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Rapid prototyping of a friction coupling for joining rebar

Nikola Sibali¢'", Marko Mumovié?
Faculty of Mechanical Engineering, University of Montenegro, Podgorica, Montenegro®
nikola@ucg.ac.me

Abstract: Friction couplings for joining rebar are widely used in civil engineering and mechanical structures, including the construction of
high-rise buildings, towers, bridges, overpasses, tunnels, dams, and other infrastructure. These friction couplings are mechanical elements
that provide a strong and reliable connection between the components being joined by transferring loads through the friction force
generated between the contact surfaces. This force is applied by the geometry of the friction coupling and the installation-induced clamping
force. The primary factor governing the proper selection and application of a friction coupling is the cross-sectional diameter of the rebar,
as the friction coupling must be designed to withstand the loads encountered under service conditions. In addition, environmental influences,
particularly the difference in the coefficients of thermal expansion of the joined materials, represent an important consideration. Another
critical factor is the installation process itself, as the performance of the friction coupling depends directly on proper installation. Therefore,
comprehensive testing of the installed friction coupling is essential to ensure its reliable performance throughout its service life. This paper
presents an original design solution for the development of a friction coupling for joining @25 mm rebar, developed through three successive
design iterations. The proposed friction coupling is intended to ensure structural integrity under static and dynamic loading, including
seismic loading and vibration. An initial prototype design was developed in accordance with the applicable technical standards and
validated using the Finite Element Method (FEM) to evaluate its load-bearing capacity under static loading conditions and identify potential
stress concentrations. The prototype models were manufactured using the Fused Filament Fabrication (FFF) additive manufacturing
process with the support of CAD/CAE systems. The friction coupling was ergonomically designed through mass and shape optimization.
KEYWORDS: FRICTION COUPLING, REBAR, CAD/CAE, ASSEMBLY, RAPID PROTOTYPING

1. Introduction 2. Prototype development

Rapid prototyping encompasses a set of techniques used to The friction coupling is designed as an assembly consisting of
quickly produce physical models, enabling fast and cost-effective internally toothed jaws specifically adapted to the rebar profile and
evaluation of a product’s geometry and functionality without the external tapered sleeves that provide the clamping action.
use of complex tooling, most commonly through additive The rebar sections to be joined pass through the jaws. After the
manufacturing technologies [1, 2]. The resulting prototype may be jaws and external tapered sleeves have been assembled, a
fully functional if its intended application is not particularly compressive installation force is applied to produce a permanent
demanding. More frequently, however, prototypes are only partially ~ joint by satisfying the self-locking condition. To achieve self-
functional because the materials used do not possess the properties locking of the tapered connection, an appropriate selection of
required for full operational performance. Such prototypes are material, geometric parameters, and the surface finish of the tapered
particularly useful for experimental investigations focused on contact surfaces is required to satisfy the condition:
geometric evaluation [3], for which a variety of file formats are a
available [4]. The application of this approach significantly reduces th < u#(1)
both product development time and manufacturing costs [5]. In this
study, the rapid prototyping approach is applied to the development ~ Where o/2 is the half cone angle and p is the coefficient of friction.

of a friction coupling for joining rebar. This operating principle enables the friction coupling to be used
Reinforced concrete is the most widely used construction  with a wide range of rebar diameters and profiles.
material due to its high compressive strength; however, it exhibits The components are assembled on-site after the rebar has been

relatively low tensile strength. This limitation is overcome by positioned. Once installed, the friction coupling is intended to carry
incorporating rebar, which also improves several other mechanical axial tensile loads. The principal performance characteristics of the
properties of the material. For easier transportation and handling, friction coupling are its tensile load capacity and elongation, which
rebar is manufactured in standardized lengths, which are often are evaluated through tensile testing.

insufficient for practical construction applications requiring longer The initial prototype of the friction coupling for joining rebar is
reinforcing bars. One of the major challenges in civil engineering is shown in Figure 1.

to provide a reliable method for joining rebar, particularly for larger

diameters, without compromising the structural integrity of E

reinforced concrete. Accordingly, the objective of this research is
the development of a friction coupling for joining rebar in
reinforced concrete structures. Couplings are widely used in civil
engineering and mechanical structures, including the construction of
high-rise buildings, towers, bridges, overpasses, tunnels, dams, and
other infrastructure. These couplings are mechanical elements that
provide a strong and reliable joint between the components being
joined by transferring loads through the friction force generated
between the contact surfaces. This force is produced by the
geometry of the friction coupling and the installation-induced
clamping force.

The primary factor governing the proper selection and
application of a friction coupling is the cross-sectional diameter of
the rebar, as the friction coupling must be designed to withstand the
loads encountered under service conditions. In addition,
environmental influences, particularly the difference in the @ ) F(c)
coeffluents of therm_al expansion of Fhe jglned materials, represent Fig. 1 Friction coupling for joining rebar
an important consideration. A third important factor is the (a) Exploded view of the friction coupling; (b) Assembled friction coupling;
installation process itself, as the performance of the friction (c) Friction coupling installed on rebar

coupling depends directly on proper installation.

132
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The initial prototype was manufactured using the Fused
Filament Fabrication (FFF) additive manufacturing process and is
shown in Fig. 2.

Fig. 2 First iteration of the friction coupling prototype

The main challenge arises at the contact interface between the
jaws and the rebar, as the surface of the rebar exhibits complex
geometry with a wide range of rib profiles and dimensional
tolerances. To address this issue, the jaws of the friction coupling
were designed with multi-start, large-pitch helical grooves intended
to engage with the ribs of the rebar. In the first design iteration,
these helical grooves were unidirectional. However, it was observed
that they could not adequately accommodate rebar manufactured in
different production batches, primarily because of variations in the
orientation of the ribs. Therefore, in the second design iteration, the
helical grooves were improved by incorporating overlapping
grooves in both directions. The resulting design, shown in Fig. 3,
provided significantly better conformity between the friction
coupling and the rebar than the first iteration.

Fig. 3 Comparison of the friction coupling prototype assembly
(a) First iteration; (b) Second iteration

The second challenge was the application of the installation
force under on-site conditions. To address this issue, a threaded
connection was introduced between the upper and lower external
tapered sleeves. This design modification enables the operator to
perform the assembly and tightening procedure on-site using
standard hand tools in a simple and practical manner. All three
iterations of the friction coupling prototype are shown in Fig. 4.

(@)
Fig. 4 Components of the three friction coupling prototype iterations
a) First iteration; (b) Second iteration; (c) Third iteration

(b) (©
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To generate the preload force in the friction coupling, the
threaded connection on the external tapered sleeves must be
tightened. In order to achieve the required clamping force of
E, = 15KkN, a tightening torque T, must be applied to the specified
M45 thread with a 2 mm pitch. The required tightening torque is
calculated using the following equation [6]:

d
T,=F, —~te(p + pa)#(2)

Where: d, = 43.701 mm is the pitch diameter of the thread,
@ = 0.83° is the thread helix angle, p,, = 13° is the friction angle,
and the tightening torque calculated using the equation above
T, = 80.75Nm.

3. Numerical simulation of the prototype

The friction coupling prototype developed in the third design
iteration and manufactured from modeling materials proved to be
operational. Before manufacturing a fully functional prototype from
the selected metallic materials using modern CNC machining
technologies, it is advisable to evaluate the CAD model in a CAE
environment in order to identify potential design deficiencies.

This analysis was carried out in the Static Structural module of
Ansys, which is based on the Finite Element Method (FEM). Since
the ribs on the surface of rebar are manufactured in a wide range of
profiles and dimensional tolerances according to 1ISO 6935-2:2019
[7], and because the interaction between the rebar ribs and the
toothed jaws is highly nonlinear, these contact surfaces were
approximated as smooth. Furthermore, since the preload is
generated through the threaded connection of the external tapered
sleeves, the threads were also simplified by representing their effect
as an equivalent axial preload force.

The primary operating mechanism of the friction coupling is
friction. Therefore, neglecting the interlocking effect between the
rebar ribs and the toothed jaws reduces the load-carrying capacity of
the coupling, representing a conservative loading scenario that may
also occur in practice. The simplified geometry of the prototype is
shown in Fig. 5.

Fig. 5 Simplified geometry of the third prototype iteration with mechanical
boundary conditions

One end of the rebar was defined as a fixed support and is
denoted by A (Fig. 5). The clamping forces responsible for
preloading the friction coupling were applied to the surfaces of the
external tapered sleeves. These forces, denoted by B and C (Fig. 5),
were each assigned a magnitude of 15 kN. To evaluate the
performance of the friction coupling, the opposite end of the rebar
was subjected to a tensile force, denoted by D (Fig. 5), with a
magnitude of 246 kN. This value corresponds to the tensile strength
of the selected @25 mm rebar multiplied by its cross-sectional area.
This load was selected as the test load because a successful friction
coupling design should withstand it without significant relative
displacement of the rebar within the coupling. Under these
conditions, failure is expected to occur by fracture of the rebar
rather than by slippage from the friction coupling. The contacts
between the surfaces in contact with the rebar were defined as
frictional, with a coefficient of friction of 0.5 [8], which is
representative of non-machined steel surfaces or surfaces exposed
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to corrosion. The relatively high coefficient of friction partially
compensates for the neglected interlocking effect between the rebar
ribs and the toothed jaws.

To realistically represent the operating principle of the friction
coupling, the simulation was divided into two stages. During the
first stage, the friction coupling was preloaded by clamping the
rebar. Only forces B and C were active, increasing continuously
from zero to their final values over a period of 1 s. The stress
distribution in the friction coupling at several time instants during
the first stage is shown in Fig. 6.

2717.3 Max 115103 906.76 30324
24156 1812.1 12085 605

1.4783 Min

Fig. 6 Stress distribution in the friction coupling (MPa) during the first
stage of the simulation at three time instants

The total deformation analysis indicates that the largest
displacement occurs in the external sleeves, which is consistent with
the intended operating principle of the proposed design (Fig. 7).

4.1862 Max 3.2559 2.3257 1.3954 046513
3721 2.7908 1.8605 0.93026 0 Min

Fig. 7 Total deformation of the friction coupling (mm) during the first stage
of the simulation at three time instants

Total deformation represents the magnitude of the displacement
of a point (node) from its original position due to the applied loads,
boundary conditions, contact interactions, and other influencing
factors.

During the second stage of the simulation, forces B and C
remained constant at their previously established values, while the
tensile force D was applied continuously between 1 s and 2 s,
reaching its maximum value at the end of this interval. The stress
distribution in the friction coupling at half of the applied tensile
load and at the maximum load is shown in Fig. 8.

=
2717.3 Max 15103 906.76 303.24

24156 18121 12085 605 1.4783 Min

Fig. 8 Stress distribution in the friction coupling (MPa) during the second
stage of the simulation at 50% of the applied tensile load and after reaching
the maximum tensile load

The total deformation results indicate a slight displacement of
the external tapered sleeves caused by elastic deformation, i.e., the
elongation of the internal sleeve (Fig. 9).

41862 Max  3.2559 23257 1.3954 046513
3721 2.7908 1.8605 093026 0 Min

Fig. 9 Total deformation of the friction coupling (mm) during the second
stage of the simulation at 50% of the applied tensile load and after reaching
the maximum tensile load

To monitor the displacement of the rebar under the applied
tensile force D, a Deformation Probe was defined on the end
surface of the rebar located inside the friction coupling. The results
indicate a displacement of 0.61 mm under the action of force D,
which is considered acceptable.

4, Conclusion

The developed prototype, based on the design iterations
presented in this study, is intended for use in civil engineering
applications involving the joining of rebar. The main limitation of
the initial design was related to the contact interface between the
jaws and the rebar, which was successfully addressed by
introducing a double-start helical groove. The second limitation
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concerned the practical application of the installation force and was
resolved by incorporating a threaded connection between the upper
and lower external tapered sleeves. Proper installation is achieved
by applying a tightening torque of 7, = 80.75 Nm.

By applying the Rapid Prototyping Method, all identified design
flaws were eliminated within a short development period, and in
three iterations operational solution was obtained of the friction
coupling. The third prototype iteration was evaluated using FEM
analysis. The numerical simulation was performed in two stages.
The first stage represented the installation and preloading process,
while the second stage simulated the application of tensile load up
to the tensile strength of the selected rebar material. Under the
maximum applied load, the simulation predicted a relative
displacement of the rebar with respect to the friction coupling of
0.61 mm, which is considered acceptable.

The next step of this research will involve manufacturing a fully
functional prototype and conducting experimental testing under
laboratory conditions. The prototype will be evaluated by
determining its tensile strength and percentage elongation as
indicators of joint quality. The developed friction coupling should
satisfy the required performance criteria by transferring the
mechanical properties of the base material, in this case @25 mm
rebar.

The developed prototype represents a practical and innovative
solution for joining rebar in a wide range of civil engineering
applications. Its simple installation procedure and minimal
influence on the integrity of the reinforced concrete cross-section
make it a promising alternative for future construction projects, with
significant potential for practical implementation.
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Abstract: Today, renewable bioenergy is regarded as one of the ways to supply energy at the expense of fossil fuels. The possibility of
obtaining energy from organic materials through bio-electrochemical systems has attracted considerable interest. Green waste consists of
organic plant-based materials generated from grass clippings, broken branches, fallen trees, and others, whose utilization is currently not
very effective. In this study, we constructed a depot based on bio-electrochemical systems for the utilization of green waste with cogeneration
of energy. The facility demonstrated good performance in terms of both the degradation of organic matter and the energy produced.

Keywords: GREEN WASTE, GREEN ENERGY, WASTE MANAGEMENT, BIO-ELECTROCHEMICAL SYSTEMS

1. Introduction

The increase in the amount of municipal solid waste is a
problem faced by almost all countries due to urbanization, the
expansion of industrial activities, and global development. In
developing countries, a large portion of municipal waste is
transported directly to landfills without any intermediate treatment
that could reduce the volume of solid waste. Recycling, efficient
waste treatment, and source-separated collection are the main
strategies for reducing emissions and the environmental impact
generated by the increased production of waste [4]. Moreover, solid
organic waste is a major issue leading to environmental pollution.
The accumulation of large quantities of agricultural waste, animal
excrement, and urban garbage are environmental problems that we
must face and that are difficult to resolve [17].

Conventional methods for the disposal of organic waste, such as
landfilling, composting, and incineration, are limited by low
treatment efficiency and insufficient potential for bioenergy
recovery. Moreover, these approaches pose risks of secondary
pollution, which can potentially lead to adverse effects on soil and
air quality [8]. Although the volume of waste can be rapidly
reduced through incineration, this approach releases hazardous
pollutants, such as fine particulate matter, creating serious risks to
air quality. Landfilling, hindered by the poor biodegradability of
solid organic waste, not only consumes valuable land resources but
also poses a risk of groundwater contamination through leachate
infiltration [14]. Furthermore, the large volumes and high
transportation costs seriously compromise the economic and
environmental feasibility of conventional disposal strategies.

Waste is considered to have a relatively high energy content,
which is why waste-to-energy conversion is regarded as a viable
alternative. However, conventional composting under aerobic
conditions requires more energy for mixing and aeration, and can
also lead to the formation of large amounts of leachate. Anaerobic
composting, also known as anaerobic digestion, can be an
alternative solution for converting solid waste into usable energy
and biofuel [1].

The conversion of solid organic waste into energy represents an
effective strategy for simultaneously addressing the challenges
associated with sustainable energy production and waste
management. Transforming organic waste into bioenergy and value-
added products can reduce dependence on fossil fuels while
mitigating the environmental impact linked to waste landfilling
[15]. Furthermore, the recovery of nutrients from solid organic
waste can partially offset the high energy demand in the production
of nitrogen fertilizers and alleviate dependence on the mining of
phosphorus and potassium, whose limited reserves can expose
agricultural systems to market instability and geopolitical risks [16].

It has recently been established that microbial fuel cells (MFCs)
are an alternative solution for generating electricity from waste
without intermediate processing steps, as the anaerobic degradation
within them utilizes electroactive microorganisms [2]. Microbial
fuel cells (MFCs) use the metabolic activity of electroactive
microorganisms to oxidize organic substrates through extracellular
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electron transfer, directly converting the chemical energy contained
in organic matter into electrical energy [5]. Compared to
incineration and landfilling, MFC-based treatment can reduce the
risk of secondary pollution, thereby enabling waste valorization
through energy recovery [10].

Microbial fuel cells can be classified according to the substrate
they utilize [6]. Depending on whether the substrate used is liquid
or solid, liquid-phase microbial fuel cells and solid-phase microbial
fuel cells are distinguished [7]. The main substance used in solid-
phase microbial fuel cells is predominantly plant waste from
agriculture and urban organic waste [9]. Solid-phase microbial fuel
cells (SMFCs) are one of the innovations in MFC technologies that
can be applied to solid organic waste [3]. They are considered to
accelerate the process of anaerobic waste degradation, directly
generate electrical energy, and produce mature compost from
organic compounds.

Based on these considerations, the present work provides a
comprehensive  assessment of the technical feasibility,
environmental performance, and economic sustainability of solid
organic waste valorization through solid-phase microbial fuel cells.
To this end, a local landfill has been constructed for the processing
of green plant waste generated from mowed grass, branches, and
leaf biomass, through their direct conversion into electricity and
compost. Through suitable engineering solutions, a local landfill has
been built, consisting of multiple interconnected solid-phase
microbial fuel cells. Previous developments have demonstrated the
stable operation of these systems [11, 12], as well as the production
of effective compost [13]. In the present publication, an analysis has
been made of the operation and energy generated by the landfill, as
well as the efficiency of green waste management through the
studied systems.

2. Materials and methods
Green waste processing facility

The facility for the utilization of green waste with parallel
energy generation consists of two plastic containers, which serve as
composters, containing stacked solid-phase microbial fuel cells. The
first container has a volume of 360 liters and contains 24 solid-
phase microbial fuel cells. The second container has a volume of
600 liters and contains 60 solid-phase microbial fuel cells.
Depending on the electrical connection between the individual
solid-phase microbial fuel cells, as well as between the two
composters, different amounts of energy can be generated from the
facility depending on specific needs. The facility will utilize grass
clippings, leaves, branches, and other green waste from 1 decare of
park area. After analyzing the operation of the facility and the
generated energy, optimal planning of the storage and utilization of
the electrical energy will be carried out. The resulting compost and
liquid soil conditioner will be returned to the park area to nourish
and improve the soil characteristics.

Construction of electrogenerative composter 1

The composter 1 is a plastic container with a volume of 360
dm?. The composter consists of 24 PVC pipes arranged vertically.
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Each PVC pipe has a diameter of 110 mm and a height of 900 mm.
The bottom of the pipes is closed with PVVC plugs. At the bottom of
the pipes are located stainless steel AISI 304 electrodes with an area
of 414.48 cm? acting as an anode. At the top of the pipes is a second
stainless steel AISI 304 electrode with an area of 414.48 cm? acting
as a cathode. Copper wires were used as conductors in the electrical
circuit. Each of the 24 tubes represents a solid-phase microbial fuel
cell (SMFC) (fig. 3). The individual segments (SMFCs) were
stacked in the plastic container (fig. 1).

connected in parallel

Power controller

=

oo )

+ +

@

Loads

[
-

Battery

| connectedinseries | | _ connectedinseries |

Fig. 1 The schematic diagram of construction of electrogenerative
composter 1

Construction of electrogenerative composter 2

Composter 2 is a PVC container with a volume of 600 dm?3.
Inside the composter, 60 PVC pipes are arranged vertically. Each
pipe has a diameter of 110 mm and a height of 100 cm. The bottom
of the pipes is closed with PVVC plugs. At the bottom and top end of
each pipe, stainless steel electrodes are placed, serving as the anode
and cathode of the solid-phase microbial fuel cell. The area of
electrodes is 414.48 cm?. Copper wires were used as conductors in
the electrical circuit. Each of the 60 pipes represents a solid-phase
microbial fuel cell (SMFC). The individual segments (SMFCs)
were stacked in the plastic container (fig. 2).
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Fig. 2 The schematic diagram of construction of

electrogenerative composter 2

After the construction of the two electrogenerative composters,
plant biomass was placed inside the pipes and they were filled with
water.The plant biomass consists mowed grass with a length of 10 -
15 centimeters. In plant biomass, ancestral species are Cynodon
dactylon, Capsella and Taraxacum. The approximate volume of
plant biomass in each tube is 8 dm?® The physicochemical
characteristics of water was pH 7.24, Eh 253 mV and EC 69 pS cm’
! measured by Vernier LabQuest Mini. On Figure 3 is shown a
scheme of single segment (PVC pipe) of the composterc.

Electrochemical analysis

After filling with biomass and reaching a baseline voltage of the
segments, the electrical parameters of the composters were
measured. To determine the operation and effectiveness of the
composter polarization and power curves were obtained by varying
external resistances sequentially from 10, 8, 6, 4, 2, 1.5, 1.3, 1, 0.7,
0.5, 0.3 to 0.1 KQ using MCP lab electronics BXR-04 ResistorBox.
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The voltage dynamic were measured and recorded in real time with
Vernier LabQuest Mini and Logger Lite software.

Fig. 3 Photo of single segment of the composter

3. Results and discussion

The electrical parameters of composter 1 were measured
presented on figure 4.

500
450

Power density, mW/m?
2R N N W W B
o £ 88888 88

50 100 150 200

Current density, mA/m?

Fig. 4 Power density dynamics of composter 1

From the research conducted, it was found that the composter
has the best electrical parameters when connecting the 12x12
segments in series and connecting the two pairs in parallel. With
this connection the output voltage of the composter varies between
8.5 and 9 volts. A maximum power density of 474.6 mW/m? was
recorded at a current density of 97.4 mA/m? and an applied
resistance of 1.1 kQ.

In order to ensure approximately equal output voltage from the
two composters and to avoid ‘discharging' of one of them when
connected in parallel, an electrical connection configuration of 4x15
segments connected in series and parallel connection of the four
groups was chosen. With this electrical connection, an output
voltage of 8-8.5 volts and a maximum current of 8.5 mA were
achieved.

The results from the measurements of the power density are
presented in the figure 5.
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Fig. 5 Power density dynamics of composter 1

From the presented graph, it can be seen that with this
connection of the individual segments, a maximum power density
of 558.43 mW/m? is achieved, at a current density of 122.46
mA/m?,

The constructed composters demonstrate high efficiency in the
utilization of green waste. Depending on the method of utilizing the
generated energy, the two composters can operate separately or
connected in series or in parallel.

It is recommended to connect a Power Management System to
the system, consisting of a supercapacitor and a DC-DC boost
converter, which will allow increasing the voltage and stabilizing
the electrical parameters of the facility. It is also possible to include
a rechargeable battery with suitable parameters for storing the
energy, if it is not used in a timely manner.

4, Conclusion

The development of renewable energy technologies, as well as
the problems related to waste management, are key challenges for
modern, highly industrialized and urbanized societies. It appears
that the technology of solid-phase microbial fuel cells can
successfully contribute to solving both of these problems, but steps
towards specific applied developments are necessary to validate the
technology. The facility for processing green waste with parallel
energy generation proposed in this work is an engineering example
of how the technology can be applied in practice. The constructed
composters demonstrated high efficiency both in the utilization of
green waste and in energy generation. Through a suitable Power
Management System, the generated energy can be used in an
optimal way and reduce dependence on conventional sources.

Acknowledgements

This work was funded by Ecodiscover Itd. through the America for
Bulgaria Foundation

5. References

1. A. Boarino, F. Demichelis, A. Ertani, R. Bulgari, M.
lannicelli, S. Nicola, F. Deorsola, L. Celi, E. Padoan,
Technical, environmental, and economic assessment of
anaerobic digestion of pre-treated municipal organic waste
for energy production and reuse of liquid digestate,
Bioresource Technology 457 (2026) 134957

2. A. Mukherjee, V. Patel, M. T. Shah, D. A. Jadhav, N. S.
Munshi, A. D. Chendake, D. Pant, Effective power
management system in stacked microbial fuel cells for
onsite applications, Journal of Power Sources 517 (2022)
230684

3. Ch. Wang, F. Liao, K. Liu, Electrical analysis of compost
solid phase microbial fuel cell, International Journal of
Hydrogen Energy 38 (2013) 11124-11130

4. Erdiwansyah, M. Nizar, Muhibbuddin, N. Mahda, W.
Khafidah, Hybrid Photoelectrochemical-Biovoltaic system

138

10.

11.

12.

13.

14.

15.

16.

17.

for disaster-resilient household energy generation using
solar irradiation and organic waste, Journal of the Indian
Chemical Society, 103 (2026) 102821

J. Prasad, R. K. Tripathi, Review on improving microbial
fuel cell power management systems for consumer
applications, Energy Reports 8 (2022) 10418-10433

J. Prasad, R. K. Tripathi, Voltage control of sediment
microbial fuel cell to power the AC load, Journal of Power
Sources, 450 (2020) 227721

J. Prasad, R. K. Triphati, Effect of sediment microbial fuel
cell stacks on 9 V/ 12 VV DC power supply, International
Journal of Hydrogen Energy, 46 (2021) 14628-14638

K. Mol S, R. Krishnan, S. S. Habib, Renewable energy
from organic waste through biological and thermochemical
processes, Reference Module in Materials Science and
Materials Engineering, 2026

M. A. Budihardjo, Syafrudin, A. J. Effendi, S. Hidayat, C.
Purnawan, A. |. D. Lantasi, F. I. Muhammad, B. S.
Ramadan, Waste valorization using solid-phase microbial
fuel cells (SMFCs): Recent trends and status, Journal of
Environmental Management 277 (2021) 111417

R. Alipanahi, M. Rahimnejad, G. Najafpour, Improvement
of sediment microbial fuel cell performances by design and
application of power management systems, International
Journal of Hydrogen Energy, 44 (2019) 16965-16975

R. lvanov, Design and study of the operation of a green
waste composter with energy cogeneration, International
Scientific Journal “Industry 4.0”, Vol. 10 (2025), Issue 4,
132-135

R. Ivanov, Green waste composter with energy
cogeneration — energy storage and utilization,
INTERNATIONAL SCIENTIFIC JOURNAL

"MACHINES. TECHNOLOGIES. MATERIALS", (2025)
YEAR XIX, ISSUE 10, P.P. 362-365

R. lvanov, Investigating the effectiveness of compost and
liquid fertilizer obtained from an electrogenerative
composter, INTERNATIONAL SCIENTIFIC JOURNAL
"INNOVATIONS", (2026), YEAR XIV, ISSUE 1, P.P.
37-40

S. Li, Z. Zhao, B. Li, T. Wei, H. Jiang, Z. Yan,
Supercapacitors accumulating energy harvesting from
stacked sediment microbial fuel cells and boosting input
power for power management systems, International
Journal of Hydrogen Energy, 47 (2022) 10689-10700

S. Wang, A. Adekunle, B. Tartakovsky, V. Raghavan,
Synthesizing developments in the usage of solid organic
matter in microbial fuel cells: A review, Chemical
Engineering Journal Advances 8 (2021) 100140

Y, Fu, Y. Song, H. Chen, A. Lei, Y. Zhang, Z. Liu, X.
Wei, Integrated dark fermentation and bioelectrochemical
systems for waste valorization: A review of microbial fuel
cell and microbial electrolysis cell coupling approaches,
Renewable and Sustainable Energy Reviews 237 (2026)
117021

Y. Zhou, Y. Wu, B. Shu, F. Xu, Resourceful utilization of
Bougainvillea horticultural waste for synchronous
degradation and power generation in  MFCs,
Bioelectrochemistry 170 (2026) 109237


https://www.sciencedirect.com/referencework/9780128035818/reference-module-in-materials-science-and-materials-engineering
https://www.sciencedirect.com/referencework/9780128035818/reference-module-in-materials-science-and-materials-engineering

MACHINES. TECHNOLOGIES. MATERIALS. vol 2, 2026

Investigation of the effect of overcharging on the indicator diagram and heat release
coefficient of a gasoline engine
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Abstract: Overcharging is one of the most effective methods for increasing the power output and improving the energy efficiency of spark-
ignition internal combustion engines. It has a significant influence on the processes of mixture formation, combustion, and heat release,
which necessitates a detailed experimental investigation of the engine working process. This paper presents an experimental study on the
influence of supercharging on the indicator diagram and the heat release coefficient of a VW-1600 GTI spark-ignition engine equipped with
a K-Jetronic mechanical fuel injection system. The appropriate operating modes, defined by engine speed and load, were selected to ensure
reliable measurement and comparison of the investigated parameters under naturally aspirated and supercharged operating conditions.
Keywords: OVERCHARGING, GASOLINE ENGINE, HEAT RELEASE COEFFICIENT

1. Introduction

The overcharging (boosting) is widely used in modern gasoline
engines to increase the air density and improve power output. By
raising the pressure and temperature of the fresh charge, boosting
modifies the in cylinder thermodynamic cycle and directly affects
the indicator diagram, the pressure rise rate, and the heat release
characteristics. These changes influence combustion efficiency, and
knock tendency. Previous studies report that elevated pressure
accelerates the combustion process and increases the rate of heat
release, while also altering the shape of the pressure curve [1-5].

In this context, the present study investigates the effect of
overcharging on the indicator diagram and the heat release
coefficient of a gasoline engine operating under nominal conditions.
By comparing pressure traces, pressure rise rates, and heat release
characteristics with and without boost, the work aims to provide
deeper insight into the thermodynamic and combustion related
consequences of overcharging. The obtained results contribute to a
better working of gasoline engine with overcharging.

2. Results and Analysis

The experimental investigations were carried out on a gasoline
engine VW 1600 GTI mounted on testing workbench No. 8 in
Block 9 at the Technical University of Sofia.

In spark-ignition internal combustion engines (ICEs), the
homogeneous air—fuel mixture, compressed to a pressure of 1.5-2.0
MPa and heated to a temperature of 700-800 K, is ignited by an
electric discharge between the electrodes of the spark plug. Ignition
occurs at a predefined crankshaft angle before top dead center
(TDC), known as the ignition advance angle 6. The initial flame
kernel heats the adjacent layers of the mixture, forming a flame
front that propagates at high speed through the combustion
chamber, causing a rapid rise in pressure and temperature.

The development of the combustion process in the
cylinder of an ICE is most accurately described by an indicator
diagram in the p—¢ coordinate system, which represents the
variation of the in-cylinder pressure p in the clearance volume as a
function of the crankshaft rotation angle ¢ (CA) (Fig. 1). The same
figure also shows the variations of the pressure rise rate dp/dp =
() and the gas temperature in the combustion chamber 7 = f{p).
The evolution of the combustion process in the cylinder of an ICE is
best illustrated by the indicator diagram in the p—¢ coordinate
system, i.e., the variation of the in-cylinder pressure p in the
clearance volume as a function of the crankshaft rotation angle ¢
(CA), the so-called expanded indicator diagram (Fig. 1). The same
figure also presents the changes in the pressure rise rate dp/dp =
() and the gas temperature in the combustion chamber T = f().
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Fig.1. Dependence of the combustion process parameters of a gasoline
engine on the crankshaft rotation angle ¢ (without overcharging).

The combustion process in gasoline spark-ignition
engines is conventionally divided into three periods: (1) the ignition
delay period; (2) the rapid combustion period; (3) the after-burning
period.

The third period, which begins after the maximum
pressure pmax IS reached, is of particular interest. It is characterized
by a significant slowdown of the combustion process, caused by the
reduced flame-front propagation speed in the regions near the walls
of the expanding clearance volume. This is due to increased heat
transfer and reduced turbulence of the air—fuel mixture.

During this period, heat release continues, leading to an
additional rise in the gas temperature. At full load, the maximum
temperature reaches approximately Tu.x =~ 2800-3100K. For
gasoline Sl engines, the temperature peak occurs 10-20°CA after
the pressure peak. After that, the temperature decreases sharply due
to the cessation of heat release and the rapid increase in the
clearance volume during expansion. In the third period,
approximately 15-20% of the total heat released during combustion
is produced.

The end of the third period (point z’, Fig. 1) can be
determined using the law of total heat release:

) x=/0 =@

where: X is the total heat release coefficient; Qcycie = GeycieHq is the
amount of heat released during the combustion of the entire cycle
fuel mass Ggye; Q, is the amount of heat released from the
beginning of combustion up to a given crank angle ¢, part of which
is used to increase the internal energy of the working fluid AU and
to perform useful work L, while the remainder is lost due to heat
transfer.
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The law of total heat release X = f{p) can be determined
using a mathematical model based on the laws of mechanics and
thermodynamics, using data from an actual indicator diagram.
When X =1 (0.98+0.99), i.e. Q, = Qcycle, the combustion process is
considered completed.

The analysis can also be performed using the law of
active heat release X,=f(p), which does not require analytical
accounting of heat losses. It is defined as:

x= @

, i
_Au, 7W+fc p.dv

0] =

cycle Qcycle

The maximum value of the active heat-release coefficient
in gasoline engines is X, nax = 0.8 —0.85. The end of the
combustion process (point z) can be approximately determined by
the position of X, ..« - The rate of increase of the active heat-release
coefficient dX,/de = f(@) and the duration of the combustion
process or characterize the dynamics of heat release in the cylinder.
The rate at which pressure increases dp/dp (MPa/CA) depends on
the heat-release rate. The maximum pressure rise rate (dp/d)max
determines the dynamic loading of the crank mechanism
components and is a criterion for the so-called “hardness” of engine
operation. For gasoline engines, (dp/d®)m.x = 0.2 —0.3
MPa/CA, and they operate more smoothly compared to diesel
engines [6].

In accordance with the research objective, numerical
modeling was performed to study the influence of boost pressure py
on the main parameters of the combustion process in a
spark-ignition gasoline engine. The following quantities were
analyzed: pressure p, temperature T, active heat-release coefficient
Xa, and the rates of increase of pressure dp/dyp, temperature dT7/dg,
and active heat-release coefficient dXa/dp — for a gasoline engine
prototype VW 1600 GTI.

2.1. Results of the numerical investigation

In accordance with the stated objective, a numerical study
was carried out to examine the influence of boost pressure py on the
parameters of the combustion process — pressure p, temperature T,
active heat-release coefficient Xa, and the rates of increase of
pressure dp/dp, temperature dT/dp, and active heat-release
coefficient dXa/dp — for a VW-1600 GTI prototype engine. A
specialized software product developed by [6] was used. A portion
of the obtained results is shown in Fig. 1 to Fig. 4, and Table 1
presents some of their more characteristic values.

Indicator diagram of gasoline engine - § = 100 %
Ne(kW)= 81.2 ; n(1/nin)= 6100 ; UL(dn3)= 1.598 ; D(mm)= 80 ; San)= 79.5
Gc'= 20 * .

20°;02'=50°;n2 T, K
9 P, Wa «=.9 dPsde, Was® 1 3000
7N 3
I Gomr= 39 * / A Tnax= 2945
I { N () Tnax= 379 ° 1
[ t=19° / N\ ]
[ 2=31° / N 1 4
[ 3=19° I ES 14
- | ™ 4
L (e)Pmax= 372 ° || T = Fle)— | ]
L Pmax= 6.41 / e j
F c' i/ \\‘ 1 _:1‘
~ / A (dP/de)max= 269 i
L /_,/’/ VAN \\ o~(dP/de)max= 360 * ||
L 7|\ \J 4
P =F) SRR b' 1
-’9/" \ dP/de = F(e) ]
1 T3 J ; : 010
[} rmn x10° (Fuo)vk= S04 *
280 oc' 510
oz’ e, *k8

a) without overcharging
Indicator diagram of gasoline engine - § = 100 %
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Fig.2. Variation of cylinder pressure p, pressure rise rate dp/dg, and
temperature T during engine operation under nominal conditions, with and
without boost, as a function of the crankshaft angle ¢.
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Fig.3. Shows the variation of the coefficient of total heat release X, the rate
of its increase dX/dp, and the temperature T in the cylinder during engine
operation at nominal mode, as a function of the crankshaft rotation angle ¢.

Table 1. The calculated performance parameters of the gasoline engine
— VW-1600 GTI prototype — at n = 6100 min ~ 7 and full load (6 =
100%).

