the remaining four were left in the as-built
condition. The purpose of annealing was to reduce residual stresses
naturally present in the martensitic structure formed during rapid
solidification of the melt pool. The selected heat treatment cycle
consisted of gradual heating to 680 °C over a period of 2 h,
followed by a holding time of 4 h at this temperature. The process
was completed by slow cooling inside the furnace.
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first factor was heat treatment, i.e. annealed versus non-annealed
material. The second factor was the cutting direction relative to the
build layers, with half of the samples machined parallel to the layer
orientation and the other half perpendicular to it. The third factor
was the initial surface condition prior to micro-milling. In four
cases, the samples were face milled before the main experiment in
order to remove the rough DMLS surface layer and create a
reference plane. The remaining four samples were left in the
original as-built condition. The resulting experimental matrix
consisted of the combinations shown in Table 1.

Table 1: Test scenarios

Sample index Heat treatment Cutting direction Initial surface
1-1 annealed parallel pre-milled
1-2 non-annealed parallel pre-milled
2-1 annealed perpendicular pre-milled
2-2 non-annealed perpendicular pre-milled
3-1 annealed parallel as-built
3-2 non-annealed parallel as-built
4-1 annealed perpendicular as-built
4-2 non-annealed perpendicular as-built

The machining tests were carried out on a 5-axis DMG MORI
DMU 60 eVo machining centre. This machine was selected because
of its high structural rigidity and its capability to provide spindle
speeds required for micro-milling with a 1 mm diameter tool. The
cutting tool used in all tests was a GARANT Master Titan solid
carbide end mill with a diameter of 1 mm. The tool was TiAIN
coated and had two flutes.

Process monitoring was performed using a SCHUNK iTENDO?
intelligent sensory toolholder. This holder combines hydraulic
expansion clamping with an integrated single-axis MEMS
accelerometer. The sensor measures radial acceleration in the
vicinity of the cutting zone, which makes it suitable for tracking
process instability and vibration-related events during micro-
milling. A major advantage of this system is that the sensing unit is
integrated directly in the rotating toolholder and the measured data
are transmitted wirelessly in real time to an external receiver station
for further evaluation.

Constant cutting parameters were used throughout the main
experimental series in order to make the effect of the tested
material-related factors directly comparable. The cutting speed was
set to v, = 60 m/min, the feed per tooth to f, = 0.004 mm/tooth, and
the axial depth of cut to a; = 0.05 mm. These values were chosen as
a compromise between process stability, preservation of the fragile
micro-tool edge and sufficient material removal for surface quality
assessment. Machining was performed with coolant emulsion.

For each sample, the NC program was designed to generate 20
parallel micro-grooves shown on Fig. 1. The simulated machining
time for one sample was approximately 125 s. After spindle start-up
and positioning to the initial point, the iTENDO? measurement was
activated immediately before the tool entered the material. The
vibration signal from the integrated accelerometer was transmitted
and stored continuously during the entire cutting cycle.

Fig. 1 Programmed toolpath

During post-processing of the experimental data, process
stability was evaluated using the Chatter index extracted from the
recorded vibration signal. Surface integrity and burr formation were
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assessed by optical inspection using a ZEISS SmartZoom 100
digital microscope and by contact profilometry using a Mitutoyo
FORMTRACER Avant system. In the case of the samples left in the
as-built condition, it was necessary to distinguish between the initial
leveling pass and the subsequent stable pass. Therefore, for the
rough as-built group, the statistical evaluation of vibration data was
based on the second pass, which corresponded to a finishing cut
with a constant chip cross-section and was therefore considered
comparable with the pre-milled group.

3. Results and discussion

The obtained results showed that heat treatment had the
strongest influence on both the vibration response and the resulting
groove quality. In general, the annealed samples exhibited lower
mean chatter index values and a more stable cutting behaviour than
the non-annealed material. This trend is evident from the overall
comparison of all eight tested conditions summarized in Table 2,
where samples 1-1 and 3-1 reached the lowest mean chatter levels,
while sample 1-2 showed the highest overall vibration level. The
dominant beneficial effect of annealing is also consistent with the
overall outcome of the experimental study.

The differences between the individual conditions are clearly
visible in the vibration trends shown in Fig. 2. In the pre-milled
group, sample 1-1, representing annealed material cut parallel to the
build layers, showed the most stable behaviour during full
engagement. The maximum chatter index decreased from 2.22 at
the beginning of the cycle to 1.85 at the twentieth groove, while the
mean value gradually decreased from 1.93 to 1.64, indicating
progressive stabilization of the process. In contrast, sample 1-2,
machined under the same kinematic condition but without heat
treatment, exhibited a markedly stronger initial vibration response,
with a maximum chatter index of 2.43 and a mean value of 2.20 in
the first groove. This confirms that the harder as-built structure
generated significantly stronger dynamic impacts during the first
cutting passes.

4-2
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Fig. 2 Chatter index trends for all tested samples

Changing the cutting direction from parallel to perpendicular to
the printed layers led to a moderate increase in vibration level. For
sample 2-1, the maximum chatter index remained in the range of
approximately 2.20-2.30 during the initial grooves and the mean
values were higher than in sample 1-1. This behaviour indicates that
repeated crossing of the printed layer boundaries resulted in a
periodically varying mechanical load on the cutting edge. The most
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dynamically exposed condition in the pre-milled group was sample
2-2, which combined non-annealed material with perpendicular
cutting. In this case, the initial maximum chatter index reached 2.40
and the mean value 2.07, followed by a pronounced decrease after
the twelfth groove. Such behaviour suggests progressive
deterioration of the cutting edge and a shift from stable cutting
toward a more deformation-dominated material removal mode.
These trends are visible in Fig. 2 and quantitatively summarized in
Table 2.

A different behaviour was observed for the samples machined
from the original rough DMLS surface. In this group, the first pass
served only to remove the irregular surface layer and create a
reference plane, whereas the statistical evaluation was based on the
second pass corresponding to a stable finishing cut with a constant
chip cross-section. As a result, the chatter-index curves in this group
were flatter and the overall values were lower than in the pre-milled
group. Nevertheless, the material state still had a clear influence.
Sample 3-1, corresponding to annealed material machined parallel
to the layers, showed the calmest finishing behaviour, with mean
chatter index values between 1.62 and 1.68 and a peak value below
1.92. In contrast, sample 3-2, although relatively stable in terms of
mean value, exhibited rising peak vibrations in the second half of
the cycle, indicating faster loss of edge sharpness in the harder non-
annealed material.

A similar tendency was found for perpendicular cutting on the
rough as-built surface. Sample 4-1 showed a relatively stable mean
chatter index in the range of approximately 1.73-1.77, although the
signal was influenced by alternating engagement caused by local
irregularities of the original surface. Sample 4-2, representing the
non-annealed material cut perpendicular to the layers, maintained a
relatively constant mean chatter index between 1.76 and 1.79, with
peak values approaching 1.98. Even though this condition did not
produce the single highest peak value in the entire experiment, it
represented the highest sustained vibration level in the second group
and confirmed the increased cutting resistance of the hard
martensitic structure when the tool repeatedly crossed the layer
boundaries. These relationships are also reflected in Table 2.

Table 2 Summary of vibration response for all tested sample conditions

Mean Peak AChI
Sample | chatter | chatter Interpretation
] ; (1.-20.)
index index
1-1 1.75 2.22 -0.29 Most stable full-cut condition
1-2 2.04 2.434 -0.28 Highest initial impacts
2.1 191 2302 027 Higher load QUe to layer
crossing
2.9 187 2402 -0.38 Most crltlca! pre—mllled
condition
3-1 1.65 1.918 -0.06 Lowest overall vibration level
3-2 1.70 1.963 -0.03 Stable mean, rising peaks
41 174 2057 +0.05 Stable but Iolcally alternating
oad
Highest sustained level in
4-2 1.77 1.979 +0.02 group 2

The visual analysis of the machined grooves confirmed the
vibration-based interpretation. Annealed samples consistently
showed cleaner edges and lower burr formation, whereas non-
annealed samples exhibited stronger plastic side flow, adhered
material and pronounced top burrs. This contrast was especially
evident when comparing the edge morphology of annealed and non-
annealed grooves (Fig. 3), where the annealed sample had nearly
clean edges while the non-annealed sample produced massive burrs
extending over the groove borders. The perpendicular cutting
direction on annealed samples led to visually even smaller burrs and
cleaner edges than parallel cutting, despite the fact that the vibration
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signal indicated a somewhat higher dynamic load in this orientation.
This suggests that the layer boundaries may have promoted a more
favourable chip-breaking mechanism when the material had already
been stress-relieved by annealing.

Fig. 3 Comparison of burr on annealed and non-anealed sample

The worst surface condition was observed on the non-annealed
samples machined from the rough as-built surface, especially
sample 4-2. In this case, very large burrs were formed and the
displaced material locally overflowed across neighbouring grooves.
Fig. 4 shows a visible progressive deterioration of groove quality
along the cutting sequence, with a substantial increase in burr
volume from the first to the twentieth groove. This behaviour
supports the interpretation that the harder non-annealed material
promotes faster edge degradation and leads to a progressive shift
from stable cutting toward more severe plastic deformation and
material dragging at the groove edges.

Fig. 4 Detailed view of burr formation at the groove edge

The profilometric measurements of burr height were consistent
with the optical observations and provided quantitative
confirmation of the differences between the tested conditions. The
strongest contrast was found between the annealed and non-
annealed material states. In the annealed sample 2-1, machined
perpendicular to the layers, the burr height remained below 0.014
mm, indicating a clean and stable edge formation. In contrast, the
non-annealed sample 1-2 showed markedly higher burr values,
reaching 0.062 mm at the beginning of the test and up to 0.101 mm
in the final stage of machining. Representative profilograms of
these two conditions are presented in Fig. 5. These results confirm
that annealing significantly improved edge quality and reduced
plastic side flow, while burr height proved to be a suitable output
parameter linking process stability with the final micro-geometry
quality of the machined grooves. In combination with the vibration
trends and optical observations, the profilometric results also
indicate that the iTENDO? signal can be used as a practical indirect
indicator of groove quality deterioration during finishing of DMLS
Ti-6Al-4V ELL.

Sample 1-2
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—_— - —
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Fig. 5 Representative profilometric comparison of burr height
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Overall, the results indicate that annealing is the dominant
technological factor for improving the micro-milling performance
of DMLS Ti-6Al-4V ELI. The most favourable conditions were
obtained for annealed material, while the least favourable behaviour
was observed in the non-annealed as-built state. At the same time,
the cutting direction relative to the printed layers influenced the
dynamic response and burr morphology in a non-trivial way:
perpendicular cutting increased the kinematic resistance, but in
annealed material it also contributed to cleaner edges, most likely
due to more effective interruption of chip flow at the layer
boundaries. From the viewpoint of process monitoring, the smart
toolholder-based vibration signal proved sufficiently sensitivi '10
distinguish between stable and critical cutting conditions, which
makes this approach promising for further diagnostics of micro-
milling in biomedical titanium finishing.

. [2]
4, Conclusion

The presented study confirmed that heat treatment is the
dominant factor affecting the micro-milling behaviour of DMLS Ti-
6Al-4V ELI. Annealed samples exhibited lower vibration le\@&ls,
smaller burrs and better edge integrity than the non-annealed
material, while the most favourable overall performance was
obtained for annealed conditions, particularly when cuijlg
perpendicular to the printed layers. In this orientation, the layér
boundaries most likely contributed to chip interruption, which
improved the resulting edge quality despite the slightly higher
kinematic resistance during cutting. [5]

The results also showed that the non-annealed as-built material
represents the least favourable condition for finishing by micro-
milling. It generated higher initial impacts, less stable cutting
behaviour and significantly larger burrs. The measured upper burr
height reached up to 0.101 mm in the non-annealed matef&l,
whereas the annealed samples remained below 0.014 mm,
confirming a substantial improvement in micro-geometry quality
after annealing.

An important finding is that a decreasing vibration trend does
not necessarily indicate an improvement of the cutting proces{7]n
the most critical non-annealed conditions, especially in sample 2-2,
the drop in the chatter index after the initial grooves can be
interpreted as a consequence of progressive edge degradation. In
terms of micro-cutting theory, this behaviour is consistent with_a
shift from more effective cutting toward stronger plz{&}c
deformation and ploughing, where the worn cutting edge deforms
the material instead of removing it efficiently. This transition can
temporarily reduce the dynamic response of the system while
simultaneously worsening groove quality.

From the viewpoint of industrial application, the results indit3te
that annealing should be considered not only for larger implant
parts, but also for smaller DMLS titanium components that require
finishing by micro-milling. The combination of lower vibration
level, reduced burr formation and cleaner groove edges makes the
annealed state more suitable for precision finishing of biomedi
parts. At the same time, the iITENDO? smart toolholder proved to be
a practically useful monitoring device capable of distinguishing
between stable and critical cutting conditions during machining of
additively manufactured titanium alloy.

For future research, it would be beneficial to move beyond the
evaluation of the chatter index alone and analyse the raw vibraﬂq
signal in greater detail. Time-domain and frequency-domain
analysis of the original vibration data could provide additional
information about transient events, layer-crossing effects, early
edge degradation and the onset of ploughing-dominated behaviour.
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Dimensional limitations in the manufacture of tubular filter elements from flat porous
powder blanks
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Abstract: Information is provided on the critical values of the ratio of the thickness of a filter element in the shape of a pipe to the radius of
a cylindrical surface when it is manufactured by rolling a porous sheet blank sintered from tin-phosphorous bronze powder. An increase in
the efficiency of using filter elements obtained in this way has been shown. Images of some of the developed filter products introduced into
production are presented.

Keywords: TUBULAR FILTER ELEMENT, POROUS SHEET BLANK, CYLINDRICAL SURFASE RADIUS, ROLLING.

1. Introduction sintering modes according to [9] ensured that the shear strength limit
(at least 45 + 1 MPa) was achieved. Rolling was performed on hand
Despite the increasingly widespread use of polymer and paper rollers of our own manufacture (Fig. 1). The rolled tubular blank is
filters in technology [1 — 3], metal-based powder filter materials shown in Fig. 2.
(PFM) [4 — 7] still occupy one of the important places in the
implementation of filtration processes of liquid and gaseous media
in mechanical engineering, power engineering, rocket, aviation,
chemical, food and other industries, since in comparison with them,
as well as glass, ceramic, fabric and other filter materials have a
number of advantages: they are more durable and resistant to
corrosion, can operate in a wide temperature range, can be
machined and welded, have high thermal and electrical
conductivity, and can be regenerated multiple times. One of the
most widely used materials are PFMs based on tin-phosphorous
bronze powders (CuSn10F1), the technology for manufacturing
products from which is simple (sintering freely poured powder into
a mold) and well mastered, and the powder particles spherical
shape, compared to the non-spherical one, ensures PFM high
permeability [6 — 8].

In practice, filter element designs based on two shapes are
currently primarily used: flat (which, based on the mounting design,
can also be classified as a lentils (plate-shaped) variant) and tubular
(which, based on the mounting design, can also include corrugated
filter elements). The need to seal a large number of joints between
the "lentils” and between the elements within the lentils itself Fig. 1 The process of rolling a flat (sheet) porous blank based on tin-
complicates the assembly of the filter device and often phosphorous bronze powder on rollers.
predetermines the choice of a tubular filter element shape. The
most productive and simple technology for manufacturing tubular
products from tin-phosphorus bronze powders includes sintering a
flat (sheet) blanks [9], cutting to size, rolling the blanks into a
pipe, welding the joint along the generatrix of the cylinder, and
controlling the properties. It's known from the literature [10] that
the complex stress state of a sheet blank deformed during rolling
causes the appearance of two zones in the porous structure of the
material: tension and compression, and when a certain value of
tensile stress is reached, the magnitude of which is associated with
the bending parameters (too small a rolling radius for a given
thickness and material), cracks form on the outer surface of the bent
sample.

The aim of the work is to determine the dimensional
limitations of sheet blanks when producing tubular filter elements
from them using the rolling method.

2. Experiments results and their discussion

The starting materials for the production of porous filter powder
products were tin-phosphorous bronze powders of the CuSn10F1
brand with five fractional compositions: (minus 160 + 125) pm,
(minus 200 + 160) pm, (minus 250 + 200) pm,
(minus 315 + 250) um and (minus 400 + 315) pm obtained by
spraying the metal melt with an air jet. The sample blanks were
sintered according to the technology described in [9] in the form of
200 mm long plates, the width (calculated based on the specified Fig. 2 A rolled tubular blank with a diameter of 60 mm.
circumference) and thickness were determined based on the current
values of the ratio of the sample thickness to its radius. The
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The joint of the edges of the curved plate along the generatrix
was sealed by welding in a protective gas (argon). On the obtained
samples, the pore size [11] and the permeability coefficient [12]
were measured in accordance with the recommendations, from
which the efficiency parameter E,, proposed in equation (1) [13],
was calculated:

B, )
where:

k — is the permeability coefficient, m?;

D — average size of powder fractions used, pm.

Further on the graphs, the powder fractions used are
characterized by the average particle size, determined by
Anderson’s formula (2) [14]:

D.=(DrminDimax)/(0,5 (Din D)), @

where:

Diax — maximum size of sieve cells used to separate the powder
fraction, um;

Duin — minimum size of sieve cells used to separate the powder
fraction, pm.

The efficiency parameter was determined due to the fact that
the appearance in the porous structure of the material during rolling
of a sintered sheet blank of two zones with a smooth transition of
stresses from maximum compressive to maximum tensile provides
a smooth change in porosity over the cross section of the material
and helps to increase the filter material efficiency parameter [15].

The research results are presented in the form of graphs in
Fig. 3, which shows three dependences of the efficiency parameter
(E1) on the ratio of the sample thickness (h, mm) to the bending
radius (a, mm) for three powder fractions (minus 160 + 125) um
(1), (minus 315 + 250) um (2) and (minus 400 + 315) um (3) and
the curve (4) intersecting them on the right side of the figure,
characterizing the dependence of the critical values of the ratio of
sample thickness (h, mm) to bending radius (a, mm), at which the
cracking process begins, on the average size of powder particles

(D, um).
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Fig. 3 Efficiency parameter dependences on the ratio of sample
thickness to bending radius for three powder fractions:
(minus 160 + 125) um (1), (minus 315 + 250) um (2) and
(minus 400 + 315) um (3) and ratio critical values of sample
thickness to bending radius, at which the cracking process begins,
on the powder particles average sizes (4).

The results analysis obtained shows that the process of
manufacturing filter elements according to the plastic bending
scheme with a ratio of plate thickness to bending radius equal to
0.15-0.24 (depending on the powder fraction) leads to an increase
in the efficiency parameter by 13-26%. A further increase in this
ratio leads to the occurrence of cracks and subsequently to loss of
functionality and destruction. Fig. 4 shows the formation of cracks
at the initial stage for one of the samples.

Fig. 4 Initial stage of crack formation on the outer surface of a curved
sample.

The production of tubular powder filter elements by the rolling
method significantly expands the technological capabilities in the
production of products of this type. The authors' practice of using this
technology included the production of filter elements with outer
diameters from 40 to 500 and a length of up to 1500 mm. A slight
reduction in the filtration area in the area where the edges of the
products join isn't significant. Figure 5 shows, as an example, a
photograph of several sintered sheet blanks and filter elements made
on their basis.

Fig. 5 Sintered sheet blanks and filter elements made on their basis by
rolling.
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3. The results of experiment and their discussion

The studies results of dimensional limitations in the
manufacture of tubular filter elements by rolling flat porous powder
blanks sintered from tin-phosphorous bronze CuSn10F1 powders
are presented. Critical values have been established for the ratio of
the filter elements thickness to the radius of their cylindrical
surface, exceeding which leads to the occurrence of cracks and
subsequently to destruction. It's shown that an increase in the ratio
of the plate thickness to the bending radius to values is
accompanied by an efficiency parameter of the filter material
increase by 13-26%. Examples of some manufactured filter
products are presented.
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Abstract: Parallel robot manipulators (or parallel manipulators) feature closed kinematic chains. Compared to serial manipulators, they
possess high load-carrying capacity, high positioning accuracy, and good dynamic characteristics. Most parallel manipulators with six
degrees of freedom (DOF) utilize six legs and are commonly referred to as hexapods. This article focuses on the study of three-legged
parallel manipulators, known as tripods. In comparison with hexapods, tripods offer larger workspaces and fewer singular configurations.
The paper examines 3-PRRS and 3-PRPS tripods as examples, where P, R, and S denote prismatic, revolute, and spherical joints,
respectively. Their structural synthesis was performed, their geometry investigated, and the inverse kinematics problem was solved.
Keywords: PARALLEL MANIPULATORS, TRIPODS, TRANSFORMATION MATRICES, GEOMETRY, INVERSE KINEMATICS.

1. Introduction

Parallel robot manipulators, or parallel manipulators, are
manipulators formed by connecting a moving platform to a fixed
platform (or base) using various types of kinematic chains. The
moving platform is the working body of the parallel manipulator,
executing specified motion laws. The kinematic chains connecting
the moving and fixed platforms, known as the legs of parallel
manipulators, form closed loops. Closed kinematic chains in
parallel manipulators increase their rigidity. Therefore, compared to
serial manipulators, which have open kinematic chains, parallel
manipulators possess a high load-carrying capacity, high
positioning accuracy, and good dynamic characteristics. The most
well-known parallel manipulator is the Stewart-Gough platform
[1,2], which has 6 DOF and 6 legs of the SPS or UPS type, where S,
P, and U represent spherical, prismatic, and universal kinematic
pairs, respectively. The DOF of the kinematic chains is determined
by the Somov-Malyshev [3] or Griibler—Kutzbach [4] formulas.
This platform has been widely used as a flight simulator. Parallel
manipulators with 6 DOF and 6 legs are referred to as fully parallel
manipulators [5]. Fully parallel manipulators typically have small
workspaces and complex singular configurations. Expanding the
workspace and reducing the singular configurations of fully parallel
manipulators can be achieved by decreasing the number of legs
connecting the moving platform to the base. Existing three-legged
parallel manipulators, known as tripods, generally possess only
three DOF; thus, they cannot fully provide the specified spatial
motions of the moving platform. Well-known three-legged parallel
manipulators include the 3-RRR spherical parallel manipulator [6,7]
(where R is a revolute joint), in which the rotation axes of all six
revolute joints intersect at a single point, and the Delta robot [8].
There are certain types of 6-DOF tripods in which each of the three
legs consists of spatial kinematic chains such as ESR [9] (where E
is a planar joint), RES [10], RRPS [11], or URS [12]. We have
developed new 6-DOF tripods of the 3-PRRS, 3-PRPS, and 3-CCC
types (where C is a cylindrical joint), which are protected by patents
of the Republic of Kazakhstan [13, 14]. This paper presents
methods for structural synthesis, geometric analysis, and solutions
to the inverse kinematics problem for the 3-PRRS and 3-PRPS
tripods.