Parameters Without overcharging Overcharging
N kW 81,2 114,2
G,, kg/h 280 373
G, kg/h 20,8 27,7
Jer G/KW.H 256 242
p™ MPa 6,41 8,88
T K 2945 3061
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Heat release dynamics in a gasoline engine - § = 100 %
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Fig.4. Presents the variation of the active heat-release coefficient Xa, the
rate of its increase dXa/dyp, the indicated work L, and the change in internal
energy oU in the cylinder during engine operation at nominal mode, again
as a function of the crankshaft rotation angle ¢.

The presented experimental results and tabulated data can
be summarized as follows:

1. Power increase (Ne™)

Increasing the boost increases maximum power from 81.2
kW — 114.2 kW, which is ~40%. This is typical for supercharging
at pk = 0.15 MPa, as higher air density allows more fuel to burn
efficiently.

2. Air and fuel mass flow (Gg, Gr)

Air flow increases from 280 — 373 kg/h (+33%));

Fuel flow increases from 20.8 — 27.7 kg/h (+33%);

The proportional increase shows that the mixture composition
remains controlled and combustion stays stable.

3. Specific fuel consumption (ge)

Specific fuel consumption improves from 256 — 242 g/kW-h. This
means the boosted engine becomes more efficient, producing more
power per unit of fuel.

4. Maximum pressure (p™)

Cylinder pressure rises significantly: 6.41 — 8.88 MPa (+38%).
Higher pressure increases mechanical stress on the crank
mechanism and piston group — a key factor in engine durability.

5. Maximum temperature (T ax)

Temperature increases from 2945 — 3061 K (+4%). The rise is
moderate compared to pressure, indicating that the combustion
process remains thermodynamically stable.

A portion of the numerical- simulation results obtained by
Program Soft, which will be compared with the experimental
results, is shown in Fig.4 and Table 2 presents some of their more
characteristic values.

Table 2. The calculated parameters of the gasoline — iVh = 1.588 dm’at
n = 3000 min™and full load (9 = 100%).

Parameters Without overcharging ;)kvfr(iq%r%il';%
NG, kW 50,1 63,7
Gy, kg/h 161 208
G, kg/h 12 155
e, /KW.h 239 3
p™**, MPa 7.3 9.49
e, K 2893 2900
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The short technical analysis of the Fig. 4 and Table 2 showed:
1. Power Output (No™)
The power increase by boosting from 50.1 to 63.7 kW is =27% at
3000 rpm. This confirms that even at medium speeds, the engine is
using the increased air density.
2. Air and Fuel Mass Flow (Gg, Gr)
Air flow increases from 161 — 208 kg/h (+29%);
Fuel flow increases from 12.0 — 15.5 kg/h (+29%);
The proportional increase indicates stable mixture formation and
proper fuel-air ratio control under boost.
3. Maximum Pressure (p™)
Cylinder pressure rises sharply: 7.30 — 9.49 MPa (+30%).

This is a major indicator of increased mechanical loading to
piston crown, connecting rod and crankshaft bearings. Maximum
temperature (Tna) and specific fuel consumption (ge) change
slightly.

3.2. Comparison Between Numerical and
Experimental Results

The numerical simulation results show trends that closely
match the experimental observations for the VW-1600 GTI
spark-ignition engine. Both datasets confirm the same fundamental
effects of boost pressure on the combustion process:
increased power output,
higher maximum cylinder pressure,
slightly increased maximum temperature,
intensified heat-release dynamics,
higher air and fuel mass flow rates.

This indicates that the mathematical model captures the
essential thermodynamic and mechanical behavior of the engine
under boosted operation.

3. Conclusion

The numerical model accurately predicts the main
combustion characteristics of the VW-1600 GTI engine
under boosted and naturally aspirated operation.

Quantitative differences are small and arise from real
mechanical, thermal, and flow losses not fully captured by

the model.
e All key trends — power increase, pressure rise,
heat-release intensification — are identical in both

numerical and experimental datasets.

The model is therefore suitable for predictive analysis,
optimization of boost pressure, and evaluation of
combustion dynamics in spark-ignition engines.
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Abstract: The shortcomings of existing waste-processing furnaces have been analyzed, and a new furnace design for electroslag remelting
and combustion of waste, developed at Akaki Tsereteli State University, is proposed. It is demonstrated that its use enables the combustion
and remelting of individual waste components without causing environmental pollution from combustion products.

Keywords: waste recycling; electroslag remelting furnace; crystallizer, non-metallic materials, combustion.

1. INTRODUCTION

The processing of household, medical, and other non-
metallic industrial waste is a universally recognized problem
worldwide. Solving this problem inherently involves resolving two
important questions: 1. Determining the scale of the problem
solution; 2. Selecting the appropriate technical means, specifically,
a furnace suited to the scale of waste thermal processing, or
developing a better new one[1].
When determining the scale of the problem, the key factor is the
volume of waste to be recycled across the entire country, in two or
more regions simultaneously, or in an individual city. It is
understood that the construction of factories needed to recycle
certain valuable waste must be profitable, since only in this case is
it possible to attract investment to address the problem. However, in
this case, the population’s readiness to sort household waste before
disposing of it in bins is also crucial. Otherwise, it is advisable to
process household waste at the city or municipal level without
sorting, to prevent environmental littering. In parallel, various
supportive measures will be needed to cultivate a public demand for
waste sorting. In this case, it would be possible to establish a unified
waste processing service on a national scale, which would reduce
waste processing costs and make it feasible to create enterprises for
the beneficial use of waste, for example, factories for processing
paper, plastic, and other types of waste, making it profitable while
simultaneously solving the problem of environmental pollution
from waste.

2. METHODOLOGY

For waste thermal processing, various furnaces can be used
based on currently available thermal energy sources. Among these,
the most widely used are furnaces powered by liquid fuels,
combustible gases, and so-called plasma furnaces.

In furnaces powered by liquid fuels and combustible gases,
waste combustion is prolonged; moreover, the gases generated
during the process contribute to environmental pollution. The so-
called combustion residues are also significant, while the furnaces
themselves have a low efficiency coefficient (less than 40%).
Plasma furnaces for waste processing have a comparatively higher
efficiency coefficient. However, environmental pollution from
gases emitted during combustion is significant. Additionally,
radiation-related environmental pollution associated with the
plasma process is considerable [2]. The protective systems required
to mitigate gas and radiation emissions, together with the design of
the thermal energy source itself - the plasmatron - complicate
plasma furnace construction and contribute to high capital costs.
Operating and maintenance costs are likewise high, primarily due to
the frequent replacement of plasmatron electrodes.
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Within the framework of grant AR-25-2056 funded by the
Shota Rustaveli National Science Foundation, we propose a new,
original-design furnace for the combustion and remelting of non-
metallic materials, specifically household, industrial, and medical
waste, known as an electroslag remelting furnace[3]. Figure 1
illustrates the structural diagram of a variant of the so-called
crystallizer, which is the section of the furnace where direct waste
combustion occurs.
Its design is based on an electroslag remelting furnace for metals,
consisting of a power supply, a control system, and a crystallizer.
The latter is a key component in which electroslag remelting and
metal crystallization occur, enabling the production of an ingot with
the desired structure.

The crystallizer is also the main component of the
proposed waste-processing furnace, where only melting occurs,
without crystallization. However, the old name “crystallizer” has
been retained in the presented furnace as well.

When current leads 9 and 10 are connected to the slag bath 11 and
the power supply, the bath temperature is maintained by Joule
heating resulting from the passage of current 12 through the bath.
The magnitude of the temperature depends on the composition of
the slag. When the slag contains only feldspar CaF, , the
temperature of the slag bath is in the vicinity of 900°C. However,
with the addition of quicklime CaO, the temperature can reach 1800
oC.

3. RESULTS AND DISCUSSION

For creating an experimental waste remelting furnace, it
became necessary to calculate the current required for electroslag
remelting in order to select a power source for its electrical energy
supply.

An analysis of the literature [5] shows that, in addition to
the required capacity, one of the main requirements is that the
power source should have a steep volt-ampere characteristic, while
its open-circuit voltage should not exceed 40 V [6].

If the electrical resistance of the slag in the liquid state is
known, then the current required for melting can be determined
based on the heat released per unit [of volume/time] as the current
passes through the slag bath.

Q1 = 0,241I?R kcal, )
from which 1= -2 @)
0,24 R

On the other hand, if the heat capacity C, mass m, and the melting
and superheating temperature T, of the slag bath are known, taking
into account the ambient temperature T1, the heat required to melt a
mass m of slag can be calculated [7]:
Q2 =em(T, —Th) @)
Other factors being equal, it is implied that


mailto:lali.zivzivadze@atsu.edu.ge
mailto:lali.zivzivadze@atsu.edu.ge
mailto:tamar.tskipurishvili@atsu.edu.ge
mailto:sophio.silagadze@atsu.edu.ge
mailto:marlenshalamberidze@gmail.com
mailto:otari.janelidze@bsu.edu.ge

MACHINES. TECHNOLOGIES. MATERIALS. vol 2, 2026

01=0=0 4)
Taking into account the height hs of the slag bath, the inner
diameter d of the crystallizer, and the density y,; of the molten slag,

expression (3) takes the form:
2

an%'hsl'ysl'Tm (5)

Due to the smallness of the ambient temperature T,
compared to the melting temperature T, of the slag T, » Ty, if we
neglect T, in expression (3), then the so-called slag-remelting
current passing through the slag bath is:

_ 7Td2/4'hﬁ'y6'Cﬁ'T@5
I'= \I 0,24 R ©)

Based on reference material [9], sources on the electroslag
remelting of metals, as well as taking into account experimental
data [4], the following data were obtained

d. =254 cm; hg =254cm
ygq = 2700 kg/m? ; T, = 1773°K

According to expression (6), the value of the calculated
current is I; = 300 A.

Taking the latter into account, for the power supply of the
electroslag remelting installation for non-metallic materials, the
constant-current power source VKSM-1000 [7,8] was selected,

Cq =172k]/kg ;

which is used for electric arc welding, has a steep volt-ampere
characteristic, and an open-circuit voltage of up to 40 V.

In the experiment conducted to evaluate the character of

the combustion or slag-melting capability of waste of various
compositions, a slag with a composition of 80% CaF2 + 20% CaO
was used, and the temperature of the slag bath, which we measured
by means of a pyrometer, was 1200°C. The experimental data are
presented in Table 1. The degree of waste combustion was assessed
by observing the waste during the combustion process and by
recording the combustion process. In the experiment, the criteria for
evaluating the quality of the combustion process were: the nature of
waste destruction, particularly whether combustion occurs on the
surface of the slag or instantaneous melting into the slag occurs, and
the amount of combustion products (gases) released as a result of
combustion.
The specific gravity of the slag bath in the crystallizer, as well as its
viscosity, is directly proportional to the bath temperature[4]. At
1200 °C, the viscosity of the slag is practically equal to that of
water. Therefore, the conditions for submerging waste in it are
similar to those for submerging waste in water. This is what causes
the waste to sink and melt instantly in the slag.
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Fig.1. Structural diagram of the so-called crystallizer of the electroslag remelting furnace

1, 2 - water supply points for cooling; 3, 4 - water extraction points for cooling; 5 - inner cylindrical surface of the crystallizer; 6 - outer
surface of the crystallizer; 7 - insulating and heat-resistant base; 8 - current lead of the graphite electrode; 10 - current lead to the
crystallizer; 11 - molten slag bath; 12 - equivalent lines of current passing through the slag; d - diameter of the crystallizer; h - height of the

slag.
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|
According to the above table, paper existing as a separate type of waste is an exception. However, the latter, when mixed with

other waste, easily sinks and instantly dissolves in the slag bath. That is, their destruction also occurs practically without residue. The
separated residues from the remelting process make a minor but continuous contribution to the increase in slag bath height. They primarily
occupy the upper part of the slag bath and gradually overflow out of the crystallizer

By changing the composition of the slag, it became possible, owing to the corresponding change in the resistance of the molten slag, to vary
the open-circuit voltage of the power source of the electroslag remelting furnace for non-metallic materials by 40+5 V, which ensured a
change in current during the remelting process of up to 30010 amperes, and, correspondingly, a change in the slag bath temperature within

the required range of 1773°K+100°K.

Table 1.: Characteristics of the waste combustion and melting process

No Type of waste Characteristics of the waste combustion and Note
melting process
1 Vegetables: potatoes, | Instantly melted, without release of | Mainly in small separate
tomatoes, watermelons, | combustion products portions in the form of
eggplants, melons, shavings
cucumbers, beans
2 Paper Initially, with combustion, accompanied by the | Crumpled
release of a correspondingly small quantity of
3 Plastic combustion products, after which it melted. At | Inacompressed state
this point, the release of combustion products
ceased completely
4 Baby hygiene diaper Instantly melted, without release of | Ina used state
combustion gases
5 Paper mixed with other | Combustion with instantaneous melting, with | With vegetable wastes
wastes minimal release of combustion products
6 Plastic mixed with other | Instantaneous melting, with minimal release of | With vegetable wastes
wastes combustion products

4. CONCLUSIONS

1. The proposed waste recycling furnace, as can be seen
from the characteristics of the remelting process, is more promising
than other types of furnaces currently used for the same purpose,
including plasma furnaces.

2. In the furnace we proposed, the melting of waste is
possible without combustion, which practically eliminates
environmental pollution by combustion gases.

3. According to the method for calculating the current
required for the electroslag remelting of non-metallic materials, the
selected power source of the furnace ensures the required
magnitude of the slag bath temperature and the required range of
regulation
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Abstract. Three different types of combustion chambers for a gas turbine generator are discussed. The advantage of a hybrid gas turbine
generator with one main and four co-cell combustion chambers is presented. The data from the experiment to be conducted on it are
analyzed, and the issues of selecting an electric generator for a gas turbine generator using a simplified method are shown.
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1. Introduction

A gas turbine generator is a heat-and-power installation in
which fuel gases serve as the primary source for electricity
generation. It consists of the following main components: pulse-
action combustion chambers, a gas turbine, and an electric
generator.

The use of pulse-action combustion chambers enables a
simpler gas turbine generator design.

In gas turbine generators, the combustion chamber is the
primary component under study, and research should focus on
maximizing the force exerted on the gas turbine blades by the flow
of combustion gases produced in the combustion chamber.

Numerous studies and patents [1], [2] have been devoted to
the development of gas turbine generators for various applications
to increase their efficiency and power output. Based on an analysis
of these works and our own research, we have developed three
combustion chamber designs that differ in both construction and
operating principle.

The first design (Fig. 1) is characterized by its simplicity. It
consists of a cylindrical housing with a base and a lid. A spark
igniter for initiating combustion of the fuel-air mixture is mounted
in the base. Its operating principle is as follows. After the
combustion chamber is filled with the fuel-air mixture, the lid is
opened simultaneously with ignition by the spark igniter. The
resulting high-pressure combustion gases are directed toward the
gas turbine blades, where they generate the torque required to drive
both the turbine and the electric generator mounted on its shaft. The
coordinated operation of multiple combustion chambers acting on
the turbine blades maintains the generator rotor at its nominal
operating speed, thereby enabling continuous electricity generation.

The second design (Fig. 2) is more complex and consists of a
combustion chamber with outer and inner cells. It can operate with
three gaseous fuels having different combustion characteristics,
such as propane, methane, and acetylene, which may be supplied
individually, in pairs, or simultaneously as the energy source for the
gas turbine generator [3]. Each fuel can be ignited independently, or
one fuel can be ignited first, followed by sequential or simultaneous
ignition of the remaining fuels.

The third and most advanced design is a combustion chamber
with one main cell and four additional cells [3]. In this
configuration, the combustion gas flows generated sequentially in
the main cell and the four additional cells reinforce one another,
thereby increasing the power output of the gas turbine generator.
The power output can be further enhanced by operating the gas
turbine generator in a novel water-cooling mode.

In the hybrid operating mode, in addition to the fuel gas
supplied to each cell, a pressurized water jet is injected into the
main cell. The combined action of the combustion gases and the
water jet on the turbine blades increases the force acting on the
blades, thereby increasing the power output of the gas turbine
generator.

2. Conditions for conducting the experiment

Propane was used as the fuel gas in the experiment. In the
new operating mode, a water jet was used together with propane in
the gas turbine generator. It was directed towards the gas turbine
blades from the main cell of the combustion chamber.
Simultaneously, the remaining cells were being filled with a
propane-air mixture and ignited. After the cells were filled with fuel
gas and before ignition, the water jet supply was cut off, along with
the fuel gas supply. The water jet and the flue gas jets produced by
the explosion in the cells struck the gas turbine blade almost
simultaneously.

Experiments were also conducted in the same multi-
chamber combustion chamber using propane fuel without water-jet
injection. In this experiment, the combustion chamber was supplied
with a pre-dosed propane-air mixture.

The force caused by the simultaneous action of the
combustion gas and water jets, produced by the explosion of the
fuel gas, on the gas turbine blade was measured using an inductive
sensor [4].

Table 1.
# | Propane Force acting per unit area, depending on the type of
content combustion chamber
in its With a Double-cell With one | Propane and
mixture | single cell with a main cell | water, when
with (kgf) common wall | and four | suppliedin
air, % (kgf) additional | combination
cells (kgf)
(kgf)
115 5,0 9,0 20 30
2|8 7,0 13,0 29 41
3112 35 8,0 15 27
4115 2,0 5,0 9,0 18
5118 1,0 2,0 7,5 8,5
6120 0,5 1,0 3,0 55
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Fig.1. Layout diagram of four combustion chambers relative to
the gas turbine blades
1 — combustion chamber; 2 — exhaust gas flow; 3 — gas turbine
blade; 4 — gas turbine.
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Fig. 2. Combustion chamber with cells

1 — internal combustion cell; 2 — external combustion cell; 3, 4, 5 —
mixture supply valve; 6, 7 — ignition valve; 8 — chamber connecting
valves; 9 — nozzle; 10 — lid; 11 — water plug.

Fig. 3. Scheme of a combustion chamber with one main and
four auxiliary cells.

1 —main cell; 2, 3, 4, 5 — auxiliary cells; 6 — nozzle; - 7, 8,9, 10 —
fuel gas inlet valves,

11 — water jet inlet valves, 12 — spark supply valve, 13 — gas turbine
valve

3. Calculations and analysis of experiments

The experimental data presented in Table 1 for different
combustion chambers clearly demonstrate the advantage of the so-
called combustion chamber with one main and four auxiliary cells.
In this case, the maximum value of the force acting on the gas
turbine blade reaches 41 kgf, whereas the corresponding value for
the single-cell combustion chamber is only 7 kgf. At the same time,
in all cases the propane concentration relative to air in each
chamber is the same and reaches 8%. It should be noted that the
combustion chambers presented in each experiment have chambers
of the same volume. The difference in the forces acting on the gas
turbine blade for the first three combustion chamber designs (7, 13,
and 29 kgf) is attributed to the different amounts of fuel involved in
the combustion process, which result from the different numbers of
cells used in each design.

In the case of the combustion chamber with one main and
four auxiliary cells, the significant increase in the force acting on
the turbine blade (up to 29 kgf) compared to the first combustion
chamber (7 kgf) should be caused, together with the increase in
volume, by the mutual reinforcement of the flows generated in
individual chambers, in the case of simultaneous progression of the
combustion process [5].

The further increase (up to 41 kgf) in the force acting on
the gas turbine blade in the combustion chamber of the gas turbine
generator is caused not only by the mutual reinforcement of the
combustion flows, but also by the action of the water jet directed

from the main chamber toward the gas turbine blade. Along with
the increase in this force, the capacity of the electricity generated by
the gas turbine generator should also increase. To determine and
analyze this capacity, a simplified calculation method developed by
the authors is presented.

This method is based on the general scheme adopted in
engineering practice for calculating electric generators and
electrical machines in general [6]. It consists in preliminarily
selecting, based on practical experience and for our case, a specific
generator with a power presumably suitable for the task. Based on
the type of its magnetic core, dimensions, and other electrical
parameters (Table 2), we determine the braking electromagnetic
force Fe, acting on the rotor when operating in the mode
characteristic of the nominal regime. This force is compared with
the mechanical force Fe, acting on the gas turbine blade, directed
opposite to this force. In our case, this force is Fec, = 41 kgf.

If Fem. < Frecn, then we consider that a generator of the
required power has been correctly selected for the gas-turbine
generator. For the calculation, the DC generator GSG-500 of the so-
called PSG-500 converter, used in arc welding, was chosen as a
similar prototype. In the converter, the drive of the electric
generator is an asynchronous motor. In our case, the drive of the
generator is a gas turbine, which is set into rotational motion by the
flow of combustion gases produced by the explosive combustion of
fuel gas in the combustion chamber.

Table 2
Specifications of the direct current (DC) generator used in the
calculation

# Generator Unite of | Value
characteristics measurement

1 Rated current Ampere 500

2 Current range Ampere 60-500

3 Rated voltage Volt 230

4 Operating voltage Volt 40

5 Length of the armature | Meter 0,8
magnetic core

6 External resistance of the | Ohm -
generator

7 Displacement velocity of | rpm 300
the armature winding
conductor

8 Number of slots on the | Pieces 56
armature

9 Number of conductors per | Pieces 2
slot

10 Internal resistance of the | Ohm 0,4
generator

11 | Type of winding - Loop-

shaped

12 | Resistance of the | Ohm 115
excitation winding

13 Armature’s diameter Meter 0,6

Based on the generator’s rated speed (n), the magnitude of the
electromotive force (e) induced in the winding conductor can be
calculated. To perform this calculation, it is also necessary to know
the diameter of the generator armature’s magnetic core (D) and the
active length of the conductor (L). Using these parameters, the
velocity of the generator armature winding conductor’s
displacement within the magnetic field created by the excitation
winding can be calculated.

V=m-D-n=3,14-0,6 - 5=9,4 ms, €))

where n’ is the number of revolutions of the armature per second
n'= n/60=300/60=5 rev/s
)
The armature magnetic core is made of electrical steel
3310 [7], for which the maximum permissible value of magnetic
induction is
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B=1,2 tesla ?3)

The electromotive force [8] induced in one conductor of the
generator armature

e=B-L-V=1,2-0,8-0,9=9 V 4)
The armature magnetic core has 56 slots.
The conductors placed in them are connected, two ends each, to
two collector plates, with which two brushes of the traverse
simultaneously make contact; the consumer is connected to the
latter; therefore, the number of conductors in the windings is as
follows:

nw=2/2=56/2=28 conductors (5)
The total electromotive force induced in the winding
ey =mn,e=28-9=252V (6)
The generator’s excitation current
Us 230
Iexc =ex_c=E= 2Amp
()
The current flowing through the generator armature magnetic core
Py 3500
Iarm = E = ﬁ ~ 140 Amp

The retarding electromagnetic force acting on the conductors of the
armature winding
Fer=B-L-I;n=1,2-0,8 - 14,0=13,4 newtons (8)

The total retarding force acting on the armature winding
YFem= FemNy =13,4:28=375,2 newtons
)

The mechanical power generated by one combustion cell
Prmech= Fmech' V= 419,4=385,4 kgf
(10)

The electric generator proposed for the gas-turbine power-
generating device is designed to operate at a rotational speed of n =
3000 rpm

The selected generator operates at 300 rpm; therefore, the
operating speed is reduced by a factor of 10 relative to the rated
speed.

The retarding power at the reduced rotational speed

Pom = 75 (€5 " lam ) = 75252 - 140 = 3528 watts.
(11)

Comparing expressions (10) and (11), it follows that
during the operation of the generator, the following condition for
overcoming the retarding force holds:

[Pinech=385,4]> [P.=352,8], (12)

which indicates the simultaneous operation of the combustion
chambers of the gas-turbine device made with the proposed
combustion cells.
That is, when the proposed combustion chamber with one main and
four additional cells is operating in mixed mode, in particular, when
a water jet is supplied to the main cell while propane combustion is
taking place under optimal conditions in all five cells, it is possible
to generate a power of 3.5 kW. In this case, the generator’s load
current amounts to approximately 90 A.

4. Conclusions
1. Based on the analysis of gas-turbine installations, devices, and
gas-turbine generators in general, a new original design of
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combustion chambers with one main cell
accompanying cells is proposed.

2. Experiments and calculations confirm that the original
combustion chamber proposed for the gas-turbine generator makes
it possible to increase the amount of electrical energy generated
significantly.

3. With one combustion chamber, given proper selection of cell
dimensions, the new gas-turbine generator can generate electrical

energy with a power of 3.5 kW.

and multiple
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Utilization of powder forging technology for the design of hypercompositional structures
from powders of various heat-resistant materials

Tolochyna O. V., Bagliuk G. A., Kyryliuk Y. S., Kyryliuk S. F., Yevych Ya. ., Okun I. Yu., Tolochyn O. 1.,
Frantsevich Institute for Problems of Materials Science National Academy of Science of Ukraine
E-mail: g.bagliuk@ipms.kyiv.ua

Abstract: This study evaluates the applicability of Powder Forging for producing hypercompositional structures from heat-resistant powders
based on Inconel 625, ZhS6U, and CoCrAlY alloys. One-step forging and triple forging at 1150 °C were examined to determine their
influence on densification, prior particle boundary elimination, microstructural evolution, and high-temperature mechanical behaviour.
Triple forging markedly improved interparticle bonding, reduced structural defects, and enabled the formation of dense composite
architectures with statistically distributed constituents. The Inconel 625-ZhS6U and Inconel 625-CoCrAlY systems demonstrated high yield
strength over a broad temperature range and exhibited anomalous strengthening at elevated temperatures, attributed to dynamic strain aging
and phase redistribution. The results confirm that Powder Forging is a promising thermomechanical route for designing advanced heat-
resistant powder composites for aerospace hot-section applications.

Keywords: POWDER FORGING, NICKEL-BASED SUPERALLOYS, STRUCTURE, STRENGTH

1. Introduction correlation between triple forging parameters and structural
homogeneity is still a subject of ongoing debate.
Nickel-based superalloys are indispensable materials for key To address this gap, is to model the distribution of flow

components in modern aerospace engines and industrial gas  deformation characteristics and porosity changes during hot powder
turbines due to their outstanding creep resistance, high-temperature ~ forging, alongside developing thermomechanical ~processing
strength, and excellent oxidation resistance. In aircraft and  regimes for the Ni-based superalloy powder alloy. This study
unmanned aerial vehicles (UAVSs), the performance of the power investigates the microstructural evolution and material behaviour at
unit is strictly determined by hot section structures, such as turbine ~ €ach forging stage to achieve an optimal set of mechanical
blades, disks, and nozzles, which withstand enormous thermal and ~ Properties over a wide temperature range, providing practical
mechanical loads [1-6]. To maximize thermal efficiency and guidelines for optimizing industrial forging processes of advanced
minimize fuel consumption, turbine designs aim to reduce weight  Superalloys.

while ensuring the highest possible operating temperatures.

Ni-based alloys, particularly various modifications of Inconel 2. Materials and experimental procedure
alloys, are widely used in aircraft engines due to their relative
affordability and efficiency [6-9]. However, in the cast state, these Spherical powders of the nickel-based superalloys

alloys tend to develop dendritic structures and segregation zones.

While conventional casting-deformation technologies are lengthy ~
and costly, alternative approaches like additive manufacturing (AM) electrode process (PREP), as well as powder of the cobalt

still require significant post-processing to eliminate low based heat-_reswtant alloy Co-22.3_(?r-19.8A|-0.35Y (Wt'%)'
metallurgy methods, hot pressure processing is gaining traction ~ behavior of the Inconel 625 and ZhS6U powder alloys, as
because it avoids residual porosity [13-17]. Specifically, dynamic ~ well as powder mixtures of Inconel 625 — 50 vol.% ZhS6U
hot deformation methods allow the production of highly dense and Inconel 625 — 50 vol.% Co0-22.3Cr-10.8Al-0.35Y, were
samples with a homogeneous fine-grained structure at relatively low investigated. The superalloy powders were blended in a 3D
temperatures. Furthermore, powder metallurgy opens up unique  mixer for 3 h. The required amounts of the heat-resistant
possibilities for tailoring material properties through multi-scale alloy powders were loaded into a cylindrical steel container,

structural modifications. On one hand, it allows the design of . -
advanced hybrid materials by blending different superalloy powders followed by hermetic compaction at a pressure of 450 MPa

(e.g., combining Inconel with high-performance ZhS-type alloys) to (Fig. 1).

optimize the chemical composition and y/y" phase balance. On the

other hand, this approach facilitates the incorporation of secondary Steel container filled with superalloy powders
temperatures, and boosts the overall high-temperature mechanical

response beyond the limitations of conventional single-component

developing a powder technology known as Direct Powder Forging 1
(DPF) [21-25]. Within this method, the desired product shape is ¥

formed during the cold and hot deformation of powders, and the ¥

required final structure is achieved by optimal thermomechanical —

Inconel 625 and ZhS6U, produced by the plasma rotating

strengthening phases, such as nano-sized oxides or hard carbide
particles, into the matrix. Such combined reinforcement effectively R
pins grain boundaries, suppresses grain growth at ultra-high Q
alloys. [18-20]. J

As an alternative to AM technology, the Frantsevich Institute Samples after Forging
for Problems of Materials Science (NAS of Ukraine) has been

treatment (TMT). Generally, direct powder forging (DPF) Fig. 1. Steel container with superalloy powders before
techniques are highly effective for grain refinement and controlling and after processing by the DPF scheme.
phase precipitation, suppressing grain growth, and promoting the The  prepared powder-filled  containers  were

uniform distribution of strengthening phases (such as y or . .
vy’ precipitates). However, implementing a multiple DPF method on subsequently forged using an FB1732 screw press with a

highly alloyed, heat-resistant superalloys often introduces complex nominal force of 1.6 MN and a_kinetic energy of the moving
deformation mechanisms, including  localized shear banding, ~ Parts at the end of the acceleration stroke of at least 6.18 kJ.

mechanical twinning, and dynamic recrystallization. The exact ~ The punch speed during compaction was 0.35 m/min.
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Forging was performed in a semi-closed die with an upper
flash. For the Inconel 625 and ZhS6U alloys, the
densification and deformation behaviour of the powder
compacts were investigated under single-pass and three-pass
forging at 1150 °C. Based on the deformation data obtained
for Inconel 625 and ZhS6U, thermomechanical processing of
the Inconel 625 — 50 vol.% ZhS6U and Inconel 625 — 50
vol.% Co0-22.3Cr-10.8Al-0.35Y powder mixtures was
subsequently investigated at 1150 °C using a three-pass
forging schedule (Fig.2).

| One-step forging | | Two-step forging | | Triple forging |

Fig. 2. Schematic of multlple forglng of a heat-resistant
alloy using the DPF method.

The specimens were heated by immersing them in a
furnace preheated to the required temperature under an argon
atmosphere and holding them at this temperature for 20 min.
After forging, conical specimens with a flash diameter of 42
mm and a height of 9 mm were obtained (Fig.1). For the
multiple-forging procedure, the conical specimen obtained
after the first deformation step was machined to a cylindrical
shape, rotated by 180° and subjected to the second
deformation step until a height of 11 mm was reached. The
third and final deformation step was performed according to
the same procedure. The material structure was examined
using a JEOL Superprobe-733 and Tescan Vega 3 scanning
electron microscopes. Compressive strength was measured
on samples of 5x3x3 mm at temperatures of 20 and 750 °C
using a UTM-100 universal testing machine.

3. Results and discussion

The DPF technology involves structural evolution
through the localization of deformation in the region of
interparticle boundaries. As a result, two important structural
transformations are achieved: (1) recrystallization of
interparticle boundaries in the contact regions and (Il) the
formation of an ultrafine-grained structure through the
dynamic recrystallization (DRX) mechanism. Previous
studies [24, 25] demonstrated that DRX indeed initiates in
the boundary regions during a single forging operation;
however, relatively high residual porosity and crack-like
defects remain at the triple junctions of particles. To
eliminate these structural defects, an advanced DPF
technology involving three consecutive forging operations
was proposed. Microstructural investigations and mechanical
testing showed that interparticle fracture was eliminated after
triple forging, although the yield strength decreased slightly
due to grain growth. This technology also enables the
fabrication of complex powder composites from different
types of starting powders.

Fig. 3 presents the results of mechanical testing of
ZhS6U and Inconel 625 alloys after forging at 1150 °C using
one and three deformation steps. As expected, the yield
strength of both alloys was higher after a one - step forging
operation than after triple forging.
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Fig. 3. Yield stress versus temperature for (a) ZhS6U and (b)
Inconel 625 after different forging conditions.

Microstructural analysis shows that a large number of
planar defects remain after one-step forging (Fig. 4a, 5a).
Agglomerates of impurities, carbide particles, and Y’
precipitates are predominantly concentrated along the prior
particle boundaries (PPBs), as shown in Fig. 4a. The fracture
mode for both ZhS6U and Inconel 625 is interparticle (Figs.
4b, 5b). A distinctive feature of the processing of the ZhS6U
alloy is that deformation is performed below the solvus
temperature, and the strengthening y' precipitates remain
within the matrix. In contrast, Inconel 625 is processed above
the solvus temperature, at which the strengthening vy”
precipitates dissolve into the matrix, while the carbide
particles remain. After triple forging, an increase in grain size
is observed; however, the interparticle boundaries are almost
completely eliminated (Figs. 4c, 5c). Repeated deformation
breaks up the initial interparticle boundaries and promotes a
more uniform distribution of second-phase particles
throughout the matrix, although small localized clusters and
some larger individual particles still remain. The fracture
mode changes to transcrystalline fracture (Figs. 4d, 5d).

ZhS6U, DPF at 1150°C
(one-step forging)

ZhS6U, DPF at 1150°C
(triple forging)

Fig. 4. Microstructure (a, ¢) and fracture surface (b, d) of
ZhS6U powder alloy after deformation processing at a
temperature of 1150°C.
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Inconel 625 + ZhS6U, DPF at 1150 °C
(triple forging)

e

1 inconel 625, DPF at 1100°C  [§'7
(one-step forging) ‘

Fig. 7. Structure of Inconel 625-ZhS6U powder alloy
after deformation processing at temperature 1150°C (general
view and high-magnification image showing grain
boundaries).

Inconel 625, DPF at 1100 °C
(triple forging)

Figure 6b presents the results of mechanical testing of the
Inconel 625 — 50 vol.% Co0-22.3Cr-10.8Al-0.35Y powder
composite. The mechanical properties are also comparable to
those of the best high-temperature superalloys. At room
temperature, the yield strength reaches 1200 MPa and
remains at approximately 1000 MPa up to 600 °C, followed
by a decrease to 650 MPa at 700 °C. However, the yield
strength increases again to 800 MPa at 750 °C (Fig. 6b). This
anomalous temperature dependence of the yield strength can

For the alloy consisting of 50% ZhS6U and 50% Inconel be_ attributed to th_e ch_aracteristics of the dynamic strain
625, the mechanical testing results (Fig. 6a) after triple  29ind (DSA) effectin this temperature range.
forging demonstrated a room-temperature yield strength Microstructural analysis shows that, in addition to the
comparable to that of the stronger ZhS6U alloy, reaching two structural constituents charact_erlstlc of_ gach component
approximately 1000 MPa. With increasing temperature to ~ Of the composite, a relatively wide transition zone forms
500 °C, the yield strength decreased to approximately 700 bgtwe_en the d|SS|_rn|Iar powder_ partlcle§ as a rgsult of the
MPa, which may be associated with the softening effects dlff_usmn of alloying elements into the mte_rpartlcle contact
characteristic of Inconel 625. However, at higher ~ regions (Fig. 8a). Although no crack-like defects are
temperatures, an anomalous temperature dependence of the observed in the_m_l_crostructure, thg fracture path reflects the
yield strength was observed, with the yield strength st'ructure qf the initial powder particles, apparently due.to the
increasing to approximately 950 MPa at 750 °C. This hlgher l?rlttlene_ss Of_ the f-phase (CoAl) formed in the
behaviour may be related to the dynamic strain aging (DSA)  interparticle region (Fig. 8b).
mechanism, which is characteristic of Inconel 625 in this

temperatu re range. Inconel 625 +CoCrAlY, DPF at 1150 °C
(triple forging)

Fig. 5. Microstructure (a, ¢) and fracture surface(b, d) of
Inconel 625 powder alloy after deformation processing at a
temperature of 1150°C.

1200

g
=]

Inconel 625 - CoCrAlY

g 8 8§

Yield stress, MPa

10 pm }"bv“‘i - ')\u . 10 pm

Fig. 8. Microstructure (a) and fracture surface(b) of
Inconel 625-CoCrAlY powder alloy after deformation
processing at a temperature of 1150°C.

0 100 200 300 400 500 600 700 800
Temperature, °C

0 100 200 300 400 500 600 700 800
Temperature, °C

Fig. 6. Yield stress versus temperature for (a) Inconel
625-ZhS6U and (b) Inconel 625 — CoCrAlY powder alloy

after different forging conditions. Thus, DPF technology enables the development of

advanced heat-resistant materials by designing hyper-
composites comprising constituents of different heat-resistant
powder alloys.

No evidence of planar defects is observed at the
boundaries between the Inconel 625 and ZhS6U powder
particles (Fig. 7). Considering the high deformation rate of
10 s, the structure does not have sufficient time to become
homogenized through diffusion. The resulting alloy can be
considered a hyper-composite with a statistically distributed
structure and sufficient connectivity of each structural
constituent. Under optimized deformation conditions, this
approach enables the structure and properties to be tailored
by exploiting the beneficial contributions of the individual
structural constituents.

4. Conclusions

Implementation of multiple Direct Powder Forging (DPF)
at 1150 °C successfully ensures enhanced consolidation,
structural homogenization, and tailored mechanical
performance in advanced powder-derived nickel-based
systems. Microstructural analysis confirms that shifting from
single-step to three-pass forging effectively disrupts prior
particle boundaries (PPBs) and accelerates pore closure,
yielding highly dense matrices with well-bonded interfaces
for both the individual alloys (ZhS6U, Inconel 625) and their
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blended mixtures (Inconel 625 ZhS6U/CoCrAlY).
Mechanical evaluations over a wide temperature range reveal
that triple forging consistently induces a softening effect
(through coarsening of the microstructure and redistribution
of the strengthening phase), compared to one-step forging,
resulting in increased material ductility. Furthermore, the
powder composites after triple forging demonstrate distinct
anomalous high-temperature strengthening peaks between
600 °C and 750°C driven by dynamic aging and phase
redistribution. These findings provide critical guidelines for
optimizing multi-directional hot deformation regimes to
fabricate highly efficient, heat-resistant components for
aerospace structures. DPF technology expands the
possibilities for developing heat-resistant materials through
the design of hyper-composites comprising constituents of
different heat-resistant powder alloys.
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Tolerance treatment of sliding pairs and repeatability in assembly
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Abstract: The basic prerequisite for trouble-free assembly of moving structures is that the assembled structure has as many degrees of
freedom as its function requires. In practice, we often encounter cases of statically overdetermined pairs. Designers often use them to
increase the rigidity of products. This article describes a way to mitigate the consequences of problematic assembly in sliding pairs, which
are often statically overdetermined. The article also addresses an important problem in assembly, which is repeated assembly accuracy,
especially when designing assembly lines and automated and robotic systems.

Keywords: ASSEMBLY, KINEMATIC PAIRS, TOLERATION, REPEATED PRECISION

Figure 3c is the best illustration of trouble-free assembly: there
are two rotary-sliding couples (four-point) on one shaft, and a one-
In practice, the cases of statically redetermined couples are  point couple on the other one (touches the left or the right side).
often encountered. The designers like using them to enhance Such a structure is statically redetermined but definite, which may
rigidity of the product. A typical example is a ball bearing, which ~ assure completely trouble-free assembly.
should theoretically have the maximum of three balls, but it has
more of them in order to increase their toughness.

1. Introduction

1 - Holes
2 -Pins

2. Statics in assembly

Figure 1 illustrates a hydraulic press that is statically redetermined.
When the support moves on two cylinders, the couple is clearly
statically redetermined, as shown in the Griibler - Valentovi¢
equation [1, 2], according to which the number of degrees of
freedom is minus two.

l

| I

! '

| I

| | |

| | is=(6n - 6)- Lk

| | N ii=(62-6)-8=-2
+ ideal —I_
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Conditions:
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(€D )luix = (€D Y2min
along the distance “H” b
objective b i = (6n - 6) - Tk

i, = (6.2-6)(4.9)

Fig.1: Toleration treatment of statically redetermined movable couples L=-10 ()
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There are more conditions for trouble-free assembly regarding
the fact that the couples are not parallel but concurrent or even Fig.2: Assemblability of statically redetermined unmovable couples. a, b —
skewed. In such circumstances, the couple must have gaps enabling dimension method, ¢ — number of degrees of freedom, d — assemblability
smooth assembly even despite non-parallelism of the couple, which ~ ¢Neck
in turn partially decreases toughness.

Figure 3 shows a different method of mitigating the
consequences of troublesome assembly of very frequent sliding
couples which are generally statically redetermined. The couple

This concerns also a flanged bond, e.g. the bond of white and depicted in Figure 3a is evidently statically redetermined; the
black flanges with four pins (Figure 2a). It is desirable to label both consequences may be mitigated when first assembling the sliding
parts in order to enable assembly in any case (trouble-free  workbench with rods and then connecting them to the base (Figure
assembly). 3b).

It is often necessary to bond two elements (Figure 1) which
apparently form a statically redetermined kinematic couple.

Figure 3 shows a different method of mitigating the Figure 3c is the best illustration of trouble-free assembly: there
consequences of troublesome assembly of very frequent sliding are two rotary-sliding couples (four-point) on one shaft, and a one-
couples which are generally statically redetermined. The couple point couple on the other one (touches the left or the right side).
depicted in Figure 3a is evidently statically redetermined; the Such a structure is statically redetermined but definite, which may
consequences may be mitigated when first assembling the sliding assure completely trouble-free assembly.
workbench with rods and then connecting them to the base (Figure

3b) If high accuracy in the product is not needed, so called

extenders of gaps can be used. The principle is shown in Figure 4.
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Fig.3: Assemblability of movable couples [3]. a — statically redetermined
structure, b — gradual assembly of statically redetermined structure, ¢ —
statically determined structure (trouble-free assembly).
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Fig.4 Assemblability of movable couples. Demands for precision will
decrease when using extenders of gaps.1 — frame, 2 — screws, 3 — extenders,
4 —bench.

3. Statics repeated precision of assembly

A very important issue in assembly is repeated accuracy,
especially when constructing assembly lines (Figure 5).

| E 3
g B !
'y | |
L
d k] pin
d - hole
_ 8
Supply Ek il §
[~ 1
4 A f===
’ \j’ |§\\\\\
Hirwtd, © 3
[ \
Robot =] 8
B y
clamp a
Ek
Ed
Rdmin = Ed + Ek+ Rkmax b
-
VLT
c ALY N d

Fig.5 Repeated accuracy of the robot and clamp increases the probability of
the insertion of pin into hole [4], a — robot and clamp, b — conditions of
insertion, ¢ — chamfers improve probability of insertion, d — vibration
improves probability of insertion.
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Inaccuracy of the robot inserting the pin into the hole may cause
the inaccuracy of the hole location in the gripper, which may
prevent a successful insertion of the pin into the hole (Figure 5a).

This may be due to the reasons described below [4]. The first
reason for the failure of assembly is that a robot collecting pins
from the palette has a certain repetitive accuracy (uncertainty) of
positioning, i.e. when inserting the pins, their spikes are not
positioned to the same point (position), but make a circle of
eccentricity “Ek” (Figure 5a).

Another reason for the failure of assembly is that the center of
the hole is not in the same place with respect to the frame of the
machine, but may be in a different place in each clamp, which is
due to inaccuracy of the gripper and clamp, and sometimes also due
to inaccurate contours of the part in the clamp (Figure 5a).

The issue poses a problem since the two causes may be
combined (inaccuracies may increase by mutual summation) and it
can be easily proved (Figure 5b) that to insert a pin by the radius
Rimax into the hole, the radius of the hole must be:

Ramin = Eq + Ex + Rimax [mm]

@
where:

Ramin — Minimum radius of opening [mm],
Eq4 — eccentricity of opening [mm],

Ex — eccentricity of pin [mm],

Rimax — maximum radius of pin [mm].

From experience it is known that such assembly requires a
disproportionately large gap between the pin and the hole. This can
be eliminated by using the maximum chamfer of both components
(Figure 5c) and then trying to insert the pin into the hole by utilising
flexibility.

Another option is a little more complicated: the pin is placed
next to the hole and then oscillatory motions are performed until
success is achieved, under some pressure, to capture the pin into the
hole (Figure 5d).

4. Conclusion

Online references will be linked to their original source, only if
possible. To enable this linking extra care should be taken when
preparing reference lists.

The above-mentioned suggests that the shorter and of better
quality the line, the lower the values of Ek and Ed. As illustrated in
Figure 5b, assembly will be trouble-free under the following
condition:

Ramin = Eq + Ex + RKpax [mm] (2
or for the diameters:

(Ddmin)/2 = Ed + EK + (0Kma)/2

Odpin = 2E4 + 2B + Okpnax  [Mmm] ©)

After supplying particular values, e.g. Okma = 40.1 mm, Ey =
0.2 mm, Eg=0.1mm:
Odmin = 0.2 + 0.4 +40.1 = 40.7 [mm]

Such a large gap (0.7 mm) cannot be accepted; the diameter of
the hole will be therefore reduced. From experience it is known that
the gaps between pin and hole will be disproportionately large in
such assembly.

The gap can be eliminated by using the maximum chamfer of
both parts (Figure 5¢) and then applying flexibility to insert the pin
into the hole.

Another option is a little more complicated: the pin is placed
next to the hole and then oscillatory motions are performed until
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success is achieved, under some pressure, to capture the pin into the
hole (Figure 5d).

The machine to carry out such operations must be fitted with
artificial sight and feeling. Such systems are very complex.
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Investigation of the causes of corrosion of drinking water supply steel pipes

Kandrotaité Janutiené Rasa, Mazeika Darius
Faculty of Mechanical Engineering and Design — Kaunas University of Technology, Lithuania
E-mail: raskand@ktu.lt, darius.mazeika@ktu.lt

Abstract: Galvanized steel pipes have long been widely used in drinking water supply systems due to the zinc coating that protects the
steel from corrosion. However, during operation, especially when hot water is supplied, the zinc protective layer gradually breaks down,
especially if there are galvanic pores in the pipeline or stray electric currents are generated in the pipeline. If the zinc coating is damaged,
the steel base begins to corrode, rust forms, the pipe wall thickness decreases and the water quality deteriorate.

In addition to internal corrosion, a significant problem is external pipe corrosion caused by condensation forming on the surface of cold-
water pipes. When the pipe surface temperature is below the dew point of the ambient air, moisture accumulates on it. Long-term wetting of
the surface, especially if the zinc coating or protective paint layer is damaged, creates favorable conditions for the development of
atmospheric corrosion. The corrosion process is further accelerated by poor indoor ventilation, high relative humidity or incorrectly
calculated insulation layer thickness.

The article will examine two corrosion situations of steel pipes for drinking water supply using metallographic, water parameter studies,
and stray current measurements.

Keywords: DRINKING WATER, MICROSTRUCTURE, STEEL PIPES, CORROSION.

1. Introduction 2. Methodology

The continued reliance on metallic materials across industrial, The microstructure of the steel of pipes was analyzed, as well as
energy, transportation, biomedical, and infrastructural sectors  the welds of the connections of pipes segments. The influence of
underscores the persistent importance of understanding and possible stray electric currents and contact of the material with
mitigating degradation phenomena that compromise structural ~ Moisture was examined, too.

integrity and operational reliability. Corrosion, wear, and fatigue Equipment used for experimental studies:

remain among the most pervasive and costly challenges associated * Portable computer oscilloscope Picoscope 2204.

with metallic systems, particularly as modern applications demand e Portable meter BK Precision LCR Meter 880.

higher performance under increasingly aggressive environmental e Laptop Dell Latitude E6420 with installed manufacturer-
and mechanical conditions. The major form of material degradation provided software for the oscilloscope Picoscope 2404.

is corrosion of metallic materials [1, 2]. e Equipment and materials for preparing samples for

Over the past four years, the authors of this article have
investigated five cases of corrosion of drinking water supply
pipelines and identified possible causes. The cases of pipeline - .
corrosion were recorded in Vilnius, the capital of Lithuania, in N!kon L Plan 2.5%/0.075, Nikon TU_ Plan Fluor 5x/0.15,
apartment  buildings and  corporate  buildings  designed Nikon TU Plan Fluor 10x/0.30, Nikon TU Plan Fluor

approximately 5-10 years ago. In this article, we will examine one 20x/0.45 and Nikon TU Plan Fluor 100x/0.90.
of these cases. The chemical composition and other properties of hot and cold-

The research site is a building in Vilnius, the capital of  water samples were examined in an accredited laboratory (see
Lithuania, where cases of advanced corrosion of pipelines have ~ Appendices). The samples were set as “drinking water” type in the
been recorded (Fig. 1). The Customer provided a cut section of the laboratory.

metallographic examination (microsections).
e Microscope Nikon Eclipse LV100ND with objectives:

chilled water (according to the Customer, up to approximately Sample preparation and testing methods:

+7°C) pipeline with obvious areas of corrosion damage and samples e Testing of the chemical composition and other properties of
of the building's hot and cold water. The cold-water sample was water samples in an accredited laboratory according to the
taken from the building's cooling pipeline; the hot water sample was standards: LST ISO  6059:1998, LST ISO

taken from the kitchen tap. 6059:1998/P:2008, LST 1SO 6058:1998, LST 1SO
- 6058:1998/P:2008, LST EN ISO 10304-1:2009, LST EN
ISO 10523:2012 (Except p. 8), LST EN 27888:1999 and
LST EN 1SO 9963-1:1999 (Except p. 8.1).
e Preparation of steel pipe microsections according to the
standard ASTM E3-11:2017 [3] (Fig. 2).
e Analysis of the obtained measurement results based on
technical literature, scientific articles (see literature list) and
standards: EN ISO 14713-1:2017 and 1SO 4967:2013 [4, 5].

Fig. 1. Corrosion-damaged section of cold-water piping in a building

The problem is that the cooling system's water supply pipes
(+7°C) are rusting, while the return (warmed) water pipes remain
Intact. . . . i Fig. 2. Samples prepared for optical microstructural analysis: pipe parts

The purpose of the research is to investigate the possible causes and welds
of corrosion of the drinking water supply pipeline.
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3. Results and Discussion

3.1. Examination of the effect of stray electric
currents on the corrosion of cold-water supply
pipeline in a building

The measurements were performed on 2026-05-04, using the
BK Precision LCR Meter 880 device for measuring the resistance,
inductance and capacitance of connecting cables, a portable
computer oscilloscope Picoscope 2204, a DELL Latitude E6420
laptop with installed software for controlling the Picoscope 2204
oscilloscope and processing the results. To measure the voltages
between different parts of the pipeline, the pipeline parts were
connected according to the scheme shown in Figure 3, a.

First, the resistance measurements of the connected cables were
performed at the pipeline installation site, selecting a measurement
frequency of 1000 Hz. After measuring the resistances of the
connecting cables, the oscilloscope was connected and voltage
measurements were performed according to the scheme provided.

| L |

I |

R1

Rs

Fig. 3. Voltage measurement in a cold-water pipeline: a — electrical circuit
connection diagram; b — voltage measurement in a cold-water pipeline,
after connecting the circuit according to the diagram a

A random result of an alternating voltage measurement is
recorded (Fig. 4). Figure 4 shows the dependence of the voltage
magnitude (y axis) over time (x axis). The time scale starts from 0,
and the 1st cell corresponds to 5 seconds. The alternating voltage
scale is shown in the interval from -50mV to +50mV, the 1st cell
corresponds to 10mV. The measured signal (blue color) is like
noise. Part of the signal is on the negative voltage side; part is on
the positive. This proves that an alternating voltage current flows
through the pipeline. The generated voltage is not of constant
magnitude, it jumps from the minimum amplitude value (Fig. 4,
black dashed lines) and the maximum (the highest peaks on the
positive and negative sides of the vertical axis).

Characteristics of the examination data provided:

Measurement type and time — units are hour and minute,
respectively.

Unin — minimum amplitude value of the measured signal.
Unax — maximum amplitude value of the measured signal
AU - difference between these values.

Rsum — Measured resistance of the electrical circuit.

f — the most frequently recurring frequency determined
during the spectrum analysis of the measured signal.

leak — calculated short-term current strength of the
measured signal.
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e Urus — RMS voltage magnitude of the measured signal.

Irws - Calculated RMS current strength of the measured

signal.
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Fig. 4. A voltage measurement lasting approximately 50 seconds was
recorded when the Picoscope 2204 portable computer oscilloscope was
connected to the cold-water supply pipeline, maintaining 1m between the
connection poles

The measurement results were carried out in equal sections
(about 1 meter between the connection poles), both the supply
(abbreviation — “P”) and the return (abbreviation — “G”) pipelines
on different floors of the building 2 (two measurements), 3 (two
measurements) and 5 (one measurement). During the measurement,
the values of the electrical signals were also included, when one
pole was connected to the supply pipeline, and the other to the
return (Abbreviation — “PG”).

The cold-water pipeline was suspended and covered with
thermal insulation materials inside the building, in the ceiling. The
cold-water pipeline structure has screw connections, welded joints
and other connecting sleeves and transitions from metal pipeline to
polymer. After processing the measurement results, considering the
electrical signal noises generated by the circuit and eliminating
them from the measurement curves, it was determined that the RMS
voltage of the alternating electric current in the cold-water pipeline
is about 0.83-1.14 mV.

On the second floor of the building, the values of the electric
current lpe and lgys of the supply and return pipelines were
calculated by applying Ohm's law and, accordingly, subtracting the
average values of unwanted noise from the U, and Ugys Signals.
The calculated short-term I current values ranged from 0.07 A to
0.08 A. Their duration is about 1 ms, and the density is 1-3 times
per 45-second measurement period. This current value affects the
melting of the metal due to the electrochemical phenomena that
occur. The calculated long-term Igys current values range from
0.005 A to 0.007 A. Based on Faraday's laws and the prevailing
calculated RMS electric currents, electrochemical phenomena occur
but considering the strength of the calculated electric current in
milliamperes and the applied frequency - the influence on the
melting of the metal will be extremely slow and practically
insignificant.

The same results were obtained and on the third and fifth floors.

In the hot water supply pipeline, it was observed that the
prevailing electric field frequencies were unstable, and the
alternating electric current ., reached up to 0.73 A, and lgms —
about 0.018 mA. The peak repetition rate was intense during the 45-
second measurement period.

3.2. Results of the study of the chemical
composition of hot and cold water and the influence
of water on corrosion of pipes

According to scientific literature, metal corrosion can be
promoted by the concentration of oxygen dissolved in water, pH,
water hardness, HCO;, CI,, SO, ion concentration, temperature
(temperature is especially influential in closed systems, then
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corrosion in steel can reach about 0.25 mm/year at 40°C, and at
80°C — ~0.5 mm/year [6, 7]) and other factors.

The chemical composition and other properties of the relevant
components of hot and cold-water samples were studied in an
accredited laboratory. The data from the chemical test protocols are
presented in Table 1. This study determined the amounts and
properties of chemical elements and compounds that may affect or
promote pipeline corrosion.

Table 1. Results of water sample testing

Analyte Result Units Allowed up
Hot water | Cold water to (HN
24:2017)
Magnesium 15 16 mg/| Not regulated
Calcium 70 10 mg/Il Not regulated
Total hardness 2.32 0.90 mmol/l Not regulated
Chloride 23 9.9 mg/Il 250.0 mg/I
pH 7.7 8.9 pHwhenT=| 65-95
20.3°C

Specific 479 137 uS/cm, when | 2500 puS/cm,
electrical T =24.8°C  |when T=20°C
conductivity
Total alkalinity 4.36 1.13 mmol/Il Not regulated
Hydrocarbonate 266 69 mg/| Not regulated

After determining the amounts of chemical elements and
compounds that may affect metal corrosion and other properties of
hot water, calculations were performed according to various
methodologies found in the literature [8-14] to find out what
properties the water flowing through the pipeline under study has
(results are presented on Table 2). The chemical properties of water
are described by such parameters as: water hardness (Ca and Mg in
water), water alkalinity (HCO; and CO; in water), Langelier index
(determining whether the water is chemically balanced, or promotes
corrosion or lime formation), Ryznar stability index (determining
whether the supplied water promotes corrosion or lime formation),
Puckorius stability index (determining whether there is a tendency
to lime formation or corrosion) and Larson index (determining
whether corrosion is promoted) (Table 3).

Table 2. The results of the calculations performed according to the
methodologies established by other scientists [8-14]

Parameter Result Tendency of pipe steel
to corrosion when
exposed to water of its
current composition
HOT WATER
Water hardness, mg 236.33 (hard) -
CaCOy/I
Water alkalinity, mg 219.21 (strongly -
CaCO4/l alkaline)
Corrosive media Langelier |0.91 No
index (LSI)
Ryznar stability index 5.89 No
(RSI)
Puckorius stability index |5.62 No
(PSI)
Larson index (Lal) 0.70 No
COLD WATER
Water hardness, mg 90.74 (medium hard) |-
CaCoy/I
Water alkalinity, mg 60.80 (moderately |-
CaCOgy/l alkaline)
Corrosive media Langelier |-0.14 Yes
index (LSI)
Ryznar stability index 9.18 Yes
(RSI)
Puckorius stability index  {10.93 Yes
(PSI)
Larson index (Lal) 23 Yes

Although the chemical analysis of cold water shows that water
is aggressive to steel pipes, when the sample was cut lengthwise, no

internal corrosion sites were visible, although the outer surface of
the pipes was damaged by corrosion (Fig. 5). The cuts were made in
the most likely places in the pipeline - at welds or when the
direction of water flow changes.

It can be stated that the intense surface corrosion was caused by
the external operating conditions of the pipeline, and the chemical
composition of the water had no influence on it.

Table 3. Limitations of Langelier, Ryznar, Puckorius and Larson
indices [8-14]

Value The influence of water composition on pipe
corrosion
Langelier index
LSI<0 Corrosion susceptibility
LSI=0 Chemical balance
LSI>0 Scaling susceptibility
Ryznar index
RSI>9 Extremely severe corrosion
7.5 <RSI Severe corrosion
7.0 <RSI Significant corrosion
6.0<RSI Slight scaling or corrosion
5.0<RSI Light scaling
4.0<RSI Heavy scaling
Puckorius index
PSI>6.5 Corrosion susceptibility
4.5<PSI<6.5 Optimal index range
PSI<4.5 Scaling susceptibility
Larson index
Lal>1.2 Severe corrosion
0.8<Lal<1.2 Significant corrosion
PSI<4.5 Does not affect the occurrence of corrosion

A. o T —— i f
Fig. 4. Corrosion-damaged parts of cold-water pipelines: a, c, e — external
surface; b, d, f— internal surface

3.3. The influence of galvanic couples on pipeline
corrosion
In the pipeline under study, several metals and alloys are

involved in the corrosion process — iron and copper alloys (brass or
bronze) (Fig.5).
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Two metals, connected to each other and surrounded by an

there any signs of corrosion. When installing the pipeline in the

electrolyte (water), form a galvanic couple (an electric current
begins to flow between them) [15]. One of them will begin to
dissolve (become the anode) at the expense of the other metal
(become the cathode). The one whose electrode potential is more
negative will become the anode. In the iron-copper pair, iron (the
basis of steel and cast-iron alloys) will dissolve, since its potential is
more positive. The influence of the galvanic couple on the
occurrence of corrosion is easily observed in Fig. 5, where copper
alloy components (valve, transition, etc.) are connected to a steel
pipe. Corrosion has severely damaged the steel (iron alloy) pipe.
Standard EN 1SO 14713-1 states that a bimetallic (two different
metal alloys) connection is possible, but on condition that the
structural elements are isolated from each other, i.e. do not come
into contact. Bimetallic corrosion is particularly harmful in flowing
water. The standard provides levels of bimetallic corrosion
depending on the operating environment: a (weakest), b, ¢ and d
(most intense). In a couple of steel pipes with copper in fresh water,
corrosion is assessed from b to c, i.e. from medium to quite intense.

Fig. 5. Corrosion in the presence of a galvanic couple of dissimilar metals

3.4. Metallographic examination of steel pipe
specimens used for cold water supply

Samples for metallographic examination were cut from the
serviced pipe. The selected locations for the samples were weld
seams, corrosion-damaged areas and the least corrosion-damaged
areas.

The samples were mounted in resin, ground and polished. The
polished samples were examined for non-metallic inclusions. Non-
metallic inclusions were found to be 1-2 score (according to 1SO
4967 [5]) (Fig. 6), and most of the oxides were found. In the
mentioned standard, the cleanest steel from non-metallic inclusions
is marked with a score of 1. Steel heavily contaminated with non-
metallic inclusions (oxides, sulfides, silicates, etc.) is less resistant
to corrosion, with poorer mechanical properties. In this case, the
steel is sufficiently clean from non-metallic inclusions, only a small
amount of fine spherical oxides was observed.

=

Oxides \ Oxides
iy e
a b

Fig. 6. Non-metallic inclusions were detected in the microstructure of the
tested pipe samples: a, b — oxides, small black spherical particles

The polished samples were etched with a 3% HNO; solution in
ethyl alcohol to reveal the metal structure and the heat-affected zone
during welding. The microstructure of the weld seam of the etched
sample is presented in Fig. 7. No defects were observed in the metal
layers of the weld seams made during pipe production, nor were
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building, individual pipe parts were connected by welding. In the
part of the pipeline provided by the Customer, no corrosion damage
was observed in the weld seams of the joints (Fig. 7, a, b, c). It
should be noted that weld seams are by their nature more prone to
corrosion due to the higher density of defects in the metal structure
(which is inevitable and natural) and the possibility of non-metallic
compounds entering during welding.

No corrosion-damaged areas were observed on the inner
surfaces of the pipes, or only very minor sites were found.
Meanwhile, a few developing corrosion-damaged sites were found
on the outer surface under the paint film (Fig. 7 d, e, f).

1000 ym

Corrosion
under paint
film

1000 pm
d
*  Corrosion
under paint
Corfosion"
under paint

film . :

f
Fig. 7. Metallographic examination of samples cut from an operational
pipeline: a, b. ¢ — no corrosion was observed in the welds (arrows indicate
the most likely places for corrosion to occur), d, e and f — corrosion sites
under the paint film on the outer surface of the pipeline

4. Conclusions

* The calculated electric currents Iy, and IRMS of the supply
and return pipelines in the building have an impact on the course of
electrochemical phenomena, however, considering the strength of
the calculated electric currents (mA), the applied frequency, and the
prevailing voltages (mV), the impact on metal dissolution is
extremely slow and practically insignificant.

* The calculated Langelier, Ryznar, Puckorius and Larson
indices showed that there is a favorable environment for corrosion
development in cold water pipelines, but no corrosion foci were
observed on the inner pipe walls. Therefore, in this case, the
corrosion of the cold-water pipeline was not caused by the chemical
composition of the flowing water.

« Galvanic couples consisting of iron and copper alloys were
found in the pipeline in service. This occurred when copper alloy
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and steel structural components were joined together. The joining of
copper components to steel causes moderate/severe corrosion. If it
is necessary to join dissimilar metals, structural elements made of
them must be insulated to avoid direct contact. Such
recommendations are given in EN I1SO 14713-1.

* When examining pipe samples metallographically, the number
of non-metallic inclusions in the steel structure is small (1-2 score).
No corrosion foci were detected at the roots of the pipe welds, but
obvious corrosion was observed under the paint film.

« It was observed that the outer surface of the pipes under the
thermal insulation was damp. It is unclear whether this was due to
the condensation process or water leakage due to corrosion.
However, it is recommended to assess the thickness of the thermal
insulation layer considering the operating conditions. The
methodology for calculating the thickness of the thermal insulation
can be found in the EN I1SO 12241:2022 standard. It is also
recommended to check the thermal insulation for possible defects:
unglued seams, cracks, poorly connected couplings, non-hermetic
ends, slow air entry, insufficiently sealed tees, transitions, valves,
etc., compressed thermal insulation due to brackets, etc.
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Abstract: The transition toward distance and blended learning in engineering education has exposed a persistent gap in the delivery of
practically oriented courses, particularly in the field of CNC programming, where hands-on interaction with machine tools is traditionally
considered essential for developing professional competence. This paper addresses the lack of practical training in CNC programming
within distance and blended learning formats and presents a proposed solution based on the establishment of a dedicated classroom
equipped with CNC milling routers and online camera access, supplemented by multimedia teaching tools and a web portal for remote
interaction and assessment. The proposed approach is positioned relative to three established families of methods for supporting practical
CNC education, CNC simulation software, extended reality (XR) environments, and router-based teaching machines for CAM courses with
the aim of identifying the relative advantages and limitations of each approach in terms of educational value, cost, scalability, and fidelity to
real machining conditions. Particular attention is given to the integration of multi-layer automated evaluation mechanisms that support
objective, efficient, and immediate feedback on student performance in CNC programming tasks. The presented concept is explicitly framed
as a design-stage proposal and contributes to the modernization of higher education in computer-aided manufacturing technologies,
providing a structured basis for subsequent pilot implementations and empirical evaluation in technically oriented study programs.
Keywords: DISTANCE AND BLENDED LEARNING, CNC PROGRAMMING, COMPUTER-AIDED MANUFACTURING

1. Introduction

Distance and blended learning formats have become an integral
part of engineering education, driven by increasing student diversity,
the need for flexible study arrangements, and the broader
digitalization of higher education. In manufacturing-oriented
programs, this shift raises specific challenges because many learning
outcomes are tightly coupled to hands-on laboratory experience and
direct interaction with physical equipment. Computer numerical
control (CNC) programming and machining represent a prime
example: beyond mastering G-code syntax and process planning,
students must develop an understanding of machine setup,
workholding, tool selection, process monitoring and safety, all of
which traditionally rely on repeated practice at real machine tools.

To accommodate larger and more heterogeneous cohorts,
universities and vocational institutions have increasingly
complemented traditional laboratory teaching with simulation-based
CNC training. Modern CNC simulators provide virtual control
panels, graphical toolpath visualization, and three-dimensional
representation of machining processes, allowing students to
experiment with programs and process parameters in a safe,
cost-effective environment [1]. These tools support distance learning
scenarios by enabling learners to work on programming tasks
without access to a physical machine, and they have demonstrated
benefits in terms of accelerated skill acquisition and reduced risk of
collisions and tool breakage during early training phases. At the
same time, simulation environments inherently abstract away many
sensory and contextual aspects of machining, such as chip
formation, vibration, acoustic feedback, and real tool wear, which
are important for developing professional judgement and tacit
knowledge.

Extended reality (XR) technologies [2], virtual reality (VR) [3],
augmented reality (AR), and mixed reality (MR) have gained
attention as potential enablers of immersive CNC training,
particularly in the context of Industry 4.0 and technical and
vocational education and training (TVET) [4]. Systematic reviews
of XR applications for CNC machine training indicate that VR and
AR can enhance safety, support spatial understanding of machine
setup, and reduce reliance on physical machines and expert mentors
by allowing trainees to rehearse operations in virtual environments
[5,6]. Experimental work on immersive VR error-management
training for CNC milling setup shows that such environments can
improve error identification and correction, increase learner
engagement, and boost confidence compared to conventional
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video-based instruction. In the broader TVET context, Al-ready VR
machine workshops are proposed as a means to modernize CNC
machining education and align pedagogical practice with digital
manufacturing paradigms [4].

In parallel, router-based teaching machines have been designed
and implemented as cost-effective platforms for computer-aided
manufacturing (CAM) courses, providing students with access to
three-axis CNC milling in an educational setting. Such systems
demonstrate that CNC routers can serve as practical enablers of
machining education, but they are typically used in conventional
face-to-face laboratory formats and are not systematically integrated
into distance-learning infrastructures or accompanied by automatic
assessment mechanisms.

Despite these promising developments in simulation, XR and
based teaching machines, there remains a gap between flexible
remote access and authentic exposure to real machining conditions
in regular university courses. Simulation software, although highly
scalable and relatively inexpensive, does not provide direct
experience with the mechanical behaviour of machine tools,
workpiece setup and clamping, or the practical aspects of coolant,
chip evacuation and tool life management. XR environments depend
on specialized hardware and content development and are still
limited in their ability to reproduce haptic feedback and process
signals at engineering-relevant fidelity. Existing machines
implementations, while valuable for on-campus teaching, do not
address the specific constraints of external cohorts nor the need for
integrated online assessment.

Against this backdrop, remotely accessible physical laboratories
have emerged as a complementary approach in engineering
education, enabling students to observe and sometimes control real
equipment via networked interfaces and audiovisual streams. In
CNC machining, pandemic-era initiatives showed that live camera
feeds, screen sharing and interactive communication can provide
realistic exposure to machine operation for geographically dispersed
learners, but these arrangements were often ad hoc and temporary.
Systematic designs of camera-instrumented CNC classrooms that
are embedded into institutional distance-learning infrastructure, and
that combine remote observation with structured automated
assessment, are still rarely documented.

The present paper addresses this gap by proposing a concept for
a specialized remote CNC teaching classroom built around
educational three-axis milling routers, multi-camera online access,
and a custom web portal with multi-layer automated assessment for
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CNC programming tasks. The concept is developed for a
bachelor-level course in programming of CNC machine tools for
external students and is positioned relative to three established
families of approaches: CNC simulation software, XR-based CNC
training, and router-based teaching machines used in on-campus
CAM courses. In contrast to prior router machines implementations,
the proposed design explicitly targets distance and part-time cohorts,
integrates remote video observation into the course workflow, and
couples it with a structured automatic evaluation scheme.

The central research question is: “How can a remote CNC
teaching classroom based on educational routers, online video
transmission, and automated assessment support practically oriented
CNC programming education for external students, while
minimizing, but not eliminating the need for on-site laboratory
exercises?”

The paper answers this question at the level of concept and
design: it lays out the course context, the proposed hardware and
software architecture, a five-stage workflow from home
programming to on-site production-machine work, and a multi-layer
assessment scheme, and it discusses anticipated benefits, limitations
and future developments. The work is explicitly positioned as a
design-stage proposal; pilot implementations and empirical
evaluation are identified as future work rather than claimed as
completed.

2. Background and related work

The teaching of CNC programming in manufacturing
technology curricula has long relied on intensive laboratory practice
at industrial machine tools, where students learn to translate
drawings and CAD models into executable programs and observe
the immediate consequences of their programming decisions on the
machining process. Simulation tools and CNC training software
have been widely introduced to support this process, enabling safe
experimentation with G-code, toolpaths, and process parameters on
standard PCs. These environments help reduce the risk of tool and
machine damage in early training phases and allow for the repetition
of typical programming scenarios without consuming material or
machine time.

Extended reality technologies form a second major strand of
work. Systematic reviews report that XR, including VR and AR, can
support complex manual tasks, improve safety, and enhance learner
engagement by providing immersive visualization and guided
interaction. In CNC machining specifically, VR-based environments
have been developed to teach machine setup and error management,
showing that trainees can improve error recognition and confidence
while retaining conceptual knowledge.

Remote and virtual laboratories represent a third relevant line of
work. Virtual laboratories provide simulated experiments via
software, while remote laboratories connect students to real
equipment through network interfaces and audiovisual channels. In
the CNC domain, pandemic-driven experiences with online teaching
have demonstrated that streaming from shop-floor machines,
combined with interactive discussion, can maintain some level of
practical exposure when students cannot attend in person. These
initiatives, however, were largely improvised responses to
constraints and seldom evolved into systematically designed,
permanent remote classrooms with integrated assessment.

Router-based teaching machines form a fourth strand. Designs
of three-axis CNC routers for CAM courses show that such systems
can deliver valuable hands-on experience at lower cost than full
industrial machining centers, and they can be closely integrated with
CAD/CAM  workflows in  educational  settings.  These
implementations generally assume on-site student presence, and
while they sometimes include software for toolpath verification,
they do not typically address remote video integration or multi-layer
automated assessment for distance learners.
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The concept presented in this paper builds directly on this body
of work. It adopts educational CNC routers as the physical
machining platform, uses simulation tools as a preparatory step, and
acknowledges XR and digital twins as promising future extensions.
Its specific contribution lies in treating a multi-router,
camera-instrumented classroom as a remote physical resource for
external cohorts and in tightly coupling this resource to a web portal
that provides automated, data-driven assessment of CNC programs.