2. Structural synthesis and geometry of 3-PRRS
and 3-PRPS tripods

According to the developed principle for the formation of
parallel manipulators [15], they are formed by connecting the
moving and fixed platforms using closing kinematic chains of the
active, passive, and negative types. Figures 1 and 2 illustrate 3D
CAD models of the 3-PRRS and 3-PRPS type tripods.

The 3-PRRS type tripod is formed by connecting the moving
platform 4 and the fixed platform 0 via three passive PRRS-type
closing kinematic chains with zero DOF. Similarly, the 3-PRPS
type tripod is formed by connecting the moving platform 2 and the
fixed platform 1 via three passive PRPS-type closing kinematic
chains with zero DOF. These passive PRRS and PRPS closing
kinematic chains do not impose geometric constraints on the
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motions of moving platforms 4 and 2 therefore, their 6 DOF are
preserved. The input links for these tripods are selected as follows:
three prismatic joints A located on the fixed platforms and three
lower revolute joints B for the 3-PRRS type tripod, as well as three
prismatic joints C for the 3-PRPS type tripod.

Fig. 1. 3D CAD model of the 3-PRRS Fig.2. 3D CAD model of the 3-PRPS
type tripod. type tripod.

To describe the geometry and investigate the kinematics and
dynamics of the 3-PRRS and 3-PRPS type tripods, UVW and
XYZ coordinate systems are rigidly attached to each element of all
kinematic pairs. The W and Z axes are aligned with the axes of
rotation or translation of the kinematic pair elements, while the
Uand X axes are directed along the common perpendiculars
between the W and Z axes of two adjacent kinematic pairs. The
transformation matrix Tj between the coordinate systems

UV Wjand Xy Y, Zy (Fig. 3) is as follows:

Tie =T @jk. 2k Djk Bjk Cik 7 jk) =

o 0 0 Lo
kB - 1 —Crig-SBx— |

A Crt |
+bjk-syjk-sajk P =SYik CajSPBik i —SYjk Cajk Chij | SV S

@

A Sy = 1 ST Gt CrcCacChi
b Crgcsaj i CrjcCaySBx 1 Sy -SBik i —Crjk Sk
Cik by cay saj s Bk saj ¢ B Cajy

where & is a distance between the W;and Zy axes measured in
the direction of the common perpendicular tjk between these axes;
@jk is an angle between the positive directions of the W;and Zy
axes measured about the positive direction t jk according to the
right-hand rule; bjk is a distance from the direction tj to the

direction of the X axis measured along the positive Zj axis

direction; ﬂjk is an angle between the positive directions of the

tjk and X axis measured according to the right-hand rule; Cjy is a
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distance from the positive direction of the U j axis to the direction
tjk measured in the positive direction of the Wjaxis; j is an
angle between the positive directions of the Ujaxis and

tjk measured according to the right-hand rule.

Fig. 3. Cartesian coordinate systems UjVjo and X, Y, Z, .

As shown in Eq. (1), the transformation matrix Tjk has six
parameters Ajyr Ao bjk’ ﬂjk' Cik: 7k in contrast to the

Denavit-Hartenberg transformation matrix [4], which consists of
four parameters. Consequently, the transformation matrix Tj,

provides a more comprehensive characterization of the geometry,
kinematics, and dynamics of parallel manipulators, which possess
more complex structural designs compared to serial manipulators.

Another feature of the transformation matrix Tj, is that it allows for

the derivation of both link geometry matrices and kinematic pair
matrices. The transformation matrix of the coordinate systems fixed
at the ends of binary links is called the matrix of binary link, and it
has constant parameters characterizing the geometry of the links.
The transformation matrix of the coordinate systems fixed at the
two elements of each kinematic pair is called the matrix of
kinematic pair, and it has variable parameters characterizing the
relative motions of the kinematic pair’s elements.

Figs. 4 and 5 illustrate the structural diagrams of a single leg for
the 3-PRRS and 3-PRPS tripods with the selected coordinate
systems.

Fig. 4. Structural diagram of the 3-PRRS type tripod leg.
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Fig. 5. Structural diagram of the 3-PRPS type tripod leg.

As seen from Fig. 4, each leg of the 3-PRRS type tripod has the
following constant parameters:

0 ' 0 v '
gy =907, S =00y, 701, 815 =00y, ey =907, 655 =0,05, a3 =0,0;,
agy = 0'30 . and the following variable parameters:
¢y =00 =5, 7, =0, By3=0,, aMONg which s

input parameters, and 03 is an output parameter. Then, the link

and 492 are

geometry matrices and kinematic pair matrices take the following
form:

1 0 0 0
0 Cryy 0 sy
G = G1(0,21,0,0,¢01.741) = 0 Sy, O —Crg | @
Co1 0 1 0
1 0 0 O
1 0 0
_ 0 %
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0 0 -10
1 00O
ayq 100
Gy =6p(a;,00000= "2 I @
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1 0 0 0]
ay, 100
Gys =03y(1:00000= % = I (9)
0 00 1]
1 0 0 0]
p p 0100
P =P 0000c,0= o o ®
s, 001
1 0 0 0]
c6, -s6, 0
R_oR 2 >
P2 =P2 (0,0,0,0,'312,}/22)= 502 ng 0 , (7)
bp 0O 0 1]
1 0 0 0]
0 cl, -s6, 0
P.R =P.R(0,0,0, 5..,0,0) = 53
3 =R (00.0.55,00=1, s6, c6, 0 ®
0o 0 o0 1]
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As shown in Fig. 5, each leg of the 3-PRPS type tripod has the

following constant parameters: Uo4,i =-biCy; +si8y; - £i57iS02 - £i57iS003;
0 : 0
a3 =90°, ©3=010, 113 834 =030y, g4, az =—00°aNd  the Vou, =iV - iy + /iCrisOz; + giCrisbas 1 (16)
following variable parameters: '
Cag = 0,0, =Sy, 84p =040, =S5, 744 = 0, Of Which S and s are Wo,, =Ci +aj + fichy + giCla3j

input parameters, and 94 is an output parameter. Then, the link where 923,i :‘92,i +‘93,i-
An analysis of the system of Eq. (16) shows that the first two
1 0 0 0 equations are linearly dependent. We transform the first and third
equations of system (16) into the following form:

geometry and kinematic pair matrices take the following form:

o 0 cosy; 0 sinyg 6 ,
13710 siny, 0 —cosyy, | A 6i —B;sth; +C; =0, 17
¢y 0 1 0
where A‘ , Bi ,and Ci are known parameters
1 000 ) )
np_ [0 100 A =(5-Kj) +M{, B =2(f +gcasi)(s —K;),
s “lo 01 0 (10) (18)
) ) Up +bcy,
83 0 01 Ci:(f+gcg3,i) _Mi’K :4"7’ Mi:WO —c—-a.
syi 4,0
1 0 0 O . . .
0 0 -1 From Eq. (17), and also from the first and third equations of
Gy = %4 , (11) system (16), two possible values of the parameters 6, ; and 65 ;
0 1 0 O . ' '
can be determined:
0 0 -1 0
B, i,/B.2—4 C B, i,/B.2—4 C
10 o o 0, =51'2'A1A*',92’i =,,_51'2'A1A*'|
0P 0 cosg, -sing, 0 ” (19)
= , 2 2 2 2
4 |0 sing, cosg, O (12) 0y =t (i —K)"+M7-f"—g .
0 0 0o 1 2fg
which correspond to two assembly configurations of each tripod
1000 leg.
pP_ 0 100 Let us consider the solution to the inverse kinematics problem
5 1o o1 0l (13) of a 3-PRPS type tripod. We shall determine the coordinates of the
S 00 1 spherical joints D of the moving platform in the absolute coordinate

system OU V W in terms of the given coordinates of the

3. Inverse kinematics of 3-PRRS and 3-PRPS type  FXpYpZp coordinate system using the equation:

tripods [LUp, Vo, Wp]" = TopGpo, [1.0.0,0]", (20)
In inverse kinematics, the pose (position a orientation) of the

coordinate system PX prZp , attached to the moving platform, is

given. It is necessary to determine the input parameters of the [LUp. Vo, Wp]" =G13PGayPPs11,0,0,0T, (1)
tripods. The solution to the inverse kinematics problem for parallel
robots is crucial, as the obtained input parameter values are used to
control the robot's motion.

Let us consider the solution to the inverse kinematics problem
for the 3-PRRS type tripod. To do this, we determine the

and via the OABCD legs using the equation

By expanding Eq. (21) and substituting the values for the
coordinates of joints D from Eq. (20), we obtain:

S3-S713-55-S713-804 =Up

coordinates of the spherical joints Oy ; of the moving platform in "S3C)13+S5-C13-S04 =Vp - (22)

the absolute coordinate system OU_V W, through the specified Cr3+ g4 +55-C0y =Wp

coordinates of the PX Y Z coordinate system using the An analysis of the system of equations (22) showes that the first
ppp

two equations are linearly dependent. Therefore, the parameter Sg

can be chosen free.

[LUo Vo W .]T = TopGpalL 0,0,0]" (14) After trar]sforming the first and the third equations of system
ai’ Oai’ O (22), we obtain

following equation:

and through the ABCD legs by the equation

S5:S0yp =53 —F
5 S04 =53 } 239)

[L.Uo, . Vo, - Wo,, 1" =GP G1oP5G2sPGalL 0,001, (15) S5-CO =K

Expanding Eq. (15) and substituting the values of the spherical

where = _ Yp - —Cin—
joint coordinates from Eq. (14), we obtain: F= » K=Wp =3 ~ag4.

Sns

From the system of equations (22) we obtain the parameters Sg and

Oy
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55:«/(53—F)2+K2, (24)
4| My2-M2
gy =ct =N (25)
2
where M:s3—F+K.
S5

4. Conclusions

The article outlines the fundamental concepts of parallel
manipulators and their advantages over serial manipulators, such as
high load-carrying capacity, high positioning accuracy, and good
dynamic characteristics due to the presence of closed kinematic
chains. A comparison is conducted between two types of parallel
manipulators, hexapods and tripods demonstrating that tripods
possess larger workspaces and fewer singular configurations
compared to hexapods. Structural synthesis was performed, the
geometry was studied, and the inverse kinematics problems were
solved for 3-PRRS and 3-PRPS type tripods. These tripods are
formed by connecting the moving and fixed platforms via passive
closing kinematic chains of the PRRS and PRPS types with zero
DOF. To investigate geometry and kinematics, a generalized
transformation matrix with six parameters was formulated, serving
as the basis for obtaining the geometry matrices of the links and
kinematic pairs of the tripods under consideration. Using these
transformation matrices, the inverse kinematics problems for the 3-
PRRS and 3-PRPS type tripods were solved.
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A Comparative Analysis of the Main Methods of 3D Steganography

Veselka Stoyanova!, Veselina Gagamova?
V. Levski, National Military University, Shumen, Bulgaria1
Rakovski National Defence College, Sofia, Bulgaria2
vtstoyanova@nvu.bg, v.gagamova@rndc.bg

Abstract: The report examines three main groups of approaches: geometric methods, topological techniques, and transformation-based
methods. Their robustness, data hiding capacity, visual imperceptibility, and computational complexity are evaluated through analysis.

The results show that geometric methods offer high capacity but are more vulnerable to attacks such as smoothing and model simplification.
Topological techniques provide greater robustness but have limited capacity. Transformation-based methods achieve a good balance
between robustness and quality, albeit at the cost of higher computational expense. The report emphasizes that the choice of approach
depends on the specific application, such as copyright protection or secure communication, and provides guidance for selecting the optimal

method according to security and performance requirements.

Keywords: 3D STEGANOGRAPY, TWO-STATE, LSB DOMAIN, PERMUTATION AND TRANSFORM

1. Introduction

3D steganography hides information inside the geometry,
topology, or mathematical representation of a 3D object. Unlike 2D
steganography images, 3D models contain richer data structures like
vertices, edges, faces, normals, textures, which provide more places
to embed information. Three-dimensional (3D) models have
become ubiquitous in digital communication, gaming, medicine,
and engineering. As the use of 3D data increases, so does the need
for secure data hiding within such media. This paper presents a
comparative analysis of the principal methods employed in 3D
steganography, organized according to a four-domain taxonomy:
two-state domain, Least Significant Bit (LSB) domain, permutation
domain and transform domain. Each method is evaluated against
key criteria including embedding capacity, imperceptibility,
robustness against attacks, reversibility, and computational
complexity. The analysis reveals that LSB-based methods in the
geometric domain currently represent the best overall trade-off
between capacity, imperceptibility, and ease of implementation,
while transform-domain methods offer superior robustness at the
cost of capacity.

Early work on data hiding in 3D models was largely motivated
by digital watermarking where they need to assert copyright
ownership [1], [2]. Over time, the field evolved toward general
purpose steganography focused on covert communication with
higher payload capacity. Foundational surveys, such as that of [3],
organized 3D steganography techniques into geometrical,
topological, and representation domains. More recent work by [4]
proposed a refined four-category taxonomy-two-state, LSB,
permutation, and transform domains, which has become widely
adopted. In its latest iteration, 3D steganography transcends
traditional boundaries leveraging the complexity of three-
dimensional structures to hide data in plain sight [6]. In [8] provides
a taxonomy of 3D steganography methods across geometric,
topological, and representation domains, including challenges and
attack models.

Current challenges in the 3D field include problems presented
in fig.1.

Challenges on
3D

steganography

Standardizatiol
of evaluation
metrics

Robustness
VS.
imperceptibilit
y trade-off

Steganalysis
resistance

Deep learning
integration

Fig. 1 Challenges on 3D steganography

For steganalysis resistance we can say that many 3D
steganographic methods remain detectable by modern statistical
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steganalysis tools. Robust embedding typically requires larger
vertex modifications, harming visual quality. For standardization of
evaluation metrics can say unlike PSNR in 2D, 3D quality metrics
such as Hausdorff Distance (HD) are less universally applied.
According to [5] deep learning integration (DLI) means that 3D
mesh steganography remains dominated by non-Al methods,
leaving room for geometric deep learning innovations.

In [7] is presented the novel approach for non-destructive
steganography by predetermination. In [8] provides a taxonomy of
3D steganography methods across geometric, topological, and
representation domains, including challenges and attack models.

2. Materials for Production of Prototype Parts

Modelling of realistic 3D image is a challenging problem in
computer graphics. Realistic 3D images have a wide range
of potential applications, including visualization and design
for research and educational purposes, computer animation and
games, and more than that, information encryption in the 3D
scenes [12], [13]. In [10] reviews problematic aspects of the digital
transposition of a real learning s.

Cybersecurity is one of the most commented areas in IT
nowadays [15]. In the stage of Industri 4.0, a certain opportunity
arises for humans to implement their own strategies with
the capabilities of machines [9] to achieve the most effective
way of data processing [14].

3D image steganography uses a 3D image as cover image which
has points or vertices in the 3D geometry which are manipulated for
hiding a secret message. Embedding capacity of 3D image
steganography is measured in terms of number of bits embedded per
vertex of cover image. If we compare 3D image
steganography techniques with 2D we can be seen more payload
carrying capacity than 2D image steganography techniques.

In terms of 3D image steganalysers, they are designed taking
into account the statistical changes that might have crept in cover
mesh model because of embedding of secret message inside it. [11]
tell us that secret message inside the cover model may
be imperceptible to the human eye but disturbs the natural statistics
of the cover model.

Given the complexity and flexibility of 3D data structures, this
field offers great potential but requires the development of
highly contextual and domain-aware steganographic techniques.
Future research  challenges include optimizing adaptive
embedding, defending against universal steganalysis, and
integrating with multimodal system [5].

Comparative Analysis of Steganographic Methods

The table 1 presents a systematic comparison of four
steganographic methods which are: Two-State, LSB Domain,
Permutation and Transform. They are evaluated across six key
performance criteria. Capacity refers to the amount of data that can
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be concealed within a carrier medium, measured in bits per vertex
(bpv), imperceptibility denotes visual and geometric quality of the
stego-model, robustness measures the ability of the embedded
message to survive unintended modifications, such as compression,
noise, or format conversion, reversibility indicates whether the
original cover medium can be fully restored after the extraction of
the hidden message.

Table 1. Criteria for Comparison

Method Two- LSB Permutation | Transform
Criteria State Domain
. Low ~1 High 2-5 High 2-5 Low-Mod
iy bpv bpv bpv 0.5-2 bpv
Imperceptibility |  High High Perfect | Moderate
Robustness Low Low None High
Reversible Yes Achievable | Yes(lossless) | No(lossy)
Blind Yes Yes Partial Some
Cost Low Low Moderate High
Steganalysis ) High
Resistance Moderate | Low-Mod Moderate

The diagram (fig. 2) shows the overall “profile” of each
method. The larger and more symmetrical the figure is the more
balanced the method. Transform (blue) is clearly drawn to
robustness and steganalysis resistance, while LSB Domain (green)
and permutation (red) are strong in capacity, imperceptibility and
reversibility.

Capacity

Imperceptibi

Reversibility
Fig.2. Performance evaluation by criterion
Types of Attacks on 3D Steganography.

Types of attacks against 3D steganography could be
systematized according to several criteria:

. Affine transformations: uniform

scaling

translation, rotation,
. Vertex reordering: changing the traversal order of vertices
. Noise addition: random perturbation of vertex coordinates
. Mesh smoothing: Laplacian or Taubin smoothing

. Mesh simplification: reducing vertex count via decimation
. Mesh cropping: partial removal of mesh regions

When we are comparing methods for resistance to attacks, we
can see their assessment according to five criteria in a table 2,
where X robust and v fragile.

Table 2. Criteria for comparison for resistance to attacks

Permuta-
tion

Two-

Attack State

LSB Transform

tranggrlr?\(;tion X X v v
Vertex reordering X X X v

Noise addition X X v v

Mesh smoothing X X v v
Mesh simplification X X N Partial
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Conclusion:

Throughout this study, we have demonstrated the compare of
embedding data within 3D objects in a manner that is both
imperceptible and does not compromise the object's structural
integrity or aesthetic value. This paper has surveyed and compared
the four principal categories of 3D mesh steganography: two-state,
LSB, permutation, and transform domain methods. Each category
represents a distinct trade-off across the evaluated criteria. Adaptive
LSB-based geometric domain methods currently offer the best
balance of capacity, imperceptibility, and practical utility for covert
communication applications. Transform-domain spectral methods
remain the method of choice when robustness against geometric
attacks is paramount. The field is evolving rapidly, with deep
learning offering promising avenues for closing the remaining
performance gaps
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Automatic quality control of blanked parts based on segmentation of shear and fracture
zones using a convolutional neural network
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Abstract. A method for automatic quality control of blanked parts based on the ratio of the plastic deformation (shear) zone to the brittle
fracture (rupture) zone on the cut surface is presented. Unlike known approaches that require strictly controlled shooting conditions, the
proposed convolutional Al model (R-CNN) demonstrates robustness to a wide range of illumination: variations in brightness and light
incidence angle reduce segmentation accuracy by no more than 3%. This is achieved through the use of local texture features that are
invariant to brightness scale. The system takes into account the material grade — reference ratios of the zones are defined for each steel
grade. Experiments were carried out on samples of three grades (AISI 1010, S235JR, AISI 1066). The classification accuracy of acceptable

and defective parts was 98% relative to expert assessment.

KEYWORDS: SHEET METAL STAMPING, BLANKING, QUALITY CONTROL, CUT SURFACE, PLASTIC DEFORMATION ZONE,
FRACTURE ZONE, BURR, MACHINE VISION, CONVOLUTIONAL NEURAL NETWORK

1. Introduction

Sheet metal stamping occupies one of the leading positions
among metal forming technologies due to its high productivity, low
material consumption, and the ability to produce complex-shaped
parts in a short time. The blanking operation is used to separate a
sheet workpiece along a closed contour and is the basis for
manufacturing many products — from car body elements to
precision instrument components.

The quality of blanked parts is primarily determined by the
condition of the cut surface. When stamping with clearances not
exceeding 5-10% of the sheet thickness, characteristic zones are
formed on the edge: the rollover (indentation zone), the smooth
shiny zone of plastic shear, the rough zone of brittle fracture, and
the burr on the lower face [1].

=
K v A
L &
v o) )
N
=
j @

Fig. 1. Scheme of the separation zone on a blanked part
S — thickness; h, — rollover zone; h, — plastic deformation zone; h. — fracture
zone; h, —burr.

The ratio between the plastic deformation zone and the fracture
zone is a sensitive diagnostic parameter reflecting the clearance
between punch and die, the degree of tool wear, and the plastic
properties of the workpiece material. Therefore, quality control of
blanked parts is a mandatory stage of the production process [2].

The first and most common method is visual and instrumental
inspection. The inspector examines the edge of the part and
measures the burr height with a feeler gauge or microscope. This
method is simple and does not require expensive equipment, but it
is subjective, labor-intensive, and practically unsuitable for 100%
inspection on automatic lines with a cycle time of 1-2 seconds.

The second method is destructive testing involving the
preparation of micro-sections. The sample is cut, ground, etched,
and examined wunder a microscope. This allows accurate
measurement of all cut zones, but the method is time-consuming,
unsuitable for inspecting every part, and requires highly qualified
personnel. Its domain is selective batch inspection or process
qualification during die setup.
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The third method is non-contact laser inspection. Laser
triangulation sensors and optical profilometers allow constructing a
3D model of the edge with micron accuracy. Disadvantages include
high cost, complex setup, and, most importantly, low productivity.
Processing a single profile takes seconds, which becomes a
"bottleneck” on an automatic line with a cycle time of 0.5-1 second.

The fourth method is machine vision systems with machine
learning algorithms. A camera captures an image of the edge, and
algorithms detect the presence of defects. This method is productive
(up to 10-20 parts per second) and relatively cheap. However,
existing implementations impose strict requirements on shooting
conditions: illumination, part position, and orientation must be
tightly controlled. In real production, this is difficult to achieve —
lamps age, flare and shadows from neighboring equipment appear,
and the part surface may be contaminated with lubricant. As a
result, the high accuracy of algorithms achieved in the laboratory
degrades on the production line.

Thus, modern methods for quality control of blanked parts are
either insufficiently productive, or subjective, or too sensitive to
external conditions. There is a need for a method that is
simultaneously fast, objective, and robust to variations in shooting
conditions [3].

In this work, propose an approach based on a convolutional
artificial intelligence model for automatic segmentation of plastic
deformation and fracture zones on the cut surface of parts obtained
by sheet metal blanking operations. The key feature of the method
is robustness to a wide range of illumination conditions, achieved
by training the neural network on local texture features rather than
on absolute brightness values. Additionally, the system takes into
account the mechanical characteristics of the material, allowing
different reference zone ratios to be used for ductile and brittle
steels. The paper describes the experimental methodology, neural
network architecture, obtained results, and their comparison with
expert assessment.

2. Preparation of the experiment

2.1. Materials and Methods

For the experiment, a simple-action blanking die was designed
and manufactured, allowing round blanks with a diameter of 30 mm
to be cut from sheet metal with a thickness of 1.5 mm. The round
shape was chosen due to the absence of corner stress concentration
zones, which simplifies the analysis of the cut surface.

Sheets of three steel grades were used as the material: AlSI
1010, S235JR, AISI 1066, which differ significantly in their shear
strength (o5). This made it possible to evaluate the influence of the
plastic properties of the material on the shear-to-fracture zone ratio.
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Fig. 2. Blanked part

2.2.Sample Formation

At the initial stage, the die was equipped with sharply sharpened
punch and die with a radial clearance of 10% of the sheet thickness
(0.15 mm). This clearance provides a high-quality cut with minimal
burr and clear deformation and fracture zones. The obtained blanks
were used as reference (acceptable) parts.

To artificially create defects, the punch was replaced with a tool
of smaller diameter, which increased the clearance. The clearance
was sequentially increased in steps of 1% of the sheet thickness.
The maximum investigated clearance was 20% (0.30 mm), leading
to a pronounced burr and predominance of the fracture zone over
the shear zone. For each clearance value (from 10% to 20%), at
least 20 blanks were manufactured.

3. Image Acquisition

The blanks were photographed using an ESP32-CAM board
(OV2640 camera, 2 MP). The key condition was the simulation of
real production conditions:

e Shooting was performed under various lighting
conditions (daylight, overhead workshop lighting,
local illumination, darkened conditions) — the "as is"
principle, without professional light sources.

e The images were not subjected to any retouching,
color correction, or sharpening.

—
-_—

Fig. 3. Parts photographed at different angles

Shooting was carried out at different angles with a deviation of
—30° to +30° relative to the normal, simulating variations in part
position. The total dataset size was 220 images. For each image, an
expert performed manual annotation of the shear and fracture zones
for training and validation of the neural network.

4. Neural Network Model Training

After image acquisition and dataset formation, data preparation
for training was performed. Manual annotation of images was
carried out using specialized software. At the first stage, the cut
surface region was outlined — thus defining the region of interest
(ROI), which allowed training the model to focus specifically on the
edge of the part, ignoring the background and end surfaces.

At the second stage, within the selected cut zone, pixel-wise
segmentation of two types of areas was performed: the plastic
deformation zone (smooth shiny area) and the fracture zone (rough
matte area).
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Fig. 4. Image labeling process

The annotated images formed the training dataset. The artificial
intelligence model was implemented in Python using the
TensorFlow framework. Training was conducted for 12 epochs. The
final accuracy of the model on the validation set was 94.25%. The
loss value during training decreased to 2.12%, indicating stable
convergence and the absence of obvious overfitting.
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Fig. 5. Al model accuracy metrics vs. training epochs

Upon completion of training, the model is capable of
automatically segmenting the shear and fracture zones on new
images obtained wunder various lighting conditions without
additional tuning.

5. Experimental Validation Results

At the final stage, the trained model was evaluated on a test set
that was not used during training. The test set consisted of 100
images of cut surfaces obtained from different material grades
(AISI 1010, S235JR, AISI 1066). Half of the images corresponded
to blanks manufactured with increased clearance (11-20%), which
exhibited pronounced burrs of various heights. The other half
corresponded to reference blanks (clearance 10%) with a high-
quality cut and no burr.

Pl -

Fig. 6. Example of model operation in cut zone detection

The experiments confirmed that the trained model correctly
recognizes the plastic deformation and fracture zones and also
detects defects in the form of burrs. The decision on the presence of
a defect was made automatically based on the deviation of the
measured zone ratio from the reference value specified individually
for each material grade.
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On the test set, burr defects were detected in 98% of cases. This
result confirms the high efficiency of the proposed approach and its
suitability for automatic quality control of blanked parts under
conditions close to real production.
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Abstract: This paper presents the results of studies on the thermophysical and sound-insulating properties of new composite materials
intended for interior and exterior plasters in construction. The materials were developed on the basis of foam glass granules and thermally
treated rice husks using a specialized methodology. The guarded hot plate method was used to investigate the thermal insulation properties
of the composite plasters. Tests for determining the acoustic insulation characteristics were carried out under laboratory conditions using
the two-chamber method. The results show that the newly developed composite plasters exhibit better thermal and acoustic insulation
properties than the standard plaster compositions traditionally used in construction.

Keywords: COMPOSITE PLASTERS, FOAM GLASS GRANULES, RICE HUSKS, THERMAL CONDUCTIVITY COEFFICIENT, SOUND

INSULATION COEFFICIENT

1. Introduction

The optimization of the thermal and acoustic insulation
properties of construction materials is of key importance for
improving energy efficiency and comfort in buildings. Traditional
plasters often suffer from limited insulating properties and
insufficient resistance to external influences. In this context, new
composite plasters based on foam glass granules and thermally
treated rice husks represent an innovative solution combining
environmentally friendly characteristics with improved physical and
mechanical properties.

A number of researchers have investigated the possibilities for
the application of composite materials based on foam glass granules
[1,2,3]. In Bulgaria, a production facility for their production has
been developed and put into operation [4].

Rice is one of the leading cereal crops worldwide and generates
significant amounts of agricultural waste. The final product
obtained from thermally treated rice husks, containing amorphous
silicon dioxide, finds application not only in the ceramic industry
[4], but also in other industrial fields, including plasters, due to its
high reactivity.

The present study aims to present the results of experimental
investigations on the thermophysical and sound-insulating
properties of interior and exterior composite lime and lime-cement
plasters incorporating these innovative additives. The tests were
carried out using methods compliant with international standards,
and the results were compared with data for traditional materials.

2. Experimental Part
2.1. Materials

The subject of the investigation consists of dried plaster-type
samples with dimensions of (0.3 % 0.3) m and different thicknesses,
composed of lime and lime-cement composite materials intended
for interior and exterior applications.

The samples were obtained by adding foam glass granules and
thermally treated rice husks, which replace part of the quartz sand in
the plasters and improve a number of physicochemical properties.
The foam glass granules had particle sizes below 3 mm and a bulk
density of approximately 130 kg/m?>.

Following the thermal treatment of the rice husks, ash
containing amorphous silicon dioxide was obtained. The role of the
active amorphous silicon dioxide is associated with a “cementing”
effect, contributing to the strengthening and improvement of the
plaster properties. In the investigated samples, rice husks thermally

treated at 650 °C and ground into powder with a sedimentation size
below 10 um were used.

The inert fraction in the white dry lime interior plasters
consisted of sand : foam glass granules : thermally treated rice
husks in a volume ratio of 1 : 1.5 : 0.5. For the gray exterior plasters
containing cement, the ratio was 1 : 1.5 : 0.4, while the volume
fraction of cement was 0.1.

Table 1 presents the main characteristics of the samples, while
Figure 1 shows the plaster plates.

b)
Fig.1. Appearance of plaster samples: a) lime interior plasters; b) lime-
cement exterior plasters.

a)

Table 1: Material characteristics of composite plasters
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N Code Dimensions, m Density, kg/m’
Composite lime interior
plaster
1 B-13-Int 0.3x0.3x0.013 675
2 B-20-Int 0.3 x0.3 x0.02 910
3 B-30-Int 0.3x0.3x0.03 1295
Composite lime-cement
exterior plaster
4 S-13-Ext 0.3x0.3x0.013 671
5 S-20-Ext 0.3x0.3x0.02 859
6 S-30-Ext 0.3 x0.3 x0.03 1278
2.2. Methodology for Determining the Thermal

Conductivity Coefficient of the Plasters

The investigation of the thermal insulation properties of the
composite materials was carried out using a steady-state
temperature method, in which the temperature gradient remains
constant over time. The measurements were based on the passage of
heat flow through parallel layers, taking into account the
temperature difference between the two opposite sides of a sample
of known thickness.

For the measurements, the Guarded Hot Plate method was used,
employing a plate of reference material with a known thermal
conductivity coefficient [6].
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The tests were conducted in a thermal chamber with dimensions
of 0.7 m x 0.7 m, insulated with mineral wool and aluminum foil.
The square plates were placed horizontally inside the chamber,
tightly fitted and without gaps, with the heater positioned on the
lower side. A schematic representation of the experimental setup for
determining the thermal conductivity coefficient of the plasters is
shown in Figure 2.

I Cooler I

Reference sample

Ta

| N |

T.T —
TOT, |

Fig.2. Scheme of the experimental setup — thermal chamber

The heat flow passing through the tested sample was assumed
to be equal to that passing through the reference plate, which
allowed the unknown thermal conductivity to be calculated through
the ratio between temperature differences and layer thicknesses.

Q= ) ) )
AXATX ﬁ = ARATR ﬁ (2)

Where the subscript x denotes the tested plate, while the
subscript R denotes the reference plate.

The area of the sample (A,) was equal to the area of the
reference plate (Ap).

The thicknesses of the sample plate and the reference specimen
are denoted by d, and dg, respectively.

Eight thermocouples connected to an eight-channel temperature
recorder with computer data acquisition capability were used for
temperature measurements. Two thermocouples were positioned on
the heated side of the sample and two on the opposite, non-heated
side. A cooler was placed on the reference plate to ensure a
controlled temperature difference.

The thermal conductivity coefficient A, of the investigated
samples was calculated according to the following equation:

T34—Ts dy

A = Ar T12—T34 dg ©)
Where:
Ar is the thermal conductivity of the reference plate (Az=0.036
W/mK),

Ty, is the average temperature on the heated side of the sample,

Ta, is the average temperature on the non-heated side of the sample,
Ts is the temperature of the outer surface of the reference plate,

d, u dg are the thicknesses of the investigated sample and the
reference plate..

The test specimens were placed in the thermal chamber and
subjected to heating until a steady-state condition was reached,
which required approximately 2 hours. The measurements then
continued for an additional 5 hours to achieve higher accuracy.

2.3. Methodology for Acoustic Investigations

The sound insulation properties of the composite plasters were
determined in accordance with the international standards EN ISO
10140-1, EN ISO 10140-2, EN 1SO 10140-5, and EN 1SO 717-1.

For this purpose, the two-chamber method was applied, in
which the tested sample was placed between two chambers. The
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measurements were performed using specialized equipment
consisting of two acoustically isolated rooms: a reverberation
chamber with dimensions 700 x 600 x 600 mm and a receiving
(“anechoic”) chamber with dimensions 700 x 600 x 500 mm [5].

The reverberation chamber was constructed from multilayer
materials such as gypsum board, particle board, mineral wool, and
glass, and contained two broadband loudspeakers generating white
noise in the frequency range 20-20000 Hz.

The receiving chamber was insulated with two layers of
polyurethane foam and pyramid-type sound-absorbing foam,
minimizing external noise. The equipment used for the acoustic
investigations is described in greater detail in [5].

Sound pressure measurements were carried out using ECM999
microphones positioned in both chambers and processed using a
dual-channel Real Time Acoustic Analyzer VT RTA-168 and
Multilnstrument 3.9 Professional software.

By emitting white noise and recording the sound pressure
before and after the sample, the difference in sound levels was
determined and used to calculate the sound insulation coefficient R
according to the equation:

R=Lp1_Lp2+lO(S/A) (4)
Where:
L, is the average sound pressure level in the source room, dB,
L, is the average sound pressure level in the receiving room, dB,
S is the surface area of the tested partition sample, equal to the area
of the test opening, m?,
A is the sound absorption of the receiving room, m?.
The measurements were repeated four times, and the average
values were taken to represent the acoustic characteristics of the
plasters.

3. Results and Discussion
Thermal Insulation Properties

Figures 3 and 4 present the temperature variations over time
during the experimental measurements of thermal conductivity for
the white interior lime plaster and the gray exterior lime-cement
plaster with different thicknesses (13 and 30 mm).

8-13-Int

B-30-Int

Fig.3. Temperature changes during the testing of the interior lime
plasters with thicknesses of 13 and 30 mm

SA3ERE sovext

Fig.4. Temperature changes during the testing of the external lime-cement
plasters with thicknesses of 13 and 30 mm.
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The measured temperatures T, and T, were recorded on the
heated side of the plates, while T; and T, represent the values
measured on the non-heated side. Ts and Tg correspond to the
temperatures measured on the reference plate and the heater,
respectively.

The calculated thermal conductivity coefficients for the
investigated samples, presented in Table 2, range from 0.067 to 0.08
W/mK. These values are significantly lower than the typical values
reported in the literature for standard cement plasters, which vary
between 0.9 and 1.4 W/mK.

Table 2: Thermal conductivity coefficients of composite plasters

According to the EN ISO 717 standard, the weighted sound
reduction index Rw for airborne noise was calculated for each
sample and is presented in Table 3.

Table 3. Weighted Sound Reduction Index Rw

Code Weighted Sound Reduction
No Index
Rw, dB

1 B-13-Int 26

2 B-20-Int 26

3 B-30-Int 26

4 S-13-Ext 28

5 S-20-Ext 28

6 S-30-Ext 28

Code The(mal )
No conductivity A, . Uncertainty
W/(m.K)

1 B-13-Int 0.080 0.000503
2 B-20-Int 0.079 0.001115
3 B-30-Int 0.08 0.001097
4 S-13-Ext 0.069 0.039853
5 S-20-Ext 0.076 0.00158

6 S-30-Ext 0.067 0.001464

The low thermal conductivity coefficients indicate the high
thermal insulation potential of the composite plasters, surpassing
traditional materials in terms of energy efficiency.

Sound Insulation Properties

The results of the acoustic measurements presented in Fig. 5
show the variation of the sound insulation coefficients R as a
function of frequency up to 4 kHz for the interior and exterior
plasters, respectively.

—+—B-13-int —=—B-20-int —a—B-30-int

40.0

Sound Insulation Coefficient R, dB

Frequency f, Hz

a)

—+—5-13-Ext —m—S-20Ext —a—S-30-Ext

Sound Insulation CoefficientR, dB

0 1000 2000 3000 4000

Frequency f, Hz

b)

Fig.5. Sound insulation coefficients of the composite plasters
a) lime interior plasters; b) lime-cement exterior plasters.
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The obtained indices confirm that the developed composite
plasters provide good acoustic protection, while the exterior lime-
cement plasters exhibit slightly higher sound insulation values.

This is due to the use of cement and their denser structure,
which contributes to more effective attenuation of sound waves.
The achieved values are competitive with those of traditional
materials and demonstrate the applicability of the composite
plasters in buildings with increased sound insulation requirements.

4. Conclusion

The present paper reports the results of investigations on the
thermophysical and sound-insulating properties of newly developed
composite lime and lime-cement plasters incorporating foam glass
granules and thermally treated rice husks as innovative additives.

The conducted investigations demonstrate that the newly
developed composite plasters possess significantly better thermal
and acoustic insulation properties compared to standard cement
plasters. In addition, the acoustic tests show improved sound
insulation performance of the new materials, with weighted sound
reduction index Rw values reaching up to 28 dB for the exterior
plasters.

These results demonstrate the potential of the investigated
composite plasters for application in construction aimed at
improving energy efficiency and acoustic comfort.
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Abstract: xBeam 3D metal printing is an advanced wire-feed electron-beam DED technology based on a unique coaxial “hollow conical
electron beam—wire” configuration. This review summarizes the relationships between process design, microstructure evolution, mechanical
properties, and engineering applications.

The technology utilizes a low-voltage (<20 kV) gas-discharge electron gun operating in medium vacuum (10 ~ %10 ~ 2 mbar), improving
process efficiency, reducing alloying-element losses, and extending cathode lifetime. Studies show that xBeam processing promotes a
columnar-to-equiaxed transition of primary B grains in Ti-6Al-4V, producing weakly textured equiaxed structures without grain refiners.
After heat treatment, tensile strengths of 950-1020 MPa and elongations of 12-15% are achieved.

Recent developments include titanium-based cored wires for in-situ fabrication of Ti—6Al-4V + 40%TiC composites and functionally
graded materials. Ballistic studies demonstrate enhanced energy dissipation in layered titanium structures, while successful copper—stainless
steel bimetallic fabrication confirms the ability to minimize brittle interfacial layers.

Overall, xBeam has evolved from a manufacturing technique into a versatile platform for microstructure engineering, advanced material
development, and multimaterial additive manufacturing..

Keywords: XBEAM 3D METAL PRINTING; ELECTRON BEAM ADDITIVE MANUFACTURING; DIRECTED ENERGY
DEPOSITION; TI-6AL-4V; COLUMNAR-TO-EQUIAXED TRANSITION; METAL MATRIX COMPOSITES; FUNCTIONALLY GRADED
MATERIALS; BALLISTIC MATERIALS; MULTIMATERIAL MANUFACTURING.

Introduction. isotropy of mechanical properties [9-12]. Furthermore, the
The current stage of development of metal additive  @adaptation of advanced titanium-based cored wires has enabled the

manufacturing (AM) is characterized by a gradual transition from  fabrication of metal matrix composites, functionally graded
the fabrication of geometrically complex components toward the ~ Materials, layered ballistic structures, and multimaterial systems,
deliberate engineering of material microstructure and performance ~ thereby extending the capabilities of electron-beam additive
directly during processing. This evolution reflects a broader shift in ~ Manufacturing beyond conventional structural applications [17-20].

manufacturing philosophy, where additive technologies are The objective of this review is to provide a comprehensive
increasingly regarded not only as shaping methods but also as tools ~ analysis of the technological principles, thermal phenomena,
for microstructure design and materials-by-design manufacturing. microstructure evolution, mechanical performance, and emerging

Among the various additive manufacturing technologies,  applications of xBeam additive manufacturing. Particular attention
directed energy deposition (DED) processes occupy a unigue is _dg\_/ote_d to the_ _relatlonshlps between process parameters,
position owing to their high deposition rates, scalability, and Solidification conditions, phase transformations, and resulting
suitability for large structural components. Within this family, ~ material properties. The review further discusses recent advances in
electron-beam directed energy deposition (EB-DED) offers metal matrix composites, functionally graded materials, ballistic
additional advantages associated with high energy efficiency, deep structures, and multimaterial manufacturing, and future directions
penetration capability, and operation under vacuum conditions. ~ Of xBeam 3D metal printing.

These characteristics make electron-beam technologies particularly

attractive for the processing of titanium alloys, refractory metals, 1 Fundamentals of xBeam 3D metal printing
and advanced aerospace materials [1,6]. technology and process architecture.

Despite these advantages, conventional EB-DED systems 1.1 Process architecture
employing lateral wire feeding suffer from several inherent The xBeam 3D metal printing represents a fundamentally

|imitati0ns. The asymmetl’ic interaction betWeen the e|eCtr0n beam, different implementation of wire-feed electron-beam additive
feedstock wire, and melt pool often leads to non-uniform heat  manufacturing compared with conventional electron-beam directed
diStI’ibution, directional Solidiﬁcation, and Strong dependence Of energy deposition systemsl The key d|St|ngu|sh|ng feature of the
process stability on deposition trajectory. As a consequence, large  process is the complete coaxial alignment of the energy source and
columnar  prior-B  grains and pronounced anisotropy of  feedstock material along a common geometric axis [3,4].
microstructure and mechanical properties frequently develop during The process is enabled by a specially designed low-voltage gas-
fabrication [22-25]. discharge electron gun (xGun) equipped with a ring-shaped cold
To overcome these limitations, a novel coaxial electron-beam  cathode. Unlike conventional thermionic electron guns, the xGun
additive manufacturing approach, known as xBeam 3D Metal  generates a stationary electron beam in the form of an inverted
Printing, was developed and industrially implemented [3,4]. The  hollow cone. The apex of the conical beam is focused directly onto
technology is based on the generation of profile electron beams  the substrate surface, where a rotationally symmetric melt pool is
using low-voltage gas-discharge electron guns with cold cathodes  formed [3,7].
[1,3]. The combination of a hollow conical electron beam and axial The feedstock material, either a solid metallic wire or a powder-
wire feeding creates a highly symmetric thermal field around the  fijled cored wire, is supplied vertically through a central channel
deposition zone, enabling stable liquid-bridge metal transfer and integrated into the electron gun assembly. Consequently, the
improved control of melt-pool dynamics. o ) electron beam uniformly surrounds the wire circumference
The resulting thermal conditions significantly modify  jmmediately before its interaction with the melt pool, creating
solidification behavior and grain-growth mechanisms, creating  hjghly symmetric thermal conditions within the deposition zone
opportunities for microstructure engineering during fabrication. As  [4,10]. The general architecture of the xBeam process is illustrated

demonstrated by recent investigations, the technology enables the jn Fig, 1, which presents the coaxial arrangement of the electron
formation of fine equiaxed B-grain structures in Ti—-6Al-4V alloys, beam, feedstock wire, and melt pool.

substantially reducing crystallographic texture and improving
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a

Fig. 1. Principle of xBeam additive manufacturing: (a)
schematic arrangement of the coaxial wire-feed deposition process
and (b) design of the xGun gas-discharge electron gun generating a
hollow conical electron beam [14].

1.2 Hollow conical electron beam

The hollow conical electron beam constitutes the defining
technological feature of xBeam manufacturing. In contrast to
conventional Gaussian or ribbon-shaped electron beams, the annular
energy distribution generated by the xGun produces a highly
symmetric heat source around the feedstock wire.

Such beam geometry provides several important technological
advantages. First, thermal energy is distributed uniformly around
the wire, resulting in homogeneous heating conditions independent
of deposition direction. Second, the resulting melt pool exhibits
improved geometric stability compared with systems employing
lateral wire feeding. Third, the symmetric thermal field significantly
reduces directional solidification effects and contributes to more
uniform microstructure development during deposition.

These characteristics ultimately influence the solidification
behavior and grain-growth mechanisms discussed in the following
sections.

1.3 Liquid-bridge metal transfer

One of the most important consequences of the coaxial process

configuration is the formation of a stable liquid bridge between the
wire tip and the melt pool.
Unlike conventional wire-feed additive manufacturing systems,
where metal transfer often occurs through droplet formation and
detachment, xBeam processing promotes continuous transfer of
molten material through a liquid-metal bridge maintained by
surface-tension forces. As a result, the deposition process becomes
highly stable and less sensitive to local perturbations.