3. Course context and educational requirements

The proposed concept is developed for a bachelor-level course
titled Programming of CNC Machine Tools, delivered primarily to
external (part-time) students within a manufacturing technology
program. The course aims to equip students with practical skills in
programming milling operations, understanding and using machine
coordinate systems, and verifying and implementing CNC programs
on real equipment. Students enter the course with basic computer
literacy and introductory experience in CAD systems, which
provides a foundation for linking geometric representation of parts
to toolpath generation and G-code.

Key learning outcomes of the course are:

to create CNC programs for standard milling operations
on prismatic parts,

to correctly apply workpiece and machine coordinate
systems,

to test programs using simulation tools and detect
programming and logical errors,

to implement and execute validated programs on CNC
machine tools in a safe and controlled manner.

In the traditional delivery format, the practical part of the course
has been realized first with CNC simulators and later with direct
programming and operation of CNC machining centers in the
university laboratory. External students, however, have limited
access to these laboratories due to work commitments and
geographical constraints, which restricts their opportunities to
observe real machining processes and to link theoretical and
simulated programming tasks to the behaviour of physical machine
tools. This situation motivates the development of a remote teaching
concept that maintains authentic exposure to machining while
reducing the number of required on-site sessions.

4. Concept of the remote CNC teaching classroom

To address the constraints of external students while leveraging
existing practices in CNC education, a dedicated remote CNC
teaching classroom is proposed, built around educational CNC
milling routers rather than full-scale production machining centers.
Routers are chosen because their control systems are typically
PC-based, which simplifies data transfer, screen sharing, and
integration with a web portal, and because they are well suited for
educational milling tasks on wood, plastics, or, in controlled cases,
light metals.

In its initial configuration, the classroom is envisaged to host
four CNC routers, each equipped with a camera system providing a
live view of the machining process. The number four is treated as an
illustrative starting point rather than a fixed optimum: it reflects a
balance between the desire for multiple parallel demonstrations and
the assumption that a single lecturer can feasibly supervise setup,
workpiece exchange and monitoring across several routers within a
session.

Each router is fitted with at least one camera focused on the
cutting zone, with the option of additional views showing the overall
machine workspace and the control panel. The camera feeds are
connected to the web portal, which distributes synchronized video
streams to external students during remote sessions. While detailed
bandwidth and latency requirements will depend on chosen
resolution and frame rate, the design assumes that the video
subsystem must enable sufficiently smooth visualization of tool
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motion, chip formation and coolant behaviour on typical home
connections of external students; concrete performance targets are to
be refined during pilot deployment.

The custom web portal serves as the central interface for
external students. Through the portal, students can:
access live video streams from the routers during
scheduled remote practical sessions,
upload their CNC programs for simulation and potential
execution on the routers,
receive structured feedback and assessment results for
their programming tasks,
complete auto-graded quizzes on theoretical aspects of
CNC machining.

The physical handling of workpieces, fixtures, and machine
setup remains the responsibility of the lecturer or technical staff on
site, ensuring that safety is maintained and that the machines are
operated within appropriate limits. External students thus interact
primarily through the visual and informational channels provided by
the portal and video streams, while still being able to see how their
programs affect the real machining process. Viewed against
previous three-axis router implementations for CAM courses, the
novelty of this concept lies not in the router hardware itself but in its
systematic configuration as a remote resource (multi-camera
instrumentation, streaming integration with a portal) and in the tight
coupling with automated assessment workflows that are designed
from the outset to serve distance and part-time cohorts.

5. Proposed workflow and remote practical exercises

The teaching workflow is organized into several stages that combine
simulation, remote observation, and limited on-site practice. This
staged approach is designed to support external students, who
cannot attend frequent laboratory sessions, while still guiding them
from abstract programming concepts to real machining experience.

5.1. Program preparation at home

External students receive the design of a part (drawing or CAD
model) and a description of the required milling operations, as part
of regular assignments. Based on this, they prepare CNC programs
using the designated control formats (e.g., Sinumerik, Heidenhain)
and basic process planning guidelines covered in the lectures. The
programming tasks are chosen to match the intended learning
outcomes, focusing on contour milling, pockets, slots, and simple
drilling sequences.

5.2. Program verification in simulation

Students test their programs using CNC simulators that provide
graphical toolpath visualization and basic collision detection. The
course has previously employed simulators for Sinumerik and
Heidenhain controls, which allow students to verify syntax, see
graphical representation of toolpaths, and check basic technological
parameters. This step enables them to correct errors, adjust
toolpaths, and refine process parameters in a risk-free environment,
strengthening their understanding of coordinate systems and motion
commands.

5.3. Submission and selection for remote execution

Verified programs are uploaded to the web portal, where they may
undergo automated checks and preliminary assessment. The lecturer
reviews the submissions and selects representative or particularly
instructive programs to be executed on the CNC routers during the
remote practical session. Criteria for selection may include diversity
of approaches, common mistakes, or illustrative examples of good
practice. Students whose programs are selected are informed in
advance so that they can prepare to discuss their solutions during the
session.

162

5.4. Remote observation of machining on routers

During scheduled online sessions, the lecturer prepares the routers
(tool setup, workpiece clamping) and executes the selected student
programs while sharing live video and, if needed, the control screen.
External students connect through the portal to observe the
machining process, listen to explanations, and discuss observed
phenomena such as toolpaths, cutting conditions, surface quality,
and the impact of programming decisions on process outcomes. The
lecturer can pause the execution at key moments to highlight
specific aspects (e.g., safe clearance moves, entry into material,
transitions between roughing and finishing passes) and relate them
back to the G-code segments. Students are encouraged to ask
questions via chat or audio, and short formative questions can be
posed to check understanding (for example, identifying the
coordinate system in use, or explaining why a particular feed rate
was chosen).

5.5. Final on-site exercises on production machining
centers

To ensure that essential hands-on experience is not lost, the course
includes one or two mandatory on-site laboratory sessions at
production-grade CNC machining centers (e.g., DMG). In these
sessions, students implement and adapt their programming skills in a
real industrial environment, under direct supervision, consolidating
the competencies acquired through simulation and remote
observation. They perform basic setup operations, load and verify
programs, and carry out machining tasks on metal workpieces,
experiencing the differences in machine behaviour, safety
procedures, and process constraints compared to the educational
routers. The overall aim of this workflow is to minimize the number
of on-site sessions required for external students while still
providing a coherent progression from abstract programming
concepts through simulation and remote visualization to authentic
machining practice.

6. Concept of automated assessment and feedback

The web portal associated with the remote teaching classroom is
designed not only as a communication and streaming platform but
also as a tool for automated assessment of student CNC programs.
The assessment concept builds on multiple layers, inspired by
automatic grading approaches in programming courses and by
assessment features in modern CNC training software.

6.1. Syntactic and structural validation

Submitted programs are automatically checked for syntactic
correctness and for the presence of essential structural elements,
such as safety blocks, tool definitions, coordinate system
initialization, and proper program termination. This layer is intended
to detect basic errors and provide immediate feedback, helping
students avoid invalid or potentially dangerous code before
simulation or machine execution, in line with experiences from
automatic assessment in programming tools courses.

6.2. Simulation-based analysis of toolpaths and parameters

The portal then integrates with CNC simulation tools to evaluate the
geometric and technological characteristics of the programmed
toolpaths. Metrics may include collision-free motion, total path
length and machining time, the distribution of rapid versus feed
movements, and the plausibility of feed rates and spindle speeds
relative to reference ranges. At the current conceptual stage, these
metrics are envisaged to be combined into scoring schemes that
reflect both correctness and efficiency of the programming solution;
exact weighting and calibration against lecturer grading are reserved
for future empirical work.

6.3. Comparison with reference solutions

For typical educational tasks, reference programs representing
technically sound solutions can be prepared and maintained.
Automated comparison between student and reference toolpaths and
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simulated workpiece geometry is expected to allow quantification of
deviations in contour accuracy, remaining material, or process time.
In combination with logs from router executions and lecturer
annotations, this is anticipated to support more consistent and
transparent assessment while also generating learning-analytics data
on error patterns and progression.

6.4. Integration with remote router execution

Programs that pass the simulated assessment may be marked as
candidates for execution on the routers during remote sessions. The
portal logs which student program is executed, and the lecturer can
add qualitative annotations based on observed machining behaviour,
such as surface quality, stability, or practical issues during setup.
These annotations complement the automated scores and contribute
to a richer feedback profile for each student. Such a combination of
automatic scoring and lecturer judgement mirrors approaches used
in interactive CNC training and assessment systems, which aim to
standardize evaluation while still allowing expert input.

6.5. Automated quizzes and theoretical tests

In addition to program assessment, the portal can host auto-graded
quizzes on theoretical aspects of CNC programming and machining
(e.g., coordinate systems, G-functions, and safety principles).
Immediate feedback on these quizzes supports self-paced learning
and helps external students identify gaps in their understanding.
Quiz performance can be correlated with practical programming
results to gain insight into the relationship between theoretical
knowledge and applied skills.

6.6. Anticipated benefits of automated assessment

By combining these layers, the automated assessment concept aims
to: - provide external students with rapid, structured feedback on
their programming performance, - reduce the manual grading
workload of lecturers, - generate data for analysing learning
progress and typical error patterns in CNC programming, - support
fair and transparent evaluation across large cohorts. At the present
design stage, these benefits are understood as anticipated outcomes
that require validation in pilot implementations rather than as
empirically established effects.

7. Discussion: benefits, limitations, and future
developments

The proposed remote CNC teaching classroom and workflow offer
several anticipated benefits for manufacturing technology education,
especially in the context of external cohorts. For students, the
concept is intended to increase accessibility to practically oriented
learning activities by enabling them to prepare and test programs at
home, observe real machining processes via online video, and
receive systematic feedback without frequent travel to campus
laboratories. For lecturers, the combination of simulation, remote
router execution, and automated assessment is expected to provide a
scalable way to manage larger groups, allowing them to concentrate
limited on-site time on high-impact sessions at production
machining centers rather than on basic programming practice. At the
same time, important limitations must be acknowledged. Work on
educational routers, even when observed remotely, cannot fully
replicate the experience of programming and setting up industrial
machining centers, where machine dynamics, safety considerations,
and process constraints differ significantly. The concept therefore
explicitly retains a minimal number of mandatory on-site laboratory
exercises on production machines to ensure that students encounter
real industrial conditions. Moreover, the quality of remote
observation will depend on camera placement, video resolution, and
network stability; these design parameters must be specified and
validated during implementation, since inadequate video quality
could undermine the pedagogical value of the remote sessions. From
a methodological perspective, the current work is limited to concept
and design. No empirical data on learning outcomes, student
satisfaction, or grading reliability are yet available, and any claimed
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benefits must therefore be treated as hypotheses rather than
established findings. Planned next steps include pilot deployment
with a small cohort of external students, collection of quantitative
data (e.g., assessment scores, error rates, time-on-task) and
qualitative data (student and lecturer feedback), and comparison
with cohorts taught in purely on-site formats. Looking forward, the
remote classroom concept can be extended toward more advanced
digital manufacturing paradigms. One envisioned direction is the
integration of virtual reality representations of the machine tools and
the creation of digital twins of the routers and production centers,
which would allow students to experience setup and operation in
immersive environments while maintaining synchronization with
real processes. Beyond machining, similar remote and virtual
teaching workplaces could be developed for other manufacturing
technologies such as forming, welding, and robotics, supporting a
broader modernization of practical education in manufacturing
technology programs.

8. Conclusions

This paper has presented a concept for a remote CNC teaching
classroom designed to support practically oriented CNC
programming education for external bachelor students in
manufacturing technology. The concept combines educational CNC
milling routers equipped with cameras, a custom web portal, CNC
simulation tools, and a structured workflow that leads from program
preparation and simulation through remote observation of
machining on routers to focused on-site practice at production
machining centers. An accompanying automated assessment
framework is outlined, which is intended to provide immediate
feedback on student programs and to generate data for analysing
learning progress and typical error patterns. In contrast to prior work
on simulation, XR training and router-based CAM teaching, the
proposed design treats a multi-router, camera-instrumented
classroom as a remotely accessible physical resource specifically
tailored to external cohorts and tightly integrated with an online
assessment portal. By reducing the reliance on frequent on-site
laboratory sessions while maintaining authentic exposure to
machining processes, the concept addresses a concrete challenge in
delivering CNC programming courses to part-time and distance
learners. At the same time, it is explicitly positioned as a
design-stage  proposal: empirical validation through pilot
implementations and systematic evaluation remains future work. As
such, the paper is intended to provide a structured starting point for
institutions considering similar investments in remote machining
infrastructure for manufacturing education. The authors anticipate
that subsequent implementations and studies will refine the design
parameters, validate the assessment mechanisms, and explore
extensions toward digital twins and VR-based training environments
in this domain.
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Abstract. Welding is a complex process governed by a multitude of factors. Additive manufacturing and Industry 4.0 or 5.0 require the
acquisition of specific knowledge related to closed-loop welding processes, supported by highly qualified personnel. The shortage of
specialized personnel within the EU is being addressed through the launch of innovative research projects in support of multidisciplinary
and multinational consortia. Through consensus, these consortia develop curricula, courses, and evaluation criteria. These materials are
disseminated to those interested in specializing as trainers of specialists or process operators, through platforms that are easy to access and
use for self-training and for obtaining certificates that confirm the knowledge acquired. These self-training methods are accompanied by the
creation of regional centers of excellence and by the launch of innovative ideas for practical implementation, including the creation of start-

ups based on the knowledge acquired.

1.Introduction

Welding as a process for making permanent joints was introduced
into the repair and manufacturing processes of structures required
by the market at the beginning of the 20th century, in Europe and
the USA [1,2] due to its net advantages over riveted joints,
successfully contributing to the US efforts in World War 1l by
significantly reducing the production cycle of Liberty ships.

During the Cold War, it developed in two directions depending
on the interests expressed by the warring camps.

In the USA and its allied countries, welding was oriented
towards the creation of structures applicable in the leading
industries of aeronautics, energy production and automotive
construction through the research and implementation in industrial
practice of welding processes with wire and shielding gases of
aluminum, stainless steels, super alloys, etc. or/and thin laminates
under pressure in points or lines. In the socialist camp states, the
development of welding was done for the creation of heavy
machinery, which mainly favored the research and implementation
in production of mechanized welding under flux layer, or in slag
bath.

Current EU directives guide the development of welding
through robotic and automated processes specific to production
type 4.0 and/or 5.0 [3].

Studies conducted by IIW on the skilled workforce for the
fields of the future have highlighted a major shortage of personnel,
which has necessitated measures to be taken regarding the
education and training of highly qualified personnel with high
capabilities in supervising and managing the loop welding
processes of structures made of various alloys and/or super alloys.
This aim is achieved through the Erasmus Plus program and
projects appropriate to the intended purpose of training highly
qualified personnel and mentoring them and those involved in
welding[4].

2. Knowledge to be acquired

To understand and master the complex processes of making
permanent joints through welding, academic-level knowledge in
the following disciplines is required:
- welding engineering of circular materials, basics of welding
processes, Al-assisted welding;
- circular and advanced materials engineering, including welding
filler materials;
- engineering of phenomena adjacent to welding processes;
- robotic welding engineering and/or loop welding in automated
cells;
- advanced knowledge of Al algorithms regarding the
implementation of innovative ideas in the form of start-ups;
- knowledge of the patenting processes of innovative ideas and
their implementation in products created in start-ups;

Acquiring the knowledge necessary to implement industries 4.0
and/or 5.0 can be achieved through individual or team training on

specialized platforms in the field of welding, carried out within the
Erasmus Plus program funded by the EU.

3.Structure of the knowledge training process.

The team of authors is involved in two types of projects: one
dedicated to innovative learning through digital courses, dual
schooling and case studies, structured on learning modules and
knowledge test grids [4] with the possibility of mentoring and
consulting at regional entities of excellence [4] logically followed
by the second type of course with dissemination of knowledge of
innovative practices and their implementation in industries 4.0 and
5.0 through the establishment of startups[4].

4.Future prospects

The near future perspective is to promote systemic change and
integrate circularity in the development and demonstration of new
solutions for digitalized welding manufacturing of socially
responsible products that will ensure the transition to a sustainable
economy. The future trajectory of advanced welding technologies
will be shaped by the continuous integration of intelligent systems
for the innovative development of specific welding manufacturing
processes for large-scale and/or mass-produced products with high
potential for reuse through repeated repairs and long service lives,
under harsh operating conditions. In this sense, advanced welding
technologies will be shaped by the continuous integration of
artificial intelligence (Al) in the innovative development of new
advanced processes and materials. Al and machine learning are
about to revolutionize the welding industry by enabling predictive
maintenance, real-time defect detection and adaptive parameter
adjustment. Al algorithms have the ability to analyze vast data sets
from past welding processes, allowing them to optimize future
operations, predict results, and define benchmarks with remarkable
accuracy.

Progress from manual welding, governed by many
uncertainties generated by the human presence in the process, to
automatic and/or robotic welding involves a set of best practice
measures in human-machine collaboration.

The distant future perspective, driven by the need to combine
new, diverse, intelligent and sophisticated materials, is a
fundamental change in the welding process with self-optimization
and reduced dependence on human intervention, leading to greater
consistency of welding quality, minimizing material waste and
maximizing production.

5. Case studies
To illustrate the above, two application examples are presented.
5.1 Asphalt stripping cutter [5]

The milling cutters for asphalt stripping are designed from the
design phase for an extended lifespan, generated by a multiple
cycle of reuse of the support by equipping it with an intelligent
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self-locking protection system when rotating, consisting of a
metallic deposit rich in angular tungsten carbides deposited by TIG
welding and a tungsten carbide cutting body brazed into the
support, figure 1, according to patent RO129863B1, figure 1.

| S

Alezaj alunecétor

| S

Fig.1 . Milling cutter for uncovered asphalt :

1) body-strengthening cutter with self-protection system
against wear ; 2) support body steel knife weakly alloyed
with chromium ; 3) self -locking system when rotating .

After wear, the knife body is reused by equipping it with the
previously mentioned protection systems.

5.2 Pressure and resistance spot welding electrode .

Resistance and pressure welding in spots or lines is a general utility
process for thin-thick laminate joints.

The electrode, the active part of the welding process, figure 2,
is made of copper alloys whose stock market price has increased
dramatically in recent times, which is why the issue of reducing the
cost price by assimilating new electrodes or a new process has
arisen.
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A car manufacturer turned to the robotic laser spot welding
process, which required large investments in implementation and
long payback periods.

The authors of the paper opted for the creation of a new,
cheaper material with possibilities of industrial scaling. To this end,
the operating conditions of resistance and spot welding electrodes
and the innovative idea of a composite material were presented to
Al, which was asked to develop a new material. The solution given
by Al was experimented and optimized based on the criteria of the
requirements of products with a long service life and reasonable
cost.

Conclusions

Welding, a relatively new process, with application in mass
production at the beginning of the Great War, has a major
importance in the future due to the implementation of loop welding
processes, Al-assisted and the requirements for sustainable
development.
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Wood defects classification based on hyperspectral imaging
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Abstract: Wood processing requires reliable automated inspection and classification of natural defects. Conventional vision methods are
often inadequate for distinguishing visually similar defects, particularly bark and resin pockets. This study compares hyperspectral methods
for wood-defect classification. Pine samples were imaged in the VNIR (400-1000 nm) and SWIR (1000-2500 nm) ranges. Images were
manually labeled for earlywood, latewood, sound and black knots, resin and bark pockets, and pith. Classification workflows combined raw
spectra, PCA, or wavelet-based dimensionality reduction with Pearson correlation, k-NN, and Random Forest classifiers. The results enable
comparison of the suitability of individual spectral ranges, feature-reduction methods, and classifiers for automated defect identification.
Keywords: hyperspectral imaging; wood defects; Scots pine; VNIR; SWIR; Random Forest; k-nearest neighbours; PCA; wavelet transform

1. Introduction

Quality control of wooden prefabricated components plays an
important role in the furniture industry. It can be performed visually
by production workers or automatically using appropriate
measurement systems. Rising labor costs are driving the automation
of successive production stages, including quality control.

The detection and classification of natural wood defects are
essential aspects of quality control. Wood defects include:

- Sound knots — parts of living branches that are permanently
fused with the surrounding wood; they are hard and well bonded to
the wood structure [1]. They usually do not significantly reduce the
material’s strength, although they may affect its appearance. In
many cases, they are not classified as defects.

- Black knots — remnants of dead branches surrounded by sound
wood. They are characterized by dark coloration and weak bonding
with the surrounding wood. They are often brittle and may fall out,
reducing both the strength and surface appearance of the material.

- Knot holes — voids formed after black knots have fallen out.
They constitute a significant defect, reducing the mechanical
strength and visual quality of the component.

- Unsound knots — knots that are not fused with the surrounding
wood and are loosely embedded. They can easily fall out during
processing or use. A characteristic gap is visible around the
perimeter of the knot.

- Resin pockets — elongated cavities filled with resin. They may
cause resin leakage and problems during machining and surface
finishing, for example during painting.

- Bark pockets — cavities filled with bark and surrounded by
wood. They appear as irregular, often elongated, darker areas with
properties different from those of the surrounding wood. In some
cases, they are difficult to distinguish visually from resin pockets.

- Pith — the central part of a tree trunk. It is an elongated,
spongy structure with mechanical properties inferior to those of
wood. Small areas of pith can easily be mistaken for bark pockets.

- Decay — wood degradation caused by fungi. It manifests itself
through a significant loss of strength as well as changes in color and
texture.

- Blue stain — discoloration of wood caused by fungi. It does not
cause substantial mechanical weakening, but it significantly reduces
visual quality.

- Cracks — gaps caused by stress, most commonly during drying
or service. They reduce the strength and aesthetic value of wooden
components.

- Insect galleries — tunnels bored by insect larvae. They weaken
the wood structure and may indicate active or previous pest
infestation.

- Tannin stains — brown discolorations on the wood surface [2].
They result from oxidation of tannins contained in the wood
following direct exposure to sunlight.
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While some of the listed defects are very easy to detect and
classify, such as knot holes, the classification of others can be
problematic even during manual quality inspection. Resin pockets
and bark pockets are examples of defects that may be difficult to
distinguish. Therefore, automatic classification of wood defects is a
non-trivial task.

Most solutions presented in the literature for wood-defect
detection and classification are based on images acquired using
RGB cameras and processed with appropriate algorithms.

Xu et al. [3] used a YOLOV5-C3Ghost model with a SimAm
module to detect defects such as sound knots, dead knots, cracked
knots, cracks, and resin pockets.

Rahiddin et al. [4] presented a method for recognizing wood
defects using classical image-processing algorithms. Various
variants of Local Binary Pattern (LBP) descriptors were combined
with ANN, k-NN, and J48 classifiers. The algorithms were used to
investigate defects such as knots, cracks, blue stain, tannin stains,
bark pockets, insect galleries, decay, and wane. The highest
accuracy, 63.4%, was achieved using the uniform LBP descriptor
combined with an ANN classifier.

Chinese patent description CN110310259 [5] presents a knot-
detection method based on an improved YOLOv3 algorithm
combined with segmentation using the k-means++ algorithm.

The description of Polish patent application P.449481 [6]
presents a method for detecting resin-related defects by illuminating
a wooden component with a light source of a specified wavelength
and measuring the light absorbance of the examined area.

An interesting solution was presented by Sandak et al. [7], who
proposed a method for wood-defect recognition using a point
spectrometer. Their best results were obtained with a MicroNIR
spectrometer operating in the 950-1650 nm range and using
classification based on the Support Vector Machine algorithm.

The authors of this work examined wood samples obtained from
a furniture manufacturing plant using a hyperspectral camera. The
outcome of the study is a set of spectral characteristics of wood
defects, which may support the development of automated quality-
control systems for wooden components.

2. Materials and methods

Measurements were conducted on a sample of 55 board sections
made of Scots pine (*Pinus sylvestris* L.). Each section contained
at least one defect. The boards were obtained from a furniture
manufacturing plant.

Measurements were performed using a Headwall hyperspectral
camera equipped with two sensors: VNIR and SWIR. The VNIR
sensor records 370 spectral bands in the 400-1000 nm range and
has a spatial resolution of 1600 pixels. The SWIR sensor records
170 spectral bands in the 1000-2500 nm range, with a spatial
resolution of 384 pixels. The SWIR sensor requires active cooling
provided by a Stirling cooler. During scanning, the samples were
illuminated using a halogen light source. Sample movement was
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provided by a motorized table integrated with the computer
controlling the camera.

Before the measurements, both sensors were calibrated using
black and white reference standards: a closed camera cover was
used as the black reference, while the white reference material was
supplied by the manufacturer. Due to the dimensions of the table,
the samples were scanned in two batches, comprising 34 and 21
samples, respectively. During acquisition, the exposure time was 36
ms for the VNIR sensor and 3 ms for the SWIR sensor. The
acquired images, visualized using pseudocolors, are presented in
Figure 2. Hyperspectral images were saved in HDR format, with
each pixel represented by a floating-point value in the range from 0
to 1.

Spatial resolution of VNIR sensor was reduced to adjust it to
resolution of SWIR sensor. Hyperspectral cubes obtained from both
sensors were merged into one hyperspectral cube.

As part of the study, two data dimensionality-reduction methods
were tested. The first was Principal Component Analysis (PCA),
with compression to 10 components applied. The second method
evaluated was reduction using the wavelet transform. A fourth-
order Daubechies wavelet and three decomposition levels were
used. The results of both operations were saved as new ENVI
images.

Pixel masks were created to assign image regions to individual
wood classes or to defect-free wood. The masks were prepared
manually in GIMP using pseudocolour representations of the
hyperspectral
uncertain, as well as markings present on the boards, were

images. Regions whose class assignment was

intentionally excluded from the labelled dataset. This conservative
approach reduced the risk of introducing clearly ambiguous pixels
into the reference data, although it did not eliminate all uncertainty
associated with manual annotation.

The following classes were distinguished:

spring wood, late wood, sound knots, black knots, resin pockets,
bark pockets, piths.

Based on manually labeled masks, reference data for the
classification algorithms were prepared. For the Pearson
correlation—based classification algorithms and the kNN method,
individual reference spectra were created. To this end, the
arithmetic mean pixel values were calculated for each spectral band,
for each defect, for earlywood and latewood, and for the entire
measured wood surface. For the random forest algorithm, reference
classes were created as sets of pixel spectra corresponding to the
respective masks.

This study investigated the potential of using three classification
approaches—Pearson correlation, modified k-nearest neighbors
(kNN) algorithm, and Random Forest—to analyze hyperspectral
images for the purpose of wood defect detection.

Difference

Springwood
Latewood
Live knot
Dead knot
Resin

Bark

Pith

Wavelenath [nm]

Fig. 1. Differences from the average spectral response
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The first approach involved using an algorithm based on the
calculation of Pearson correlation. Prior to classification, blank
pixel elimination and filtering using a Savitzky—Golay filter were
applied to reduce noise. The averaged spectrum of the entire surface
of the analyzed wood was subtracted from both the spectra in the
image and the reference class spectra. Differences between average
classes spectra and average spectrum of wood are shown in Fig. 1.
Furthermore, the algorithm was extended with a set of rigid
physical rules applied before the classification stage. These rules
eliminate classes that do not meet the specified amplitude and
structural conditions. The following parameters were considered:

- minimum and maximum number of spectral intersections with
the zero axis

- limits of positive signal integral value
- limits of negative signal integral value

Another approach involved the use of a modified kNN
algorithm. Instead of the standard Euclidean distance, the similarity
metric was defined as an arithmetic combination of the Pearson
correlation coefficient and the Manhattan distance between the
signals. In this case, Savitzky—Golay filtering and subtraction of the
mean wood spectrum were also applied.

The third algorithm employed in this study was the Random
Forest classifier, selected because of its ability to model complex
and potentially non-linear relationships among hyperspectral
features. The model hyperparameters were selected through a
systematic tuning procedure using stratified cross-validation.
Stratification ensured that the class distribution was preserved
across the validation folds, which was particularly important when
the numbers of samples representing individual classes were
unequal. The optimization process aimed to maximize the macro-
average F1 score.

All three classification algorithms were applied to all three
prepared datasets (raw data, data reduced with wavelet transform,
data reduced with PCA).

3. Results

Fig. 2 presents the classification results obtained using the
Pearson correlation—based method, the modified kNN algorithm,
and the Random Forest classifier for the raw hyperspectral data and
for data reduced using wavelet transformation and PCA.

The obtained classification maps confirm that the selected wood
structures and defects exhibit distinguishable spectral characteristics
in the combined VNIR-SWIR range. The differences were
particularly visible between earlywood, latewood, knots, bark
pockets, resin pockets, and pith.

For the Pearson correlation—based method, the raw-data variant
produced classification maps in which the main wood structures and
larger defects were identified. The application of Savitzky—Golay
filtering, subtraction of the mean wood spectrum, and additional
physical rules reduced the influence of absolute brightness
differences between samples. Nevertheless, the method was
sensitive to local spectral variability, especially in areas containing
knots, resin pockets, and transitions between earlywood and
latewood. The wavelet-reduced data retained the general spatial
distribution of the classes, although some local details were lost. In
both datasets there was visible problem with false positive detection
of big areas of piths. In case of PCA reduced data there were a lot of
false recognitions of defects and sound wood.

The modified kNN algorithm provided results similar to
Pearson correlation classifier.

The Random Forest classifier in combination with raw data
produced the most coherent classification maps among the
investigated approaches. Areas of false detected piths were
significantly reduced. Instead of that there were small areas of false
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detected bark. Classifications provided by Random Forest algorithm 4. Discussion
in combination with wavelet transform or PCA reductions were ) ] )
false in most of the area. The results demonstrate that hyperspectral imaging in the

combined VNIR-SWIR range can be used to distinguish selected
All examined algorithms have significant problem with wood structures and natural defects in Scots pine. In particular, the
distinguishing bark from dead knots and resin from sound knots. In classification maps show that earlywood, latewood, knots, resin
is caused by similarity between spectral characteristics of those pockets, bark pockets, and pith produce spectral responses that are
defects. sufficiently different to enable pixel-wise classification. This
confirms that hyperspectral data provide more discriminative
information than conventional RGB imaging, especially in cases
where defects have similar visible colour or texture.

Among the approaches investigated, Random Forest applied to
F the raw hyperspectral data produced the most coherent classification
maps. In comparison with the Pearson correlation and modified
kNN methods, it substantially reduced the false-positive assignment
! of large wood areas to the pith class. This result can be explained by
the ability of Random Forest to model nonlinear relationships
¢ between spectral bands and to use multiple spectral features
simultaneously. In contrast, the Pearson correlation method is based
i mainly on similarity of spectral shape and therefore may assign
# spectra with similar relative trends but different physical origin to
the same class.

] The modified kNN classifier produced results similar to those
obtained using Pearson correlation. The combined similarity
measure, based on correlation and Manhattan distance, did not
v provide a clear improvement over the correlation-based approach.
ik, . .. . .

This suggests that the remaining classification errors were not
caused only by the choice of distance metric, but mainly by overlap

# bark pockets and black knots, as well as resin pockets and sound
knots, were difficult to separate reliably.

The observed confusion between bark and black knots is
consistent with their similar material composition and dark
b8 appearance. Both classes may contain degraded or bark-related

% tissue and can exhibit comparable spectral absorption
characteristics. Similarly, resin pockets may be confused with sound
knots because both are associated with resin-rich regions of wood.

The applied dimensionality-reduction methods had a significant
influence on the classification results. Wavelet reduction retained

lost. PCA reduction resulted in a larger number of false recognitions
g for both defects and sound wood. This indicates that the first ten
principal components, despite representing a large proportion of the

¥ most relevant for defect discrimination. PCA maximizes explained
! variance rather than class separability; therefore, spectral
| differences characteristic of small or infrequent defect classes may
be suppressed.

A particularly important observation is that Random Forest
performed well only when raw spectral data were used.
| Classification results obtained after wavelet transformation and

' g PCA reduction were incorrect over substantial areas of the boards.

B w f This may indicate that the Random Forest model used information
| ( distributed across a larger number of spectral bands and was

hild sensitive to the representation of the input data. Therefore,

Hl dimensionality reduction should not be assumed to improve
classification  performance  automatically. = For  practical

o
£y

B carlywood [ late wood [l sound knot black knot

j implementation, it is necessary to select the reduction method and

B resin bark pith its parameters jointly with the classifier.
Fig. 2 Results of classification: a) Pearson correlation, raw data, b) The present study has several limitations. The masks were
Pearson correlation, wavelet transform, c) Pearson correlation, PCA, d) manually prepared and some ambiguous regions were excluded

modified kNN, raw data, e) modified kNN, wavelet transform, f) modified
kNN, PCA, g) Random Forest, raw data, h) Random Forest, wavelet
transform, i) Random Forest, PCA, j) legend

from the reference data. Consequently, the obtained maps should be
interpreted as an assessment of the potential of the investigated
methods rather than as a final industrial classifier. Moreover, the
dataset contained only 55 board sections and the occurrence of
individual defect classes was uneven. A limited number of pixels
representing bark pockets, resin pockets, or pith may reduce the
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e —————————
ability of the classifiers to learn intra-class variability. Pixel-wise

classification can also produce isolated erroneous pixels because it

does not explicitly use spatial context.

5. Conclusions

Hyperspectral imaging in the combined 400-2500 nm range
provides useful information for automated inspection of Scots pine
boards. The investigated wood structures and natural defects
exhibited sufficiently distinct spectral responses to support
qualitative pixel-wise classification.

The best results in this study were obtained using a Random
Forest classifier trained on raw VNIR-SWIR spectra. This approach
generated the most coherent classification maps and substantially
reduced false-positive pith detections. Pearson-correlation and
modified kNN approaches were able to identify major structures
and defects but were more sensitive to local spectral variability and
produced more extensive false-positive regions.

Dimensionality reduction did not improve performance in the
workflows investigated. Wavelet reduction retained part of the
relevant information for correlation-based and kNN classification,
whereas PCA led to many false classifications. Random Forest
performed poorly when applied to the reduced datasets, indicating
that raw spectra contained discriminative information that was lost
or altered during reduction.

Reliable differentiation between bark pockets and black knots,
as well as between resin pockets and sound knots, remains the main
challenge. Further work should focus on expanding and balancing
the reference dataset, improving ground-truth labelling, and
integrating spatial, geometric, and textural information with spectral
features. These steps may support the development of robust
automated  quality-control ~ systems  for = wood-processing
applications.
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Abstract:

As additive manufacturing (AM) technologies continue to gain traction across various industries, researchers have increasingly focused
on optimizing the mechanical performance of polymer parts produced through material extrusion (MEX). Among the manufacturing
parameters involved, infill pattern and density stand out as key factors that directly determine the mechanical behavior and energy
absorption capacity of printed components. This study examines how different infill density gradients influence energy absorption, focusing
specifically on samples built from polylactic acid (PLA) filament using a Triply Periodic Minimal Surface (TPMS-D) diamond pattern.
TPMS-based infill patterns were selected for this study due to their potential to offer superior mechanical properties and energy absorption
capacity compared to conventional two-dimensional infill patterns. The samples were subjected to quasi-static compression tests, from which
stress-strain curves were obtained and energy absorption properties were calculated. The findings of this study are expected to inform the
optimization of infill pattern and density parameters for energy-absorption applications, while also offering practical guidance for designing

lightweight structures capable of withstanding high-energy impacts.

KEYWORDS: ADDITIVE MANUFACTURING VIA MATERIAL EXTRUSION,

GRADIENT, ENERGY ABSORPTION, TPMS PATTERN

1. Introduction

Triply periodic minimal surfaces (TPMS) are mathematically
defined structures characterized by zero mean curvature at every
point, repeating periodically along three Cartesian axes. Their
smooth, non-self-intersecting topology enables systematic control
over relative density and enhances load transfer efficiency. Among
TPMS architectures, the Diamond (TPMS-D) structure has
demonstrated superior load-carrying capacity and specific energy
absorption compared to conventional lattice counterparts [1-5].

Material extrusion (MEX), also known as fused filament
fabrication (FFF), is widely employed for fabricating TPMS
structures due to its capability to produce complex geometries
layer-by-layer. Recent studies have shown that TPMS structures
fabricated via this method exhibit excellent compression
performance and energy absorption capacity [3,4,6,7].