The liquid-bridge transfer mechanism substantially suppresses
spatter formation, minimizes fluctuations in bead geometry, and
reduces the tendency for porosity formation within deposited
material [4,10]. Furthermore, the continuous interaction between the
molten wire tip and the melt pool improves metallurgical bonding
between adjacent layers, promoting the formation of dense and
defect-minimized structures.

1.4 Medium-vacuum operation

A further distinguishing feature of xBeam 3D metal printing is
its operation under medium-vacuum conditions, typically within the
range of 10~ =10~ 2 mbar [3,4].
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The use of accelerating voltages below 20 kV significantly
differentiates the technology from conventional high-voltage
electron-beam systems. Lower accelerating voltages reduce the
generation of high-energy  bremsstrahlung radiation and
consequently  decrease shielding requirements, simplifying
equipment design and improving industrial applicability [1,8].

The medium-vacuum environment also provides metallurgical
benefits. The residual gas atmosphere generates a dynamic counter-
pressure that suppresses excessive evaporation of volatile alloying
elements, particularly aluminum in  Ti-6Al-4V alloys.
Consequently, the chemical composition of the deposited material
can be maintained more effectively during prolonged manufacturing
operations [3,5].

1.5 Advanced electron-beam sources

Recent developments of gas-discharge electron-beam
technology have expanded the capabilities of the xBeam platform
through the development of electron guns capable of generating
ribbon-shaped electron beams [20]. Numerical and analytical
investigations of cathode thermal behavior enabled optimization of
cathode geometry and operating conditions, resulting in improved
thermal balance and enhanced service life of industrial electron-
beam systems.

The thermal regime of the cathode assembly was analyzed using
arithmetic-logical relationships and locus-function approaches,
allowing optimization of cathode dimensions and operating
parameters with a thermal-balance accuracy of approximately 5-
10% [20]. Such studies demonstrate that further progress in xBeam
3D metal printing depends not only on metallurgical aspects of
additive manufacturing but also on continuous improvement of
electron-beam source design and process stability.

The development of advanced beam-forming systems provides
opportunities for more precise control of energy distribution, melt-
pool dynamics, and thermal gradients during deposition.
Consequently, future generations of xBeam equipment may enable
even greater control over microstructure formation and process
repeatability.

2 Thermal processes, solidification Kinetics and

grain structure control.

The microstructure of titanium alloys produced by additive

manufacturing is primarily governed by the thermal conditions that
develop during solidification. In conventional wire-feed and
powder-based additive manufacturing systems, the combination of
concentrated energy input and predominantly vertical heat
extraction promotes epitaxial grain growth through multiple
deposited layers. Consequently, large columnar prior-B grains
extending across several build layers are commonly observed in Ti—
6Al-4V components produced by conventional DED and EBAM
technologies [22—25].
One of the most important metallurgical advantages of xBeam 3D
metal printing is its capability to modify solidification conditions
and promote a columnar-to-equiaxed transition (CET) without the
use of chemical grain refiners [9,12].

The mechanisms governing grain morphology are commonly
described using the classical solidification criteria developed by
Hunt [21] and further extended through microstructure maps
proposed by Gédumann et al. [22] and Kobryn and Semiatin [23].
These approaches demonstrate that grain morphology is controlled
primarily by the ratio between the thermal gradient at the
solidification front (G) and the solidification rate (R). High G/R
values favor directional columnar growth, whereas lower G/R ratios
promote constitutional undercooling and the formation of equiaxed
grains.

The relationship between thermal gradient, solidification rate,
and grain morphology in Ti—6AI-4V alloys is illustrated in Fig. 2,
which presents the solidification map and the CET boundary
proposed for coaxial electron-beam additive manufacturing.
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Fig. 2. Ti-6Al-4V solidification map showing the relationship
between thermal gradient (G), solidification rate (R), and grain
morphology, including the columnar-to-equiaxed transition (CET)
boundary [9].

The unique thermal conditions generated by the xBeam process
significantly influence these parameters. Owing to the circular
geometry of the hollow conical electron beam, heat is distributed
more uniformly around the melt pool perimeter compared with
conventional side-fed wire systems. As a result, the melt pool
becomes wider and its bottom surface less pronounced, while the
heat-flow pattern changes from a predominantly vertical direction to
a combined radial—axial configuration [7].

This redistribution of thermal energy reduces the thermal
gradient at the solidification front while maintaining relatively high
solidification rates [9]. Under such conditions, constitutional
undercooling develops ahead of the advancing solidification front,
enabling heterogeneous nucleation of new crystals within the liquid
metal [12]. Consequently, grain growth is no longer dominated by
epitaxial extension of existing grains, and an extensive region of
fine equiaxed prior-f3 grains can be formed.

Experimental investigations conducted by Zhang et al. [9] and
Davis et al. [12] demonstrated the formation of fine equiaxed prior-
B grains with characteristic dimensions of approximately 100-150
um in Ti-6Al-4V alloys manufactured using coaxial electron-beam
wire deposition. The resulting microstructures exhibited
significantly reduced texture intensity compared with conventional
electron-beam additive manufacturing and contributed to a
substantial reduction in microstructural and mechanical anisotropy.

The ability to control grain morphology through manipulation
of thermal conditions represents one of the most significant
scientific achievements associated with xBeam 3D metal printing
and forms the foundation for subsequent control of phase
transformations and mechanical properties discussed in the
following sections.

3 Phase transformations and optimization of mechanical
properties by heat treatment.

The microstructure of Ti—-6Al-4V alloys produced by electron-
beam additive manufacturing is strongly influenced by the high
cooling rates typically associated with the process, which may range
from approximately 10% to 10* K/s depending on local thermal
conditions and deposition parameters [5]. As a consequence, the as-
built material exhibits a non-equilibrium microstructure consisting
of acicular o’ martensite and ultrafine o+p lamellar constituents
formed during rapid solidification and subsequent cooling [5].
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Fig. 3. SEM images of samples annealed at (a, b) 690C/2 h/FC
(HT1), (c, d) 750C/2 h/FC (HT 2), (e, f) 810C/2 h/FC (HT3), (g, h)
870C/2 h/ FC (HT4), and (i, j) 900C/2 h/FC (HTS). The o phase is
dark, B phase is bright. (k—n) Schematic diagrams of b phase
precipitation during decomposition of a¢ martensite at different
temperatures. (k) Original a¢ martensite in prior b grain; (1)
formation of b particles at a¢ boundary when heated at low
temperature; (m) formation of b rods and a phase on heat treatment
at higher temperature; (n) formation of a + b lamellar structure
with a¢ compleyely decomposed. [11].

While the grain morphology is primarily established during
solidification, the final mechanical performance of Ti-6Al-4V
components is largely governed by subsequent phase
transformations occurring within the prior-p grains. In addition to
rapid cooling, layer-by-layer manufacturing is accompanied by
repeated interpass thermal cycling. These thermal cycles act as an
intrinsic  in-situ  tempering  treatment, promoting  partial
decomposition of metastable phases and gradual evolution of the
microstructure during deposition [9,10].

To achieve an optimal balance between strength and ductility,
post-build heat treatment within the a+f phase field is commonly
employed [11]. The evolution of the intragranular microstructure
during annealing is illustrated in Fig. 3, which presents SEM
images of Ti—6Al-4V specimens subjected to different heat-
treatment temperatures.

Detailed investigations performed by Hu, Zhang, and co-
workers [11] demonstrated that subtransus annealing at 690—750°C
initiates  diffusion-controlled decomposition of o' martensite
accompanied by the formation of fine [ precipitates along
martensite interfaces. Increasing the annealing temperature to 810-
900°C promotes nearly complete decomposition of the martensitic
morphology and the formation of a stable basket-weave
(Widmanstétten) o+ microstructure containing continuous f3
lamellae.

Simultaneously, the o lamellae undergo gradual coarsening
through diffusion-controlled growth processes, resulting in reduced
internal stresses and improved microstructural stability [10,11].
Heat-treatment schedules involving solution treatment and aging
(STA) at temperatures of approximately 940-960°C further modify
the microstructure through fragmentation of primary a plates,
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disruption of continuous grain-boundary o networks, and
precipitation of fine secondary o particles, thereby providing
additional precipitation strengthening [11].

The elimination of continuous brittle grain-boundary
constituents, combined with the formation of refined equiaxed
prior-p grains, results in an attractive combination of strength and
ductility. Representative mechanical properties reported for xBeam-
manufactured Ti-6Al-4V alloys are summarized in Table 1 and
demonstrate excellent agreement with aerospace and additive-
manufacturing standards.

The combination of a refined equiaxed prior-p grain structure
and a thermally optimized o+f3 lamellar microstructure enables
tensile strengths of 950-1020 MPa and elongations of 12-15%,
while maintaining relatively low anisotropy between horizontal and
vertical build directions.

Table 1. Mechanical properties of Ti-6Al-4V alloy produced by
xBeam 3D metal printing compared with ASTM F2924 and AMS
4928 requirements [5, 7, 10].

Sample cuttin Tensile Yield Elongation
d!orection g strength strength 5 g‘,/
6B, MPa | 60.2, MPa > e
Horizontal (X/Y) 980...1020 880...920 13,3...15,5
Vertical (2) 950...990 860...890 12,0...14,0
Standard ASTM
F2924 (AM) 2930 > 860 >10,0
Standard AMS 4928
(Forging) > 895 > 825 >10,0

Collectively, these results demonstrate that the combination of
controlled solidification, grain-structure refinement, and optimized
post-build heat treatment enables xBeam-manufactured Ti—6Al-4V
alloys to achieve an attractive balance of strength, ductility, and
microstructural isotropy, meeting or exceeding the requirements
specified for aerospace-grade wrought and additively manufactured
materials.

4 Advanced materials systems and emerging

applications

4.1 Metal matrix composites based on titanium cored wires

The coaxial architecture of xBeam 3D metal printing has
enabled successful adaptation of the process for the fabrication of
advanced metal matrix composites (MMCs) using innovative
titanium-based cored wires developed in collaboration with the E.O.
Paton Electric Welding Institute and the I.M. Frantsevich Institute
for Problems of Materials Science [16,17]. These feedstock
materials consist of a thin-walled titanium sheath filled with a pre-
engineered powder mixture containing titanium carbide (TiC)
particles [17].

To prevent powder dispersion under vacuum conditions caused
by direct interaction of the electron beam with the cored wire, a so-
called immersed melting approach was implemented. In this
configuration, the energy of the hollow conical electron beam is
concentrated primarily on the substrate, producing a deep molten
pool into which the cored wire is continuously submerged during
deposition [17].

During fabrication of Ti-6AI-4V + 40%TiC composites,
intensive  Marangoni-driven  convection promotes  efficient
dissolution and redistribution of carbon within the molten pool [17].
Subsequent solidification proceeds according to the Ti—C phase
diagram, resulting in a basket-weave titanium matrix reinforced by
uniformly distributed endogenous TiC particles with characteristic
sizes below approximately 4 pm [17].

The resulting microstructure is illustrated in Fig. 4, which
presents SEM observations of endogenous carbide particles together
with the corresponding phase analysis.

105

SRR v WO, NG . *""Qﬁb JQ; wdiy
Fig. 4. SEM micrographs showing the morphology and
distribution of endogenous TiC particles formed during fabrication
of Ti-6AI-4V + 40%TiC metal matrix composites using cored-wire
xBeam deposition: (a) General view of Ti—6AI-4V—-40%TiC MMC
at Ti-6Al-4V base plate with indicated line where hardness was
measured and locations of detailed microstructural analysis: (b)
zone (A) inside non-uniform layer of low-alloyed titanium between
base substrate and MMC; (c) zone (Al) with non-uniform
distribution of TiC, (d) dendritic type of TiC inside zone (B), ()
zone (C), and (f) pore inside zone (D) with fine TiC particles on its
inner surface and around. SEM, BSE [17].

Optimized processing conditions enabled the formation of a
nearly isotropic composite microstructure with microhardness
values ranging from 490 to 615 HV, demonstrating significant
potential for wear-resistant and high-performance engineering
applications [17]. Similar processing strategies have also been
successfully applied to advanced metastable B-titanium alloys,
including Ti-55511 and Ti-55541.5, as well as the biomedical low-
modulus alloy Ti—13Zr-13Nb [16].

4.2 Layered titanium armour systems and ballistic
performance

The high hardness and wear resistance of xBeam-fabricated
titanium-based composites have been further exploited in the
development of advanced layered ballistic materials [13,15,18].
Using combinations of solid and cored wires, both bilayer (MMC/Ti
alloy) and multilayer titanium-based armour systems were
fabricated through layer-by-layer deposition and subsequently
integrated with powder-metallurgy components [13,18].

Ballistic testing (Fig.5) using 7.62 x 51 mm armour-piercing
projectiles containing hardened steel cores (~870 HV) demonstrated
complete resistance to perforation under NATO-standard testing
conditions [18]. The hard MMC front layer (~500 HV) effectively
deforms and blunts the projectile core, while impact energy is
dissipated through the formation of adiabatic shear bands and
fracture of TiC reinforcement particles [18].

The observed ballistic performance confirms the feasibility of
combining additive manufacturing and powder-metallurgy routes
for the fabrication of lightweight protective structures.
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Fig. 5. Appearance of layered titanium-based armour

specimens after ballistic testing: front (a,c) and rear (b,d) surfaces
of impacted samples [17].

The ductile titanium-alloy or commercially pure titanium
backing layers absorb residual impact energy and prevent
catastrophic failure of the armour system [13]. Furthermore, the
characteristic wave-shaped interface generated during xBeam
deposition acts as a shock-wave attenuation and deflection
boundary, redistributing stress waves and significantly reducing the
likelihood of spall formation during impact loading [18,24].

4.3 Multimaterial manufacturing of bimetallic systems

One of the most remarkable achievements of xBeam 3D metal
printing is its capability to produce metallurgically bonded
structures from materials exhibiting substantially different
thermophysical properties. A representative example is the
successful  fabrication of copper—stainless steel bimetallic
components combining pure copper (M1) and austenitic stainless
steel 316L [19].

The microstructure of the dissimilar-metal interface is shown in
Fig. 6.

During deposition of copper onto stainless steel, the hollow
conical electron beam generates extremely short melt-pool
lifetimes, typically on the order of milliseconds [19]. The resulting
rapid solidification effectively suppresses extensive interdiffusion
and limits the interfacial reaction zone to only a few micrometres in
thickness. Consequently, the formation of thick brittle intermetallic
layers is avoided, preserving both structural integrity and functional
performance [19].

The process enabled production of copper deposits with relative
densities approaching 99.1% and electrical conductivities reaching
approximately 99.2% IACS. Helium leak testing confirmed
vacuum-tight joints with no measurable leakage at pressures down
to 10~ 8 Torr, demonstrating the suitability of these bimetallic
structures for demanding applications such as particle accelerators,
vacuum systems, and advanced heat exchangers [19].
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Fig. 6. (upper) Macrograph of etched copper/stainless steel
interface demonstrating heat affected zone in stainless steel as well
as variable grain size distribution in the substrate/copper interface.
(bottom-left) Micrograph of copper/substrate interface at region 1
highlighted above, demonstrating sharp boundary between copper
and stainless. (bottom-right) Micrograph of interface region 2,
demonstrating copper infiltration into porous stainless steel bump
above interface [19]

The studies reviewed in this section demonstrate that xBeam 3D
metal printing has evolved beyond a manufacturing process for
titanium alloys and has become a versatile platform for advanced
materials engineering. The successful fabrication of metal matrix
composites, layered ballistic structures, and multimaterial systems
highlights the capability of the technology to tailor microstructure,
phase composition, and functional performance simultaneously.
These developments represent an important transition from
geometry-driven additive manufacturing toward materials-by-
design approaches, where process parameters are deliberately used
to engineer material architecture across multiple length scales.

5 Challenges and Future Perspectives.

Despite the significant scientific and technological progress
achieved in the development of xBeam 3D metal printing, several
important challenges remain to be addressed before its broader
industrial implementation and certification can be fully realized.

One of the key scientific challenges concerns the quantitative
understanding of thermal phenomena governing melt-pool evolution
and solidification behavior. Although the unique coaxial
architecture of xBeam 3D metal printing has demonstrated its
capability to promote columnar-to-equiaxed transition (CET) and
grain-structure refinement in titanium alloys, the relationships
between process parameters, thermal gradients, constitutional
undercooling, and resulting microstructure require further
investigation. Additional experimental and numerical studies are
needed to establish predictive processing—structure—property
relationships for different classes of materials.

Another important challenge is associated with process
repeatability and quality assurance. Most currently available studies
have focused on microstructural characterization and mechanical
testing of deposited materials, whereas comparatively limited
attention has been devoted to systematic investigation of process
stability during long-duration manufacturing. Future research
should therefore focus on the development of reliable
methodologies for monitoring melt-pool behavior, thermal history,
and defect formation during deposition.

The fabrication of advanced material systems introduces
additional complexities. In particular, metal matrix composites,
layered ballistic structures, and multimaterial components exhibit
heterogeneous microstructures and compositionally complex
interfaces that require detailed investigation. Further studies are
necessary to evaluate long-term mechanical reliability, fatigue
resistance, fracture behavior, and environmental stability of such
materials under service conditions.

The successful fabrication of Ti—-6Al-4V + TiC metal matrix
composites has demonstrated the effectiveness of cored-wire
feedstocks for in-situ synthesis of reinforcing phases during
deposition. Nevertheless, optimization of powder composition,
particle morphology, reinforcement distribution, and interface
characteristics remains an important area for future research.
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Similar challenges apply to the development of functionally graded
materials, where precise control of local composition and
microstructure is required to achieve predictable property gradients.

Multimaterial manufacturing represents another promising
direction for future development. The successful production of
copper-stainless steel structures has demonstrated the capability of
xBeam 3D metal printing to create metallurgically bonded
interfaces between dissimilar materials with substantially different
thermophysical properties. Future studies should expand this
approach toward other technologically important material
combinations and investigate the mechanisms governing interfacial

reactions, residual stress formation, and long-term service
performance.
From an  equipment-development  perspective,  further

improvement of gas-discharge electron guns remains an important
objective. Optimization of cathode geometry, beam-shaping
systems, energy distribution, and process stability may further
enhance manufacturing efficiency and expand the range of
processable materials. The development of advanced beam-forming
systems capable of generating tailored energy distributions may
provide additional opportunities for microstructure control and
materials engineering.

Overall, the reviewed studies indicate that the future evolution of
xBeam 3D metal printing is likely to be associated with the
transition from conventional additive manufacturing toward
deliberate engineering of material architecture. The demonstrated
capability to control grain morphology, phase composition,
reinforcement formation, and interfacial phenomena suggests that
xBeam 3D metal printing should be regarded not only as a
manufacturing method but also as a versatile platform for advanced
materials design. Future developments are therefore expected to
focus on metal matrix composites, functionally graded materials,
layered protective structures, and multimaterial systems with
application-specific combinations of mechanical and functional
properties.

Conclusions.
The analysis presented in this review demonstrates that xBeam 3D
Metal Printing has evolved into a mature and versatile electron-
beam directed energy deposition technology capable of addressing
several limitations traditionally associated with wire-feed additive
manufacturing.
The unique combination of a hollow conical electron beam and
coaxial wire feeding provides highly symmetric thermal conditions
during deposition, promoting stable liquid-bridge metal transfer and
reducing the directional effects commonly observed in conventional
electron-beam and wire-feed DED systems. Operation under
medium-vacuum conditions further contributes to improved process
efficiency and reduced evaporation losses of volatile alloying
elements, thereby supporting chemical stability during fabrication.
One of the most important metallurgical features demonstrated for
xBeam 3D metal printing is its demonstrated capability to modify
solidification behavior and promote a columnar-to-equiaxed
transition (CET) in Ti-6AI-4V alloys without the use of chemical
grain refiners. The resulting refinement of prior-p grain structure,
combined with the effects of interpass thermal cycling and
optimized post-build heat treatment, enables the formation of stable
a+p microstructures exhibiting an attractive balance of strength,
ductility, and reduced anisotropy. Mechanical properties reported
for xBeam-manufactured Ti-6AI-4V alloys satisfy, and in some
cases exceed, the requirements specified for aerospace-grade
wrought and additively manufactured materials.
The reviewed studies further demonstrate that xBeam 3D metal
printing has progressed beyond conventional monomaterial
fabrication. The successful implementation of titanium-based cored
wires enables the in-situ synthesis of Ti—-6Al-4V-TiC metal matrix
composites with enhanced hardness and wear resistance. In
addition, the technology has proven effective for the fabrication of
layered ballistic structures, functionally graded architectures, and
multimaterial systems involving dissimilar materials such as copper
and stainless steel. These developments highlight the capability of
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xBeam 3D metal printing to simultaneously control composition,
microstructure, and functional performance during manufacturing.
Overall, the available experimental evidence indicates that xBeam
3D metal printing should be regarded not only as an additive
manufacturing process but also as a platform for advanced materials
engineering. Its demonstrated capability to control grain
morphology, phase transformations, reinforcement formation, and
interfacial phenomena provides new opportunities for the design of
next-generation structural and functional materials. Future
developments are expected to further expand the application of
xBeam 3D metal printing in metal matrix composites, graded
materials, multilayer protective systems, and multimaterial
manufacturing, reinforcing its role within the broader framework of
materials-by-design approaches.
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Antimicrobial activity of aqueous-alcoholic extracts of waste materials from red sweet
pepper, red hot pepper and eggplant against pathogenic microorganisms. Part |
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Abstract: Pepper and eggplant processing generates significant amounts of waste raw materials, such as peels, seeds, stems and residual
pulp. These waste products are rich in bioactive components, such as phenolic acids, flavonoids, anthocyanins, capsaicinoids and
glycoalkaloids, which determine their antimicrobial and antioxidant activities. Therefore, waste raw materials from peppers and eggplants
represent a potential for industrial application. The aim of the present study was to determine the phenolic acid content in aqueous-alcoholic
extracts of red sweet peppers, red hot peppers and eggplants as well as their antimicrobial activity against pathogenic microorganisms,
causing food-borne toxicoinfections and toxicoses. Aqueous-alcoholic (20%, 40%, 70%) extracts of waste raw materials of red sweet
peppers, red hot peppers and eggplants were used in the present study. Phenolic acids were determined by HPLC, and the antimicrobial
activity - by agar diffusion method with wells. The minimum inhibitory concentration (MIC) was determined by the serial dilution method.
The aqueous-alcoholic extracts from waste raw materials of red sweet peppers, red hot peppers and eggplants exhibited bactericidal activity
against the pathogenic bacteria Escherichia coli ATCC 25922, Staphylococcus aureus ATCC 25293, Salmonella enteritidis ATCC 13076,
Salmonella abony NTCC 6017, Listeria monocytogenes ATCC 19111, Pseudomonas aeruginosa NBIMCC 1390, Enterococcus faecalis
ATCC 19433, with inhibition zones of 9 mm to 20 mm and MIC ranging from 60 ppm to 600 ppm. The relationship between the antimicrobial
activity of the aqueous-alcoholic extracts and the presence of bioactive components with an inhibitory effect in them has been revealed. Their
water-alcoholic extracts are rich in phenolic acids, which also determine their antimicrobial activity against pathogenic and saprophytic
microorganisms. The flours obtained from them are carriers of bioactive components and have antimicrobial action. This makes them
suitable for use in the food industry.

Keywords: ANTIMICROBIAL ACTIVITY, MINIMUM INHIBITORY CONCENTRATION, HPLC, ANTIOXIDANT ACTIVITIES,
MICROSTRUCTURE

; monocytogenes ATCC 19111, Pseudomonas aeruginosa NBIMCC
1. Introduction 1390, Enterococcus faecalis ATCC 19433.

In today’s context of rapid growth in the food industry, there
has been a significant increase in the volume of agro-industrial Determination of Antimicrobial Activity — Agar Diffusion
waste, posing serious environmental and economic challenges. At~ Method With Wells
the same time, these waste materials are viewed as a valuable
resource, rich in bioactive compounds with potential for application

in various industries [1-6]. Among widely cultivated vegetable

Each test microorganism (10” CFU/cm®) was inoculated into
Petri dishes containing agar medium,; after the agar has solidified,

apecies, the genera Capsicum (pepper) and Solanum, including the wells (7 n_]m) were prepared._ Sixty _microliters of the respective
species Solanum melongena (eggplant), play an important role in extrac.t or its dilutions were pipetted into the. wel.ls, qnd the plates
both the human diet and the agricultural sector. Studies show that ~ Were incubated at 4°C for 1 hour to allow diffusion into the agar.
extracts from various parts of the pepper plant, particularly seeds The Petri dishes containing the Fest microorganisms were incubated
and placental tissue, exhibit an inhibitory effect against a broad ~ 2t37 °C for 24 to 48 h, after which the inhibition zones in mm were

spectrum of microorganisms, including Gram-positive bacteria such ~ measured.

as Staphylococcus aureus and Bacillus subtilis, as well as Gram- .

negative bacteria such as Escherichia coli and Salmonella enterica Analytical methods
[7-9]. This effect is mainly due to the presence of capsaicinoids and
phenolic compounds, which interact with the cellular structures of
microorganisms.

The aim of the present study was to determine the antibacterial
activity of extracts from waste materials of red sweet peppers, red
hot peppers, and eggplant on the growth of Gram-positive and
Gram-negative pathogenic bacteria.

Determination of the minimum inhibitory concentration
(MIC) of extracts from red sweet pepper, red hot pepper and
eggplant waste materials against pathogenic microorganisms.

The antimicrobial activity of extracts from pepper and eggplant
waste materials was determined using the serial dilution method
[10].

Data analysis

2. Materials and Methods The data from the triplicate experiments were analyzed using

MS Office Excel 2010, employing statistical functions to determine
the standard deviation and the maximum error of estimation at a
significance level of a < 0.05.

For the experiments, water-alcohol extracts (20%, 40%, 70%)
from waste materials of red sweet peppers, red hot peppers, and
eggplant, provided by the company “Bulcons” Ltd., Pervomai, were
used.

Microorganisms 3. Results and Discussion

Test microorganisms: pathogenic bacteria were used as test
microorganisms during the experimental work — Escherichia coli
ATCC 25922, Staphylococcus aureus ATCC 25293, Salmonella
enteritidis ATCC 13076, Salmonella abony NTCC 6017, Listeria

In a series of experiments, the inhibitory effect of water-alcohol
extracts from waste materials generated during the processing of red
sweet peppers, red hot peppers, and eggplant was determined. The
results of the experimental studies on the antimicrobial activity of
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water-alcohol extracts (20%, 40%, and 70% ethanol) are presented
in Table 1, Table 2 and Table 3. Depending on the percentage of the
alcohol content, the type and amount of bioactive substances in the
extracts with antimicrobial effect varied. The water-alcohol extracts
of pepper waste materials contained significant amounts of sinapic
acid and gallic acid with inhibitory activity. Ferulic acid, gallic acid,
3,4-dihydroxybenzoic acid, rosmarinic acid, chicoric acid, caffeic
acid, cinnamic acid, and others were not detected in these extracts
(Table 1).

The highest antimicrobial activity against pathogenic
microorganisms was observed in the methanol extracts from waste
materials derived from red sweet peppers and red hot peppers,
where inhibition zones ranging from 15.0 to 19.0 mm were
measured, with a MIC < 6 ppm (Table 2). A high degree of
inhibition was observed in the 40% water-ethanol extracts from
waste materials of red sweet peppers, red hot peppers, and eggplant.

The increase in the alcohol content (up to 70%) in the extracts had
little effect on the growth of pathogenic bacteria. Larger zones of
inhibition were observed for Gram-positive pathogens compared to
Gram-negative ones. They inhibited the growth of pathogenic
microorganisms causing gastrointestinal diseases. The method used
to assess the antimicrobial activity, as well as the selection of test
microorganisms, varies across different publications. The
permeability of bacterial membranes, the presence of porin proteins
in Gram-negative bacteria, and the intracellular distribution of plant
extract components are key factors influencing the diffusion and
action of the extracts within the cell. In the majority of the
literature, Gram-positive organisms appear to be more sensitive to
plant extracts compared to Gram-negative ones. However, other
studies do not confirm this observation, as it has been found that
Gram-positive bacteria are less sensitive or equally sensitive to
Gram-negative bacteria [11, 12].

Table 1: Phenolic acid content in water-alcohol extracts from waste materials derived from red sweet peppers, red hot peppers, and eggplant (Phenolic acid,

1g/g)
Sinapic 3.4-dihydroxy Caffeic p-Coumaric Ferulic Gallic | Rosmarinic | Cinnamic
acid benzoic acid Acid acid acid acid acid Acid
20% ethanol; red sweet 369,33 - - - - R -
pepper stems
40% ethanol; red sweet 78,19 - - - - - N N
pepper stems
70% ethanol; red sweet 72,28 - - - - - N N
pepper stems
20% ethanol; red hot 130,60 - - - - 78,06 - -
peppers
40% ethanol; red hot 22,89 - - - - R -
peppers
70% ethanol; red hot 98,88 - - - - R N
peppers
20% ethanol; eggplant 32,17 - - - - - R _
stems
40% ethanol; eggplant 31,52 - - - - - R
stems
70% ethanol; eggplant 36,11 - - - - - N
stems
40% methanol; red 66,81 - - - - 74,85 -
sweet pepper stems
40% methanol; red hot 27,24 - - R R -
pepper stems
40% methanol; eggplant 29,33 - - - - - N
stems

Table 2: Antimicrobial activity and Minimum Inhibitory Concentration (MIC) of plant extracts against Gram (-) pathogenic

microorganisms. Inhibition Zones (1Z) are in mm dgg = 6 mm.

Test-microorganism E. coli ATCC 25922 Salmonella abony L. monocytogenes ATCC Ps. aeruginosa
1,2 *10" cfu/em® NTCC 6017 1911 2,34*10% cfu/cm?®
4,1*10% cfu/cm® 3,1*10% cfu/cm®
1Z, mm MIC, 1Z, mm MIC, 1Z, mm MIC, ppm 1Z, mm MIC, ppm

Sample ppm ppm
20% ethanol; red sweet pepper stems 9,0+0,0 < 600 9,0+0,0 <600 10,0+0,0 <600 9,0+0,0 <600
40% ethanol; red sweet pepper stems 10,0+0,0 60 10,10 <600 10,0+0,0 <60 9,0+0,0 <600
70% ethanol; red sweet pepper stems 1010+0,0 <600 10,10 <600 9,0+0,0 < 600 10,0+0,0 <60
20% ethanol; red hot peppers - - - - - - 9,0+0,0 <600
40% ethanol; red hot peppers 9,5+0,5 <600 9,0+0,0 <600 - - 9,0+0,0 < 600
70% ethanol; red hot peppers peppers 10,0+0,0 <600 10,0+0,0 <60 - - 10,0+0,0 <60
20% ethanol; eggplant stems 10,0+0,0 <600 9,0+0,0 < 600 - - 10,0+0,0 < 600
40% ethanol; eggplant stems 18,0+0,0 <60 9,0+0,0 <600 10,0+0,0 <60 9,0+0,0 <600
70% ethanol; eggplant stems 10,0+0,0 <600 9,0+0,0 < 600 9,0+0,0 < 600 9,0+0,0 < 600
40% methanol; red sweet pepper stems 9,0+0,0 <600 9,0+0,0 <600 10,0+0,0 < 600 12,0+0,0 <60
40% methanol; red hot pepper stems 15,0+0,5 <60 11+0,0 <60 14,5+0,5 <60 15,0+0,0 <60
40% methanol; eggplant stems 14,5+0,5 <60 - - - - - -
Control K1: 20% ethanol - - - - - - - -
Control K2: 40% ethanol - - - - - - - -
Control K3: 70% ethanol - - - - - - - -
Control K4: 40% methanol - - - - - - - -
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Table 3: Antimicrobial activity and Minimum Inhibitory Concentration (MIC) of plant extracts against Gram (+) pathogenic

microorganisms. Inhibition zones (1Z) are in mm dgis. = 6 mm.

Test-microorganism St. aureus ATCC 25923 L. monocytogenes ATCC 1911 Ent. faecalis
1,1*10% cfu/cm?® 3,1*10% cfu/cm?® 1,0¥10% cfu/cm?®

Sample 1Z, mm MIC, ppm 1Z, mm MIC, ppm 1Z, mm MIC, ppm

20% ethanol; red sweet pepper stems 10,0+0,0 <600 10,0+0,0 <600 10,0+0,0 <600

40% ethanol; red sweet pepper stems 10,0+0,0 <600 10,0+0,0 <60 11,0£1,0 <60

70% ethanol; red sweet pepper stems 11£0,0 <60 9,0+0,0 < 600 10,0+0,0 <60

20% ethanol; red hot peppers - - - - - -

40% ethanol; red hot peppers - - - - 9,0+0,0 -

70% ethanol; red hot peppers peppers 9,0+0,0 < 600 - - 9,0+0,0 < 600

20% ethanol; eggplant stems 10,0+0,0 < 600 - - 10,0+0,0 <60

40% ethanol; eggplant stems 14,5+0,5 <60 10,0+0,0 <60 18,0+0,0 <60

70% ethanol; eggplant stems 10,0+0,0 <600 9,0+0,0 <600 13,0+1,0 <60

40% methanol; red sweet pepper stems 19,0+1,0 <6 10,0+0,0 < 600 10,0+0,0 <600

40% methanol; red hot pepper stems 17+0,0 <6 14,5+0,5 <60 9,0+£0,0 < 600

40% methanol; eggplant stems 15,0+0,0 <60 - - 16,0+1,0 <60

Control K1: 20% ethanol - - - - - -

Control K2: 40% ethanol - - - - - -

Control K3: 70% ethanol - - - - - -

Control K4: 40% methanol - - - - - -
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Antimicrobial activity of aqgueous-alcoholic extracts of waste materials from red sweet
pepper, red hot pepper and eggplant against spoilage microorganisms. Part 2

Petar Gatev'” Naiden Delchev?
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petar_gatev@yahoo.fr

Abstract: The industrial processing of peppers and eggplants yields substantial quantities of byproduct materials, including peels, seeds, and
stems. These secondary raw materials are concentrated sources of bioactive compounds, notably phenolic acids and flavonoids, which
possess significant potential for repurposing due to their inherent biological activities. This study aimed to quantify the phenolic acid
profiles of aqueous-alcoholic extracts derived from red sweet pepper, red hot pepper, and eggplant waste, and to evaluate their inhibitory
efficacy specifically against saprophytic microorganisms responsible for food spoilage. Extracts were prepared using varying concentrations
of ethanol (20%, 40%, and 70%). High-Performance Liquid Chromatography (HPLC) was employed for the identification of phenolic acids.
The antimicrobial potential was assessed using the agar well diffusion method, while the Minimum Inhibitory Concentration (MIC) was
established via serial dilutions. The extracts demonstrated robust antifungal and anti-yeast activity against key spoilage organisms,
including Saccharomyces cerevisiae, Candida utilis, Aspergillus niger, Penicillium chrysogenum, and Fusarium moniliforme. Inhibition
zones ranged from 9 mm to 20 mm, with MIC values spanning 60 ppm to 600 ppm. A direct correlation was observed between the
concentration of specific bioactive phenolics and the degree of microbial suppression. Given their high phenolic content and proven
effectiveness in inhibiting common spoilage fungi and yeasts, these materials—and the flours derived from them—offer a viable, bioactive
alternative for extending shelf life in food industry applications.

Keywords: ANTIMICROBIAL ACTIVITY, MINIMUM INHIBITORY CONCENTRATION, HPLC, ANTIOXIDANT ACTIVITIES,
MICROSTRUCTURE, SPOILAGE ORGANISMS

1. Introduction Microorganisms
The industrial processing of peppers and eggplants generates Test microorganisms:
significant amounts of waste materials, such as peels, seeds, stems, Saprophytic microorganisms: Bacillus subtilis, Bacillus cereus

and residual pulp. These byproducts are often treated as waste, even  ATCC 14579, Candida utilis ATCC 42402, Saccharomyces
though they contain high concentrations of bioactive compounds,  cereyisiae ATCC 9763, Aspergillus niger ATCC 1015, Penicillium

including phenolic acids, flavonoids, anthocyanins, capsaicinoids, : -
and glycoalkaloids [1-4]. Accumulated scientific data indicate that chrysogenum ATCC 28089, Fusarium moniliforme ATCC 38932.

these compounds possess pronounced antioxidant and antimicrobial Determination of antimicrobial activity — agar
properties, making them the subject of increased scientific interest . : :
[5-8]. diffusion method using wells

Eggplant waste materials, especially the peel, are also
characterized by high antimicrobial activity due to their content of
chlorogenic acid, anthocyanins (nasunin), and glycoalkaloids
(solasonine and solamargine) [9, 10, 3]. These compounds exhibit
inhibitory effect against both bacteria and fungi, including Candida
albicans and Aspergillus niger [10, 11]. Of particular importance is
the ability of glycoalkaloids to interact with the cell membranes of
microorganisms and to cause their destabilization [9]. mm were measured.

The antimicrobial activity of these extracts is mediated by Analytical Methods
complex mechanisms, including disruption of the cell membrane,
inhibition of enzymatic activity, induction of oxidative stress, and
suppression of biofilm formation [12, 13, 14]. Additionally, certain
phenolic compounds can influence gene expression and cellular
signaling in microorganisms, including quorum sensing processes The antimicrobial activity of the extracts from red sweet pepper,
[15]. The synergistic interaction between different groups of  red hot pepper and eggplant waste materials was determined using
bioactive compounds further enhances their effect and broadens the serial dilution method [19].
their spectrum of action.

Each of the test microorganisms (107 cfu/cm®) was inoculated
into Petri dishes containing agar medium, and after the agar has
solidified, wells (7 mm) were prepared. Sixty microliters of the
respective extract and its dilutions were added to the wells, and the
plates were incubated at 4°C for 1 hour to allow diffusion into the
agar. The Petri dishes containing the test microorganisms were
incubated at 30 °C for 24 to 48 h, after which the inhibition zones in

Determination of the minimum inhibitory concentration
(MIC) of extracts from red sweet pepper, red hot pepper and
eggplant waste materials against spoilage microorganisms

. . . L Data Analysi
In this context, the study of the antimicrobial activity of waste ata Analysis

materials from peppers and eggplants represents a timely and The data from the triplicate experiments were analyzed using

significant scientific task. Assessing their potential as a source of  n5 Office Excel 2010, employing statistical functions to determine
natural antimicrobial agents could contribute to the development of  ina standard deviation and the maximum estimation error at a

new functional products, natural preservatives, and sustainable  gjgnificance level of o < 0.05.
technologies for the utilization of plant waste [16, 17, 18].

The aim of this study was to investigate the antimicrobial 3. Results and Discussion
activity of water-alcohol extracts from waste materials of red sweet
peppers, red hot peppers, and eggplant against spoilage
microorganisms.

In a series of experiments, the inhibitory effect of water-alcohol
extracts from waste materials generated during the processing of red
sweet peppers, red hot peppers, and eggplant on the growth of

2. Materials and Methods spoilage microorganismswas examined. The results of these studies

are presented in Table 1 and Table 2. The chemical composition of

The following were used to conduct the experiments: Water- the antimicrobial compounds in the water-alcohol extracts (20%,
alcohol (20%, 40%, 70%) extracts from waste materials of red 40%, and 70% ethanol) was determined. Ferulic acid, gallic acid,
sweet peppers, red hot peppers, and eggplant, provided by the 3,4-dihydroxybenzoic acid, rosmarinic acid, chicoric acid, caffeic
company “Bulcons” EOOD, Parvomai. acid, cinnamic acid, and others were not detected in the obtained
extracts. All extracts contained significant amounts of sinapic acid,

111



Innovations 2026

the concentration of which ranged from 27.24 pg/g to 369.33 ng/g
depending on the type of raw material and the extractant used to
obtain them. Gallic acid was detected only in extracts from red hot
pepper stems obtained with 20% ethanol and 40% methanol.

The antimicrobial activity of water-alcohol extracts from waste
materials of red sweet peppers, red hot peppers, and eggplant
against the growth of spoilage and spore-forming bacteria and
yeasts was weak (Table 1). An exception was observed in the water-
alcohol extracts (20% and 40%) of red sweet peppers, which
inhibited the growth and development of the yeast Saccharomyces
cerevisiae ATCC 9763, where inhibition zones of 15-17 mm were
determined. Clear antimicrobial activity of the water-alcohol
extracts from waste materials of red sweet peppers, red hot peppers,
and eggplant against spoilage bacteria and yeasts was observed at
an alcohol content of 70% in the extract, at which MIC <600 ppm

was determined. 70% water-alcohol extracts from waste materials
of red sweet peppers, red hot peppers, and eggplant also inhibited
the growth of the yeast Candida utilis ATCC 42402.

A similar trend was observed when determining the inhibitory
effect of water-alcohol extracts from waste materials of red sweet
peppers, red hot peppers, and eggplant against fungi (Table 2).
Water-alcohol extracts from waste materials of red sweet peppers,
red hot peppers, and eggplant containing 20% and 40% alcohol did
not affect the growth and development of fungi from the genera
Penicillium, Fusarium, and Aspergillus. The growth of the three
fungal strains was affected by the water-alcohol extracts from waste
materials of red sweet peppers, red hot peppers, and eggplant with
70% alcohol content (Table 2), for which small zones of inhibition
and a low MIC (around 600 ppm) were determined.

Table 1: Antimicrobial activity of plant extracts derived from waste materials from the canning industry against spoilage
microorganisms: spore-forming bacteria and yeasts. Inhibition zones (1Z) were measured in mm, with a disc diameter of 6 mm.

Test microorganisms | g g prjjis ATCC6633 | B.cereus ATCC 14579 C.utilis ATCC 42402 SaCCha/':\"T”gée;;ge‘”s'ae

1,0 *10° cfu/cm 1,6*10° cfu/cm 2,7*10" cfu/em 1.4%10 cfu/em?

Sample MIC, MIC,
1Z, mm ppm 1Z, mm ppm 1Z, mm MIC, ppm 1Z, mm MIC, ppm

20% ethanol; red sweet pepper stems - - - - - - 15,0+0,0 < 600
40% ethanol; red sweet pepper stems - - 10,0+0,0 < 600 - - 17,0+0,0 < 600
70% ethanol; red sweet pepper stems 10+0,0 <600 10,0+0,0 <600 10+£0,0 < 600 9,0+0,0 <600
20% ethanol; red hot peppers - - - -
40% ethanol; red hot peppers - - - - - -
70% ethanol; red hot peppers peppers 9,0+0,0 <600 10,0+0,0 < 600 - - 9,0+0,0 < 600
20% ethanol; eggplant stems - - - - - - -
40% ethanol; eggplant stems - - 9,0+0,0 <600 - - - -
70% ethanol; eggplant stems 9,0+0,0 <600 9,0+0,0 < 600 - - 9,0+0,0 < 600
40% methanol; red sweet pepper stems - - 10,0+0,0 <600 9,0+0,0 < 600 - -
40% methanol; red hot pepper stems - - - - - - - -
40% methanol; eggplant stems - - - - - -
Control K1: 20% ethanol - - - - - - - -
Control K2: 40% ethanol - - - - - - - -
Control K3: 70% ethanol - - - -
Control K4: 40% methanol - - - -

Table 2: Antimicrobial activity of plant extracts derived from waste materials from the canning industry against saprophytic
microorganisms: fungi. The inhibition zones (1Z) were measured in mm, with a disc diameter of 6 mm.