Introducing density gradients into TPMS architecture represents
a promising strategy for enhancing mechanical performance.
Gradient TPMS structures have been reported to exhibit superior
energy absorption compared to homogeneous counterparts,
particularly when the gradient direction aligns with the loading
direction, as layer-by-layer deformation enhances energy
dissipation [3,7].

Despite growing interest, the specific influence of density
gradients on the energy absorption properties of TPMS-D structures
fabricated via material extrusion remains insufficiently explored.
This study aims to address this gap by systematically investigating
the effect of density gradient configurations on the compressive and
energy absorption behavior of additively manufactured TPMS-D
infill patterns.

2. Material and Method

TPMS-Diamond infilled cubic specimens (25%25%25mm) were
produced additively using a Creality K1 Max branded 3D printer,
which works with the material extrusion method (MeX). Printing
parameters were given in Table 1. Each sample coded using the

INFILL PATTERN, INFILL DENSITY

start and end infill density settings of the slicer gradient along the
loading Z-axis (Table 2). Creality Print 7.2 was used for slicing.

Table 1. Printing parameters

Nozzle Layer Nozzle Bed plate Print speed
diameter height temperature temperature
0.4mm 0,20mm 220C 50 C 90 mm/min
Table 2. Nomenclature of samples
Sample code | Infill gradient Infill setting Mean weighed
(start — end) mass ()
1515 Uniform 15> 15 3.07
2020 Uniform 20 — 20 4.48
2525 Uniform 25— 25 4.67
3030 Uniform 30 — 30 4.75
4040 Uniform 40 — 40 5.08
8080 Uniform 80 — 80 6.64
9090 Uniform 90 — 90 7.25
2580 Graded 25 — 80 4.75
1590 Graded 15— 90 4.72

Table 3. Organization of the nine configurations into four comparison sets

Set Purpose Configurations compared

| Effect of gradient severity at constant 3030 (uniform), 2580
mass (graded), 1590 (graded)
I Graded archltectyre Versus the unlf_orm 1515, 1590, 9090
counterparts of its gradient endpoints
111 As Set 11, for a milder gradient 2525, 2580, 8080
v Uniform archltectures_bracketlng the 2020, 3030, 4040
Set | baseline
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Two layers of bottom and top layers were printed for each
sample to obtain planar loading surfaces. After production, the
samples were weighed using a precision balance to be used in
calculating the specific mechanical property data. Then,
compression tests were carried out on a UVE MNR100 testing
machine with a crosshead speed of 20 mm/min. Using the data
obtained from compression tests mechanical properties were
calculated to evaluate the effect of density parameter. The purpose
of the comparison sets with sample codes were given in Table 3.
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3. Result and Discussion

3.1 Set | - Effect of gradient severity at constant
mass (3030, 2580, 1590)

The aim of the set is to separate the effect of grading from the
amount of material. Since the masses are approximately the same,
all differences are due solely to the gradient. Obtained compressive
response graphs and calculated mechanical properties of the Set are

shown in Figurel and 2.
[ 2\

Fig. 1. Compressive response of the equal-mass configurations 30-30,
25-80 and 15-90 (Set I) a) Stress-strain graph, b) Energy absorption
efficiency

foe i
Il- II- I.-I.-

Fig. 2. Mechanical properties of Set | a) Young s modulus, b) Specific
Young's modulus, ¢) Yield strength, d) Specific yield strength, e)
Densification strain, f) Energy absorption, g) Specific energy absorption, h)
Crush force efficiency

Although grading significantly improved energy absorption, it
caused deterioration in Young's modulus and yield strength. A
moderate gradient reduced the elastic modulus by 37.4% and yield
strength by 61.4%, while increasing SEA by 70.8%; a severe
gradient reduced the elastic modulus by 71.1% and yield strength
by 83.6%, while increasing SEA by 84.6%.

Similar findings regarding the compressive properties of lattice
structures were also obtained by Lin et al and Distefano et at [4,8].
Interestingly, in their study, Silva et al. concluded that the use of
cell thickness gradients can promote structures with higher rigidity
and absorbed energy that can compete with traditional sandwich
panel core structures [9].

Increasing the density transition from 2580 to 1590 resulted in a
stiffness loss of 33.7 MPa while providing only a 13.8 J/g SEA
gain. Therefore, 2580 emerged as a more efficient option in load-
bearing applications.

When energy absorption behavior is examined regionally, it is
seen that at low strain values, the uniform structure absorbs much
more energy per unit mass, but the graded structures take the lead at
approximately 50% strain. Therefore, concluding that "grading
absorbs better" becomes meaningless without specifying the usable
crushing distance.

The SEA scattering decreases from 19.7% to 4.1% and 1.0%. In
the uniform structure, the collapse band starts where the worst
defect is located, while in the graded structure it always occurs in

the weakest layer. This indicates that the uncertainty in deformation
behavior is eliminated with grading.

3.2 Set Il - The severe gradient against the
uniform counterparts of its endpoints (1515, 1590,
9090)

The aim of the set was to test whether the 1590 gradient
provided an intermediate value between uniform 1515 and uniform
9090. Obtained compressive response graphs and calculated
mechanical properties of the Set are shown in Figure 3 and 4.

Fig. 3. Compressive response of the graded 15-90 architecture and the
uniform architectures of its gradient endpoints, 15-15 and 90-90 (Set 1) a)
Stress-strain graph, b) Energy absorption efficiency

Fig. 4. Mechanical properties of Set Il a) Young s modulus, b) Specific
Young s modulus, c) Yield strength, d) Specific yield strength, e)
Densification strain, f) Energy absorption, g) Specific energy absorption, h)
Crush force efficiency

The Young's modulus of the 1590 sample was obtained as 39.2
MPa, while the Young's modulus of uniform 1515 was 90.1 MPa.
The uniform 1515 sample had 130% higher stiffness and 230%
higher yield strength compared to the graded sample, while the
graded sample was 54% heavier. This led to even greater increases
in specific mechanical properties. However, if the structure in the
weakest layers of these two samples is the same, similar behavior,
especially in the elastic region, would be expected. This indicates
that the mechanical behavior cannot be explained by the logic of
series springs. Although analyses to determine the cause of this
behavior — such as micro-CT — were not performed within the scope
of this study, the possibilities of inadequate interlayer adhesion in
the density transition and the rupture of the bond between cells can
be evaluated.

Another finding is that the strong gradient eliminates the initial
peak. While both uniform structures show distinct initial peaks, this
behavior disappears in the graded sample. This indicates that
gradient designs can be preferred depending on the need, since the
peak force determines the acceleration transmitted to the body.

Unlike other uniform structures, the graded sample exhibited a
monotonically increasing stress-strain curve; this resulted in a
higher densification point.

If there is no mass constraint, it can be concluded that this
behavior improves with increasing mass in terms of energy
absorption capacity. This was observed in both energy absorption
and specific energy absorption values.
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3.3 Set 11l - The moderate gradient against the
uniform counterparts of its endpoints (2525, 2580,
8080)

The configurations examined under Set Il were evaluated to
validate the severe gradient effects observed in Set Il under a more
moderate gradient profile. Obtained compressive response graphs
and calculated mechanical properties of the Set are shown in Figure
5and 6.

Fig. 5. Compressive response of the graded 25-80 architecture and the
uniform architectures of its gradient endpoints, 25-25 and 80-80 (Set I11) a)
Stress-strain graph, b) Energy absorption efficiency
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Fig. 6. Mechanical properties of Set Il a) Young s modulus, b) Specific
Young's modulus, ¢) Yield strength, d) Specific yield strength, e)

Densification strain, f) Energy absorption, g) Specific energy absorption, h)
Crush force efficiency

The tendency for stiffness and strength loss was also maintained
in the moderate gradient series. The 8080 configuration exhibited a
201.7% decrease in elastic modulus and a 406.5% decrease in yield
strength compared to the 2580 gradient. It was determined that the
stiffness difference loss increased as the gradient width increased.
This consistent trend obtained in two independent sample sets and
at different mass levels indicates that the performance loss is
systematic behavior [8].

Unlike the severe gradient structures, it was found that the
moderate gradient profile maintained a distinct stress peak. When
evaluated together with the Set I results, increasing the gradient
amplitude does not eliminate the stress peak alone, but dampens it
above a certain critical threshold. This indicates the existence of a
threshold value between mechanisms for peak mitigation and
complete elimination.

The uniform 8080 configuration yielded the most stable
mechanical response throughout the experimental study. The
structure exhibited a Crush Efficiency (CFE) of 0.787 and a plateau
stress dispersion of only 9.2%. Within the evaluated strain range, it
was observed that the thick cell walls deformed via a plastic
deformation mechanism rather than brittle buckling.
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3.4 Set IV — Uniform architectures around the Set
I baseline (2020, 3030, 4040)

Set IV (2020, 3030, and 4040) was investigated to verify the
representativeness and boundary conditions of the 3030 cellular
configuration, which was considered the basic reference in Set |
analyses. Obtained compressive response graphs and calculated
mechanical properties of the Set are shown in Figure 7 and 8.

Fig. 7. Compressive response of the uniform architectures 20-20, 30-30
and 40-40 (Set 1V) a) Stress-strain graph, b) Energy absorption efficiency

'III‘ /"II)ill

Fig. 8. Mechanical properties of Set IV a) Youngs modulus, b) Specific
Young s modulus, ¢) Yield strength, d) Specific yield strength, e)

Densification strain, f) Energy absorption, g) Specific energy absorption, h)
Crush force efficiency

It was determined that the 3030 configuration exhibits a
monotonic transition between neighboring configurations (2020 and
4040) in terms of elastic modulus, yield strength, and specific
modulus values. This confirms that the relationships observed in Set
I are not based on a biased reference point. However, the 3030
structure remained somewhat lower than the other samples in terms
of densification strain.

In the mass range of 4.48 g to 5.08 g (transition from 2020 to
3030), specific stiffness and specific yield strength showed an
increase of 2.3% and 23.3%, respectively. However, in the range of
5.08 g to 7.25 g (from 3030 to 4040), the specific modulus and
specific yield strength values remained constant within certain
limits, forming a plateau. This indicates saturation in specific
mechanical parameters at a certain value and shows that the added
material does not contribute to the specific mass efficiency.

It was determined that the configuration with the highest density
does not always offer the most efficient mechanical behavior.
Plateau uniformity reached the optimum level at 6.64 g mass with
9.2%, then decreased to 13.9% at 7.25 g mass; Simultaneously, the
CFE value also decreased from 0.787 to 0.690. This performance
loss was accompanied by an increase in the ratio of stress to plateau
stress in the densification region from 1.20 to 1.33. It is assessed
that the low internal void volume in the high-density configuration
compresses the cell wall contacts into a narrower strain range,
leading to early densification hardening.
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4, Conclusion

In this study, the mechanical response and energy absorption
characteristics of additively manufactured PLA components with
uniform and functionally graded TPMS-Diamond infill patterns
were systematically investigated through quasi-static compression
tests. Based on a four-set comparative experimental framework, the
principal findings are summarized as follows:

e At constant mass, density grading significantly enhances
energy absorption capacity at the expense of elastic modulus
and vyield strength. A moderate gradient (2580) increased
specific energy absorption (SEA) by 70.8%, whereas a severe
gradient (1590) yielded an 84.6% increase in SEA compared
to uniform counterparts. However, uniform architectures
consistently exhibited higher load-bearing capacity and
stiffness than graded structures of equivalent average relative
density.

e Suppressing the initial stress peak requires exceeding a
critical gradient severity threshold. While the moderate
gradient (2580) dampened the peak stress by 60.2% (retaining
a minor overshoot at ¢ = 3.4, the severe gradient (1590)
eliminated the stress peak, yielding a monotonic, stable
plateau. Furthermore, grading transformed the stochastic
collapse typically observed in uniform lattices into a
deterministic,  layer-by-layer  progressive  deformation,
dramatically reducing the coefficient of variation in SEA from
19.7% to 1.0%.

e  The elastic modulus of graded architectures unexpectedly fell
below that of the uniform architecture representing their
lowest gradient endpoint (by 56.5% for 1590 and 36.8% for
2580). This reproduced phenomenon indicates that global
stiffness in graded MEX structures cannot be modeled simply
as springs in series, likely due to localized stress
concentrations and inter-cell boundary compliance in low-
density transition layers.

e Mass efficiency within uniform TPMS-D structures exhibits
non-monotonic behavior. Specific stiffness and specific
strength saturate in the medium-density range (4.48-5.08 g),
whereas maximum structural performance, plateau stability,
and crush force efficiency (CFE = 0.787) peak at 6.64 g (80—
80 setting). Beyond this point (90-90 setting), early cell-wall
contact accelerates densification hardening and degrades CFE
to 0.690.

Future work should prioritize examination of the gradient
transition zones and the introduction of intermediate gradient
severities to resolve the peak-suppression threshold.
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HpO(l)I/IJ'II/I CbABPiKAIlA OTBOP CHC CIIUPAJTOBUAHUA OCH H MPUIIOKCHUETO UM B 3aBapbiHaTa
TEXHHUKA

boiiko Kpbcres, Anren Benukos
HHcTUTYT 10 MeTano3HaHue, ChOPBKEHHS U TEXHOJIOTUH ¢ LIeHThp o xuapo-u aepoauHamuka,,Axaa. A.banescku” — bbarapcka akanemust
Ha Haykwurte, Oyn. “llumaencku npoxoxn” 67, 1574 Codwus / benrapus

Pestome: : [Ipeonosiceno e eOHO HOBO MEXHONOSUYHO pelleHue 3a uspabomsane upe3 niacmuyHa 0eopmayus Ha npoPuiu CvbOBPICAUU

HAONBIHCHU KyXuHu c Henpaeoxzuneﬁna oc.

Ananusupano e eono egpexmugHo npunodicenue Ha npoguaume CbObLPACAUU OMEOPU CHC CRUPATOBUOHU OCU @ 00]IACMMA HA 3A8APABAHENO
Ha Memanume u NO-CREYUAIHO npu uspabomeane Ha MOKOBOOewU 003U NPU 3A8APASAHE C MENON00ABAWYU YCMPOUCMEA 6 3aWUMHA 23064

cpeoa.

IIpeonoocena e memoouxa 3a NPOEKMUPAHe HA OCHOBHUME 2eOMEeMPUYHU Napamempu Ha 03U CbObPICAUU OMEOPU C KPUBOIUHENHA
CRUPANOBUOHA OC NPU OMYUMAHE HA HANPEJICEHUAMA 8 3A6apbyHama mei ¢ 02ned Ha u30s2eane Ha NIACMUYHO OehopMupare Ha menma u
NPeKoMepHOMO Hapacmeane Ha PPUKYUOHHUME CUTU 8 OMBOPA HA 0I03amd.

Knruoeu oymu: mnococmvnanna excmpysus, 6e300pHUKO80 Hpecosane, moKosooeuju or3u

YBoa
TIpennoxxeHo € eXHO HOBO TEXHOJOTWYHO pELICHHE 3a
n3paboTBaHe 4Ype3 IulacTMYHa Jedopmanms Ha  mpoduim

CBIBPXKAIIM HAUIHKHA KyXHHH C HemnpaBoiMHeWHa oc. Tosa
pemienne ce 6asupa Ha paspaborenure B MHcTuTyTa Meronm 3a
MHOTOCTBIIANHA eKCTpy3ust [3-5] u Oe3nopHUKOBO npecoBane [6-9].
TTo ChIIECTBO € MOCTUTHATA eTHA Bb3MOXKHOCT 3a pa3LIMpsBaHE Ha
MPaKTHYECKOTO MPHUIIOKEHUE HA TE3W METOIM NPU HMPOU3BOJCTBO
Ha HOB Kilac wu3Jenus. Mpesra Ha IPEIOKEHOTO HOBO
TEXHOJIOTMYHO pEIICHHE Ce CBeXJa 10 CleJHoTO: B m3xonna
IWINHAPUYHA 3aroTOBKa 3a IIpecoBaHe ce o(OopMsA HaUIbKEH
HENPOXOAEH OTBOP, OCTa Ha KOWTO OTBOp HE ChBIIAJa C OCTa Ha
[WIMHIpUYHATA 3aroTOBKa T.e. Hamuue e ekcueHtpuruter E (E —
Pa3CTOsTHHE MEXIy OCHTE Ha 3aroTOBKaTata M Ha oTBopa). OTBOPBT
Ha Taka IOATOTBEHATa 3aroTOBKa c€ 3ambjiBa (MPUMEPHO Ype3
3aMBaHE C Pa3TONEH MaTepHai) C MOAXOIIL MexuyM. Taka
MOATOTBEHATA 3aTOTOBKA CE MOJyIara Ha MHOTO- WIIH €HOCTBIIAIHO
MpecOBaHe MPU pealu3alisi Ha CyMapHa CTEMEH Ha PeIyKUHUs As.
[Mony4eHusT B pe3yiTaT Ha NPECOBAHETO ChIbPIKAl] HELEHTPHIECH
otBop (¢ excuentpuuurer e=E.(Ay)Y?) npsT ce yeyksa, crencrsue
Ha KOETO OCTa Ha OTBOpa ce TpHachHUpPMHpa B CIUPATIOBUIHA
nuHud. [Ipeny ycykBaHETO C IieN MOBHIIABaHE Ha IUIACTHYHOCTTA
Ha 0o0OpaboTBaeMHsl Marepuall, TOH MOXe Ja ObIe MOAJI0XKEH Ha
TepMooOpaboTKa orrpsiade. OT monydeHus mnpodmin ce
OTCTpaHsBaT JepEeKTHUTE TpeaHa (HeChAbpiKalla OTBOP) W 3aaHA
(t.H. mpecocrarpk) yact. OT ToxHAaTa IIGHTpaJHA dYacT ce
OTCTpaHSBa 3aIbJIBALIMAT OTBOPA MEIMYM 3a Ja Ce MOIy4H
KpaliHUsT TPBOEH NPOAYKT. AKO OT IIPECHU3JCNINETO e ce
NPOU3BEXKAAT JieTainn (MpUMEpHO Ha CTPYraBTOMar), TO Te Ce
n3paboTBaT Mpeayu OTCTPaHSIBAHETO Ha 3aITbJIBALIMS MEANYM, KaTO
TOM ce OTHEMa OT TAX CJIeJ MeXaHHYHaTa 00paboTKa Ha JeTaiiuTe.
Kiro4oBH  JyMH: MHOTOCTBIIANHA EKCTPY3Hs, OE3M0pPHHUKOBO
MpecoBaHe, TOKOBOICIIH 03K

ExcnepuMeHTaIHA YacT

AHanmu3upaHo € exHO €(EeKTHBHO NPHIOKEHHE Ha
npoduINTe ChABPIKALIN OTBOPH CHC CIMPATOBUIHH OCH B 00JaCTTa
Ha 3aBapsBAHETO HA METAJIUTE ¥ II0-CIELHAIHO NpU M3paboTBaHEe
Ha TOKOBOJEIIM JMIO3M TIPH 3aBapsBaHe C TeJIONOAABAIIH
YCTpOHCTBA B 3aIIUTHA Ta3oBa cpefa. CraBa BBIPOC 32 KOHTAKTHA
JI03a OcTa Ha KOSATO € BHHTOBa JHHUA. [lpm Te3m mio3m ce
peammzupa (¢wur.l) MMHEeH KOHTAKT IO BHHTOBA JHHHA 10 Mexmy
3aBapBYUHUS T U OTBOPA HA Jf03aTa, KOWTO € MHOrO 10-100Bp B
CpaBHEHHME C TPHTOYKOBHS KOHTaKT Ha A103aTa C KPBI'BJI OTBOP.
XapakTepbT Ha TO3M KOHTAaKT CE JBDKH Ha OOCTOSATENCTBOTO, 4e
TeIbT 4 3aeMa TOJIOKEHHE, KOETO €& XapaKTepU3upa C MHHHMYM
Ha TOTEHOWAJ HATa €Heprus Ha eJacTHYHa Hampersaroct. Tosa
MOJIOKCHNE € Hal-CTaOMIHOTO OT BCHYKHM BB3MOXHH. Hapen c
TOBA, KOHTAKTHHUTE HAJATAHHUS MEX/Y TeJITa U OTBOPA Ca II0-BUCOKH
B CpPaBHEHUE C AIO3UTE C KPBI'bI OTBOP, BCIEACTBHE HA TOBA ue
TETbT € TPHHYAEH HEMPEeKbCHATO €JaCTUYHO Ja IPOMEHs
KpHBMHATa CH IO IpUIaTa ObDKMHA Ha aro3arta. Ilposenenu B [10]
HSKOM HaJalHH EKCIIEPHMEHTH C JI03U ChC CIHUPATIOBHIECH OTBOP
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MOKa3BarT, 4e MpH JaJeH JHaMeThp Ha Tella MapaMeTpuTe Ha Jr03aTa
(mpkvHAa 1 W XapakTepHCTHKUTE Ha OTBOpa: AuMaMeTsp d,
eKCLICHTPUIIUTET e U CThIIKAa Ha BUHTOBATa JIMHUS t) BIUAAT
CBIIECTBCHO BBbpPXY HeHHAaTa TEXHOJOTMYHA MPUTOAHOCT U
kauecTBO. ToBa 000CHOBaBA 1E1€CHOOPA3HOCTTA OT NMPOBEKIAHUTE
B HacTosIata paboTa M3CIEIBAHHS HAa BIMSHHETO HA ITOCOYCHUTE
MapaMeTpy BBPXY TEXHOJOTHYHHTE M KAUeCTBEHM IIOKA3aTeNd Ha
JF03aTa.

Dur. 1

Ocu Ha jaro3ara (T.e. Ha BAHTOBATA JIMHHS )

Rmax

Rmin

dur.2
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Ilpn HavyanaHUTE EKCNEPUMEHTH 3aroTOBKHU C JUAMETHP
Do=®50mm u gemxuHa L=115mm c¢ aguamersp Ha OTBOpa
do=®12,5mm u excuentpuuurer E=D/4 u E=D/8 cnen 3ambiBane
cbe coil NaNOj 0s1xa eKCTpyAupaHu ¢ MOMOIITTA Ha HHCTPYMEHT 3a
JBYCTBIIAJIHA €KCTpy3us [2] 10 KpallHM IPOAYKTH C JUAMETHP
D=5.85mm wu c¢ otBopu ¢ gumamerbp d=145mm wu c
excueHTpunuTetd e=3,1mm [ u 1,6mm. IIppTHuTe 6siXa HacykaHH 3a
Jla ce TOJIy9H CThIIKa Ha BUHTOBATa JIMHA t=28mm. ciiel KOeTo OT
Tax Osixa wu3paboreHn mA03d ¢ abokuHA 10=30mm. Bemre
YCTAaHOBEHO, 4e MoAaxozsmara Tea dren=1,2mm 3a moiydyeHuTe
mo3u (do=1,45mm) He mpeMuHaBa mpe3 TexHUs OTBOp. Tem ¢
muaMeTsp ©1,0 mpeMuHaBa ChC MHOTO TOJIIMO CBHIPOTUBICHHE,
KaTo JI0pH I0JIy4aBa IacTuiHo nedopmupane. ToBa s paBu ChIIO
HETIPUTO/IHA 3a 3aBapsiBaHe. B IoydeHHTe AI03U Tel C AUaMEeTHp
0,8 (mpu nydpt A=0,65mm) mpemuHaBa ¢ c1abo CHIPOTHBICHUE
Oomu3ko 10 ToBa, ¢ koero Tenm 0,8 mpemuHaBa mpe3
KOHBEHIIMOHAMHaTa aro3a ¢ otBop P1,0 (mpm nydr A=0,2m) .
Onutute ¢ uzpaboreHure ap3u cbe Ten PO,8mm mokazaxa, ye
3aBapbUHUs TPOIEC HE NMPOTHYAa HOPMATHO — 3aBapbyHaTa Jbra
MpEeKbCBa, MOJy4yaBa C€ XapaKTepHO ,JIMyKaHe* M ce€ TIeHepupar
MHOTO TIpbCKH). ONMcaHuTe pe3yiTaTd, HEABYCMHCICHO HOTBBPIN

n3Boxute OT [10] , oTHacsAmM ce IO TOBa, 4Ye HPHU IIO3UTE ChC
CIMPAJOBU/ICH OTBOp MNpH [aaeH [auamMerbp Ha Tena dren
napaMeTpuTe Ha [ro3ata (AbDKMHA | M XapaKTepUCTUKHTE Ha
oTBOpa: AuaMeTbp d, EKCUEHTPUIUTET ¢ U CThIKa HAa BHHTOBATa
JMUHUS t) BIMSAAT CBHIOICCTBCHO BBPXY HEWHATa TEXHOJIOTHYHA
MIPUTOHOCT M KadecTBa. ToBa 000CHOBaBa IEIECHOOPA3HOCTTA OT
MPOBEKAAHETO HA W3CIICABAHHWS HA BIUSHHETO HAa IMOCOYCHHTE
mapamMeTpyd BBPXY TEXHOJOTHYHUTEC Ka4eCTBCHM IIOKA3aTeld Ha
mro3ata W 00OCHOBa IEeNechoOpa3HOCTTA OT THPCEHETO Ha
MOAXO/SIIN HHKCHEPHH MOAXOAW W HAOOp OT mapaMeTpu 3a
TCOMETPUYHUS U CHJIOB aHAIU3 Ha [BOMKATa 103a-3aBapbh4eH Tell.
Hapen ¢ ToBa 1a ce ThpcH BB3MOXKHOCT 3a Ch3[a[icHa Ha METOJIMKA
3a MpPOEKTHpaHe Ha OCHOBHHUTE F€OMETPUYHHU MMapaMeTpH Ha AI03U
CBHIbpIKAIA OTBOPH C KPUBOJHMHCHHA CIUPAIOBHIHA OC, INPH
OTUYHNTAHE HAMPEKCHUITA B 3aBapbyuHATa TEJN C OrJie] HU30sArBaHe
IUIACTUYHOTO JehOopMHpaHe Ha TENTa U MPEKOMEPHOTO HApaCTBaHE
Ha (QPUKIIMOHHUTE CHJIM B OTBOPA Ha JF03ata.

3a 1enuTe Ha aHANIM3UTE ca MPHUETH O3HA4YeHHsS 3a
napaMeTpuTe Ha MIO3UTE U 32 HAKOM BEIUYMHH XapaKTepU3UPAIIN
IIBOWKAaTa TeN-OTBOP, KOUTO Ca OCOYEHH B TaOImI. 1,

Ta6mmna 1.

O3HaveHus [MapaMeTpu 1 BETHIUHH

ors=2.Forg JIUaMeThp Ha OTBOpA Ha [ro3ara
Uren=2.Fen JUaMEThP Ha TeNTa

A= dOTB 'dTen J'Iy(bT

e EKCIIEHTPHUIIUTET HA OTBOPA
|iosa IIBJDKWHA Ha JIF03aTa

R panMyc Ha BUHTOBA JIMHHSI
t CTBIIKA Ha BUHTOBA JINHUS
o BI'bJ HA HAKJIOHA HA BUHTOBA JINHUS
Rmax MaKCHMAJICH PaJInyC HAa BUHTOBATA JIMHKS HA OCTA HA TENTa — P BHHIICH KOHTAKT
Rmin MHHHMAIICH PaJINyC Ha BUHTOBATA JIMHKS Ha OCTa HA TENTa — IIPH BHTPEIICH KOHTAKT
de=2. 1, JHaMeThp Ha CBETIIOTO Ce4eHre Ha 0TBOpa Ha mio3arta ( de,< d;)
p paaryc Ha KpHBHHA Ha BUHTOBA JINHUS
Oor OT'BBAII0 HATIPEKEHHE B TEJTa
E MOJIyJI Ha €JJACTUYHOCT HA MaTepHraa Ha TeTa

B 1a611.3.2 ca npuBeneHn 3aBHCUMOCTHTE, TI0 KOUTO CE OMPEAEIIAT
OCHOBHHTE T€OMETPHUYHH W CHIIOBU MAPaMeTPU Ha JABOWKATa OTBOP
Ha mro3ara-ten (¢ur.l u ¢wur.2). B cbuiara tabnuia ca AageHd U
HSKOW TOSICHCHHs 3a MapaMeTpUTe, 3a 3aBUCHUMOCTHTE U 3a
BEJIMYMHHUTE KOUTO BIM3aT B TsAX. Moxe OW e LenechoOpa3Ho na
OBJaT MaJeHH W HIKOM JONBIHUTEIHHM TMosicHeHus :1. Ako
HepaBeHCTBO Nel He € U3ITBIIHEHO CBETIIOTO CeveHre Ha 0TBOpa dg,
e ObJe MO-TOJIIMO OT auamMeTbpa Ha Tenta d,,, CIENCTBHE Ha
KOETO e/{Ha TeJl ¢ MPaBOJIMHEIHA OC II[e MPeMUHaBa ¢ XJIa0uHa mpe3
OTBOpa W HsMA Jia ipreMa GopMara Ha BHHTOBA JnHUs. 2. B eqHo
HANpPEYHO CEYeHHe OCTa Ha TenTa € Ha pacrosade R (Rmin< R<

Rmax) oT ocra Ha mro3ata (T.e. Ha BHHTOBaTa JIMHHA). Rmax u
Rmin cwoTBeTCTBAT CHOTBETHO Ha MaKCHMalHHS ¥ Ha
MHUHUMAaJIHUA pajJuyCc Ha pas3loJIoKeHHe Ha OCTa Ha Tenta. ToBa
neduHMUpa TpaHUYHUTE BUHTOBHU JIMHUU HA TENTA. 3. Pmin ¥ Pmax €2
I'PaHUYHUTE CTOMHOCTH Ha paaunycuTe Ha KpHMBHHA HAa BHUHTOBaTa
JUHUST Ha OcCTa Ha Tenrta. 4.MakcuManHata CTOHHOCT Pmax
nepuHEpa MHHEMATHO BB3MOXHA CTOHHOCT Ha OTBBAIIOTO
HalpeKeHWe B TenTa omnpenencHa ¢ ypaBHeHue Nell. Tosa
CHOTBETCTBA HAa MHHAMYM Ha €INacTHYHUS MOTEHIMAI Ha
nedopmupaHaTa Tel T.e. Ha peaiHAsl KOHTAKT Ha TeJITa B OTBOPA Ha
JF03arta.

Tabin.2

Ne 3aBUCHUMOCT IlosicHeHue I'paduxu
1 e> A2 VcnoBue ocra Ha TelTa Aa npremMa GopMa Ha BUHTOBA JIHHHSA.(CIEABA OT

YCIOBHETO: I'ey= lyrp — €<Iyen);
2 R (Rmin< R< Rmax) Pammyc Ha pasmonoxeHne Ha OCTa Ha TelTa (OTCTOSIHUE Ha OCTa Ha TeJTa OT

0CTa Ha J1103aaTa)
3 Rmax=e+A/2 ; MaxkcumalieH painyc Ha pa3losIoKeHUE Ha OCTa Ha TeNTa ®dur.3-3
4 Rmin=¢e - A2 MHuMaJleH paJuyc Ha pasosIoKEHHUE Ha OCTa Ha TelITa ®dur.3-3
5 tga=t/2.m.R. - BI'bJI Ha HAKJIOH HAa BUHTOBATA JIMHUS

(o, min<o<q,max)

6 tgo,max=t/ 2.w. Rmin . 0,Max- MaKCHMAaJIHO Bb3MOKEH BbI'bJI HA HAKJIOH HAa BUHTOBATA JIMHHUS
7 tgo,min=t/ 2.7w. Rmax. 0,Min- MUHKMMAJIHO Bb3MOKEH bI'bJl HA HAKJIOH Ha BUHTOBATA JIMHUS
8 .p=R.(1+ tga)=r.[1+ Panuyc Ha KpyBHHA HA BUHTOBATA JMHUS
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T -0 : 00

(t/2.1.r)7]

9 Pmin= Rmax-(1+ tga, min)= MuHHIMAaTHO Bb3MOXKEH PaJiyC Ha KpUBHHA Ha BUHTOBATA JIMHUS
Riax.[1+ (/2.0 Rina)?]

10 Pmax= Rumin- (1+ tg%0, max)= MaxkcuMaliHO Bb3MOXKEH paanyc Ha KPHBHHA Ha BUHTOBATA JIMHUS
Rin-[1+ (t/2-7T-Rmin)2]

11 Gor=E.Ien/Pmax OrpBallo enacTUYHO HanpexeHue B Tenta. [Ipoustuya ot :6,=E.€; &= Al/lo;

Al= |- lo; 1=2.7(p+ Ieey); 10=2.1p

ITo nony e HanpaBHa rpaduuHa MHTEPIPETALUS Ha
350 +
3aBucuMocTHTe 0T Tabi.2 (pur3 mo ¢wur.5), kato nmpu
TpecMATaHuATa € Ipueto: 1)mydt orBop/Ten A=0,2mm; 325 -
2)E=2.10°MPa/m?; 3)1ensT ce ae(OpMIpa eTaCTHUHO; 4)p= Prax- 300 -
U3IBJIHCHO € YCIOBHETO HAa Min Ha MOTCHIMAJHATA CHEPTHS Ha 275 -
eJacTHYHAaTa HAaIPerHaTocT (Ha enacT. AeopMarus). 250 -
O6xBaHaTH ca ciaegaure aro3u u tenose:dren=0,8; 1,0;1,2; 225 —e—Laoza=2
Laroza=25- 75; ¢; ¢=0,1 no 0,7; Daro3a=5,85. 200 - 5.
Ha ¢ur.3 e HanpaBeHa rpaduyHa HHTEpIPETALHS HA 175 - ®ren=1,2
3aBucuMocTd Ne3 u Ned ot tabm.2. 150 - == | N1033=5
E 125 - 0;
- 100 - dren=1,2
s 75 -
@ 50 .
Oé /,/ b Rmax; A=0,1 25
////E/I/ 0 T T T T T T
65 e
! //E/%.E//' =3 max; o1 02 03 04 05 06 07
0,4 Z gt 8=0,15 e
o3 Rmax: ¢wur.46.
’ A=0,20
0,2 —*— Rmax; 350 -
A= 325 -
0.1 =0,25 300 -
0 ~--x--- Rmin; A=0,1 %gg ]
225 -
0,1 0,3 0,5
Rmax=f(e): Rmin=f(e 200 -
175 -
Our.3. 150 4
Ha ¢ur.4a-r ca mnpencTaBeHH 3aBUCHMOCTHTE HA Pmax ( IO i(z)(s) :
OpIMHATaTa pmax € O3HAa4eHa C p) OT CEKCLEHTPULHUTETE € 3a 75
pa3iMYHM UAaMETpU Ha TeNTa M JBDKUHA Ha J03aTa, KOATO € 50 -
paBHa Ha CTBIIKaTa Ha BHHTOBaTa JHWHUA. Bmwkaa ce , 4e ¢ 25
HapacTBaHE Ha € M ¢ HaMallsiBaHe Ha L1103a pPmax HaMaJIsBa. 0 : : : : . :
1500 - . Lnt03a=25; o1 02 03 04 05 ,.0’6 0,7
1250 - e dren=1,2 Qur-45,
“ % == Lj103a=50;
1000 - . ’
dren=1,2 1228 ® e | 1}032=25;
750 ~ —@— La03a=75; 1000 : odren=1,2
500 - ®ren=1,2 750 =3¢ L1103a=50;
250 - 500
250
0 +—————————F emeaeas—— 0
0,1 0,3 0,5 0,7 0,9 0,1 0,3 0,5 0,7 0,9
¢wur.4a ¢wur.4r
Ha ¢wr.5, ¢ur6 u ¢ur.7 ca mnpencraBeHH CBHOTBETHO
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3aBUCUMOCTHUTE Ha G0 =T( prax) /110 abcrmcara pmay € 03HaUeHa ¢ p/,
o,=f(Laro3a) u o,=f(e).