Test microorganisms Penici!x_LIJ_m chrysogenums Fusarium moniliforme ATCC Aspergillus niger ATCC 1015
CC 28089 38932 2.9%107 cfulem?
5,0 *10 cfu/cm® 8,0*10° cfu/cm® ’
Sample 1Z, mm MIC, ppm 1Z, mm MIC, ppm 1Z, mm MIC, ppm
20% ethanol; red sweet pepper stems - - - - - R
40% ethanol; red sweet pepper stems - - - - - -
70% ethanol; red sweet pepper stems 10+0,0 <600 9,0+0,0 <600 9,0+0,0 < 600
20% ethanol; red hot peppers - - 9,0+0,0 < 600
40% ethanol; red hot peppers 9,5+0,5 <600 - - -
70% ethanol; red hot peppers peppers 9,0+0,0 <600 10,0+0,0 < 600 10,0+0,0 < 600
20% ethanol; eggplant stems - - - - - -
40% ethanol; eggplant stems 9,0+£0,0 <600 9,0+0,0 < 600 9,0+0,0 < 600
70% ethanol; eggplant stems 9,5+0,5 <600 9,0+0,0 <600 - -
40% methanol; red sweet pepper stems - - - - - -
40% methanol; red hot pepper stems - - - - - -
40% methanol; eggplant stems - - - - -
Control K1: 20% ethanol - - - - - -
Control K2: 40% ethanol - - - - - -
Control K3: 70% ethanol - - - - - -
Control K4: 40% methanol - - - - - -

Plant extracts derived from waste materials of red sweet
peppers, red hot peppers, and eggplant inhibited the growth of
spoilage microorganisms. Furthermore, these microorganisms
produced and released various types of toxins into food. Water-
alcohol extracts from waste materials of red sweet peppers, red hot
peppers, and eggplant exhibited varying antimicrobial activity
against all tested microorganisms. This was due to differences in the
chemical composition of the individual extracts. The experimental
results supported the targeted utilization of waste from the
agricultural and processing industries as an alternative source of
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natural antimicrobial agents applicable in the food industry, as a
substitute for chemically synthesized preservatives. In conclusion, it
can be summarized that future research should focus on
standardizing methods for the extraction and characterization of
bioactive compounds, as well as on evaluating their efficacy in real
food systems and safety during prolonged use. In this context,
phenolic acids extracted from plant waste emerge as promising
candidates for the development of innovative functional ingredients
with antimicrobial activity.
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Tracking System for Photovoltaic Energy Improvement
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Abstract: The increasing demand for electrical energy, the reduction of fossil fuel reserves, and growing concerns about environmental
pollution have driven the development of technologies for energy production from renewable sources, particularly solar energy. The efficiency
of photovoltaic systems depends on the angle of incidence of solar radiation on photovoltaic panels. Static systems cannot maintain the optimal
orientation toward the sun throughout the day, resulting in reduced electricity generation. For this reason, mechanisms for automatic solar
trajectory tracking have been developed, significantly improving the performance of photovoltaic systems. This paper addresses the design,
development, monitoring, and operation of a single-pole dual-axis mechanism for solar trajectory tracking of the SM44M3VI5P type,
integrated with photovoltaic modules. The system was developed as a prototype and later implemented near the Mechatronics Laboratory at
the Faculty of Mechanical Engineering, University of Prishtina. The mechanism enables continuous tracking of the sun’s trajectory through
two independent axes: the azimuth axis and the elevation axis. The system includes linear actuators, a mechanical structure, electronic
components, and software for automatic monitoring and control. The study includes experimental analyses and simulations to compare the
performance between a fixed photovoltaic system and a dual-axis tracking system. The results show that the dual-axis mechanism significantly
improves electrical energy production compared to static and single-axis systems. Annual energy production increased from 4156.13 kWh in
the fixed system to 5487.42 kWh in the dual-axis tracking system. The findings demonstrate that dual-axis solar tracking systems represent an
efficient and sustainable solution for improving the performance of photovoltaic installations in modern engineering applications.

Keywords: PHOTOVOLTAIC SYSTEMS, DUAL-AXIS TRACKING, RENEWABLE ENERGY, ENERGY EFFICIENCY, SOLAR TRACKING

and control algorithms. Modern implementations commonly utilize
linear actuators, light-dependent resistors (LDRs), microcontroller-
The increasing global demand for electrical energy, the depletion ~ based control units, and feedback control mechanisms to ensure
of fossil fuel resources, and growing environmental concerns have accurate and autonomous tracking of the sun’s trajectory [8].
accelerated the development of renewable energy technologies, Advances in mechatronics and control engineering have significantly
particularly solar energy systems [1], [2]. Among renewable energy improved the reliability, precision, and practical feasibility of such
sources, solar energy is considered one of the most promising due to ~ systems for real-world applications.
its abundance, sustainability, and minimal environmental impact
during operation [3].

1. Introduction

Recent research conducted in Kosovo has also highlighted the
strong potential of renewable energy sources within the region.

Photovoltaic systems (PV) convert solar radiation directly into ~ Studies on solar and wind energy resources in the urban area of
electrical energy; however, their efficiency strongly depends on the  Prishtina have confirmed favorable conditions for the exploitation of
angle of incidence between incoming solar radiation and the surface renewable energy systems [9]. Furthermore, investigations into
of the PV modules. Fixed photovoltaic systems operate at constant ~ small-scale wind energy systems have demonstrated their potential
tilt and azimuth angles, which leads to suboptimal alignment with the ~ contribution to reducing environmental pollution and improving
sun throughout the day and across seasonal variations, resulting in overall energy sustainability [10], [11]. In addition, previous research
significant energy losses [4]. To overcome this limitation, solar ~ on mechanical and mechatronic systems, including micro-hydro

tracking systems have been developed to continuously adjust the turbines and structural dynamic systems, emphasizes the importance

orientation of photovoltaic panels toward the sun, thereby enhancing of integrated design, numerical simulation, and experimental

energy harvesting efficiency [5]. validation in improving system performance and efficiency [12].
Solar tracking systems are generally classified into single-axis Motivated by these findings, this study presents the design,

and dual-axis configurations (Figure 1.b and Figure 1.c). Single-axis implementation, and performance analysis of a single-pole dual-axis
trackers follow the apparent motion of the sun along one rotational solar tracking system integrated with photovoltaic modules [13]. The
axis, typically from east to west, whereas dual-axis trackers enable ~ proposed system is developed as a laboratory prototype and
adjustments in both azimuth and elevation angles, allowing more subsequently implemented under real environmental conditions near
precise alignment with solar radiation throughout the year [6].  the Mechatronics Laboratory at the Faculty of Mechanical
Numerous studies have demonstrated that dual-axis tracking systems ~ Engineering, University of Prishtina. The system integrates a
can increase annual energy production by approximately 20%-40% mechanical structure, linear actuators, sensor-based feedback, and an
compared to fixed systems (Figure 1.a), depending on geographical automated control system to continuously orient photovoltaic panels
location, climatic conditions, and system configuration [7]. toward the sun, with the objective of maximizing energy production
efficiency and improving overall photovoltaic system performance.

a) b) c)

2. System Design and Methodology

The proposed solar tracking system is composed of four main
subsystems: a mechanical structure, a sensing subsystem, an
actuation subsystem, and a control unit. The coordinated integration
of these components enables continuous two-axis alignment of the
photovoltaic module with the sun’s position. The overall architecture
ofthe system is presented in Figure 2, which illustrates the interaction
between sensors, actuators, and the control unit.

Fig. 1 Types of solar module installations: a) static (fixed) configurations; As illustrated in Fig. 2, the proposed system consists of four
b) single-axis configurations and c) dual-axis configuration. integrated subsystems

The development of solar tracking systems involves the
integration of mechanical design, electronic components, sensors,
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Fig. 2 Overall system architecture of the dual-axis solar tracker

The system operates in a closed-loop control configuration, where
real-time sensor feedback is continuously processed by the control
unit to regulate actuator motion. The control objective is to minimize
the angular error between the panel orientation and the sun’s position,
ensuring optimal alignment and maximizing solar energy capture
efficiency.

2.1. Mechanical Design and 3D Modeling

The mechanical structure of the prototype was developed using
SolidWorks CAD software to ensure structural integrity and
operational feasibility. The final 3D model is shown in Figure 3.

Fig. 3 3D CAD model of the single-pole dual-axis tracking system

The system consists of a vertical steel column, a rotational base
for azimuth movement, and a tilt mechanism for elevation
adjustment. The mechanical assembly decomposition is shown in
Figure 4, where the main components are highlighted, including the
base, support frame, and PV mounting structure.

Fig. 4 Mechanical assembly decomposition of the tracking system
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2.2. Rack-and-Pinion Actuation System

Linear motion required for panel adjustment is achieved using a
rack-and-pinion mechanism, which converts rotary motion into linear
displacement. The mechanism is illustrated in Figure 5.
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Fig. 5 Rack-and-pinion actuation mechanism driven by a Servo Motor

The gear ratio of rack and pinion is defined as:

7 55 _
ip = 2 =22 = 343 )

This configuration ensures sufficient torque amplification for
panel positioning.

The required force (F7) acting on the rack is modelled as:

E.=m-(g+a)+F ?2)

The torque at the pinion (7)) is expressed as:

T,=F"m, 3
where:

zy —rack teeth

zp — pinion teeth

m [kg] — moving mass, which includes the load and any
component of the system that moves

g [m/s?] — gravitational acceleration (9.81 m/s?)

a [m/s?] — acceleration to which the system is subjected

Fe [N] — compressive force

rp [mm] — pinion radius

2.3. Mechanism for Tracking System for Photovoltaic

Based on the movement of the Sun, a mechanism has been
developed that enables continuous tracking of sun trajectory at any
time, as shown in Figure 6.

Main Horizontal

Support
(43
Vertical Cor'l,r:;:\:tion

Motion

Connection Part
for Vertical
Actuator

Connection Part
for Horizontal
Actuator

Main Vertical

I Support



Innovations 2026

2

Connection Element

Panel Support ta the Horizntal Mator

Structure
Main Horizontal Shaft

Fig. 6 Mechanism for single-pole dual-axis tracking system

The main objective of this mechanism is to maintain maximum
perpendicularity between the incoming solar rays and the PV panel
surface, thereby maximizing photovoltaic power output.

The system enables two-axis rotation: vertical and horizontal,
allowing solar tracking from east to west (azimuth) during the day
and from south to north (elevation) to accommodate seasonal
variations.

2.4. Control System and Sensor Configuration

The tracking system utilizes four LDR sensors positioned at the
corners of the PV panel. These sensors detect differential light
intensity to determine solar direction. The system operates by
minimizing the difference between sensor outputs, ensuring
continuous alignment of the PV panel with the Sun’s position. The

LDR sensor signals are processed by an Arduino microcontroller,
which serves as the central control unit, converting analog inputs into
digital data and generating control signals for the actuators, Figure 7.
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Fig. 7 Circuit diagram of the Arduino-based dual-axis solar tracking system
using LDR sensors and servo motors

The control logic is implemented in the Arduino program, which
coordinates system operation based on real-time sensor feedback.

For implementation, all components are interconnected
according to the control algorithm. The mechanism is precisely
Figure 7 presents the complete circuit diagram illustrating the
connections between the Arduino board, sensors, and actuators.

As shown, four LDR sensors are used for two-axis tracking, with
each pair responsible for one axis. The measured light intensities are
compared, and based on these differences, control signals are sent to
the motors, which adjust the system to follow the Sun’s position.

The system operates by minimizing the difference in sensor
outputs, ensuring continuous alignment with the sun’s position.

3. Structural Simulation and Finite Element
Analysis

3.1. Boundary Conditions and Loading

Structural validation was performed using SolidWorks
Simulation. The system was constrained at the base, as shown in
Figure 8, while a load of 8 kgf was applied to the PV mounting frame,
as illustrated in Figure 9.
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Fig. 9 Applied load distribution

3.2. Mesh Generation

Finite element discretization of the model is shown in Figure 10,
where the mesh ensures numerical stability and accurate stress
distribution results.
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Fig. 10 Finite element mesh model

3.3. Simulation Results

Stress distribution results are presented in Figure 11, showing
that maximum stress values remain within safe material limits.
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Fig. 11 Von Mises stress distribution

Structural displacement is illustrated in Figure 12, indicating
minimal deformation under applied loads.
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Fig. 12 Displacement contour results

Strain distribution is shown in Figure 13, confirming structural
stability under operational conditions.
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Fig. 13 Equivalent strain analysis

4. Experimental Implementation

A Single-Pole Dual-Axis Solar Tracking System was installed at
the Faculty of Mechanical Engineering, University of Prishtina, as
shown in Figure 14.

Table 1 summarizes the main mechanical specifications of the
proposed dual-axis solar tracking system. The structure is designed
to support up to fifteen photovoltaic modules with a total active
surface area of approximately 25 m? Two linear actuators
(SM4S900M3) provide independent motion along the azimuth and
elevation axes, enabling continuous solar tracking throughout the
day. The supporting structure consists of square steel profiles to
ensure adequate stiffness and structural stability under operational
loading conditions

Innovations 2026

Fig. 14 Installation site at University of Prishtina

Table 1: Mechanical specifications of the dual-axis solar tracking system

Parameter Specification

Tracking configuration Dual-axis

Azimuth rotation range 100°

Elevation angle range 15°-90°

Azimuth actuator Linear actuator SM4S900M3, stroke
length 900 mm

. Linear actuator SM4S900M3, stroke

Elevation actuator
length 900 mm

Azimuth beam Square steel tube 140 x 140 mm

Support frame dimensions Smx5m

Panel support fastening system

Serrated scissor clamps (60 units)

Mounting pole

Square steel tube 200 x 200 mm,
height 3500 mm

Maximum PV array capacity

15 photovoltaic modules

PV module dimensions

0.99 m x 1.67 m per module

Total PV surface area

Approximately 25 m?

Maximum PV array weight

345 kg (15 x 23 kg)

Service life

20-25 years*

*Depending on operating conditions and maintenance schedule.

The installation process included foundation preparation, vertical
column mounting, frame assembly, and PV panel integration, as

shown in Figure 15-17.

Fig. 15 Concrete foundation and installing vertical steel pole
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Fig. 16 Structural frame assembly

The completed system is shown in Figure 17, demonstrating full
operational capability under real environmental conditions.

o

Fig. 17 Final dual-axis solar tracking system

5. Energy Performance Analysis

5.1. Fixed PV System

The annual energy production values were obtained using PVGIS
simulations for the geographical coordinates of Prishtina (42.648°N,
21.166°E). Simulation parameters for fixed PV system are
summarized in Table 2.

Table 2: Simulation parameters for PVGIS analysis

Specification
42.648°N, 21.166°E
15 modules x 216 W = 3240 Wp
14%

Parameter

Location
Installed power
System losses

The monthly energy production of the fixed system is shown in
Figure 18, while solar irradiance distribution is illustrated in Figure
19.

Figure 18 illustrates the monthly electrical energy output of the
photovoltaic system with fixed system. Energy production increases
steadily from January to July, reaching a peak of approximately 495
kWh, followed by a gradual decrease toward the end of the year. This
seasonal trend is mainly influenced by variations in solar irradiance,
daylight hours, and weather conditions, highlighting the strong effect
of climate on photovoltaic system performance.
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Fig. 18 Monthly energy production (fixed system) from 3240 Wp

As shown in Figure 19, the monthly in-plane solar irradiation
exhibits a clear seasonal trend, peaking in July at approximately 205
kWh/m? and reaching its minimum during winter, thereby directly
affecting the photovoltaic system’s energy output.
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Fig. 19 Monthly in-plane solar irradiation incident on the photovoltaic array
(fixed system)

The annual energy yield is given in Table 3.

Table 3: Fixed system performance

Parameter Specification
4156.13 [kWh]

1646.02 [kWh/m?]

Annual energy
Irradiance

5.2. Dual-Axis Tracking System

The tracking system performance is shown in Figure 20-22,
illustrating improved energy distribution throughout the year.

Figure 20 presents the monthly electrical energy output of the
photovoltaic system equipped with a dual-axis tracking mechanism.
Energy production increases steadily from January to July, reaching
a maximum of approximately 640 kWh, and then gradually declines
through December. This seasonal variation is mainly driven by
changes in solar irradiance, daylight duration, and weather
conditions, highlighting the significant influence of environmental
factors on photovoltaic system performance and energy yield.
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Fig. 20 Monthly energy production (dual-axis tracking system) from 3240 Wp
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Figure 21 illustrates the monthly in-plane solar irradiation received
by the photovoltaic system equipped with a dual-axis tracking
mechanism. Solar irradiation increases gradually from January to
July, reaching a peak of approximately 290 kWh/m?, before declining
toward the winter months. This seasonal variation is mainly
influenced by changes in solar elevation, daylight duration, and
weather conditions, confirming the strong relationship between solar
irradiation and photovoltaic energy production throughout the year.
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Fig. 21 Monthly in-plane solar irradiation incident on the photovoltaic array
(dual-axis tracking system)

The corresponding performance are summarized in Table 4.

Table 4: Dual-axis tracking system performance

Parameter Specification
5487.42 [kWh]

2161.83 [kWh/n?]

Annual energy
Irradiance

5.3. Comparative Analysis

Figure 22 presents a comparison between fixed and dual-axis
tracking photovoltaic systems. Both systems follow a similar
seasonal trend, with maximum energy production during summer and
minimum production during winter. However, the dual-axis tracking
system consistently achieves higher energy output, reaching
approximately 640 kWh in July compared to 495 kWh for the fixed
system, demonstrating the benefit of solar tracking in improving
photovoltaic performance.
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Fig. 22 Energy production comparison between fixed and tracking system

These results demonstrate that solar tracking significantly
enhances energy yield by optimizing the orientation of PV modules
toward the Sun throughout the year. Comparison between fixed vs
Dual-Axis tracking system is summarized in Table 5.

Table 5: Comparative performance of PV systems

Parameter Fixed Dual-axis Increase
Annual energy 4156.13 [kWh] 5487.42 [kWh] 32.03%
Irradiance 1646.02 [kWh/m?] | 2161.83 [kWh/m?] 31.34%

Although the dual-axis tracking system increases installation
complexity and investment cost, the observed annual energy gain of
approximately 32% can significantly reduce the payback period of
photovoltaic installations.
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6. Results and Discussion

The obtained results clearly demonstrate that dual-axis solar
tracking significantly enhances photovoltaic energy harvesting. The
improvement observed in Table 3 and Table 4 is primarily attributed
to: continuous optimization of solar incidence angle; reduction of
cosine losses and seasonal adjustment of elevation angle.

Compared to fixed systems (Fig. 18-19), the tracking system
(Fig. 20-21) maintains higher irradiance capture throughout the year.

These findings are consistent with previous studies reporting 20—
40% improvement in dual-axis systems [6—8], confirming the
validity of the proposed design.

7. Conclusion

This study presented the design, implementation, and
experimental validation of a single-pole dual-axis solar tracking
system. The system integrates mechanical, electronic, and control
components into a compact and efficient architecture.

Experimental results demonstrated an increase in annual energy
production from 4156.13 kWh to 5487.42 kWh, corresponding to a
32% improvement. The proposed system provides a cost-effective
and scalable solution for enhancing photovoltaic system
performance.

The results are based on the climatic conditions of Prishtina and
may vary depending on geographical and meteorological conditions.
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Features of modeling complex twist deformation for obtaining multilayer metal cord
structures
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Abstract: Features of modeling multilayer metal cord structures are shown. Data on the parameters of the numerical model of metal cord
twisting and stretching are given. The dependences of the magnitude of stresses during the destruction of metal cord on the diameter of wires
for various metal cord structures are determined. It is shown that symmetrical steel cord structures are less susceptible to a decrease in
aggregate strength. The difference between the breaking forces of a multilayer symmetric metal cord with a core is about 10%. It is shown
that with an increase in the wire diameter, there is no significant increase in the fracture stresses.

Keywords: STEEL CORD, MODELING, PROPERTIES, STRESSES

1. Introduction

The metal cord is a twisted product in the form of a three-
dimensional spiral. In the process of twisting the metal cord, the
wire is subjected to torsional and bending stresses. This, combined
with the stress-strain state of the wire during drawing and twisting,
as well as the level of internal residual stresses that occur in the
wire after drawing, makes it impossible to predict changes in the
properties of the wire and cord using known computational
methods. For the correct calculation of the metal cord twist, an
accurate forecast of the level of internal residual stresses that occur
during drawing is required.

Uneven distribution of residual stresses in the wire after
drawing, as well as a high value of residual stresses after twisting
the metal cord, can worsen the properties of the metal cord.

The development of an adequate computer model for twisting
metal cord from thin wire, assessing the level of residual stresses in
the metal cord, is a promising area of study of metal cord from thin
wire. The simulation itself allows you to save time and material
resources necessary for laboratory tests. However, in order to use
the numerical model correctly, it is necessary to check its adequacy
and, if necessary, introduce correction factors.

The main method of studying the magnitude of residual stresses
is the method of numerical modeling. Using this method, based on
the finite element method, allows us to obtain a general picture of
the stresses and deformations of the wire in the straightening device
with high calculation accuracy. The main requirements in numerical
modeling are the correct construction of the model in terms of
geometry, the choice of initial and boundary conditions, as well as
the choice of the optimal type of finite element grid. The accuracy
and duration of calculations, as well as the adequacy of the
constructed model, will depend on the selected type of final element
and its geometric shape.

Numerical modeling, unlike analytical methods, shows with
sufficient accuracy the picture of stresses and deformations not only
in the elastic, but also in the plastic deformation zone. This is the
main advantage over analytical calculations.

Verification of the results of numerical modeling is carried out
by comparing the results of analytical calculations with the
simulation results.

Verifying the adequacy of a computer model is a complex
complex task. To verify the adequacy or bring the model to an
adequate one, it is necessary to use a direct check of the desired
values. This means that it is necessary to match the value of the
same parameter obtained in a different way to a certain value of the
output parameter of the model. The difference in values is
unavoidable and is an error. The errors are estimated using relative
values. If the difference between the value obtained in the model
and the value obtained by another method is significant, then it is
necessary to enter a correlation coefficient or dependence to be able
to translate the model values. The difference in the values of the
output parameters of the model is due to simplifications and
idealization of some parameters of the model.

After twisting, the stress-strain equivalent state of the metal
cord is nonequilibrium. The equilibrium stress-strain state of the
metal cord means that the level of internal residual stresses is equal
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to or close to zero. At this level of residual internal stresses,
relaxation will be minimal. This means that the finished metal cord
will have high technological properties.

In the process of twisting a metal cord, tensile, torsional and
bending stresses and deformations act on the wire. The equivalent
deformation is the reduced deformation to assess the total
deformation effect on the wire when winding in a rope machine.
Areas of large wire deformations are provided along the twisting
path compared to other areas of the cable car. In such zones, the
stages of twisting wires into a metal cord are carried out, the
deformation of individual wires can be carried out in different
directions. However, in absolute terms, the total equivalent
deformation always increases. The diameter of the metal cord, the
aggregate strength, and the strength of adhesion to rubber depend
on the wires and their location in the metal cord.

The non-twisting of the metal cord is ensured by additional
twisting of the strand in the torsion device to achieve deformation
of the wires in the plastic region. After additional twisting, the pitch
of the metal cord increases slightly and then unwinds in the
opposite direction in the area of elastic deformations. The amount
of additional twisting of the metal cord is created by the rotational
speed of the torsion device.

In multilayer symmetrical structures of metal cord with a core,
there is a feature associated with the pattern of contact interaction.
From the point of view of modeling, it is necessary to take into
account the initial stress level in the wires, as well as the contact
interaction between the wires.