MACHINES. TECHNOLOGIES. MATERIALS. vol 2, 2026

2000 - q 900
—e— ,Te -
lg 50 A
=0,¢ 750 - =t~ LA1033=25;
1500 - 600 | o7 orens12
1250 -
450 - === | 01033=50;
1000 - 300 - dren=1,2
750 -
150 4 . ==@==| ft03a=75;
500 - 0 b’{:. ¥ T T T 1 ¢Ten=1,2
250 1 01 02 03 04 05 06 07
=0 ’ 7 ’ 7 7 ’ 7
O T T T T T T 1 =
Qur. 7.
0 100 200 300 400 500 600 70
Oor
ur.5. 3aBHCUMOCTHUTE OT TaOJI.2 ¥ rpadryHaTa UM
© uHTEpnpeTanus ot Gurd 10 GUry qaBaT BE3MOKHOCT MPHU 3a/1aICHH
% U3XOJHU NMapaMeTpH dye;, Lyos Oor E 1@ ce ompenenu p o
1060 - 3aBucuMocT Nell, peciektuBHo ¢ur.5. Cien ToBa Ha 6a3ara Ha
o —4—doTB=1,0; 3aBucumoctr Nel0 u 4 ( purda/r) ce moadupar oCHOBHUTE
5%0 - dren=0.8:... mapameTpy Ha Aro3ata € u A.

Wsnon3Baiiku Ta3sw MeToAMKa 3a IpecMsTaHe Ha
TEOMETPUYHUTE NapaMeTpu Ha IIO3MTE, ChOOPa3HO JOMYCTUMUTE
HaIlpe)XeHUs] Ha OI'bBaHe, ca IOCTpoeHH rpadukure ot Gurd-6 no

30 40 50 60 70 ¢ur7. Ha TsaxHa 0a3a ca MOATOTBEHH CKCIICPUMCHTAIHH JIO3H,
i YUHUTO pa3Mepu (Hapes ¢ pa3MEpUTe Ha 3arOTOBKUTE) ca JaJCHU B
Ta0m1.3.
Dur.6.
Tab6n.3 (pa3mepu B mm)

Ne Dasar Lzar Dorts. Esar. Darosza Laroza dots. dren. e t

1 50 115 9 1,50 5,85 30 1,00 0,8 0,18 30

2 50 115 11,2 1,85 5,85 30 1,25 1,0 0,22 30

3 50 115 10,85 2,15 5,85 30 1,20 1,0 0,25 30

4 50 115 10,8 1,15 5,85 30 1,20 1,0 0,13 30

Ilpu m3nuTBaHWs B Ta0OPAaTOPHU YCIOBHA Ha IIO3UTE OT Tabn3 JIUTEPATYPA

HMallle TOJEMH OTKJIIOHSHHUsI B KQ4eCTBOTO HA 3aBapbUHMUS MPOILEC.
ToBa ce ABDKK Ha rojsiMara YyBCTBHTEIHOCT Ha TO3M MPOLEC KBM
TeOMETPUYHUTE MapaMeTpH Ha aro3ute. [lpu npeMrHaBaHe Ha Tena
npe3 mio3ute ¢ dren.=1,0mm B HIKOM OT Cily4aWTe BB3HHMKBaxa
TOJIEMH CBHIIPOTUBIICHUS] W 3aBapbyHHUs Ipolec NpekbeBaie. [Ipu
dren=0,8mm mnpemMuHaBaHeTo Oemie ¢ rojsAma xiabWHa, KOETO
OTHOBO He Oeme OmarompwsaTHO 3a 3aBapadyHus mporec. Omurure
ChC CIIUPAITHWUTE JIO3U MOKa3axa, 4e Ib/DKHHATA Ha JI03aTa TpsiOBa
Ia € Mo-ToJsIMa OT HaJMYHATA W HM3IOJ3BaHA MPH EKCIIEPUMEHTa
anaparypa - Lmio3a=30mm. C yBenuuaBaHe Ha Jb/DKMHATA Ha
Jf03ata Ie ce TOJIyYr Bb3MOXKHOCT 32 yBeJIMYaBaHe Ha paauyca Ha
KBUHTa p T.C. 1O HaMalIdiBaHC Ha OI'bBALUTE HAIIPEKEHUA O, Ha
3aBapbYHUS Tell, IPU HaMaJleHa XJ1abrHa MEeXTy OTBOpA U Tela.

Or ToBa 1Ie ciiefiBa 1O JOOPO TOKONOJaBaHE M IO KayeCTBEH
3aBapbUeH MPOIIEC.

3AK/IIOYEHHUE

TlpemnokeHa € METOAWKA 3a MPOEKTHPaHe Ha OCHOBHHUTE
TEOMETPUYHM [AapaMeTpd Ha MI03W ChIbPXKAIIA OTBOPH C
KpHBOHHHeﬁHa CriMpaioBUAHa OC IMPHU OTYUTAHE Ha HANPECIKCHUATA
B 3aBapbyHaTa TeJd C OMIeA Ha u30sArBaHe Ha IUIACTHYHO
nedhopmupaHe Ha TelnTa W HPEKOMEPHOTO HApacTBaHe Ha
(pPUKIMOHHKTE CHIIM B OTBOpA HA JF03aTa.
MHoromnapaMeTpu4HOCTTa Ha MpOLeca Ha 3aBapsBaHE H3UCKBA
M3BBPIIBAHETO HA M3BBHPEIHO TOJISIMA IO 00EeM eKCIIEepUMEHTAITHA
pabora. Moxe na ce TBBPAM, Y€ TOCTUTHATHTE B HACTOSIIATA
pa3paboTKa pe3yiaTaTH ca HEoOXOAMMa OCHOBA 3a M3BBPIIBAHE Ha
ObelUTe HW3CICHOBATENICKM JACHHOCTH 1O  Ch3JaBaHe Ha
ONTHMAJIHN KOHCTPYKTHBHH pCIICHHS Ha [I03H CBhC CIHpaHa
¢dopma Ha oTBOpA.
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Covered electrode selection for mma, optimal operating parameters and risk of cold
cracking (hacc — hydrogen-assisted cold cracking)

Hristo Hristov
Nikola Vaptsarov Naval Academy, Varna, Bulgaria
h.hristov@nvna.eu

Abstract: This paper examines the critical criteria for selecting covered electrodes in manual metal arc (MMA) welding, focusing on
achieving metallurgical compatibility with the base material and preventing welding defects. The performance characteristics, polarity
requirements, and specific applications of major coating types—namely rutile, basic/low-hydrogen, and cellulosic electrodes—are evaluated
alongside specialized consumables for stainless steels, cast iron, and hardfacing. Special attention is dedicated to the phenomenon of
Hydrogen-Assisted Cold Cracking (HACC). Finally, the paper introduces the "Electrode advisor" digital application. By incorporating
multi-criteria input parameters—including base material, geometry, thickness, welding position, power source polarity, and HACC risk
factors—the software automates the selection of electrode classification, optimal diameter, and operating current. The integration of this
application standardizes engineering decisions, streamlines quality assurance documentation, and significantly mitigates the risk of
catastrophic weld failure in structural and marine applications.

Keywords: MMA WELDING, COVERED ELECTRODES, ELECTRODE SELECTION, HACC, HYDROGEN-ASSISTED COLD
CRACKING, RUTILE, LOW-HYDROGEN, ELECTRODE ADVISOR APPLICATION.

1. Introduction 3. Polarity and power source

Covered electrodes are the main consumable for manual metal Polarity affects the stability of the arc and the penetration
arc (MMA) welding. The coverings perform numerous capability of the electrode. Rutile electrodes can be classified as
technological and metallurgical functions, some of which are: easy  universal from the point of view of power source, working both with
striking and stable burning of the arc, creation of reliable slag and  alternating and direct current (AC/DC, DC=) [8], [16].
gas protection, modification and alloying of the weld metal,
deoxidation, control of the cooling rate and many others [13]. The
core wire of the electrode must correspond to the metal of the parts
being welded and must provide the weld with mechanical and
ductile properties that are not worse than those of the base metal.

Low-hydrogen (basic) E7018 electrodes are traditionally used
on DC+ (DCEP). It should be noted that there are industrial
formulations that also allow their use on alternating current (AC)
[20], [3].

The choice of current is subject to the ranges given in the
manufacturer’s data sheet and is optimized for the welding position
and diameter [16].

"Correct selection" means the highest possible match between
base material and weld metal (strength, hardness, elongation, impact
toughness, corrosion resistance, etc.) and the absence of welding
defects (cold cracks, undercuts, notches, bridging effect, ...). This . .
depends on the correctly chosen: welding equipment (AC/DC), 4 C(_)ntrOI of diffusible hydrogen and the HxR
welding procedure (diameter and chemical composition of the  designation
electrode, welding current, arc length, travel speed, welding

position, polarity), and control of diffusible hydrogen (properly solidification and depend on the source of hydrogen (electrode,

selected electrode) [10], [6]- contaminated metal, etc.), hardness, microstructure and stresses. In

Covered electrodes for carbon (mild) steels are classified  carbon-manganese (C-Mn) steels the cracks often start in the heat-
according to 1SO 2560:2020 (system A/B by strength, impact affected zone (HAZ) and may propagate into the weld metal [5].
toughness, type of coating and recovery) [1], [9], and for stainless ~ Prevention includes the use of low-hydrogen electrodes, preheating,
steels — according to ISO 3581 (chemical composition of the  dry consumables and clean edges [6].

deposited metal and type of coating) [2], [12] "H4/H4R" denotes a limited content of diffusible hydrogen (< 4
The American AWS specifications use alphanumeric indices =~ mI/100 g of deposited metal), and the letter "R" indicates additional

Cold cracks caused by diffusible hydrogen (HACC) occur after

(e.g. E7018: E — electrode for manual metal arc welding; "70" —  resistance to moisture pick-up (27 °C / 80 % RH for 9 h) [11], [13].
tensile strength 70 kpsi; "1" — all welding positions; "8" — basic/low- o . .
hydrogen coating and characteristic current/polarity) [10]. General 5. Criteria for electrode selection (algorithm)

terms and definitions are codified in AWS A3.0M/A3.0 [13]. 1) Material and mechanical requirements.
2. Types of coatings and performance For S235-S355 (structural steels) and non-critical joints — rutile
characteristics E6013; for thick sections, dynamic loading, low temperatures — low-
hydrogen E7018 [1], [6]; for stainless steels — corresponding

Rutile (R; often E6013) — characterized by easy arc striking,  3081/316L/309 class to 1SO 3581 [2], [12].
smooth bead surface; suitable for thin sections in all welding

positions, including vertical-down [8], [16]. 2) Welding position.

Basic/low-hydrogen (B; E7018/E7016) — provide low diffusible All positions / thin material — rutile; vertical-up on thick sections
hydrogen and high impact toughness; preferred for thick sections, ~ — low-hydrogen; pipe roots — cellulosic [16], [10].
shipbuilding/structural steels and low service temperatures [7], [12],

3) Power source and polarity.

[6].

Cellulosic (C; E6010/E6011) — deep penetration and high travel
speed; typical for pipe root passes and site erection work [16], [10].

Available AC source — rutile or AC-compatible E7018; for DC+
— low-hydrogen and rutile [16], [3].
Special purpose — for stainless/heat-resisting steels to 1ISO 3581 4) Electrode diameter — selected according to thickness.
[2], [12]; for hardfacing; for cast iron (Ni/NiFe) in cold / semi-hot Practical guidelines (e.g. @2.5 ~2-5 mm; ©3.2 ~ 4-8 mm; ¥4.0
welding. > 8 mm). For critical joints, the exact values are specified in the data
sheet and WPS (Welding Procedure Specification) [16].
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5) Hydrogen / cracking limitations.

At high carbon equivalent (CE) or high hardness — H4/H4R low-
hydrogen electrodes, preheating and limited heat input in
accordance with EN 1011-2 and good practice [6].

As examples from marine practice, the electrodes of
manufacturers Unitor and Wilhelmsen can be cited —

LH-314N (LMA, low content of diffusible hydrogen, intended
for shipbuilding / structural steels). The data sheet of these
electrodes emphasizes their high impact toughness and crack
resistance. They are intended for critical joints on "ship quality"
steels [7].

GPO-302N (rutile, "general purpose"). Intended for use on low-
carbon mild steels in all welding positions, including vertical-down;
good bridging effect [8].

These examples illustrate the logic "E6013 for general repairs"”
versus "E7018 for critical joints / thick sections”, in line with
ISO/AWS classifications [1], [2], [10].

6. Defects in case of incomplete / wrong selection

Cold cracks (HACC), often in the HAZ; their symptoms
and orientation are described by TWI [5].

Porosity, slag inclusions — incorrectly selected electrodes
(moist electrodes, unsuitable coating for the welding position and/or
low heat input — the amount of heat energy introduced per unit
length of weld; it affects the HAZ and is usually specified in the
WPS) — defined by the welding parameters [6].

Lack of penetration — wrongly chosen electrode/coating
for the specific needs (e.g. rutile instead of cellulosic for a root pass)
or too low welding current values [16].

7. Storage, baking and exposure

After baking/drying, low-hydrogen electrodes should be stored
in a holding oven at about 120 °C in order to prevent moisture pick-

up [3].

Restoring the temperature regime when charging 20-80 kg of
cold electrodes is slow (from 45 min to 2.5 h) and has to be taken
into account when organizing the work [9].

"R"-classified (H4R) products are designed for increased
moisture resistance, but the manufacturer’s recommendations and
exposure limits still have to be respected [11], [12].

Indicative drying regimes for electrodes:
E7018 / E7016 (low-hydrogen, H4/H4R) — (260-350) °C

for 1-2 h.

E6013 (rutile) — (100-150) °C for 0.5-1 h (if there is

moisture) — high temperatures are not used so as not to damage the

coating.
. E6010 / E6011 (cellulosic) — not baked.

Stainless/nickel electrodes 308L, 316L, Ni/NiFe — (200—

300)°C for 1+2 h.

8.

Industrial guidelines (e.g. Lincoln) provide operating ranges by
type and diameter, as well as recommendations on polarity and
control of arc blow, especially for DC [16].

Parameters: current, speed, welding technique

In practice, the welding current for ©2.5 / 3.2 / 40 mm
electrodes usually falls around ~60-90 A / ~90-130 A/ ~120-170 A
and is fine-tuned according to position, workpiece and coating type,
always validated against data sheet / WPS [16].
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Figures 1, 2 and 3 show recommended welding current values
depending on the thickness of the part being welded, respectively
for E6013 (rutile), E7018 (basic) and E6010 (cellulosic) electrodes.

E6013 (pyTuneH) — NpenopbY4MTENEH TOK N0 AWAMETBR

M. TOK

3.0 3.5 4.0
AvamMeTvp Ha enexTpoaa (MmM)

Fig. 1 E6013 (rutile): recommended current by diameter [14], [16]

E7018 (HMCKOBOOOPOAEH) — MPENOPBYMTENEH TOK NC AMaMEThR

MidH, ToH

35 a0 45

AwaseTsp Ha ENeKTPOnS (MM)

Fig. 2 E7018 (low-hydrogen): recommended current by diameter [14], [16].

EG010 (uenynozeH) — NPeNopBLYMTENEH TOK N OWaMeTsp

Makc. Tox

200}
180}
160}

140F

Towk (4]

120F

W00

BOF

G0

25 35 4.0

DuameTsp Ha enekTRoga (MM)

4.5 5.0

Fig.3 E6010 (cellulosic): recommended current by diameter
[14], [16].

9. Cold cracks HACC (hydrogen-assisted cold
cracking)

Cold cracks caused by the presence of diffusible hydrogen
appear after completion of the welding process at approximately
room temperature; most often this occurs in the HAZ or in the weld
metal.

The three necessary conditions for this defect are:

Diffusible hydrogen in the weld/HAZ (caused by
moisture, residues of oils, paint, use of rutile or cellulosic electrodes,
insufficient baking of electrodes).

.
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. Brittle and hard microstructure (high carbon equivalent
CE, large material thickness with martensitic structure and high
hardness).

. Presence of tensile stresses (restraint
inappropriate welding sequence, rapid cooling).

caused by

To control these three components (hydrogen, hard structure,
stresses), we propose the following checklist in tabular form for
managing the risk of undesired cold cracks.

Mark "Yes" where a risk is present; > 3 "Yes" answers = take
measures (E7018 H4/H4R; preheating; dry electrodes; control of
interpass temperature; lower HAZ hardness) [5], [6], [11], [12].

Cold cracks (HACC — Hydrogen-Assisted Cold Cracking) —
checklist:

thickness
Power AC/DC AC/DC AC/DC
source
Recommen | 308L 316L 309/309 Mo
dation (stainless) (stainless)
basis/ Matching Mo for Buffer
source composition corrosion composition
resistance for
dissimilar
joints

Table 5: Matrix — guideline for electrode selection (cast iron, low
temperature high CE)

Material Cast iron Low temperature
Table 1: Risk factore. (repair) / hi hpCE
Tick Risk factor Notes P g
O High carbon equivalent (CE) of the steel Position/ thickness Short runs Critical joints
or thickness above 15 mm.
O High restraint / fixation of the part Power source AC/DC DC+
(restricted shrinkage). _ _ _
O Low ambient temperature / no preheating_ Recommendatlon Ni or NiFe E7018 H4/H4R
u Contaminated edges (moisture, oils, paint, basis/ source Minimization Control of H;
5 MoirsLtISgéctro s of  cracking; | moisture
- machinability resistance
Table 2: Measures when risk is identified
Tick Measure Notes 11. Application for selecting a suitable electrode
| Low-hydrogen electrodes (e.g. E7018 On the basis of everything discussed so far, with the aim of fast
H4/H4R) + correct baking/storage. and correct selection of a suitable electrode, a quick-selection
O Preheating according to WPS and application — "Electrode advisor" — was developed.
control Of interpass temperatu re. Electrode Selection Advisor (SMAW)
O Cleaning of edges to bare, dry metal e e
(no paint/rust/oils).
O Reduction  of  restraint  and i e
optimization of weld sequence. (s s - cton e ’ p — v
O Control of heat input and travel speed
within the WPS limits. =

10. Electrode selection.

Table 3: Matrix — guideline for electrode selection (carbon steel, pipe root)

Material Carbon steel Carbon steel | Pipe root (C-
S$235-S355 (thick > 8 Mn)
mm)
Position/ Flat/fillet, | Vertical-up/ | Vertical-up
thickness thin <5 mm positional /-down
Power AC or DC+ DC+ DC+
source
Recommen | E6013 (rutile) | E7018 (low- | E6010
dation 32.0-2.5; hydrogen) 02.5-3.2;
60-90 A ?3.2-4.0; 85-125 A
110-160A
basis/ Easy arc | Strength/ Deep
source striking, impact penetration
smooth bead toughness;
low H
Table 4: Matrix — guideline for electrode selection (stainless steel,
dissimilar)
Material Stainless Stainless Dissimilar
304304 316316 304/316 <
carbon steel
Position/ | All positions All positions | All positions
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3. HACC Risk (Hydrogen-Assisted Cold Cracking)

High CE/Hardness or Thickness = 15 mm High Restraint / High St

Dirty Edges (Moisture/Oil/Paint Non-Low-Hydroge!

ors:0 Risk: LOW

Recommended Selection

309/309Mo 3.2 mm 86-124 A

# Polarity: AC

EXPERT MODE — CURRENT CALCULATION
90-130 A 86-124 A

Optimal Setpoint: = 105 A

ts as 2 buffer for dissimilar joints.

Fig.4 Screenshot of the quick-selection application "Electrode
advisor"

The application uses the following input data, in the form of
drop-down menus:

e  Base material of the part:
- Carbon steel (S235-S355);
- Shipbuilding/structural steel (more critical joints);
- Stainless 304 / 316;
- Dissimilar joint (stainless steel — carbon steel);
- Cast iron (with option "machinability required” — Ni
vs NiFe);
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- Hardfacing (general guideline).
Geometry and position
- Thickness (mm);
- Welding position: flat / horizontal / vertical-up /
vertical-down / overhead;
e Power source / polarity
- AC, DC+ (DCEP) or DC— (DCEN).
e  Criticality of the task
- General repair vs critical/structural.
e HACC-factors (assessment of hydrogen-assisted cold
cracking risk)
- High carbon equivalent / hardness or thickness > 15
mm;
- High restraint / restricted deformations;
- Low ambient temperature without preheating;
- Contaminated edges (moisture/oils/paint);
- Use of non-low-hydrogen process/consumable.
(Cast iron only) Is machinability of the weld required?
- Determines the choice Ni (better machinability) versus
NiFe (higher strength).
The application automatically performs the
operations:

following

e  Calculates HACC risk (low / medium / high) and gives
recommendations;

e  Selects electrode class
308L/316L/309Mo; Ni/NiFe);

e  Proposes electrode diameter according to part thickness and
welding position;

e Indicates approximate current according to diameter and
electrode class;

e  Adds recommendations on polarity (e.g. "DC+ (DCEP)"
for E7018/E6010; "AC/DC+" for E6013).

(E6013/E7018/E6010;

Conclusions:

The application converts a complex engineering and
technological choice into a structured and explained process by:

1. Showing the correct electrode/diameter/polarity for the
context.

2. Managing HACC risk with the help of a checklist and
giving guidance on its minimization.

3. Generating documents for QA/WPS archiving.

4. Standardizing practice and speeding up the work of the
team.
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Abstract: The industrial concrete floorings of a large warehouse for storing various bulk fertilizer substances in the Varna region are
made as hybrid fiber-reinforced one by using a high-quality powdered surface hardener (dry shake topping) to increase their surface
hardness and abrasive resistance. The floors are sized and constructed to take on the specific operational loads - a bulk uniform distributed
load with a large mass and a mobile front-end loader with a metal rake. Given the expected possible corrosion effect of pre-specified
heterogeneous fertilizer substances in the working concrete mix design is used sulfate-resistant cement, which should ensure defect-free
operation. Regardless of the measures taken after one year of operation, the presence of surface defects on the floor in strictly limited areas
of operation is reported. A reasonable question arises as to the reasons for this. The report discusses an innovative experimental-theoretical
approach proposed by the author to identify the causes of this defect with the combined use of a complex method based on the combine use of
standardized mechanical and structural direct physical methods of investigation. After specialized sampling and examination of the concrete
strength in specific areas, as well as after additional application of X-ray structural and differential thermal analysis, as well as scanning
electron microscopy, original scientific results were obtained, which revealed the causes and mechanism of the discussed corrosion damage,
and these complex activities definitely have a justified arbitration significance.

Keywords: FERTILIZER SUBSTANCES, INDUSTRIAL CONCRETE FLOORINGS, CONCRETE STRENGTH, X-RAY STRUCTURAL AND
DIFFERENTIAL THERMAL ANALYSIS, SCANNING ELECTRON MICROSCOPY

1. Introduction

The industrial concrete floorings of a large warehouse for
storing various bulk fertilizer substances in the Varna region are
made as hybrid fiber-reinforced one by using a high-quality
powdered surface hardener (dry shake topping) to increase their
surface hardness and abrasive resistance. The floors are sized and
constructed to take on the specific operational loads - a bulk
uniform distributed load with a large mass and a mobile front-end
loader with a metal rake. Given the expected possible corrosion
effect of pre-specified heterogeneous fertilizer substances in the
working concrete mix design is used sulfate-resistant cement, which
should ensure defect-free operation.

Regardless of the measures taken after one year of operation,
the presence of surface defects on the floor in strictly limited areas
of operation is reported. A reasonable question arises as to the
reasons for this.

It is visible that the defective limited area of the concrete
flooring is in front of and in the entrance area of one of the storage
cells — numbered as 4 (Fig. 1 and 2).

Fig. 5 and 6 Corrosion in steel entrance doors

It is evident that the loading and unloading activities with bulk
fertilizers in the area of the individual storage cells and the
maneuvering space in front of them are carried out with a classic
front-end loader with a steel shovel on the bucket. A part of the
respective fertilizer substance in the process of this activity, in

Given that the two affected areas were performed in two  addition to inside the cell, also falls into the space in front of it (Fig.
separate cycles, at different times with an interval of several days 7 and 8) - i.e. in the presence of the alleged aggressive impact on
between them, it would be difficult to accept the claim that such a  the concrete, it is clearly manifested both inside the respective cell
single error was made that would lead to this complete identity of  and in the area immediately in front of it. In addition, the influence
the defect. Moreover, if we add the visible corrosion damage to the of the unregulated mechanical impact from the operation of the
metal entrance door of this cell, the hypothesis of an unregulated  front-end loader with a metal shovel on the surface of the flooring
impact from a fertilizer substance remains objectively possible and in all areas of the warehouse should also be taken into account.
credible (Fig. 3-6).

Fig 1 and 2 Defective zones of cell 4
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‘ig. 7 and 8 Storage sells of bulk fertilizers

In this sense, the hypothesis is that precisely in this area, and for
an indefinite period of time, a fertilizer substance with a highly
aggressive effect on concrete was stored.

2. Expert and research tests specialized activities

In this direction, the expert and research specialized test
activities have been carried out, through which the reasons for the
identified defects in the flooring in this area can be objectively and
reliably formulate [1,2].

Concrete core sampling (Fig. 9 and 10) and subsequent standard
tests were carried out in accordance with the requirements of:
BDS EN 12504-1:2019 Testing of concrete in structures. Part 1:
Cores. Cutting, inspection and compression testing;
BDS EN 13791:2019 Assessment of the in-situ compressive
strength of concrete in structures and precast concrete elements;
BDS EN 13791:2019/NA:2022 Assessment of the in-situ
compressive strength of concrete in structures and precast
concrete elements. National Annex (NA);
BDS EN 12390-7:2019 Testing of hardened concrete. Part 7:
Density of hardened concrete.

4 Fig'. 9 and 10 Concrete core\samling

2.1. Concrete compressive strength

The results are also presented in Table 1, from which it is
evident that the design concrete compressive strength class C35/45
SR has been achieved.
Table 1: Concrete core compressive strength results

n Compressive
Ne Densn%/, strength, MPa Correspondance
kg/m
1 2296 53,10 Accor. BDS EN 13791:2019
for concrete C35/45,
2 2294 57,60 For minimum value:
Above 0,85(fe spec- M) = 0,85
3 2314 60,30 (45— 4) = 34,9 < 53,1 MPa;
For mean value:
Mean 2300 57,00 Above 0,85(fc, spec +2) = 0,85
(45 + 2) = 40 MPa < 57,0 MPa
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2.2. Structural tests

The visual inspection of the extracted through-hole cores shows
the absence of any defects throughout the entire depth of the core
section. Only on the upper surface of core 1 are these defects
observed, reaching a limited depth of about 3-6 mm.

In order to clarify the reasons for this surface defecting of the
areas of the flooring in front of and at the beginning of the storage
cell, preparation was carried out for conducting specialized
structural research, in order to establish the possible presence of
structural changes with the depth of the concrete section, due to
unregulated corrosion effects from fertilizer substances in a given
period of the storage operation.

For this purpose (Fig. 11 and 12) from the uppermost and
lowermost part of:
core 1 (with the identified surface defects) cylindrical
representative sections (discs) with a height of about 10 mm,
marked as 1.1. and 1.2.;
core 3 (without identified defects) cylindrical representative
sections (discs) with a height of about 10 mm, marked as 3.1.
and 3.2.

Fig. 11 and 12 Core cut discs for structural tests

The following structural investigations were specified for each
of the four individual concrete discs (Fig. 11 and 12) using X-ray
diffraction (XRD), differential thermal analysis (DTA) and
scanning electron microscopy (SEM). With the help of these direct
physical methods, the nature of the internal structure of the concrete
can be judged and the extent of the corrosion changes that have
occurred in it can be assessed (Fig. 13 - 15).

Fig. 13 Fig. 14 Fig. 15
XRD apparatus Thermograph Electron microscope
Brucker D8 Advanced SETSYS Evolution INCA Oxford EDS

2.2.1. X-ray phase analysis

X-ray phase analysis is a basic direct physical method for
studying the phase composition and phase changes in the crystal
lattice of hardened silicate composites (cement concretes and
mortars). It is based on the well-known feature of different crystals
(even when they are not in the ordered form characteristic of each
of them) that their structure repeats the same elements - ions and
atoms - phase formations and crystal decomposition as a result of
internal and external factors at a certain interval. In essence, the
method provides insight into the features of the intra-crystalline
structure of silicate composites. Below are presented the obtained
X-ray diffraction patterns of the 4 samples studied - sample 1.1.,
sample 1.2., sample 3.1. and sample 3.2. (Fig. 16-19).
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Fig. 16 X-ray diffraction sample 1.1.
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(lower surface defected zone cell 4)
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Fig. 19 X-ray diffraction sample 3.2.
(lower surface not defected zone cell 4)

Analysis of the results obtained:

A RADICALLY DIFFERENT REPRESENTATION of the two
examined samples from core 1 (from cell 4) is observed:
In sample 1.1. from the affected upper concrete surface,
crystalline compounds typical of sulfate corrosion in concrete
are found — potassium-ammonium-sulfate and tricalcium hydro-
sulphate-aluminate (ettringite). The latter compound is also
known as the so-called "cement bacillus”, directly affecting the
quality of concrete very negatively;
In sample 1.2. from the lower surface of the core from the
affected area in cell 4, these corrosion products are not found,
which means that the corrosion action has occurred only
superficially for now.
A PRINCIPALLY SAME REPRESENTATION of the two
examined samples from core 3 (from a non-defective area in
cell 4) is observed. In samples 3.1. and 3.2. the above-
identified products of corrosion on the concrete are absent.

2.2.2. DTA analysis
Differential thermal analysis (DTA) is a method that also
belongs to the set of direct physical methods for studying the crystal
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structure in silicate composites. It is based on the characteristic
feature of hydrate formations in cement stone to dehydrate in a
precisely defined temperature range. The corresponding
dehydration is accompanied by a characteristic thermal effect that
changes the heat balance of the system. Tracking the corresponding
endo- and exo-effects allows us to judge the phase transformations
identified with the release of chemically bound water. Below are
presented the DTA tests of the 4 samples studied — sample 1.1,
sample 1.2., sample 3.1. and sample 3.2. (Fig. 20-23).

Fig.20 DTA sample 1.1. (upper surface defected zone cell 4)

A

Fig. 23 DTA sample 3.2. (lower surface non-defected zone in sell 4)
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Analysis of the results obtained:

A RADICALLY DIFFERENT REPRESENTATION of the two
studied samples from core 1 (from cell 4) is observed:

In sample 1.1. from the affected upper concrete surface in
the characteristic temperature range 450-5000 C, a
COMPLETE LACK OF PORTLANDITE (calcium
hydroxide) is observed, which is an environment for the
stable existence of the highly basic hydro compounds in
the concrete, carriers of its structural and mechanical
characteristics. It is the portlandite that is attacked first
during the course of sulfate corrosion of the concrete, and
its complete absence means that it is completely
“consumed” until it is converted into unstable salt
products (compounds) with a volume greater than the sum
of its constituent products, which in turn creates
additional stresses leading to destruction.

In sample 1.2. from the lower surface of the core from the
affected area in cell 4 in the discussed temperature range,
a characteristic peak (endo-effect of portlandite) is
detected, which means that such corrosion has not
occurred at the bottom of the concrete section.

A PRINCIPALLY EQUAL REPRESENTATION of the two
studied samples from core 3 (from a non-defective area in cell 4) is
observed. In samples 3.1. and 3.2. the existence of the endo-effect
in the same temperature range of 450-500°C is clearly
distinguishable, which means a sufficient amount of portlandite is
preserved and there is no corrosive effect on the concrete.

2.2.3. Scanning electron microscopy

Scanning electron microscopy (SEM) is performed using an
electron microscope with high magnification (up to and over 10 000
times), as a result of which visual data is obtained about the shape
and size of individual submicroscopic crystals, the processes of
their growth, decomposition and destruction, and on this basis to
judge the chemical interactions that have occurred in solution and
solid phase.

Below are micrographs at 5000 -10000 times magnification of 2
studied samples — sample 1.1. and sample 1.2. (Fig. 24-27).

20kV X5000 S5pm 1045 SEI 20KV X5000 Spm 10 27 SEI

S

o

= 20kV  X10000 © 1pm

Fig. 26 SEM sample 1.1. x 10 000

10 33 SEbs. 20KV, X40,000 - 1pm 10 27 SEI

Fig. 27 SEM sample 1.2. x 10 000

Analysis of the obtained results:

A RADICALLY DIFFERENT VISUALIZATION is observed
at both magnification steps (5 000 and 10 000 times) of the two
examined samples from core 1 (from cell 4):

In sample 1.1. from the affected upper concrete surface, the
characteristic plate-like (prismatic) crystals of PORTLANDITE
(calcium hydroxide) are visually absent, which confirms its absence
in comparison with the visible presence in sample 1.2. from the
bottom of the core in the defective area of cell 4.
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3. Briefly about sulphate corrosion of concrete

Sulfates are found in most natural and wastewater, and the
presence of sulfate ions S04~ is determined by the solubility of
sulfate products (Na,SO,4, K,SO4, MgS0O,) [3-5].

The interaction between sulfates, on the one hand, and the
components of un-hydrated cement or hardening cement paste, on
the other, is a complex process that depends on a number of factors.
Multiple chemical processes can occur simultaneously or
sequentially. Na,SO, and K,SO,, found in water and/or in aqueous
solutions of fertilizer substances, contacting cement stone and
concrete, are capable, on the one hand, of significantly increasing
the solubility of the components of cement stone and thus
accelerating the development of type | corrosion (dissolution and
leaching). On the other hand, exchange reactions can be initiated
with the replacement of the K*, Na*, Mg?" ions in the sulfates with
the Ca2* ion from the cement stone - i.e. the development of type Il
corrosion. Under certain conditions, the action of sulfates can also
cause the development of type Ill corrosion. In this case, an
important circumstance is that as a result of the exchange reactions,
the water in contact with the cement stone and concrete gradually
becomes saturated with CaSO,. The precipitation and growth of
gypsum crystals (CaSO,.2H,0) are possible when reaching a
concentration of (2020 — 2100) mg/l. This value can change in the
presence of dissolved substances in the water - CaCl,, Na,SO,, etc.

Factors influencing the course of corrosion processes include
composition of the cement or hardened cement paste, form of the
sulfates involved in the process, type of interaction — whether
sulfates are part of the composition of the cement or concrete
mixture, which hydrate (internal sulfate attack) or enter the
hardened paste/mortar/concrete from the environment (external
sulfate attack) and the temperature at which the interaction occurs []

The final result of the reactions taking place is expressed in an
increase in the volume of the cement paste, chemical decomposition
of the hydrate products, associated with a deterioration in the
strength characteristics of the hardened cement paste and concrete
and formation of cracks in the structure of the hardened material,
surface collapse, chipping or delamination of the cement
paste/mortar/concrete.

A distinctive feature of sulfate aggression in cement-based
materials is that the final result of the action of sulfates does not
depend on the type of their source (external or internal), but is
determined by the conditions of the interaction.

The aggressive effect of sulfates on cement stone was known as
early as the end of the 19-th century - it was identified by a number
of famous researchers in the field of silicates, such as Vika, Le
Chatelier and Michaelis. The two most popular forms of sulfate
attack are the so-called gypsum (with the formation of dihydrate
gypsum CaS0,.2H,0) and sulphate-aluminate corrosion.

It has been established that of all the complex salts formed in
concrete under the action of aggressive sulfate waters, calcium
hydro-sulphate-aluminate (ettringite) has the greatest importance for
the resistance of cement stone. Depending on the conditions of
formation, it has two modifications — tri-sulfate hydro-sulphate-
aluminate (3Ca0.Al,03.3CaS0,.32H,0) and mono sulfate hydro-
sulphate-aluminate (3Ca0.Al,03.CaS0,.12-13H,0).

The tri-sulfate form, which contains a large amount of water of
crystallization, has a particularly great influence on the
development of corrosion processes in concrete. The growth of its
crystals in hardened concrete causes significant destruction in the
cement stone and concrete, due to the appearance of internal
stresses due to an increase in the volume of the solid phase.

4. Concluding remarks

4.1. General part

Transferring the above considerations to the specific case, it
should be categorically summarized that the experimentally
established sulfate corrosion was caused by an external source -
given the use of sulfate-resistant concrete for the industrial concrete
pavements of the site.
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How this effect was achieved cannot be established
categorically, given the storage of different fertilizer substances in
different periods of operation of the warehouse.

In the assignment for the design of the industrial concrete
pavements, a group of fertilizer substances subject to processing
and storage at the site was announced, namely ammonium sulfate,
NDK 10-26-26, di-ammonium sulfate, MA, UREA, GENEZIS
CAN 27%, NPS 16:20 +12 (S) and NPS 16:20 +12 (S).

There are also data on the values of the angle of natural slope
during bulk storage in a loose bulk state from 29 to 41° This
indicator is important for determining the dominant load on the
pavements as a bulk load.