The main property of multilayer metal cord is its aggregate
strength. This property shows how much the actual strength of the
metal cord corresponds to the theoretical strength. Due to the
complex twisted structure, the metal cord does not collapse
simultaneously during stretching, but gradually: first one wire
collapses, then the next, etc. Ideally, all the wires of the metal cord
should be destroyed at the same time. However, this is not
happening. Modeling the process of twisting and stretching the
metal cord will allow us to determine the dependencies and
understand the mechanism of behavior of wires in the metal cord
structure during stretching and fracture.

The finite element method and numerical modeling were used
to study twisting and fracture.Numerical models of twisting of
multilayer metal cord structures based on five wires are constructed:
1+4x0. 25HT; 1+4x0. 30HT; 1+4x0. 35HT. Numerical models take
into account the contact interaction of wires in the structure. The
wire material model takes into account the features of plastic
deformation during twisting, mechanical properties of thin wire,
taking into account the processes of fine drawing, and also contains
a Johnson-Cook damage model[1].

The simulation was performed with the following parameters:

The total number of grid elements is 370 thousand elements on
average.

The type of finite element grid is tetrahedral.

The tension of the wires when twisting is 40 N.

The rotor speed is 3000 rpm.

The twist pitch is 15 mm.

Material-Steel 80.
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The parameters of the twist are close to the current parameters
of the twist in the actual production of metal cord. Twisting of wires
is made on two steps of a metal cord. The results of twisting are
shown in Figure 1.

a) b

)

a / .
A

’ »

c)
Fig. 1 Results of twisting metal cords:
a) 1+4x0. 25HT; b) 1+4x0. 30HT; c) 1+4x0. 35HT

According to the results of modeling the twist, it can be seen
that a larger wire diameter allows for smaller wire displacements in
the metal cord structure during the twist due to the greater rigidity
of the wire rod. However, even though the wires are displaced, the
structure remains tight when twisted. At the length corresponding to
about 35% of the twist pitch, there is a transition from a
symmetrical section to an unbalanced one, which shifts the center of
gravity of the section by an average of 28%. This can affect the
distribution of the mass of the metal cord in the rubber web during
its reinforcement, as well as the processes of twisting the metal cord
itself. With such an unbalanced arrangement of wires, an excessive
tension force will be exerted on the core.

A model is constructed to simulate the stretching of a metal
cord to complete rupture of the entire metal cord structure. The
destruction of the material obeys the classical laws of plastic flow
of the material. The results of modeling the breakage of metal cord
are shown in Figure 2.
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Equivalent stresses, MPa

2956.66
2670.35
2384.03
2097.72
1811.41
1525.10
1238.79
952.48
666.16
379.85
93.54

Fig. 2 Results of modeling of metal cord breakage

As can be seen from the model, the fracture obeys the classical
principles of plastic deformation of the material. Because of the
small iteration step, the simulation shows the formation of a neck
and the moment of rupture, which is simulated by dividing the finite
element grid. At a stretching rate of 1 mm/s, the formation and
destruction of the neck takes an average of 0.2 seconds.

Similar models of metal cord stretching were constructed, but
using a different law of material damage — Cocroft-Latham and
Lemaitre [2, 3].The results of material destruction in these models
show inadequate behavior of the wire under tension, showing a
relative elongation of the wire in the range of 4.5-5%, which is
approximately 1.85 times higher than the actual mechanical
properties of steel 80.

The stretching diagram of a multilayer metal cord is shown in
Figure 3.
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Fig. 3Metal cord stretching diagram

The tensile diagram of a multi-layer metal cord shows the zones

of increasing the breaking force during the destruction of wires.
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This is due to the redistribution of loads on the wires in the structure
due to the transverse displacement of the wires. First of all, the wire
farthest from the center of mass of the cross-section of the metal
cord is torn. The remaining wires continue to resist plastic
deformation during a significant movement (0.5-0.6 mm).
Subsequently, the break occurs almost simultaneously for the
remaining wires. Last of all, the wire of the first layer breaks due to
a smaller torsional deformation during twisting. In general, the
aggregate strength of the studied metal cord is 8-10% less than the
tensile strength of wires.

When the diameter of the wires increases, the stiffness of the
wire rods is higher. As a result, more stable contact points of wires
in the metal cord structure are formed during twisting. When such a
structure is deformed, the destruction pattern is more predictable
and uniform. Breaks are formed in approximately one zone, which
is no more than 10% of the metal cord pitch.

Thus, a possible way to increase the aggregate strength of the
metal cord can be to twist the metal cord with a large number of
wires of the second layer and a core of one wire, as well as increase
the diameter of the wires for more stable contact of the wires in the
metal cord structure.

In addition, numerical models of stranding of multilayer types
of metal cord of the following structures are constructed: 1+3x0. 25
HT, 1+3x0. 30 HT, 1+3x0. 35 HT, 1+4x0. 25 HT, 1+4x0. 30 HT,
1+4x0. 35 HT, 1+5x0. 25 HT, 1+5x0. 30 HT, 1+5x0. 35 HT. The
basic parameters of the model are similar to a single-layer metal
cord. The number of finite elements for each wire is at least 80,000.
After modeling the twist and obtaining the initial level of wire
position in the structure, as well as the initial level of equivalent
residual stresses, the corresponding models of metal cord rupture
were constructed.

As a result of numerical tests, the values of stresses and
deformations for the moments of wire destruction in the metal cord
structure up to complete destruction are determined. The results are
shown in Figure 4 as a diagram.
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Fig. 4 Metal cord break stresses

Based on the simulation results, the dependences of the stress
value during the destruction of the metal cord on the wire diameter
for various metal cord structures are obtained.

For a metal cord of the 1+3 construction, the dependency looks
like this:

o = 77200d? - 45980d + 9359 (1)

For a metal cord of the 1+4 construction, the dependency looks
like this:

0 =-37600d? + 21140d - 265 )
where o — equivalent stresses at the moment of wire break, MPa;
d — wire diameter.

The analysis shows that with an increase in the diameter of the
wires, there is no significant increase in the fracture stresses. These
stresses correspond to the strength class of the metal cord. The
exception is metal cords of the 1+4x0. 35 HT and 1+3x0. 30 HT
designs, in which the twisting process led to a shift of the wires to a
non-equilibrium state with a distortion of the shape of the bulk
spiral. Such defects in the twist can be prevented by increasing the
tension during the twist. The pattern of contact interaction of the
wires of the second layer in such a design shows restrictions onthe
movement of the wires in the tangential direction, which leads to
increased (by 12-15%) torsional deformation. At the same time, the
equivalent deformation remains unchanged for such a structure. The
difference between the maximum voltage and the equivalent voltage
at which the metal cord wires break was on average 10%.
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Biogas production from alcoholic stillage
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Abstract: Biogas is produced during the process of anaerobic digestion of organic waste. It is an important element of the purpose to
minimize the dependence of natural gas, as well as to contribute to less pollution of the environment. The best way to achieve such goals, is
to utilize every organic waste and produce valuable product. Alcoholic industry is a large sector and produces huge amounts of alcoholic
beverages. Like any other food industry, there are organic wastes during and after the production process. One such organic waste is the
stillage. It is a liquid waste material, produced after distillation. Stillage contains various nutrition elements, which could be used as feeding
material for biogas production. As it is a way to utilize organic waste, there is a scientific interest to research the possibility to utilize it in an
anaerobic digestion bioreactor to produce biogas. For that purpose, the stillage is mixed with cattle manure. The accumulated biogas could
be used for heating, auxiliary electrical power (powering CNG generators) and as an alternative fuel for vehicles.

Keywords: BIOGAS, ANAEROBIC DIGESTION, BIOMASS, STILLAGE MATERIAL, ORGANIC WASTE, BIOREACTOR

1. Introduction

Biofuels represent a great share of the energy carriers of the
modern developed society. They are considered an alternative to the
traditional energy sources such as oil, coal and nature gas. Biofuels
stands for ethanol, produced from plants, biodiesel, produced from
nature lipids and biogas, produced through anaerobic digestion of
plant and animal waste. Current worldwide oil consumption reached
around 100 million b/d (barrels per day) in 2022. [1] One barrel is
159 liters. That is a gigantic consumption, and of course coal and
nature gas were still used. All these basic fossil fuels gave the
possibility of humans to achieve technological and economic
progress, as wells as demographical (world population reached 8
billion around 2020) [2]. Of course there was a negative side — and
that was pollution. Large scale pollution, which affects the whole
planet, mainly by changing the climate. The main reason was the
release of all the carbon trapped in the fossil fuels for millions of
years. That caused the greenhouse effect (or more precisely
intensified) it. Acid rains, land erosion, extremely high temperatures
(during heat waves) and extreme rains, thunderstorms, tornados and
hurricanes became more frequent and more violent [3]. Of course,
our economy can’t exist without consumption, but it should be
made in a such way, as to cause minimum or even zero (where
possible) harm to the nature. It could be achieved by using energy
efficient machines and devices, highly effective waste management
and by adopting carbon neutral technologies. One way to cut
pollution is by research and development of new technologies, such
as solar power, wind power, tide power, geothermal power, nuclear
power, hydrogen, biomass and biofuels. Development of these
technologies could be a possible solution to lower fossil fuel
consumption and therefore environmental pollution. As a result,
from oil crises during XX™ century, biofuels have been considered
as an alternative to conventional fuels. Today in EU every gasoline
or diesel contains some quantity of ethanol (E10) or biodiesel (B7)
[4]. From laboratory experiment to wide use throughout the world.
Biogas is widely used fuel in economically developed countries, as
well as in the countries from 3 world. It has many applications.
Among the most important ones are as fuel for both thermal power
plants, national gas grid systems, as well as a fuel in various types
of vehicles, including passenger cars, trucks, small and midsize
boats and aircrafts. It can be injected into the national gas grid
system and carried much easier.

Biogas is widely used fuel in economically developed countries,
as well as in the countries from 3™ world. It has many applications.
Among the most important ones are as fuel for thermal power
plants; in small scale back up power systems producing electricity
by running CNG generators; as alternative to nature gas injected
into the national gas grid system and as a fuel in various types of
vehicles, including passenger cars, trucks, small and midsize boats
and aircrafts (in research state). It is also possible to produce
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hydrogen from biogas. The main source to produce biogas is
manure. It has been used since the beginning of XX century. Some
of the disadvantages of producing biogas from manure only, are the
low content of methane (50 ~ 60%), as well as the presence of
sulfuric compounds. In the current case, our aim is to investigate the
possibilities of optimizing the methods and conditions for biogas
production from industrial waste. One such method is to mix cattle
manure with alcoholic stillage. In the manufacture of distilled
spirits, stillage refers to the residue remaining after fermentation
and distillation of mash or other substances. The stillage usually
contains water, solids, unfermented residues and other organic
components. These solids can be separated using mechanical
separation technology, concentrated and thus optimally pre-
dewatered before thermal drying (source:
https://www.flottweg.com/applications/beverages/stillage/ ).

Series of periodic experiments on biogas production from
alcoholic waste have been carried out in the Institute of Chemical
Engineering (BAS). Two different alcoholic stillages were used:
untreated and treated. The treatment involved the removal of sulfide
ions and their oxidation to sulfate ions. The procedure was carried
out by our colleague Stefan Stefanov.

The aim of experiments was to investigate the possibility to
produce biogas from such waste material, as well as to check the
influence of treatment. After that, the stillage and the organic waste
were mixed. Then the mixture was poured in air insulated glass
vessels (called bioreactors). The vessels were installed in water
bath, where the temperature was kept at around 35 °C. Heating was
provided by aquarium heaters. Bioreactors were connected by
silicon hoses with glass cylinders, in which the accumulated biogas
was collected. The cylinders were filled with water and all
connections were sealed. Biogas yields were checked and samples
for analyze were taken daily.

The following photo shows a view from the experimental
setup.

% \
Fig. 1 Outlook of the small scale bioreactor


https://www.flottweg.com/applications/beverages/stillage/
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2. Results and Discussion Biogas yield untreated stillage

During the first part of the project, it was investigated the
possibility to produce biogas by using different waste materials,
which include treated and untreated stillage and kept in defined
conditions (temperature — 35 °C). The materials used were mainly
from alcoholic industry, stillage is a liquid waste, left after
distillation process. Manure is an organic waste from cattle farms.
The treatment of the stillage included techniques for Sulphur
removing. According to theoretical data, removing the Sulphur
should make the material more accessible for the methanogenic
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Table 1: Biogas yield per sample N A
Untreated Treated stillage, . . . . )
stillage, mL mL Fig.3 Biogas yield Experiment 1 untreated stillage
Sample 1 135 435
Sample 2 120 200
Sample 3 100 120 Biogas yield treated stillage
Sample 4 90 80 500 38
Sample 5 80 50 L 50
Sample 6 110 35 g 100
(EG 350
Sample 7 100 35 R
Sample 8 95 35 i 250 00
Sample 9 100 35 2 200
Sample 10 100 45 £ 150 120 "
Sample 11 110 35 2 122 S0 35 35 35 35 45 35 0
Sample 12 0 50 0 T
Total volume 1140 1155 R S S S S S
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In the conducted experiments, we have found out that, the
treatment of the waste material leads to improvement in the  rig 4 Bjogas yield Experiment 2 treated stillage
ingredients of produced biogas, expressed mainly in a slightly

higher biogas volume (reaching 1155 ml of total accumulated ) ) .
biogas). In a contrast, the process in the second experiment Fig.4 started

with rapid biogas production, reaching 450 ml/sample and then
slowing down to 35 — 45 ml/sample. The total accumulated biogas
was 1155 ml of volume. The graphic shows rapid consumption of
organic matter in the beginning of the process, followed by slight

decline. Despite that, it continued to produce biogas, but at lower

Biogas yield compare treated/untreated stillage

450
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Total accummulated biogas, ml

E 350
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Fig.2 Total biogas yield comparison o ~—— T N\
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Fig. 2 shows the combined results for both alcoholic stillages. PEC N P S A
. . . . e O S S
As it can be seen from the figure, the treated stillage gave slightly
more biogas, then the untreated. The result showed, that the = untreated treated

removal of the sulphuric content improved the anaerobic digestion.
Sulphuric elements are toxic to methanogenic bacteria, so their ~ Fig.5 Biogas yield comparison between untreated and treated stillage
removal is beneficial for the anaerobic digestion. The less toxic
feeding material gives the bacteria more time to consume the
organic matter.

Fig. 3 and Fig. 4 show the corresponding biogas results for each
experiment. It can be noticed that in the first experiment, the
process went in a streamline way. It started with 135 ml/sample and
reached 110 ml/sample at the end of the experiment.

As it can be observed from the figure, the process in the treated
stillage was slightly shifted in the beginning of the fermentation
process. It showed us, that the methanogenic bacteria rapidly
consumed the organic matter in the beginning, leading to a faster
process. After some time, when the amount of the organic matter
become low, the process started to slow down. Despite the higher
rate of the organic matter consumption, the treated alcoholic stillage
managed to produce higher quantity of biogas. It is clear that more
biogas was produced in the beginning, compared to untreated
stillage in which a more streamlined process was observed.
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HPLC Results Untreated Stillage
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Fig.6 HPLC result Untreated alcoholic stillage

Fig. 6 and Fig. 7 show the results from HPLC analysis of the
samples taken from each experiment. As it can be seen from the
graphics, more substances were detected, than from the experiment
with the treated stillage. The three main substances were propionic
acid and acetic acid.

HPLC Results Treated Stillage

propionic acid
acetic acid
glycerol
glucose
lactose

rafinose

o

1 2 3 4

Concentration, mg/L

Fig. 7 HPLC result Tntreated alcoholic stillage

In the experiment with treated alcoholic stillage, there were four
main substances detected — acetic acid, rafinose, glucose, lactose
and propionic acid. As the number of the detected substance is
higher in the treated alcoholic stillage then the untreated one, we
believe that, the treatment of stillage probably caused a shift of the
metabolic pathway of the bacteria, present in the bioreactor.

3. Conclusion

According to the results obtained from our experiments, we
have noticed that treatment did improve the quantity of the collected
biogas. While the difference was not in a large order, it proved that
treatment techniques were necessary for accumulating higher biogas
yields. The results from the HPLC analysis show that the treatment
of the alcoholic stillage lead to more diverse compounds, present in
the bioreactor. The waste utilization by turning waste into energy is
possible way to reduce organic waste, as well as produce energy. It
is beneficial for the local environment and economy, by creating job
opportunities. Biogas could be used as a substitute (or as a
supplementary) of the conventional gas grid system. It could be also
used as an alternative to conventional fuels in private and
commercial vehicles.
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Improving the Design and Working Process of a Nut Harvester Shaker
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Abstract: This article examines the issue of improving the design of a nut harvester shaker to improve operator comfort, enhance
machine productivity, and improve working conditions. The identified shortcomings of the nut harvester allow for solutions to improve the
design of certain components of the working parts and the overall harvester operation, taking into account the vibration transfer coefficient
from the machine to the tree trunk. While studying the issue of industrial vibrations, the criteria for classifying vibrations affecting humans
were identified. It has been found that the maximum impact of vibrations on the human body occurs in the range of 0.7-90 Hz. It is proposed
to minimize harmful vibrations by using elastic systems that will allow energy to be dissipated from the vibration source. This improvement
will help reduce the negative impact of vibrations on the operator's body.

Keywords: IMPROVING THE DESIGN, HARVESTER, NUTS, SHAKING HEAD, VIBRATIONS.

Introduction

Modern agriculture is unthinkable without the mechanization
of production processes. This requires a transition from labor-
intensive manual operations to more productive mechanized
technologies.

The level of mechanization has a favorable impact on the cost,
output value, income and return rate of all types of agricultural
crops. For every 1% increase in the level of mechanization, the
yields of all crops increase by 1.2151% [1, 2].

Along with ensuring scientifically sound irrigation standards,
mechanization of production increases crop yields and makes the
sector more attractive [3, 4]. This also largely refers to the fruit
growing sector [5].

Harvesting is the most labor-intensive process, making fruit
production an economically unattractive agricultural activity [6, 7].
Of all the production stages, mechanized harvesting is the most
important and critical process, reducing harvesting costs by
approximately 35-45% and accounting for up to 40-60% of total
crop production costs, thereby improving overall production
efficiency [2, 7]. The success of this operation largely determines
the income.

Analysis of recent research and publications

One of the most critical and labor-intensive stages of the nut
production is harvesting [3, 4]. Walnut production in the Republic
of Moldova also increasingly requires a transition from labor-
intensive manual fruit picking to modern mechanized harvesting
technologies, which facilitate a manifold increase in labor
productivity while maintaining the quality of the harvested product
and improving working conditions for workers [2, 8]. Therefore, it
is crucial to improve agricultural working bodies and equipment
used for harvesting, as well as working conditions, in order to
achieve high income [1, 2].

A study of the design of nut harvesting machines and
equipment reveals key shortcomings in the operation of components
and operating elements directly affecting the shaking and harvesting
process [2, 5]. In this context, the key element of harvesting
machines, such as Gacek combines and shakers for plum and cherry
harvesting, as well as the Jagoda JPS Agromachines combine,
designed for harvesting cherries, as well as other stone fruits such as
plums, walnuts, almonds, and others, is the shaking head, the
efficiency of which directly determines the fruit yield and the
economic viability of the fruit and nut harvesting machines and
equipment.

At the same time, the intensification of production processes
is often associated with other related problems. Intensification of
mechanized harvesting faces a serious challenge: the negative
impact of vibrations on humans. The high-frequency vibrations
required to separate walnuts from their stems are inevitably
transmitted through the machine's structure to the controls.

Prolonged exposure of the operator's hands to localized
vibration leads to rapid fatigue, decreased precision, and the risk of
developing occupational diseases such as vibration syndrome [9, 10,
11].
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Moreover, the rigid transmission of impulses without proper
damping contributes to accelerated wear of hydraulic connections
and fatigue failure of supporting metal structures, which
subsequently need to be restored [11, 12, 13]. To reduce wear of
critical parts of nut harvesting machines, methods of increasing the
wear resistance of manufactured parts can be used, using
atmospheric plasma spraying (APS) [14, 15].

Therefore, the search for technical solutions aimed at isolating
the effects of vibrations, while maintaining the amplitude-frequency
characteristics necessary for the harvesting process, is an important
and pressing scientific and technical task.

The aim of this work is to justify and develop an improved
design of the shaking head by integrating an additional specialized
damping unit. This upgrade is designed to effectively decouple the
vibrational connection between the machine's working element and
the operator, thereby improving the ergonomics and operational
reliability of the harvesting equipment.

To address this issue, we use the design of the Gacek combine
harvester, which controls the shaking process via a handle rigidly
attached to the shaking head housing.

The object of this study is the Gacek fruit shaker, equipped
with a hydraulic, gripper-type shaking head. The harvester is a
trailed agricultural machine designed for the automated harvesting
of stone fruit crops (cherries, plums, nuts, and other fruits) in
orchards up to 5 hectares in size [16].

This machine consists of a frame supported by four pneumatic
wheels. Mounted on the frame is an operator's workstation with
controls, as well as an opening hydraulically operated harvesting
hood and an inclined belt-type conveyor with a fan at the top for
cleaning large leaves from the fruit [17].

The machine operates by mechanically shaking the trees,
followed by fruit collection and cleaning. A tractor approaches a
tree in an orchard row, and a hydraulic mechanism opens a catching
umbrella beneath the tree's crown. The operator approaches the tree
trunk, pressing it against the tree, and activates the vibration
mechanism. The fruit falls onto the umbrella and rolls toward the
central conveyor chute. The fruit is then air-cleaned and collected in
containers or boxes [16, 17].

One of the main components of a fruit harvester is an agitator
named shaking head. Vibrations are generated by an eccentric
mechanism calleda directional vibration exciter, driven by a
hydraulic motor connected to the tractor's external hydraulic
system. This requires an oil flow of 25 I/min at a pressure of 160-
200 bar (Fig. 1).

The operating principle of a directional vibration exciter is
based on a pair of unbalanced weights rotating synchronously in
opposite directions with an angular velocity w (Fig. 1). As a result,
the total centripetal force F of the imbalances is equal to:

Fe=Fi+F @
where: F; and F, are the centripetal forces of the imbalances.
F, =mo’r. )

where: m - the mass of the imbalance;
w - the peripheral speed;
r - the imbalance vector.
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The imbalance vector maintains a constant direction and
indicates the degree of unbalance of the structure [18]. The
corresponding Kinetic reaction of the axis of rotation F, = -F; during
the active phase of rotation pushes the “machine” forward, and
during the passive phase, in the opposite direction [6, 20].

Figure 1. Schematic diagram of a directional vibration exciter:
F1, F, - centripetal force of an individual unbalance; F. - total
centripetal force; F, - kinetic reaction of the axis of rotation.