Based on the presented relevant MSDS, a number of chemical
agents with a potential corrosive effect on the alkalinity of ordinary
concrete are specified in their composition - ammonium, nitrate and
sulfur oxides, phosphates, chlorides, amines, etc., in various
combinations and percentages. For most of these fertilizer mixtures,
the limits of the pH-indicator (at 5% aqueous solution) are specified
within 4,0 to 9,5, as well as their limits of solubility in water -
usually within 100 g/I.

In addition, data are also provided on their degree of
hygroscopicity, as a function of the relative humidity of the outside
air and temperatures. According to their degree of solubility in the
presence of moisture of different origin, aqueous solutions can have
different levels of corrosive effect on concrete, as a function of its
degree of permeability, porous structure and method of
reinforcement.

Based on the above, given the many possible combinations of
different fertilizer substances during storage, it is not possible to
determine with absolute accuracy the degree of their corrosive
effect on concrete flooring.

It is for this reason that sulfate-resistant concrete was used - a
logically justified measure, given the proven technological
impossibility of applying secondary surface protection to the
concrete by applying a polymer coating, since it would be
immediately compromised by the mechanical impact during the
operation of the front loader.

4.2. Reasoned conclusion

The design strength characteristics of the concrete for industrial
concrete flooring have been achieved.

The partial surface defecting of the industrial concrete flooring
IN FRONT and IN THE FRONT PART OF THE INTERIOR of
storage cell 4 of the site is due to the occurrence of highly
aggressive sulfate corrosion of the concrete, caused by the
manipulation of an unidentified single batch of fertilizer substance,
which, due to the presence of external influences (temperature
difference, change in the humidity of the environment and air) has
released a limiting concentration of sulfate ions in an aqueous
environment, which have entered into an exchange reaction with the
hydration products of the sulfate-resistant concrete.

A clear sign of the objectivity of such a statement is the
categorically established experimentally presence of zero
portlandite content, accompanied by the formation of tricalcium
hydro-sulphate-aluminate (ettringite) only and exclusively in the
upper surface of the defective zone of the space in front of and at
the beginning of the flooring in the commented cell 4.
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Application of Machine Learning Algorithms for Predicting the Hydrodynamic
Characteristics of High-Voltage Electric Discharge Processing of Al-Ti Powder Mixtures
with Different Mass Compositions by Spark Discharge in Ethanol
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Abstract: This study investigates the hydrodynamic and thermal characteristics of spark discharge during electric discharge treatment of
Al-Ti powder mixtures in ethanol. Machine learning methods were applied to identify relationships between mixture composition,
interelectrode gap, and discharge parameters. Among the tested algorithms, the Gradient Boosting model demonstrated the highest
predictive accuracy for describing nonlinear plasma-dynamic processes.

The analysis revealed a linear increase in plasma channel pressure from approximately 270 to 450 MPa as the interelectrode gap increased
from 5 to 35 mm, regardless of the Al-Ti ratio. In contrast, the pressure acting on the discharge chamber walls was strongly dependent on
powder composition. Titanium-rich mixtures exhibited a decrease in wall pressure with increasing gap, whereas mixtures containing 80
wt.% Al showed the opposite trend.

The developed Gradient Boosting model demonstrated that thermal characteristics of the discharge are governed primarily by pulse and
liquid parameters, while peripheral hydrodynamic effects are controlled by the composition of the powder mixture. The obtained results
provide new insights into the optimization of electric discharge processing of metal powder systems.

Keywords: Electric Discharge Treatment, Aluminum-Titanium Powders, Spark Discharge, Machine Learning, Gradient Boosting, Plasma
Channel Pressure, Plasma Temperature.

1. Introduction 2. Methodology

Materials of the AI-Ti-C system, including Ti,AIC and Elemental titanium powder PT-6 (TU U 14-10-026-98, mean
Ti;AIC, MAX phases, as well as TiAl-based alloys, combine the particle size, d,= 60 um) and aluminum powder PA1 (GOST 6058-
properties of metals and ceramics, such as high thermal stability, 73, mean particle size, d, = 20 um) were used as precursor
specific stiffness, and electrical conductivity, which makes them materials. Experiments were conducted on Al-Ti powder mixtures
attractive for aerospace, transportation, and energy applications [1, containing 15, 25, 50, and 75 wt.% Al. High-voltage electric
2]. Conventional synthesis methods for these materials, including discharge processing was performed in ethanol (DSTU 4221:2003)
hot isostatic pressing (HIP) and reactive sintering, require extensive using a spark discharge (SD) regime.
preparation of the starting materials and do not always ensure the

desired phase composition [3, 4]. High-voltage electric discharge treatment was performed at a

single-pulse energy of W; = 1 kJ and a specific processing energy
At the same time, high-voltage electric discharge (HVED) (Wgp) of 10-40 MJ/kg. The interelectrode gap served as the main
treatment of powder mixtures in hydrocarbon liquids combines variable parameter. The discharge channel pressure (P,), chamber
particle fragmentation, surface activation, and in-situ synthesis of wall pressure (P,,), and plasma temperature in the discharge channel
carbon-containing phases through the decomposition of the working (T) were selected as response variables and were determined using
liquid within the discharge channel [5, 6]. The use of ethanol asa  the methodology described in [11].
working liquid is particularly promising due to its stable chemical
composition and the high reproducibility of the synthesis process

[7].

Five machine learning algorithms were considered for
prediction: Gradient Boosting, Random Forest, Linear Regression,
artificial neural networks (ANN), and support vector regression

Therefore, HVED treatment of AIl-Ti powder mixtures in (SVR) [12-16]. The selection of the most accurate model was based
ethanol offers a potential route for producing AI-Ti-C system on the normalized root mean square error (NRMSE) metric [17].
materials with a controlled phase composition and morphology

while minimizing the number of technological processing steps. All computations  were implemented in the Python

programming language.
Despite significant progress in the study of HVED processing of

powder materials, the hydrodynamic and thermal characteristics of 3. Results and discussion
the process in Al-Ti mixtures with different mass compositions
remain insufficiently investigated. Existing analytical and numerical
models of HVED generally do not account for the influence of the
dispersed system composition on discharge characteristics [8, 9].
This considerably complicates the targeted selection of processing
parameters for obtaining Al-Ti—C materials with a desired structure
and phase composition. This challenge can be addressed through the
application of machine learning algorithms, which enable the
identification of complex relationships between process parameters
and discharge characteristics [10].

To establish complex nonlinear relationships between the
conditions of high-voltage electric discharge processing (aluminum
content, interelectrode gap, and liquid properties) and the target
process characteristics (discharge channel pressure, chamber wall
pressure, and plasma temperature), a machine learning-based
approach was employed. Modeling was performed using five
conceptually different regression algorithms: Gradient Boosting,
Random Forest, Linear Regression, artificial neural networks
(ANN), and support vector regression (SVR).

The goal of this study was to determine the patterns governing _The initial experimental dataset was randomly divided into
changes in the hydrodynamic characteristics of the discharge during ~ training (80%) and testing (20%) subsets, with cross-validation

high-voltage electric discharge treatment of Al-Ti powder mixtures ~ a@Pplied to prevent overfitting. Considering the different physical
with different mass compositions using spark discharge in ethanol, ~ Units of the input parameters, data standardization was performed
based on machine learning algorithms. prior to model training to ensure zero mean and unit variance for

each variable.
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The error analysis (see Figure 1) clearly demonstrates the
predictive performance of each model. The baseline models (Linear
Regression and SVR) exhibited the highest prediction errors,
confirming the strongly nonlinear nature of the investigated
plasmadynamic processes. In contrast, the tree-based ensemble
methods (Random Forest and Gradient Boosting) achieved the
lowest NRMSE values and the highest prediction stability. Their
superior performance can be attributed to their ability to
automatically capture complex interactions among the process
parameters without requiring a predefined mathematical
relationship.

Figure 1: Comparative analysis of prediction accuracy for the

GiradientBoosting

RandomForest

SVR

0.3 04 05

NRMSE

00 01 02

target parameters using different machine learning algorithms

Based on the prediction results for all target variables, Gradient
Boosting was identified as the best-performing algorithm, achieving
the lowest prediction error. The resulting optimized model was then
saved and used to generate all subsequent results reported in this
study.

It should be noted that the original experimental dataset,
obtained for mixtures containing 15, 25, 50, and 75 wt.% Al, was
used exclusively for model training and cross-validation. After the
high generalization capability of the Gradient Boosting model had
been confirmed, its predictive capability was employed to generate
the target parameters on a standardized composition grid with
uniform increments (20, 40, 60, and 80 wt.% Al). This approach
enabled both interpolation and extrapolation of the underlying
physical relationships across the investigated composition range.
Furthermore, it demonstrated the model's ability to predict
hydrodynamic and thermal characteristics for arbitrary intermediate
compositions without the need for additional resource-intensive
experiments.

The predicted discharge channel pressure (see Figure 2) exhibits
a clear increasing trend with increasing interelectrode gap during
HVED treatment of the mixtures. The relationship is distinctly
linear and is accurately described by the approximation equations
(1) — (4) obtained for each investigated composition.

For the 20 wt.% Al + 80 wt.% Ti mixture, the discharge channel
pressure increased markedly from approximately 265 MPa at an
interelectrode gap of 5 mm to approximately 450 MPa at 35 mm.
For the 40 wt.% Al + 60 wt.% Ti mixture, the values predicted by
Equation (2) exhibited a similar linear trend but reached a slightly
lower maximum pressure. The predicted discharge channel pressure
ranged from approximately 278 to 425 MPa over the investigated
interelectrode gap.

For the 60 wt.% Al + 40 wt.% Ti mixture, the discharge channel
pressure increased from approximately 273 to 437 MPa with
increasing interelectrode gap. For the 80 wt.% Al + 20 wt.% Ti
mixture, in which the aluminum matrix predominated, the linear
relationship described by Equation (4) showed the highest goodness
of fit (R* = 82.9%). The corresponding discharge channel pressure
ranged from approximately 270 to 435 MPa.
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interelectrode gap during HVED treatment of Al-Ti mixtures with
different compositions in ethanol
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Overall, the results indicate that the composition of the Al-Ti
system does not fundamentally affect the relationship between
discharge channel pressure and the interelectrode gap during HVED
treatment in ethanol. A stable positive linear relationship between
the interelectrode gap and the discharge channel pressure was
observed for all investigated compositions. This behavior can be
attributed to the increase in plasma channel volume and the
corresponding increase in the energy released within the discharge
channel as the interelectrode gap increases.

P, (AI20) =61, +237 ®
P, (Al40) =51  +254 @
P,,(AI60) =5,5-1 +246 @)
P,,(AI80) =55-1, +245 @)

where P.,(Al(X)) — the discharge channel pressure for Al-Ti
mixtures containing different amounts of aluminum at a discharge
energy of W, =1 kJ, MPa;

I, — the interelectrode gap, mm.

The simulation results presented in Figure 3 reveal the
dependence of the pressure acting on the discharge chamber walls
(Py) on the interelectrode gap (I,) for Al-Ti powder mixtures with
different compositions. Unlike the discharge channel pressure, the
pressure on the chamber walls exhibits a pronounced dependence
on the chemical and phase composition of the dispersed system.
This is reflected in both the absolute pressure values and the
direction of the linear trends described by Equations (5)—(8).

P,(AI20)=-0,4-1 +70 ®)
P,(Al40) =-0,31, +72 6)
P,(AI60) =—0,04-1, +67 ™
P, (A180) =0,09-1, +62 ®)

where P, (Al(x)) — pressure acting on the discharge chamber
walls for AI-Ti mixtures containing different amounts of aluminum,
MPa;

I, — the interelectrode gap, mm.

Overall, the results indicate that the composition of the Al-Ti
powder mixture is the key factor governing the hydrodynamic
pressure field at the periphery of the discharge chamber. When the
titanium content predominates (20-40 wt.% Al), increasing the
interelectrode gap promotes more effective attenuation of shock
waves in the heterogeneous medium due to the high inertia and
acoustic stiffness of the titanium particles. As a result, the pressure
acting on the chamber walls decreases with increasing discharge
channel length.

In contrast, increasing the aluminum content to 80 wt.%
changes the hydrodynamic response of the system. The lower
density and higher ductility of aluminum reduce the initial
hydrodynamic resistance at short interelectrode gaps. However, as
the discharge channel becomes longer, more aluminum particles are
involved in the discharge zone, while intensified ethanol
decomposition generates an additional gaseous phase. These effects
provide a physical explanation for the reversal of the pressure
gradient and the emergence of an increasing pressure trend.
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The simulation results presented in Figure 4 reveal the
dependence of the plasma temperature in the discharge channel (T)
on the interelectrode gap (l,) for Al-Ti powder mixtures with
different compositions during HVED treatment in ethanol. Unlike
the pressure behavior, the plasma temperature exhibits a consistent
decreasing trend with increasing interelectrode gap for all
investigated compositions. This relationship is well described by the
linear approximation equations (9)—(12).

T (A120) = —101-Ip + 33509, ©)
T (A140) = —103.6-Ip +33491, (10)
T(AI60) = —84,3-Ip + 33266 , (11)
T (AI80) = —100-Ip + 33494, (12)

where T(AI(x)) — plasma temperature into the discharge channel
for Al-Ti mixtures containing different amounts of aluminum, K;

I, — the interelectrode gap, mm.

For the 20 wt.% Al + 80 wt.% Ti composition, the temperature
dependence is described by the linear relationship given by
Equation (9), with a correlation coefficient of R?=92.7. For the
minimal interelectrode gap (I,=5 mm), the plasma temperature
reaches approximately 33,000 K and then decreases monotonically
to approximately 30,000 K as the interelectrode gap increases to the
maximum investigated value of 35 mm.

For the 40 wt.% Al + 60 wt.% Ti composition, the plasma
temperature follows the linear relationship described by Equation
(10). At an interelectrode gap of 5 mm, the plasma temperature is
approximately 33,000 K. As the interelectrode gap increases to
35mm, the plasma temperature gradually decreases to
approximately 29,900 K.

For the 60 wt.% Al + 40 wt.% Ti composition, the values
predicted by Equation (11) exhibit a similar decreasing trend. The
linear approximation provides the best fit to the data, with a
correlation coefficient of R?=93.2. The plasma temperature
decreases gradually from approximately 32,850 K at the minimum
interelectrode gap to approximately 30,300 K at an interelectrode
gap of 35 mm.

For the Al-rich composition containing 80 wt.% Al + 20 wt.%
Ti, the mathematical model represented by Equation (12) confirms
the general trend. The predicted plasma temperature in the
discharge channel decreases linearly from approximately 33,000 K
at an interelectrode gap of 5 mm to approximately 30,000 K as the
interelectrode gap increases to 35 mm.

Overall, the results indicate that the composition of the Al-Ti
powder system does not significantly affect either the nature of the
relationship or the temperature gradient with respect to the
interelectrode gap during HVED treatment by spark discharge in
ethanol. All investigated compositions exhibit an almost identical
linear decreasing trend with high statistical significance. From a
physical standpoint, the monotonic decrease in plasma temperature
with increasing interelectrode gap can be attributed to the
proportional increase in the volume and lateral surface area of the
plasma channel. The small differences in the absolute temperature
values (within 1-2%) among the investigated compositions indicate
that the thermodynamic characteristics of the spark discharge in
ethanol are governed primarily by the energy characteristics of the
discharge pulse and the intense decomposition of the working
liquid. In contrast, the solid dispersed phase acts mainly as a
stabilizing and heat-absorbing component.
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4. Conclusions

1. The relationships governing the hydrodynamic characteristics
of spark discharge in ethanol during HVED treatment of Al-Ti
mixtures were established using machine learning algorithms. It
was demonstrated that, for the analysis of highly nonlinear
plasmadynamic  processes, tree-based ensemble  methods,
particularly Gradient Boosting, provide the highest predictive
accuracy by effectively capturing the complex interactions among
mixture composition, interelectrode gap, and discharge energy
parameters.

2. The discharge channel pressure was found to increase
linearly from approximately 270 to 450 MPa as the interelectrode
gap increased from 5 to 35 mm. This relationship was independent
of the AI-Ti mixture composition and can be attributed to the
proportional increase in plasma channel volume and the
corresponding increase in energy released within the discharge
channel.

3. The pressure acting on the discharge chamber walls was
found to be highly sensitive to the powder composition. For Ti-rich
mixtures, increasing the interelectrode gap reduced the chamber
wall pressure because of enhanced attenuation of shock waves by
the acoustically stiff titanium particles. In contrast, Al-rich mixtures
(80 wt.% Al) exhibited the opposite trend, with increasing chamber
wall pressure resulting from intensified gaseous phase generation.

4. A common linear decreasing trend in plasma temperature was
identified for all investigated compositions. The plasma temperature
decreased from approximately 33,000 to 30,000 K as the
interelectrode gap increased from 5 to 35 mm. This behavior can be
attributed to the increase in the lateral surface area of the plasma
channel, which enhances plasma cooling by the surrounding
heterogeneous medium.

5. The optimized Gradient Boosting predictive model
demonstrated that the thermal characteristics of the process are
governed primarily by the discharge pulse and the properties of the
working liquid, whereas the peripheral hydrodynamic behavior is
controlled mainly by the powder composition.
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Abstract: To reduce the sintering temperature in the microstructural design of a-Al,Oz-based ceramics, a mixture of basalt glass and yttria-
stabilized zirconia (YSZ) was used. The effect of isothermal holding time during liquid-phase sintering of a composite containing 85 wt.% a-
Al,O; and 15 wt.% (basalt glass + YSZ) on its mechanical properties was investigated. The samples were sintered at temperatures of 1450
and 1500 °C for 2-6 hours. It was established that sintering occurs in the presence of a liquid phase that persists throughout the entire
holding period, and the densification of the material is determined by the rearrangement and Ostwald ripening processes of Al,O3 grains.
The maximum hardness reached 7.73 GPa, while the fracture toughness reached 7.95 MPa-m'*. The effect of microstructural evolution on
the hardness and fracture toughness of the composite was demonstrated.
KEYWORDS: ALUMINA, BASALT GLASS, ZIRCONIA, LIQUID PHASE SINTERING, HARDNESS, FRACTURE TOUGHNESS.

1. Introduction

Al,O; is characterized by one of the best cost-to-properties
ratios among modern ceramic materials [1]. The widespread
application of ceramic materials based on a-Al,O3 in various
industrial sectors is attributed to the combination of their chemical,
mechanical, thermal, electrical, and optical properties. However,
despite these advantages, the using of Al,O; as a structural material
is limited by its low fracture toughness [2]. Microstructural design
of advanced structural materials based on a-Al,O; is aimed at
reducing the sintering temperature and overcoming the brittleness
problem [3], [4].

2. Prerequisites and means for solving the problem

The reduction of the sintering temperature of Al,O; based
ceramics below 1600-1700 °C is promoted by additives that form a
liquid phase during heating. The liquid phase appears either the
melting temperature of the additives is lower than the sintering
temperature or new phases with melting temperatures below the
sintering temperature are formed as a result of interactions between
the components [4]. Various additives are used in the sintering of a-
Al,O3 based ceramics, among which multicomponent additives have
attracted considerable attention [5] — [7]. This promotes to lowering
the sintering temperature, increasing the density, and improving the
mechanical properties of the ceramics.

To improve fracture toughness of Al,Os-based ceramics,
zirconia-toughened alumina (ZTA) have been developed. In these
ceramics, particles of unstabilized ZrO, or a tetragonal solid
solution based on ZrO, stabilized with Y,05 are dispersed within an
a-Al,03 matrix. The improvement in fracture toughness of ZTA
composites is achieved through the combined action of
transformation toughening caused by the stress-induced martensitic
phase transformation of tetragonal ZrO,-based solid-solution
particles into the monoclinic phase (T- ZrO,—M-ZrO,), together
with microcracking, crack deflection, and the formation of
compressive surface stresses. ZTA composites are typically sintered
at 1600 °C [8] — [10].

3. Solution of the examined problem

Various types of natural rocks can be utilized in the
development of materials with varied microstructures and physic
mechanical properties due to their unique multicomponent
mineralogical and chemical compositions [11]. Igneous basalt-like
rocks, which undergo a special technological treatment involving
melting, are finding increasingly widespread applications in the
production of various materials and products [12]. Since rocks are
products of the solidification of natural silicate melts, their melting
begins with softening at 1050—-1070 °C and progresses to intensive
melting at approximately 1450 °C. Melts of igneous rocks differ
from glass melts in that they are produced at higher temperatures
and do not involve a silicate-forming stage. Unlike glasses obtained
by melting a charge (a blend of raw materials in the required
proportions), the components involved in the melting of rocks are
not individual oxides but rather mineral compounds, including
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pyroxene, augite, olivine, diopside, anorthite, and others.
Furthermore, the structure characteristic of the parent rock, together
with its specific mineralogical composition, is retained in the melt
[13]. The use of basalt glass to reduce the sintering temperature of
a-Al,O3-based ceramics is consistent with the current trend in oxide
ceramic development, which is based on the principles of designing
medium-entropy complex-composition oxide materials [14].

To the best of the authors’ knowledge, studies on Al,Os/basalt
glass composites have not yet been reported in the literature.

In the present study, a blend of basalt glass (BG) and a powder
of a tetragonal ZrO,-based solid solution stabilized with Y,0;
(YSZ) was used. ZrO, affects the physicochemical characteristics of
the basalt glass melts; however, no chemical interaction between
them occurs [15]. It is known that increasing the Al,O; content
raises the glass-transition and crystallization temperatures, increases
the viscosity of rock-derived melts, and improves the mechanical
properties of fibers [16]. However, data regarding the chemical
interaction between Al,O5; and basalt glass melts are not available in
the literature.

The aim of this study was to investigate the effect of the
isothermal holding time during liquid-phase sintering on the
mechanical properties of a composite with the composition 85 wt.%
a-Al,05-15 wt.% (BG + YSZ), where the liquid phase persists
throughout the entire isothermal holding period.

Alumina powder of I'-OO grade and basalt glass powder were
selected for the study; the latter was obtained by melting a rock of
transitional composition between basic (basalts) and intermediate
(andesites), followed by grinding in a ball mill. The powder of a
ZrO,-based solid solution stabilized with 3 mol.% Y,03 (YSZ) was
synthesized by the hydrothermal method in an alkaline medium
[17], [18].

A powder blend with the composition 85 wt.% a-Al,O; — 15
wt.% (BG + YSZ) was mixed in a ball mill in an isopropyl alcohol
medium for 2 h and subsequently dried in air at 80 °C for 24 h.
Green bodies were formed by cold uniaxial double-sided pressing in
a steel die under a pressure of 50 MPa. A 5 wt.% aqueous solution
of polyvinyl alcohol in distilled water was used as a binder during
powder preparation.

he formed specimens (three samples for each sintering holding
time) were dried in air at 80 °C for 24 h. The green compacts, with
a diameter of 20 mm and a height of 6 mm, exhibited a relative
density of 0.40. The samples were sintered in a Nabertherm
LTHO08/17 laboratory electric furnace at 1450 °C and 1500 °C for 2,
4, and 6 h, followed by cooling in furnace . Fracture surfaces and
polished longitudinal cross-sections of the sintered specimens had
been prepared for investigations.

The properties of the samples were investigated by X-ray
diffraction (XRD) using a DRON-1.5 diffractometer equipped with
a digital data acquisition system (CuKoa radiation, scanning rate 1—
4° min™, 20 =15-90°) and by scanning electron microscopy (SEM)
using an Axia ChemiSEM microscope (Thermo Fisher Scientific,
USA). Mechanical properties were evaluated using a Falkon 509
hardness tester (Netherlands) with an indentation load of 300 N (30
kgf). The fracture toughness factor (Kc) of the composites was
calculated according to [19].
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4. Results and discussion

The specific surface area of the initial powder mixture with the
composition (wt.%) 85 a-Al,0; — 15 (BG + YSZ) was 53.14 m?/g.
The mixture contained (wt.%): 84.852 Al,O3, 6.763 SiO,, 1.907
Fe,03, 0.527 MgO, 3.190 ZrO,, 0.262 Y,03, 0.290 Gd,03, 0.413
K,0, and 0.215 TiO,. The theoretical density, calculated using the
rule of mixtures, was 3.67 x 10° kg/m®. According to the X-ray
diffraction (XRD) analysis, reflections characteristic of a-Al,O3 and
a low-angle amorphous halo associated with the presence of basalt
glass in the mixture were identified.

It is well known that liquid-phase sintering is conventionally
divided into three stages according to the dominant densification
mechanisms: (1) viscous flow of the liquid phase accompanied by
rearrangement of solid particles; (2) dissolution—precipitation, or
recrystallization through the liquid phase; and (3) formation of a
rigid skeleton followed by sintering controlled by solid-state
diffusion mechanisms [20]. The temperatures of 1450 °C and
1500 °C correspond to the melting range of basalt glass. Regardless
of the holding time, sintering of the composite with the composition
85 wt.% a-Al,03 —15 wt.% (BG + YSZ) were proceeded in the
presence of a liquid phase that persists throughout the entire
isothermal holding period. Therefore, the solid-state sintering stage
was absent under the present experimental conditions.

The relative density of the sintered samples was determined by
hydrostatic weighing (Archimedes method). After sintering at 1450
°C, the relative density increased to 0.89, whereas after sintering at
1500 °C it reached 0.96. The volumetric shrinkage of the specimens
was 57-58%. Such high shrinkage is a characteristic feature of
liquid-phase sintering and depends, to a certain extent, on the
wettability of the solid phase by the liquid. During volumetric
densification, the principal driving forces are capillary forces
generated by the liquid phase [20].

It can be assumed that the decisive factor in the high shrinkage
of the samples during sintering is the nanocrystallinity of the initial
a-Al,O; powder and the wettability of Al,O3 by the basalt glass
melt. The main mechanisms responsible for shrinkage during
liquid-phase sintering of the composite are particle rearrangement
and Ostwald ripening of a-Al,O3 grains [21].

After 2 h of sintering at both temperatures, Al,O; grains of
rounded and platelet-like morphology with various sizes were
observed in the samples (Fig. 1a, d). While nanosized rounded
Al,O; grains remained after sintering at 1450 °C, their size
increased to 1-2 um after sintering at 1500 °C. The lateral
dimension of the platelet-like grains varied from 2—5 pum up to 10
um. It is evident that their size was considerably larger after
sintering at 1500 °C. The diameter of rounded pores ranged from 1
2 pum to 5-7 pum. Elongated pores reached lengths of up to 10 um
after sintering at 1450 °C, whereas their length decreased by
approximately two times after sintering at 1500 °C (Fig. 1a, d).

When the holding time is increased to 4 hours during sintering,
the basalt glass melt fills the large pores and pore channels, leaving
exclusively isolated pores. After sintering at 1450 °C, the Al,O;
grain size was approximately 2-3 pm. At 1500 °C, the size of Al,O3
grains of various morphologies increased by a factor of 1.5-2 (Fig.
1b, e).

The grains size of Al,O; practically does not increase after
sintering at 1450 C for 6 hours (Fig. 1,c). After sintering at 1500 C,
rounded Al,O3 grains up to 5 um in diameter and plate-like grains
measuring up to up to 5-7 pum remained. The number of Al,O;
grains in the form of plates up to 10 um in length increased (Fig.
1,f). Isolated rounded pores were preserved in the samples.
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Fig. 1. SEM images of fracture surfaces of samples sintered for 2 h
(@), 4 h (b), and 6 h (c) at 1450 °C, and for 2 h (d), 4 h (e), and
6 h(f) at 1500 °C

At both sintering temperatures, increasing the holding time
resulted in the formation of agglomerates of irregularly shaped YSZ
grains. This is a characteristic feature of ZrO, behavior in basalt
glass melts [18]. It may therefore be assumed that, in the present
case, the evolution of microstructural constituents has a greater
influence on the mechanical properties of the composite with the
composition 85 wt.% a-Al20; — 15 wt.% (BG + YSZ) than the
presence of ZrO, itself.

Self-organization of the composite with the composition 85
wt.% a-Al,03 — 15 wt.% (BG + YSZ) during sintering at 1450 °C
leads to the formation of a two-scale structure. Within a matrix of
smaller a—~Al203 grain conglomerates, "densified” zones are
formed, containing platelet-shaped a-Al,O3 grains up to 3 um in
length within the solidified basalt glass ( Fig. 2).

Fig. 2. Microstructure of the "densified" zones formed during
sintering at 1450 °C. The bright phase corresponds to YSZ particles

The microstructural evolution during sintering at 1500 °C
differs in that no "densified" zones are formed after 2 and 4 h of
sintering. Under these conditions, isolated rounded and elongated
pores are observed, with sizes decreasing to 1-2 um and
approximately 10 um, respectively. Increasing the holding time to 6
h results in the formation of a two-scale microstructure within the
composite. Isolated regions are formed in which platelet-like and
polygonal Al,O5 grains are embedded in the solidified basalt glass
melt.

At 1450 °C, the hardness of the ceramic continuously increases
from 6.56 GPa to 7.56 GPa as the holding time is extended from 2
to 6 h (Fig. 3a). At 1500 °C, the hardness increases from 6.65 GPa
to 7.71 GPa when the holding time is increased from 2 to 4 h and
remains essentially unchanged (7.73 GPa) after 6 h of sintering
(Fig. 3a).

The fracture toughness (K,c) of the ceramic increases from 5.55
MPa-m"? to 5.95 MPa-m*? after sintering at 1450 °C. In contrast,
after sintering at 1500 °C, the fracture toughness decreases from
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7.95 MPa-m*?to 6.14 MPa-mY? when the holding time is increased
from 4 to 6 h (Fig. 3b).
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Fig. 3. Dependence of hardness (a) and fracture toughness, K¢ (b),
of the sintered samples on the sintering holding time

The evolution of the composite microstructure results in an
increase in hardness to 7.56 GPa and fracture toughness (Kc) to
5.95 MPa-m*? in the presence of densified regions formed during
sintering at 1450 °C. The absence of these regions and the higher
density achieved after sintering at 1500 °C lead to increases in
hardness and fracture toughness (K,c) to 7.71 GPa and 7.95
MPa-m?, respectively. However, the subsequent formation of
densified regions during prolonged sintering at 1500 °C reduces the
mechanical properties of the ceramic to values comparable to those
obtained after sintering at 1450 °C.

5. Conclusions

Microstructural designing of ceramic composites is based on
understanding the mechanisms of formation of the structure elements
under various thermodynamic conditions, as well as the nature of
their influence on the properties of ceramics.

Sintering of the composite with a composition of 85 wt.% o-
AlL,O; — 15 wt% (BG + YSZ) at 1450-1500 °C occurs in the
presence of a liquid phase that persists throughout the entire
isothermal holding period. The sintering behavior of the composite is
predominantly determined by the rearrangement and Ostwald
ripening of Al,O5 grains.

The features of structure formation during sintering are
determined by the synergistic effect of a-Al,03, YSZ, and basalt
glass, due to the absence of interaction between them, as well as the
evolution of the structural components. A characteristic feature is the
formation of a two-scale microstructure. " Densified " zones are
formed in the samples, containing a-Al,O3 platelets in the solidified
basalt glass.

Upon the formation of a two-scale microstructure after sintering
the composite at 1450 °C, its hardness increases to 7.56 GPa and the
fracture toughness (K,c) reaches 5.95 MPa-m2. Raising the sintering
temperature to 1500 °C and extending the holding time from 2 to 6
hours leads to an increase in the composite's hardness from 6.65 GPa
to 7.73 GPa. The formation of the two-scale microstructure
contributes to a decrease in fracture toughness from 7.95 MPa-m"? to
6.14 MPa-m"? as the holding time is increased from 4 to 6 hours.
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Precision determination of metal content in neutron super-mirrors by X-ray fluorescence
method
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Abstract: Neutron polarizing super-mirrors are aperiodic multilayer structures made of alternating magnetic CoFe and non-magnetic TiZr
layers deposited on glass or silicon substrates using the magnetron sputtering method. The polarizing ability of such super-mirrors and the
efficiency of their use depend on the fine ratio of the thickness of the layers and the relative metal content in the layers [1, 2]. X-ray
fluorescence analysis (XRF) is highly sensitive, but it has a rather large relative error, usually not less than 5%. An original X-ray
spectrometer with a radioisotope source based on '®°Cd was used to determine the content of Fe, Co, Ti, and Zr in super-mirror samples
with sufficient accuracy to control their manufacturing technology. The XRF analysis was based on the direct external standard method
taking into account absorption corrections. As a result, the relative metal content in the super-mirror layers was determined with a relative

error of less than 1%.

KEYWORDS: NEUTRON SUPER-MIRRORS, X-RAY FLUORESCENCE ANALYSIS, X-RAY SPECTRA OF Ti, Mn, Fe,Co,Sr, Zr

1. Introduction

Neutron super-mirrors are the basic components of neutron-
optical devices such as neutron guides, neutron polarizers, and
neutron beam polarization analyzers. They are used in neutron
studies of the structure of new materials, biological objects,
quantum liquids, superconductors, etc. Neutron super-mirror
polarizing elements are aperiodic multilayer structures made of
alternating magnetic, based on Fe and Co, and non-magnetic, based
on Ti and Zr, layers deposited by magnetron sputtering on glass or
silicon substrates [1,2]. The polarizing and reflecting ability of such
super-mirrors depends on the fine ratio of the thickness of the layers
and the relative metal content in the layer.

The X-ray fluorescence (XRF) analysis has a number of
significant advantages over other methods for determining the
elemental composition of a substance. The first and probably the
most significant advantage is the possibility of conducting an
elemental analysis without taking into account the aggregate state
and type of chemical compound of the sample. The second is the
relative simplicity and unambiguity of the X-ray spectrum, which
facilitate the interpretation of the results. The third feature of the X-
ray spectral method is its non-destructive nature, i.e. the sample is
not destroyed during the examination. The non-destructive nature of
the analytical signal excitation makes it possible to analyze unique
samples and samples, and, if necessary, repeat measurements under
different conditions, but with the same sample.

A significant limitation of the use of XRF methods is the
presence of strong matrix effects, i.e. the influence of the bulk of
the sample on the signal extraction from small components of its
complex composition. In this case, the matrix is a substrate material
that differs significantly in its elemental composition (silicon) from
the analyzed metal layers. Modern XRF techniques are based on
well-developed methods and techniques for performing individual
operations. A special place is occupied by the processing of
measurement results. Here, the development of computing
capabilities opens up new prospects for significantly reducing the
detection limits of small impurities in samples.

The main objective of this study was to develop a methodology
for determining the relative content of Fe, Co, and Ti, Zr in samples
of super-mirrors using the X-ray fluorescence method with an errors
of less than 1%, sufficient for confident control of their
manufacturing technology.

2. X-ray fluorescence spectrometer with a radioisotope
source

Our XRF-spectrometer uses a ring radioisotope source based on
109Cd [3]. Its activity at the time of manufacture was 0.36 GBq,
which ensures a photon flux into a solid angle of 10 sr of the order
of 10° sL. It is a source of X-ray radiation with an average energy of
about 22 keV and gamma radiation with an energy of 88 keV (the
latter cannot be considered as an intense source of gamma radiation,
but requires special protection measures).

A fundamental feature of the design of the irradiation chamber in
the spectrometer [4] is that the primary radiation from the source
falls on the sample, but due to the collimator it does not enter the
detector. The fluorescent radiation from the sample freely enters the
detector. The variable height of the irradiation chamber ensures
optimal conditions for irradiation and registration of secondary
radiation, for which an HPGe-based detector is used. The detector's
working area is 30 mm?, and the energy resolution is 200 eV for the
Ka line of iron with an energy of 6.4 keV. The detector operates at
a "nitrogen" temperature, so the volume of the irradiation chamber
is separated by a beryllium window from the detector area. The
latter is surrounded by a multilayer (aluminum-cadmium-lead)
passive detector protection from the external radiation.