The vibration frequency is adjusted by the angular velocity @
of the hydraulic motor, allowing for vibration near resonance to be
tailored to the type of fruit and tree being harvested. The mass of
the rotating weights in the eccentric mechanism can be adjusted by
manually adding or removing weights. This allows the vibration to
be tailored to the type of fruit and the thickness of the tree trunk.

The machine is controlled via a three-section hydraulic valve,
which regulates vibration initiation, required force, and amplitude.
The head is equipped with a hydraulic claw that grips tree trunks
with a diameter of 0.05-0.22 m at a height of 0.90-1.00 m (Fig. 2). It
has an adjustable clamping force to prevent damage to the bark. For
additional protection of the trunk, the gripping surface is covered
with a cushion (pad) 5 made of rubber or other soft material.

The gripping surface is covered with a soft material for
additional tree protection such as rubber or polymer.

4

5

Figure 2. Shaker grip:
1 - hydraulic cylinder; 2 - rod; 3 - movable grip part;
4 - fixed grip part; 5 - rubber pad.

The operating principle of the shaking head is as follows: the
operator attaches a hydraulic claw to the trunk with a predetermined
force. A hydraulic motor is then activated, which drives an eccentric
mechanism (unbalanced weights). The vibrations are transmitted
through rod 2 to the tree trunk, causing uniform shaking of the
branches of the tree (Fig. 2) [16, 17].

Rezults and discussions

The walnut harvesting process involves detaching the fruit
from the stalk due to vibrations transmitted from the source to the
trunk, branches, and ultimately, the fruit. These vibrations are
beneficial for the harvesting process.

At the same time, vibrations transmitted to the frame and
through it to the operator are harmful, as they are unwanted and
hazardous to human health. Combating these vibrations improves
working conditions for workers and extends the life of agricultural
machinery.

The study of the issue of industrial vibrations allowed us to
identify the following criteria for classifying vibrations that affect
humans [9, 10]:

1. By duration of action: permanent and non-permanent.
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2. Based on the method of transmission to humans, a
distinction is made between: general vibrations and local vibrations
that are transmitted through the worker's hands.

3. By direction of action, depending on the direction of the
coordinate axes: parallel to the axis of the vibration source and
perpendicular to the body's supporting surfaces at the points of
contact with the seat or floor.

4. By vibration frequency type and magnitude:

1) low-frequency (1-4 Hz for general vibrations, 8-16 Hz for local
vibrations);

2) medium-frequency (8-16 Hz for general vibrations, 31.5-63.0
Hz for local vibrations);

3) high-frequency (31.5-63.0 Hz for general vibrations, 125-1000
Hz for local vibrations);

5. By the method of impact on the tree: trunk vibration and
branch vibration.

6. By drive design:

- mechanically driven (via cardan shaft);

- hydraulically driven (from a hydraulic motor).

A review of technical literature on the operation of the Gacek
fruit harvester revealed that the vibration frequency of the harvester
shaker is adjustable by the operator within a range of 15-40 Hz.
However, the main harvesting of fruits from trees occurs at an
operating frequency of 15-30 Hz. The specified frequency range is
selected experimentally depending on the ripeness of the fruit and
the rigidity of the tree's skeletal branches. These vibration values
coincide with the operator's natural frequency (response occurs),
which is very dangerous for the worker's health.

To combat harmful vibrations, especially those generated by
the studied harvester, the following organizational measures are
proposed:

- Limiting the time of continuous operation of the shaker,
introducing 10-minute breaks for every hour of operator work;

- Rotating workers during the shift to avoid prolonged exposure to
vibrations;

- Adjusting the shaker's oscillation frequency strictly to the
physical parameters of the tree, which requires shaking walnut trees
of the same diameter.

Necessary technical measures include:

- Use protective covers made of vibration-damping materials
(rubber pads) for the shaking head handle;

- Install damping devices (Fig. 3), one of the most effective ways
to combat harmful vibration arising.

Thus, when operating a nut harvesting machine, elastic
systems such as damping devices are used, which allow the energy
received from vibration sources to be dissipated.

To determine how effectively damping devices reduce
vibration, it is necessary to determine the vibration (force) transfer
coefficient kg. It is calculated as the ratio of the force F,otransmitted
to the tree to the force Fy generated by the vibration source [18]:

o =Fa
FO
where: kg - force transfer coefficient;
Fyo - force transmitted to the tree;
F, - force from rotating imbalances.

k

k —m,o’

where: k - stiffness of the elastic element;
m - mass of the unbalance weights;
o - angular velocity of rotation of the unbalance weights.

This formula shows that at k=1, resonance occurs and force
transfer is maximal, while at larger kg, the force transfer decreases.

In such problems, it's important that force and power "flow"
through the system. This is why the force transfer coefficient kr is
so important in shaking systems.

The following conditions are particularly interesting:

1) When kg <2 - the force is transferred almost completely;

2) When ke>42 - vibration isolation begins;

3) When k=1 or near unity, i.e. with low damping, a high
resonant peak appears.

©)

4)

F
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Therefore, when shaking trees, there is always a compromise
between a large amplitude at the object and limiting the force
transmitted to the support.

4

3

Figure 3. Diagram of a shaking head with a damping device:
1 - shaking head body; 2 - hydraulic motor; 3 - unbalance weights;
4 - shaft; 5-9 - ?; 10 - grippers; 11 - rubber pads.

The installation of a damping device in the design of the
Gacek combine harvester shaker is a critical improvement aimed at
compliance with occupational safety standards and the prevention
of occupational diseases such as operator vibration syndrome.

The proposed design of the shaker damping device is shown
in Figure 3. A spring damping mechanism is included in the basic
design of the shaking head rod (Fig. 3). This design solution
dampens vibrations, reduces pulsation, and softens the return shock
transmitted to the operator's hands. The damper's screw mechanism
allows for adjusting the spring stiffness, ensuring the most efficient
transfer of vibration forces from the unbalance weights 3 to the tree
trunk.

Conclusions

1. A study and analysis of the existing Gacek fruit harvester
design revealed that the main design flaw is the rigid attachment of
the handle to the shaking head housing, which transmits high-
frequency vibrations to the operator's hands and organs.

2. A review of technical literature on the operation of the
Gacek fruit harvester revealed that the vibration frequency of the
harvester shaker is adjustable by the operator within a range of 15-
40 Hz. Vibrations in harvesting machines can be beneficial,
ensuring a high-quality fruit harvesting process, or harmful to work
performance and overall human health.

3. One of the most effective ways to combat harmful vibration
is the use of elastic systems (damper devices), which dissipate the
energy received from vibration sources. As a result of studying
specialized technical literature and theoretical works by scientists
researching vibratory shakers for nut harvesting equipment, a
prototype design for a shaking head rod with a damper was
developed. To determine how effectively damping devices reduce
vibration, it is necessary to determine the vibration (force) transfer
coefficient kg. Formula (4) shows that at ke=1, resonance occurs and
force transfer is maximal, while at larger kg, the transfer decreases.

4. Improving the ergonomics of the operator's workplace and
working conditions using the proposed design of a shaker with a
built-in damper device will increase the productivity of the machine
under study when harvesting nut crops.
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Increasing the Durability of Agricultural Working Bodies by Creating Nanostructured Coatings
Using Plasma Jet Spraying
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Abstract: The article reveals a new method that relates to the treatment of active surfaces of agricultural working bodies, in
particular harrow discs, by applying nanostructured coatings using atmospheric plasma jet spraying (APS). The process consists of
preparing the surface by corundum blasting at a pressure of 5.5 bar, followed by preheating to 150°C and depositing a nanostructured

powder of the WC-Co 88/12 type.

The technical novelty lies in the synergetic optimization of the deposition parameters: current intensity of 550 A, hydrogen flow rate
of 9 L/min, spraying distance of 100 mm and a high scanning speed of 500 mm/s, under forced post-deposition cooling.

The technical result obtained by applying this process consists of creating a protective layer with porosity below 1.2%, adhesion of
over 65 MPa and a hardness of 1150-1250 HVO0.3, ensuring an increase in the durability of the working element of up to 2.8 times under

conditions of severe abrasive wear.

Keywords: DURABILITY, WEAR PERFORMANCE, AGRICULTURAL WORKING TOOLS, PLASMA-JET SPRAYING.

Introduction

Agricultural machinery production is constantly evolving. At
the same time, methods and techniques for producing the best parts
and working components for performing various mechanized
technological operations under challenging conditions are also
being refined.

Increasing the durability of agricultural working tools of
farming machines, such as plows, harrows, cultivators, seeders, etc.
is one of the main problem areas in production of agricultural
machinery. As a result of soil cultivation these machines are subject
to severe abrasive wear.

Analysis of plasma-jet spraying on the active part of working
tools of agricultural machines allows to evaluate the resistance to
abrasion and corrosion. So, the use of such working bodies
increases productivity, reduces costs and ensures the main good
results in modern agriculture [1, 2].

Formulation of the problem

To ensure efficient soil cultivation and improve the quality of
technological processes, the working parts of agricultural tillage
machines must be highly wear-resistant. However, during soil
cultivation, the active elements of all tillage machines (including
disc harrows) are often subject to significant wear due to abrasive
soil particles.

It should be noted that these working elements must have
significant impact resistance [3, 4].

A known process for hardening the working parts of
agricultural machinery is the use of traditional material heat
treatments (quenching and tempering) applied to 65G steel or
boron-alloyed steels, achieving a hardness of approximately 48-52
HRC [5].

The proposed technical solution for hardening the agricultural
working parts has several drawbacks:

1) limited resistance to severe abrasive wear in heterogeneous
soils;

2) rapid changes in the geometry of the harrow disc cutting
edge;

3) the need for frequent replacement of parts, which increases
operating costs.

During 2024-2026 it was conducted tests of disc harrows in
accordance with the current standards for testing agricultural
machinery and their working parts [6, 7, 8]. It means also using of
efficient methods to improve needed parameters.

Analysis of recent research and publications

All agricultural working bodies wear out faster as the amount
of sand particles in the soil increases, which requires improving the
mechanical properties of the surfaces of the processed working
elements [3, 4].
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That assumes a relationship between the wear of the active
area of the working parts of the machine, the size of the sand
particles and the optimization of their mechanical properties to
increase the wear resistance of the working bodies of agricultural
machinery which is crucial for increasing the service life of the
active areas [5, 6].

Therefore, the active area of the working bodies, especialy of
tillage machines must have significant impact resistance [1, 4, 6]. It
means using effective methods to improve the parameters of the
active surface of the working bodies of agricultural machinery, and
subsequently conducting tests of these machines in accordance with
current standards for testing.

Plasma-jet thermal spray deposition is one of the effective
methods for improving the main parameters of the working
elements material of machines for farming, considered an advanced
method capable to achieve high-quality surface depositions [5, 7].

Currently, the application of this method is generally limited
to coatings up to 100 um [8, 9].

Another process of thermal spraying deposition in
atmospheric plasma jet (APS) of tungsten carbide (WC-Co) or
ceramic mixtures (Cr203-SiO2-TiO2) powders is known, using
standard operating parameters according to the technical data sheets
of powder manufacturers, [1, 7, 10].

To improve the microstructural and tribological properties of
coatings on the active areas of studied harrow discs and the quality
of the agricultural working bodies, three types of coatings were
applied to the active areas of the discs [7, 8]:

- W,C/WC12Co (Metco71NS);
- Cr,03-4Si0,-3TiO (Metcol36F);
- C025.5Cr10.5Ni7.5W0.5C (Metco45CNS).

Figure 1. Atmospheric plasma jet thermal spraying
coating process
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Experimental coatings on harrow discs were applied using a
Sulzer Metco 9MCE deposition system operating on Ar (5.3 bar, 45
NI/min) and H, (3.5 bar, 7.0 NI/min).

After mechanical grinding and intensive sandblasting,
samples with thermally applied APS were tested on the active areas
of the harrow discs of the working parts of agricultural disc
harrows.

The experimental setup for the study included a rotating
support, an automated arm connected to a Sulzer 9MB sprayer, and
a sample holder (Fig. 1).

In order to to determine the main parameters of the material
of the studied coatings obtained by thermal spraying with an
atmospheric plasma jet, such as adhesion to the substrate,
coefficient of friction (COF), Young's modulus (modulus of
elasticity), rigidity (stiffness) and hardness a tribological analysis
was carried out.

Tribological tests were held by a group of researchers from
the Technical University of Moldova (Republic of Moldova) and
the Technical University "Gheorghe Asachi", lasi (Romania) in a
specialized laboratory of the Technical University "Gheorghe
Asachi", lasi, Romania (Fig. 2).

Figure 2. Conducting tribological tests in the laboratory of
Technical University ,,Gheorghe Asachi”, lasi, Romania

In these conventional solutions, the thermal regime is
optimized for general depositions, without taking into account the
specifics of abrasive stresses in heterogeneous agricultural soils.

The technical solution presented has the disadvantage that
standard sputtering processes (characterized by low scanning speeds
of 200-300 mm/s and large sputtering distances of over 120 mm)
often lead to thermal degradation of carbides through the
decarburization phenomenon [5, 7].

During the flight of particles in the plasma jet with
temperatures exceeding 10,000 K, the hard WC (tungsten carbide)
phase decomposes into more brittle and less hard phases, such as
W2C or metallic tungsten. This chemical and structural
transformation process results in a layer with high porosity (above
2-3%) and a coarse microstructure.

Excessive porosity allows moisture and acids from the soil to
penetrate, leading to corrosion of the interface between the layer
and the substrate, which causes premature exfoliation of the
coating. Also, structural degradation limits the hardness of the layer
below the threshold of 1000 HV, an insufficient value to ensure
long-term protection against silica (quartz) fractions present in the
soil, which have a comparable or higher hardness.

The purpose of the innovation is to increase the durability and
resistance to abrasive wear of agricultural working bodies by
creating a coating with a nanometric, dense and ultra-hard structure,
without affecting the mechanical properties of the metal substrate.

Rezults and discussion

The stated problem is solved by using plasma-jet spraying to
produce a nanostructured coating, which involves strict heat transfer
control using a current of 550 A, a hydrogen flow rate of 9 L/min
and a high scanning speed of 500 mm/s at a distance of 100 mm.
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This ensures a particle temperature sufficient to melt the binder
phase without degradation of the nanometric carbide cores,
resulting in a layer with a porosity of less than 1.2% and a hardness
exceeding 1150 HV0.3.

The essence of the innovation consists in solving the problem
of increasing durability of active areas of agricultural working
bodies by applying a well-studied technological regime that allows
preserving the nanometric structure of the WC-Co powder (type
Metco 71NS or similar) in the deposited layer.

The technical result is that the process of producing
nanostructured coatings by plasma jet spraying to increase the
durability of agricultural working elements ensures obtaining a
hardness of 1150-1250 HV0.3, 20-30% higher than standard
methods, reducing the porosity of the layer below 1.2-1.5%,
preventing the infiltration of corrosive agents from the soil and
increasing the service life of metal working elements by up to 3
times in abrasive soil conditions.

The peculiarities of the process of making nanostructured
coatings are ensured by a researched technological regime and can
be applied by selecting as the base material a working element with
a metallic surface (disks, cutters, knives, blades) made of boron
alloyed steel (27MnCrB5) or spring steel (65G), having a thickness
of 4-6 mm.

The actual deposition is performed using an atmospheric
plasma spraying installation, fed with a nanostructured powder of
the WC-Co 88/12 type (cobalt cemented tungsten carbides), with an
average carbide crystallite size below 500 nm.

The working parameters used to obtain the nanometric
structure are:

- electric current intensity: 550 A;

- arc voltage: 65-70 V;

- primary plasma gas flow rate (Argon): 45 L/min;

- secondary plasma gas flow rate (Hydrogen): 9 L/min;
- spraying distance: 100 mm;

- torch scanning speed: 500 mm/s.

By applying this process, a protective layer with a thickness
of 250-300 pum is obtained, characterized by a porosity of 1.1% and
an average microhardness of 1210 HVO0.3. Laboratory tests
(according to ASTM G65 standard) have demonstrated a reduction
in mass loss through abrasive wear of 2.8 times compared to
untreated discs and an increase in the adhesion of the layer to the
support of up to 68 MPa.

Further research

Further research into ways to increase the durability of
agricultural machinery by creating nanostructured coatings using
plasma jet spraying relates to substantiating the application modes
and parameters for APS coatings and conducting further
experiments directly related to the working parts of transplanting
machines and seeders [11, 12, 13].

Acknowledgments
This work and research were supported by a grant from the
Romanian Ministry of Education and Research, CNCS-UEFISCDI,

project number PN-IV-P8-8.3-ROMD-2023-0108, within the
PNCDI IV.

Conclusions

1. Morphological analysis of the studied coatings

W,C/WC12Co (Metco71NS), Cr,03-4Si0,-3TiO (Metcol36F) and
C025.5Cr10.5Ni7.5W0.5C (Metco45C-NS), applied to the active
surface of harrow disks using the atmospheric plasma spraying
method, revealed shortcomings that allowed us to draw conclusions
regarding the spraying process and methods for improving
operating parameters.

2. A study of coated samples followed by tribological analysis
of surface scratches on three groups of samples revealed
shortcomings and next steps for improving the atmospheric plasma
spray (APS) thermal deposition process.
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3. The features of the process of manufacturing
nanostructured coatings are provided by the studied technological
regime and can be implemented by choosing as the main material of
the working element with a metal surface (discs, cutting elements,
knives) on such agricultural machines as plows, scaricators, disc
harrows, seeders, transplanting machines, etc. made of boron-
alloyed steel (27MnCrB5) or spring steel (65G) with a thickness of
4-6 mm.

4. Excessive porosity of the coatings obtained using the
studied APS modes allows moisture and acids from the soil to
penetrate inside, causing corrosion of the interface between the
layer and the substrate, which leads to premature delamination of
this coating. Also, structural degradation limits the layer hardness
below the threshold of 1000 HV, which is insufficient to provide
long-term protection against silica fractionspresent in the soil, that
have comparable or higher hardness.

5. The innovative proposal involves the actual deposition
being carried out using an atmospheric plasma spraying unit, into
which nanostructured powder of the WC-Co 88/12 type (tungsten
carbides bonded with cobalt) with an average carbide crystallite size
of less than 500 nm is fed.

6. The operating parameters and modes of the system used to
produce the nanometric structure are as follows:

- Electric current: 550 A,

- Arc voltage: 65-70 V;

- Primary plasma gas flow rate (argon): 45 I/min;

- Secondary plasma gas flow rate (hydrogen): 9 I/min;

- Spray distance: 100 mm and torch scanning speed: 500
mm/s.

7. By applying the proposed process of atmosferic plasma
spray termal deposition, a protective layer with a thickness of 250-
300 um is obtained, characterized by a porosity of 1.1% and an
average microhardness of 1210 HV0.3.

8. Theoretical studies and laboratory tests (in accordance with
the ASTM G65 standard) have shown a reduction in mass loss due
to abrasive wear by 2.8 times compared to untreated discs and an
increase in layer adhesion to the substrate to 68 MPa.
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Innovations 2026

Symmetry-Reduced Optimal Control of Quadrotor Dynamics via Noether's Theorem

T. Tasneem; E. Avelino; G. Kamel; J. Chazbani; M. Rotella; D. Nikolova
Florida Atlantic University,
777 Glades Road, Boca Raton, FL 33431, USA

Abstract: Modem quadrotor unmanned aerial vehicles (UAV s) rely extensively on numerical trajectory optimization and path-planning
algorithms for navigation in complex environments. While these approaches emphasize feasibility, collision avoidance, and control
constraints, they often overlook underlying physical symmetries in the governing dynamics, leading to redundant computations and
underutilization of system structure. This work introduces a symmetry-aware trajectory optimization framework that leverages principles
from classical mechanics, specifically Noether's theorem, to exploit the rotational invariance of quadrotor dynamics about the yaw axis.
By treating yaw as a cyclic coordinate in the Lagrangian formulation, a conserved quantity corresponding to angular momentum about
the inertial vertical axis is derived and enforced as a constraint using Noether's theorem. This eliminates redundant yaw dynamics and
replaces them with an algebraic conservation law, yielding a reduced-order model that preserves the essential nonlinear behavior of the
system. To evaluate the proposed framework, physics-based models are implemented using CasADi, where both full-order and
symmetry-reduced models are formulated as nonlinear optimal control problems, which are then solved using the Acados multiple
shooting OCP solver. CasADi is then used for solution verification against physical constraints. A multi-objective cost function is
considered, incorporating energy expenditure, control effort, and total travel time. Comparative analyses are performed to assess
solution quality and computational efficiency across both formulations versus existing solutions. Comparative results indicate that the
proposed framework achieves improved computational efficiency relative to conventional formulations, operating within modest memory
requirements of approximately 1-2 GB of RAM. In addition to these results, the symmetry-reduced model is expected to improve
algorithmic speed by reducing system dimensionality and eliminating redundant dynamics. A practical consideration of the proposed
framework is that representing yaw as a cyclic coordinate reduces direct control over heading, making the approach most suitable for
scenarios where yaw tracking is not a primary requirement. Extensions of the framework could incorporate hybrid strategies to
accommodate applications requiring explicit heading

control.

KEYWORDS: NOETHER'S THEOREM, SYMMETRY REDUCTION, LAGRANGIAN DYNAMICS, OPTIMIZATION, CONSERVATION
LAWS
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An algorithm for the automatic categorization of SVG wallpapers into plane
crystallographic groups

George Kamel', Daniela Nikolova, Ph.D.?
Florida Atlantic University, College of Engineering and Computer Science *
Florida Atlantic University, College of Science 2

Abstract: Wallpapers are 2-dimensional images that repeat in two directions, classified into 17 groups by the symmetries they have: namely
rotational, glide, and reflectional symmetries. Most algorithms to classify wallpapers into groups require complex image processing, making
them computationally expensive and reducing their reliability. This project aims to use the Scalable Vector Graphics (SVG) standard to
make a faster and more reliable algorithm for identifying wallpaper groups. The algorithm first organizes the wallpaper groups into binary
decision trees based on their common symmetries, then descends one of the trees by eliminating possible groups until a single group
remains. Because of the SVG standard’s simplicity relative to raster image formats, being that it represents images using shapes and curves
instead of pixels, the new algorithm is expected to run faster than alternative solutions, especially with less complex wallpapers.

KEYWORDS: CRYSTALLOGRAPHY, GROUP THEORY, PLANE CRYSTALLOGRAPHIC GROUPS, AD-HOC ALGORITHM, SCALABLE
VECTOR GRAPHICS
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