In order to determine the contribution of the source's primary
radiation to the background, two series of measurements were
carried out. In the first one, the spectrometer worked without a
sample and measured the background directly. In the second series,
the primary radiation from the source was partially directed into the
detector. The recording time of the pure background was 2 hours
and the radiation from the source was 1 hour. The corresponding X-
ray spectra, reduced to one second, are shown in Fig. 1.
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Fig. 1. Radiation spectra of the source (upper curve, blue dots) and
background of the spectrometer (lower curve, red dots)

3. High-precision technique of XRF analysis

All XRF methods for determining the content of elements are
based on comparing the line intensities of the characteristic X-ray
spectra of the analyzed samples and reference samples. The so-
called standard samples are often used as a reference sample. These
are solids or liquids with precisely known elemental composition
and concentrations, which are indicated in the sample passport. The
error with which the content of the element in the reference sample
is determined defines the systematic error of the method. It is
generally assumed that this error should be no more than 1/3 of the
error characterizing the reproducibility of the analysis method or its
accuracy [5].
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For the quantitative XRF analysis is most often used the direct

and Zr (% by weight) in the neutron super-mirror, which showed

method of the external standard [5,6]. The intensity of the analytical
line is proportional to the concentration ¢} of the detected element
A in the sample:
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Hm1 = CAﬂle +0- CA)#[_‘;I;Illl (3a)
Hmi = Callym; + (1 - CA)Mmiv (3b)

ui i, uh, — are the mass absorption coefficients of the atoms of
the element being determined, respectively, of the primary radiation
and the analytical line; uf, , upf, are the mass absorption
coefficients of the packing atoms of the primary radiation and the
analytical line. The angles ¢ and y are the angles of incidence of
the primary radiation on the sample and the departure of the
fluorescent radiation, respectively.

When determining the desired concentration using the direct
method of the external standard, the intensity ratio is applied

I — C_ﬁ . Hin1 /SiN@+ iy /Siny (4)
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If the grouts of the samples and the reference sample have the
same chemical composition, and the concentration of the element to
be determined in the samples varies little, then with a small
assumption it can be assumed that the values of u%,; and w5 are
constant for all samples. With a reasonable choice of the
concentration of element A in the comparison sample in relation to
the concentrations of this element in the analyzed samples, the
second multiplier on the right side of expression (4) is
approximately equal to one, and the ratio is valid

= (7). )

Experimentally, the intensity is defined as the area of the
analytical peak in the spectrum. The peak shape was approximated
by the Gaussian function. The parameters of the analytical peaks,
amplitude and width, were calculated using the method of the first
and second moments. When processing the experimental spectra,
the background was previously subtracted.

The errors are calculated using standard formulas. Statistical
errors in analytical measurements are related to the discrete nature
of secondary radiation detection, and the number of pulses in a
given analyzer channel is a useful signal. The expected standard
deviation (variance) of the total count is equal to the square root of
the number of pulses N. When calculating the error of the intensity
of the analytical line, which is equal to the area under the line in the
spectrum, one speaks of the "full" standard deviation o;:

ot =c}+ol+ai+ai+- (6)
where gy is a statistical error, and g; are errors related to instrument
error or calibration, operator actions, sample preparation, etc. These
errors are often attributed to the background.

A fundamental feature of X-ray diffraction is the possibility of
reducing the relative error and detection limits with increasing
exposure time, i.e. increasing the statistics of X-ray spectra. Usually,
the relative error for standard samples is much less than the error of
the test sample. In this case, the latter is determined by the statistical
error in determining the intensity of the analytical line.

4, Results

To determine the elemental composition of the neutron super-
mirror, the state standard sample KS-1, salts of Ti and Sr, and
metallic Zr in the form of powders were used as reference samples.
The weight of the super-mirror sample was 19.2(1) mg. The time to
set the spectra of the test sample was 10000 seconds. XRF spectra
of the test and reference samples are shown in Fig. 2 and Fig. 3. The
spectra are reduced to a registration time of 1 second. The results of
the determination of the content of Mn, Fe, Co, Ti, Zr and Sr along
the Kal line in a sample of a neutron super-mirror are presented in
Table 1. The relative content of the "working" metals Fe, Co, Ti,

the best properties, is shown in Table 2.
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Fig. 2. Fluorescence X-ray spectra of a super-mirror sample and
reference samples of Ti, Mn, Fe, Co ("soft" part).
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Fig. 3. Fluorescence X-ray spectra of a super-mirror sample and
reference samples of Sr and Zr (the "hard" part)

Table 1. Metal content in the neutron super-mirror.

Element Mn Fe Co Ti Zr Sr

Concentration| 0.16(5) | 0.21(3) | 0.54(3) [ 0.72(3) |0.114(3)[0.83(5)

C,%by [0.031(9)0.040(6)[0.103(9)| 0.14(2) [0.022(2)[0.16(1)

weight

Table 2. The relative content of Fe, Co, Ti, and Zr in the super-
mirror

Element Fe Co Ti Zr

Relative content,

13.25(3) | 34.04(7) | 455(1) | 7.24(1)

% by weight

5. Conclusions

The paper describes a precision technique for X-ray fluorescence
determination of the content of Fe, Co, Ti, and Zr in neutron super-
mirrors. The main part of this technique is the use of a spectrometer
with a radioisotope source. The main factors influencing the result
are the activity of the radioisotope source and the energy range of
its radiation, the preparation of reference samples with the
appropriate elemental composition, and the processing of secondary
radiation spectra.

As a result, the following metal content was determined in a
sample of a super-mirror with the best polarizing properties: Fe -
0.21(1)%; Co - 0.54(3)%; Ti - 0.72(3)%; Zr - 0.114(3) %. These
results allowed us to determine the relative metal content in the
super-mirror layers: Fe/Co - 28/72 and Ti/Zr - 86/14, with an error
of less than 1%.

The principal conclusion of the work is that the proposed
precision XRF technique makes it possible to control the process of
magnetron sputtering of metals onto a substrate for the production
of neutron polarizing super-mirrors with specified properties.
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Transformation of waste polystyrene into high surface area activated carbon: structural
and surface insights
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Abstract: Activated carbon was prepared from waste polystyrene through acid treatment and pyrolysis to obtain a porous adsorbent with
controlled structural features. Nitrogen adsorption reveals a type IV isotherm with H4 hysteresis and a high specific surface area of 1382
m?g, indicating combined micro- and mesoporosity. SEM imaging shows irregular carbon agglomerates with a highly textured surface,
while elemental and FTIR analyses confirm an aromatic carbon matrix with limited heteroatom functionality. These structural and chemical
features demonstrate that the synthesized carbon material is well-developed and suitable for further application-oriented studies, including

detailed adsorption performance evaluation.

Keywords: ACTIVATED CARBON, POLYSTYRENE WASTE, PYROLYSIS, SURFACE CHARACTERISTICS

1. Introduction

Plastic waste has become one of the most persistent
environmental challenges of modern society [1]. The continuous
growth in global plastic production, combined with limited
recycling capacity, results in the accumulation of large quantities of
polymeric materials in landfills and natural ecosystems.
Polystyrene, widely used in packaging and consumer products, is
particularly problematic due to its high consumption rate, low
biodegradability, and the scarcity of efficient recycling routes. Once
released into the environment, polystyrene fragments slowly
degrade into microplastics, which disperse through soil and water
systems and may enter biological food chains. Their presence has
raised concerns about potential ecological toxicity and long-term
impacts on human health [2].

Beyond environmental persistence, the production and disposal
of plastics contribute significantly to greenhouse gas emissions,
reinforcing the need for sustainable waste-management strategies.
In recent years, the concept of converting polymeric waste into
value-added carbon materials has gained attention as a promising
approach to both waste reduction and resource recovery.
Polystyrene, with its aromatic backbone and high carbon content, is
a suitable precursor for producing activated carbon through
controlled thermochemical treatment [3, 4].

Transforming waste polystyrene into activated carbon not only
mitigates environmental pollution but also provides access to
porous materials with desirable structural and surface
characteristics. Such carbons are relevant for adsorption, catalysis,
energy storage, and other technological applications [4].

The present study focuses on the synthesis and characterization
of activated carbon obtained from waste polystyrene through acid
pretreatment and pyrolysis. The aim is to examine the development
of porosity, morphology, and surface chemistry in the resulting
material and to establish its potential for further application-oriented
research.

2. Materials and Methods
2.1. Preparation of the Carbon Material

The activated carbon was synthesized through a two-stage
thermochemical conversion process involving acid-induced
oxidation followed by high-temperature pyrolysis. In the first stage,
the waste polystyrene was melted and subjected to oxidation with
concentrated sulfuric acid at a 1:1 weight ratio. The mixture was
maintained at 350°C under continuous stirring until a solid
carbonaceous product was formed. This treatment promoted
extensive structural rearrangement and partial aromatization of the
polymer matrix, preparing the material for subsequent
carbonization.

In the second stage, the obtained solid was pyrolyzed at 900 °C
in a carbon dioxide atmosphere. The temperature was increased at a
controlled heating rate of 10 °C/min, and the sample was held at the
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final temperature to ensure complete thermal decomposition and
pore development. After cooling to room temperature under CO,
flow, the resulting carbon material was collected, and stored for
further characterization. This combined oxidation-pyrolysis route
enabled the formation of a porous, predominantly aromatic carbon
structure suitable for detailed textural and surface analysis.

2.2. BET Surface Area and Porosity Characterization

Nitrogen adsorption-desorption isotherms at 77 K were recorded
to evaluate the specific surface area and textural properties of the
carbon material. Prior to analysis, the samples were degassed under
vacuum at elevated temperature to remove adsorbed moisture and
volatile species. The amount of nitrogen adsorbed on the carbon
surface was measured over a range of relative pressures, and the
specific surface area was calculated according to the Brunauer-
Emmett-Teller (BET) method. Pore size distribution and total pore
volume were obtained from the desorption branch using the Barrett-
Joyner-Halenda (BJH) model. Measurements were performed using
a Quantachrome gas sorption analyzer.

2.3. SEM/EDS analysis

Scanning electron microscopy (SEM) was used to examine the
morphology of the carbon material, including particle structure,
surface texture and pore development. The samples were mounted
on conductive stubs and sputter-coated to minimize charging during
imaging. Elemental composition was determined by energy-
dispersive X-ray spectroscopy (EDS) integrated into the SEM
system, providing qualitative and quantitative information on the
main elements present in the material.

2.4. FTIR analysis

Fourier-transform infrared (FTIR) spectroscopy was used to
identify the surface functional groups present in the carbon material.
Spectra were recorded in the mid-infrared region, and characteristic
absorption bands were analyzed to evaluate the presence of
aromatic structures, oxygen-containing functionalities and other
groups formed or modified during the oxidation and pyrolysis steps.

2.5. Raman analysis

Raman spectroscopy was employed to assess the structural
ordering of the carbon material. The spectra were used to evaluate
the relative intensity of the D and G bands, providing insight into
the degree of graphitization, defect density and the overall structural
evolution resulting from the thermochemical conversion of
polystyrene.

3. Results and Discussion
3.1. Textural Properties

N adsorption at 77K reveals a type IV isotherm with an H4
hysteresis loop, characteristic of materials combining microporosity
with slit-like mesopores (Fig.1) [5]. The steep increase in adsorbed
volume at low relative pressures (p/po < 0.05) indicates well-
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developed microporosity, while the presence of hysteresis confirms
the contribution of mesopores to the overall pore structure.
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Fig. 1 N, adsorption-desorption isotherm at 77.4 K for the
activated carbon

The carbon material exhibits a highly developed and
hierarchically organized pore structure (Table 1). The exceptionally
high specific surface area (1382 m?g) confirms the dominant
contribution of micropores, which account for approximately 41%
of the total pore volume. Mesopores and macropores form
comparable fractions of the structure, supporting efficient diffusion
and enhanced mass transport. Overall, the combination of micro-,
meso- and macropores provides both strong adsorption potential
and favorable transport properties, characteristic of carbon materials
produced through acid oxidation followed by high-temperature
CO, activation.

Table 1: Specific surface area and textural parameters of the activated
carbon

Textural parameter Measured value
Total pore volume, cm®/g 1.025
Micropore volume, cm®/g 0.424
Mesopore volume, cm®/g 0.284
Macropore volume, cm®/g 0.317
BET specific surface area, m?/g 1382

3.2. Morphology and Elemental Composition

The morphology of the activated carbon was examined by
scanning electron microscopy (Figure 2). The SEM images reveal
irregular, fragmented particles with a rough and highly textured
surface. Numerous surface irregularities, fissures and pore openings
are visible, consistent with the hierarchical pore structure identified
through nitrogen adsorption. This morphology is typical for
activated carbons obtained through thermochemical conversion of
polymeric precursors.

EDS
C 7978 wt %
H 0.46 wt %
N 0.29 wt %
S 0.57 wt %

Fig. 2 SEM morphology and EDS elemental composition of
the activated carbon

The elemental composition (Fig.2) is dominated by carbon
(79.78%), confirming efficient carbonization of the polystyrene
precursor. The very low hydrogen (0.46%) and nitrogen (0.29%)
contents are characteristic of highly aromatized carbon structures
formed during high-temperature pyrolysis. A minor sulfur content
(0.57%) reflects the acid treatment step and suggests the presence of
sulfur-containing surface functionalities. Overall, the elemental
profile aligns with the observed morphology and the textural
parameters derived from nitrogen adsorption, supporting the
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conclusion that the material is extensively carbonized and possesses
a well-developed porous structure.

3.3. FTIR spectrum of the activated carbon

The FTIR spectrum of the activated carbon (Fig.3) displays
weak and broad absorption bands, typical of highly carbonized
materials with a limited number of surface functional groups. The
broad band at 3435 cm™ ! corresponds to O—H stretching vibrations,
most likely associated with adsorbed moisture. The weak peaks in
the 2969 — 2852 cm™ ! region arise from residual aliphatic C-H
groups. The band at 1631 cm™ ! is attributed to aromatic C=C
vibrations and contributions from adsorbed water.

Absorbance, a.u.

T

T T T T T
4000 3000 2500 2000 1500 1000 500

Wavenumber, cm”

Fig. 3 FTIR spectrum of the activated carbon

Several bands in the 1215 — 1100 cm™ ! region indicate C-O
stretching in oxygen-containing functionalities and may also reflect
S-0/S=0 vibrations introduced during H, SO, treatment,
consistent with the elemental analysis. The peaks at 964 and
802 cm™ ! correspond to out-of-plane deformations of aromatic C—
H bonds, while the low-frequency band at 473 cm™ ! is associated
with skeletal vibrations of the carbon matrix [6].

Overall, the FTIR spectrum confirms the presence of an
aromatized carbon structure containing small amounts of oxygen-
and sulfur-bearing groups, in agreement with the high degree of
carbonization indicated by the textural, morphological and
elemental analyses.

3.4. Raman analysis of the activated carbon

The Raman spectrum of the activated carbon (Fig.4) is
characterized by two prominent bands: the D band at ~1350 cm™ !
and the G band at ~1580 — 1600 cm™ !, accompanied by a weaker
and broader 2D band near 2700 cm™ . The relatively high intensity
ratio Ip/lg indicates a substantial degree of structural disorder and
the presence of small graphitic domains. This spectral profile is
typical of turbostratic carbon, where graphene layers are misaligned
and only weakly ordered.

Intensity [arb. units]
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Fig. 4 Raman spectrum of the activated carbon

The Raman results are consistent with the textural data, which
reveal a high specific surface area and a well-developed porous
structure. Overall, the spectrum confirms that the material is a
defect-rich, turbostratic carbon with low crystallinity and an
extended network of sp?-hybridized domains, supporting its
potential for adsorption and catalytic applications [7, 8].
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4. Conclusion

The comprehensive characterization of the activated carbon
demonstrates that the applied synthesis route — acid treatment of the
polystyrene precursor followed by high-temperature CO,
activation — successfully produces a highly porous, defect-rich
carbon material with well-developed surface functionality. Nitrogen
adsorption measurements reveal a hierarchical pore structure
dominated by micropores and complemented by meso- and
macropores, resulting in a high specific surface area and favorable
mass-transport properties. SEM imaging confirms the presence of
irregular, fragmented particles with a rough and textured surface,
while EDS analysis verifies efficient carbonization and the
incorporation of oxygen- and sulfur-containing groups originating
from the oxidation step.

FTIR spectroscopy further supports the formation of an
aromatized carbon matrix enriched with limited but identifiable
oxygen- and sulfur-bearing functionalities. Raman analysis
indicates a turbostratic, defect-rich structure with a high Ip/lg ratio,
consistent with small graphitic domains and low crystallinity.
Together, these findings confirm that the obtained material is a
highly disordered, microporous activated carbon with an extended
network of sp>-hybridized domains.

Overall, the structural, morphological and spectroscopic results
demonstrate that the synthesized activated carbon possesses
properties favorable for adsorption and catalytic applications,
including high surface area, hierarchical porosity, abundant defect
sites and tailored surface chemistry. These characteristics highlight
its potential for use in processes requiring efficient mass transfer,
strong adsorptive interactions and tunable surface reactivity.
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Utilization of polystyrene waste for the development of an efficient adsorbent for water
purification
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Abstract: Activated carbon derived from polystyrene waste was evaluated as an adsorbent for the removal of the reactive dye Drimaren Red
K-7B from aqueous solutions at different temperatures. The adsorption equilibrium was analyzed using Langmuir, Freundlich and Dubinin-
Radushkevich models, with the latter providing the best fit (R*=0.97). Kinetic data followed the pseudo-second-order model at all
temperatures (R?=0.99). The maximum adsorption capacity reached 35 mg/g at 20 °C. Thermodynamic analysis revealed negative Gibbs
free energy values, confirming the spontaneous nature of the process, while positive enthalpy and entropy indicated an endothermic
mechanism accompanied by increased interfacial disorder. These results demonstrate the potential of polystyrene-derived activated carbon
as an efficient adsorbent for water treatment applications.

Keywords: ACTIVATED CARBON, POLYSTYRENE WASTE, ADSORPTION, ADSORPTION MODELING, WATER PURIFICATION

1. Introduction was examined at 20 °C, 40 °C and 60 °C under identical
’ experimental conditions.

Polystyrene waste represents a significant fraction of global
plastic pollution due to its extremely low biodegradability and
widespread use in packaging, construction, electronics and medical
applications. Conventional waste-management strategies such as
mechanical recycling, landfilling and incineration often show
limited efficiency and may lead to downcycling. In this context, the G = (Co—Ce)v o)

e

concept of upcycling has gained increasing attention, aiming to m

convert polystyrene waste into value-added materials with  \here g, is the adsorption capacity (mg/g), C, and C, are the initial
improved functional properties. Thermochemical conversion routes  and equilibrium dye concentrations (mg/L), V is the solution
are particularly promising, as they enable the production of  yolume (L), and m is the mass of adsorbent (g). The percentage of
carbonaceous materials with developed porosity and potential for  dye removal was determined using:

further functionalization [1].

The change in dye concentration during the adsorption process
was monitored using a UV-Vis spectrophotometer (ONDA UV-31
SCAN), recording absorbance at A = 548 nm in the range 190—-600
nm. The adsorption capacity was calculated according to:

Co—Ce
R . . D(%) =——-1 2
Recent studies indicate that polystyrene-derived materials can (%) co 100 @

exhibit notable adsorption performance toward organic dyes, Isotherm experiments were conducted at 20 °C using initial dye
highlighting their potential as low-cost sorbents for water treatment  concentrations of 10-100 mg/L, a contact time of 60 min and an
[2, 3]. Reactive dyes, widely used in the textile industry, are  agsorbent dose of 0.025 g. Kinetic experiments were performed at

resistant to biodegradation and can cause severe coloration, reduced initial dye concentration of 100 mg/L, contact times between 5 and
light penetration and ecological toxicity even at low concentrations. 60 min, and temperatures of 20 °C, 40 °C and 60 °C.

Therefore, the development of efficient and sustainable adsorbents o o )
for their removal remains an important technological challenge [4, Equilibrium, kinetic and thermodynamic analyses were
5]. performed using commonly applied adsorption models, and the

corresponding parameters were obtained from experimental data

This study focuses on the upcycling of polystyrene packaging  collected at different initial dye concentrations, contact times and
waste into activated carbon and on the evaluation of its adsorption  temperatures.

performance toward a model reactive dye. The adsorption behavior

was examined through equilibrium, kinetic and thermodynamic 3. Results and discussion
analyses to assess the applicability of the material for water . .
purification. 3.1. Effect of initial dye concentration
. The effect of the initial dye concentration on the adsorption
2. Materials and methods performance of the polystyrene-derived activated carbon is
. . presented in Fig.1. The adsorption capacity increased steadily from
2.1. Preparation of the carbon material 3 mg/g at 10 mg/L to 35 mg/g at 100 mg/L, indicating that higher

The activated carbon used in this study was synthesized from  dy& concentrations provide a stronger driving force for mass
waste polystyrene through high temperature CO, activation. The  transfer toward the adsorbent surface.
polystyrene precursor was carbonized and subsequently activated )
under a CO, flow at elevated temperature, yielding a porous : at T
carbon material. The structural, textural and surface chemical )
properties of the obtained adsorbent were characterized in a
separate study, confirming its suitability for the removal of organic
contaminants.

Adsorption eapacity, mg/g

Percentage removal, %

2.2. Adsorption experiments e —
Iabial éye concenteaton, w1 " i oy concententionmgr.

The adsorption experiments were performed in batch mode

using a fixed volume of dye solution and continuous magnetic Fig.1 Effect of initial dye concentration on adsorption
stirring at 300 rpm to ensure homogeneous suspension and effective capacity and removal efficiency

contact between the adsorbent and the dye molecules. A mass of o )

0.025 g of the activated carbon was added to 12.5 mL of aqueous In contrast, the percentage removal exhibited a different trend:
Drimaren Red K-7B solutions. To evaluate the effect of the initial it increased from 45% to approximately 75% in the range 10-90

dye concentration, solutions in the range of 10-100 mg/L were ~ M/L, followed by a slight decrease at 100 mg/L.
prepared. The influence of temperature on the adsorption process
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This behavior reflects the interplay between the number of dye
molecules in solution and the availability of active sites on the
carbon surface. At low concentrations, the limited number of dye
molecules results in lower removal efficiency, despite the presence
of numerous unoccupied adsorption sites. As the concentration
increases, more dye molecules interact with the surface, leading to
higher adsorption capacity and improved removal efficiency. At the
highest concentration, partial saturation of the active sites likely
occurs, which reduces the percentage removal even though the
adsorption capacity continues to rise.

Overall, the results confirm that the adsorption process is
strongly influenced by the initial dye concentration, with higher
concentrations enhancing the driving force for adsorption but also
approaching the limits of surface saturation.

3.2. Effect of contact time and temperature on dye removal
efficiency

The effect of contact time and temperature on the adsorption
performance of the polystyrene-derived activated carbon is
illustrated in Fig. 2. The percentage removal increased continuously
with time for all temperatures, indicating progressive occupation of
the available adsorption sites. Higher temperatures resulted in
markedly higher removal efficiencies: at 60 °C the system reached
above 90% removal within 60 min, whereas at 20 °C the maximum
removal remained below 80%. This clear separation between the
kinetic curves confirms that the adsorption process is temperature-
dependent and exhibits endothermic behavior.

100

=—20°C
|-e—40°C
A— 60°C

Percentage removal, %

Contact tim e, min

Fig.2 Effect of contact time and temperature on dye
removal efficiency

The enhanced adsorption at elevated temperatures can be
attributed to several factors. First, increasing temperature
accelerates the diffusion of dye molecules through the boundary
layer surrounding the adsorbent particles, reducing external mass-
transfer resistance. Second, higher thermal energy facilitates
intraparticle diffusion within the porous structure of the carbon,
allowing dye molecules to access deeper adsorption sites. Third,
temperature may promote partial activation or increased mobility of
surface functional groups, effectively increasing the number of
energetically favorable adsorption sites. As a result, both the rate of
adsorption and the final removal efficiency improve with
temperature.

In summary, the kinetic profiles demonstrate that the adsorption
of Drimaren Red K-7B onto the polystyrene-derived activated
carbon is strongly influenced by temperature, with higher
temperatures accelerating mass transfer and enabling more efficient
utilization of the adsorbent’s porous structure. These observations
are consistent with the thermodynamic parameters discussed later,
which further confirm the endothermic nature of the process.

3.3. Isotherm analysis

Adsorption isotherms describe the relationship between the
equilibrium dye concentration and the amount adsorbed onto the
activated carbon, providing insight into the surface properties and
adsorption mechanism. The equilibrium adsorption data were
evaluated using the Langmuir (Eq. 3), Freundlich (Eq. 4) and
Dubinin-Radushkevich (Eq. 5, 6, 7) isotherm models. The
corresponding linearized equations are:

Co _ 1
qe KL -Gmax

_Ce

@)

where gmax (M@/g) is the monolayer capacity and K_ (L/mg) is
the Langmuir constant.

Amax

4)

Where Kg ((mg/g) is the Freundlich constant and n indicates
adsorption intensity.

log g, = log K + %log C.

Ing, =1nGpex — KDRg2 )
e=RTIn(1+=) (6)

The mean adsorption energy is:

1
2Kpr

E = @)

where Kpr is Dubinin-Radushkevich constant related to
adsorption energy (mol?/kJ?); ¢ is Polanyi potential, describing the
work required to transfer a molecule from solution to the adsorbent
surface; E is mean adsorption energy (kJ/mol), used to distinguish
physical adsorption (E < 8 kJ/mol) from stronger interactions.

The equilibrium data were fitted to the Langmuir, Freundlich
and Dubinin-Radushkevich isotherm models, and the obtained
parameters are summarized in Table 1. The Langmuir model
yielded a relatively low correlation coefficient (R?=0.44), indicating
that monolayer adsorption on a homogeneous surface does not
adequately describe the system. In contrast, the Freundlich model
showed a much better fit (R?=0.94), with n=0.63, suggesting
adsorption on a heterogeneous surface and the presence of sites with
different affinities. The Dubinin-Radushkevich model provided the
highest correlation (R?>=0.97), and the calculated mean adsorption
energy E=5.77 kJ/mol indicates that the process proceeds
predominantly through physical adsorption [6].

Table 1: Fitted Parameters of Langmuir, Freundlich and Dubinin-
Radushkevich isotherms.

Model Key parameters R?
Langmuir Omax= 22.22 mg/g, K = 0.045 L/mg 0.44
Freundlich Ke=0.2248 mg/g, n = 0.63 0.94

Dubinin- Qmax= 31.44 mg/g, Kpr = 14.99%10°° mol?/kJ?, 007
Radushkevich E =5.77 kd/mol '
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3.4. Adsorption kinetic models

The adsorption Kkinetics were evaluated using the pseudo-first-
order (PFO), (Eg. 8), pseudo-second-order (PSO), (Eg. 9) and
intraparticle diffusion models (Weber-Morris), (Eq. 10). These
kinetic models were applied to describe the rate of dye uptake and
to identify the controlling steps in the adsorption process. The
linearized forms of the equations were used to determine the kinetic
constants and to assess the suitability of each model for describing
the experimental data.

k
1g(q. — q.) =1gq. — (2,3;3
t

2GR () ©

q; = kigt'/? + € (10),

where ¢; is adsorption capacity at time t (mg/g); Qe —
equilibrium adsorption capacity (mg/g); k; — PFO rate constant
(1/min); k, — PSO rate constant (g/mg.min); ki3 — intraparticle
diffusion rate constant; C — boundary layer thickness parameter.

)

Based on the experimentally obtained kinetic data (Table 2)
both PFO and PSO equations provided good fits to the experimental
data; however, the PSO model showed consistently higher
correlation coefficients (R? > 0.99), indicating that the adsorption
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process is better described by a second order kinetic mechanism.
This suggests that the rate of dye uptake is primarily governed by
the availability of active sites on the adsorbent surface [7].

The Weber-Morris plots were used to assess the contribution of
intraparticle diffusion to the overall adsorption rate. The increasing
values of the boundary layer thickness parameter C with
temperature indicate enhanced external mass transfer resistance [8].
The intraparticle diffusion rate constant kj4 increased from 20°C to
40°C and then decreased at 60°C, reflecting temperature dependent
changes in dye mobility within the pores. Although diffusion
contributes to the overall adsorption process, the relatively low
correlation  coefficients  (R2=0.84-0.96) demonstrate  that
intraparticle diffusion cannot be considered the sole rate controlling
step.

Taken together, the Kinetic analysis confirms that the adsorption
of Drimaren Red K-7B proceeds through a multi step mechanism,
where surface interactions dominate, while diffusion plays a
secondary but non negligible role.

Table 2: Kinetic model parameters at different temperatures

T ki/Ka/K;

(°C) e R? (1/min é)r ;/mdg.min) m%e/g c
20 PFO 0.96 36*10° 20.56 -
20 PSO 0.99 3.7*10° 39.04 -
20 Diffusion | 0.96 2.27 - 18.1
40 PFO 0.95 78*10° 21.11 -
40 PSO 0.99 65*107 44.66 -
40 Diffusion | 0.84 245 - 25.52
60 PFO 0.97 59*10° 7.56 -
60 PSO 0.99 17*10-3 47.41 -
60 | Diffusion | 0.85 1.14 - 38.7

3.5. Thermodynamic parameters

To further elucidate the nature of the adsorption process, the
thermodynamic parameters AG°, AH® and AS° were calculated
based on the temperature-dependent equilibrium data (Table 3). The
thermodynamic parameters (AG®, AH®, AS°) were determined from
the equilibrium constants using the Van’t Hoff approach [9]. These
parameters provide insight into the spontaneity, energetic changes
and molecular ordering associated with the adsorption of Drimaren
Red K-7B onto the activated carbon. The values of the equilibrium
constant at different temperatures were used to construct the Van’t
Hoff plot, from which the enthalpy and entropy changes were
determined, while the Gibbs free energy was subsequently
calculated to assess the feasibility of the adsorption process.

Table 3: Thermodynamic parameters (A1G°, AH®, AS°) for the
adsorption of Drimaren Red K-7B

T(°C) AG® (kJ/mol) | AH° (kJ/mol) w ;‘EI K)
20 -0.46 35 120
40 -2.65 35 120
60 537 35 120

The thermodynamic parameters indicate that the adsorption of
Drimaren Red K-7B onto the activated carbon is spontaneous at all
studied temperatures, as evidenced by the negative values of AG°.
The positive enthalpy change (AH® = +35 kJ/mol) confirms that the
process is endothermic, while the positive entropy change (AS° =
+120 J/mol.K) suggests increased randomness at the solid-liquid
interface during adsorption. The more negative AG® values at
higher temperatures further demonstrate that the adsorption
becomes thermodynamically more favorable with increasing
temperature.
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3.6. Mechanism of adsorption

The combined kinetic and thermodynamic results indicate that
the adsorption of Drimaren Red K-7B onto the activated carbon
proceeds through a multi-step mechanism. The excellent fit of the
pseudo-second-order model suggests that surface interactions and
the availability of active sites play a dominant role in the adsorption
process. The Weber-Morris analysis shows that intraparticle
diffusion contributes to the overall rate but is not the sole rate-
controlling step. The positive enthalpy change (AH® = +35 kJ/mol)
confirms that the adsorption is endothermic, while the positive
entropy change (AS° = +120 J/mol.K) reflects increased disorder at
the solid-liquid interface. These findings collectively indicate that
adsorption is governed primarily by surface binding accompanied
by temperature-enhanced diffusion into the porous structure of the
adsorbent.

3. Conclusion

Activated carbon produced from polystyrene waste
demonstrated efficient adsorption performance toward Drimaren
Red K-7B, with increasing capacity at higher initial dye
concentrations and temperatures. The equilibrium data were best
described by the Dubinin-Radushkevich model, indicating
heterogeneous surface characteristics and predominantly physical
adsorption. Kinetic analysis confirmed that the pseudo-second-order
model governs the adsorption rate, while intraparticle diffusion
plays a secondary role. The thermodynamic parameters showed that
the process is spontaneous and endothermic, becoming more
favorable with temperature. Overall, the results highlight
polystyrene-derived activated carbon as a promising upcycled
material for the removal of reactive dyes from aqueous solutions.
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Abstract: In this study, we present the key results of computer modeling and experimental series of a combined technological process that
integrates hydro-vacuum atomization and hydrogenation of metallic melts. The simulations considered several representative cases in which
lead, aluminum, magnesium, Armco iron, and magnesium-aluminum alloys were used as initial materials. A comparative analysis of the
obtained data revealed that, during hydro-vacuum atomization, the cooling, solidification, and hydrogenation kinetics of atomized droplets
are strongly governed by the specific thermodynamic characteristics of the metals, such as the solidification interval, latent heat of
fusion/solidification, and specific heat capacity. It was established that the relationship between the melt overheating temperature and the
width of its solidification interval constitutes a key controlling factor in the combined processes of atomization and hydrogenation. This
factor is critical because it determines both the duration and the nature of the residence of atomized metallic droplets in the transitional
liquid—crystalline state, thereby defining the temporal window and the depth of highly effective physico-technological influences that
promote hydrogen uptake. These influences arise during the entrainment and breakup of the melt jet in the water stream and include
hydromechanical activation, structural metastabilization, and interstitial hydrogen incorporation released from collapsing cavitation
cavities in water due to the thermobaric energy generated during their directed cumulative implosion.

KEYWORDS: HYDRO-VACUUM  ATOMIZATION, CRYSTALLIZATION KINETICS, HYDROGENATION, STRUCTURAL
METASTABILIZATION, OVERHEATING EFFECT.

1. Introduction storage systems for renewable energy, and in stationary hydrogen
reservoirs used in “green” metallurgy and the chemical industry [3,
The use of metallic powders as solid-state hydrogen carriers 4].

opens new prospects for the development of safe, energy-efficient, The successful integration of metal hydride systems into the
and compact systems for the storage and transportation of aforementioned high- technology sectors is largely determined by
renewable energy. the morphological and thermodynamic characteristics of the

In contrast to conventional methods of hydrogen storage in hydrogen- storage materials. A highly developed specific surface
gaseous or cryogenically liquefied form, metallic powder materials area in powder- based materials provides a dense population of
enable hydrogen retention in a chemically bound state (as metal active sorption sites, significantly accelerating the kinetics of
hydrides formed through chemisorption mechanisms) or physically, diffusive or chemisorptive hydrogen uptake and saturation.
through adsorption on the developed surface of the particles. This However, morphological optimization alone is insufficient to
approach provides a substantially higher level of operational safety overcome the fundamental limitations that hinder large- scale
and allows long- term hydrogen storage under ambient conditions commercial deployment of such storage media. The primary barrier
without the need to maintain extremely high pressures or ultralow remains the stringent thermodynamic constraints associated with the
temperatures. Moreover, the use of powder-based metal hydride high thermal stability of certain hydride phases, which result in
materials completely eliminates the risks and operational costs sluggish desorption kinetics and necessitate elevated temperatures
associated with high- pressure composite vessels (600—700 bar) or for reversible hydrogen release [5]. Moreover, these Kinetic
cryogenic cooling systems operating at 20-70 K, both of which limitations become progressively aggravated over time due to the
require complex infrastructure and expensive reinforced advancing structural degradation of the material. During
containment shells [1]. Unlike conventional hydrogen storage high- temperature operation, cyclic phase hardening induces
technologies, the retention of hydrogen in a chemically bound fragmentation (cracking) of the particles, followed by thermocyclic
metal- hydride state, followed by its controlled thermal release sintering and passivation [6, 7]. These processes lead to an
upon heating the metal to approximately 100-300°C, is irreversible reduction in sorption capacity and effectively negate the
characterized by a high degree of controllability and operational initial advantages associated with a highly developed specific
reliability. The desorption process proceeds smoothly, and its surface area. Consequently, this indicates that the operational
kinetics can be effectively regulated by adjusting the temperature of efficiency of reversible metal hydride systems is governed by a
the hydrogenated material. This enables precise modulation of the fundamental compromise between the thermodynamic stability of
hydrogen release rate in accordance with the specific demands of the hydride phases formed and the kinetic parameters of the
the system [2]. sorption—desorption processes. For example, on the one hand,

An equally important operational criterion is the high hydrides of light metals and their complex compounds (MgH,,
reversibility and stability of the hydrogenation—-dehydrogenation LiBH,;, Mg(BH.),, AlH;, TiH,) exhibit exceptionally high
cycles. The ability of a material to withstand numerous working theoretical hydrogen capacities, ranging from 4 to 18.5 wt.% H.,.
cycles without significant structural degradation or loss of However, such high storage capacities are achieved at the expense
reversible hydrogen capacity determines the long- term durability of thermodynamically robust metal-hydrogen bonds, which require
of powder- based metal hydride storage systems and their substantial energy input for subsequent dissociation and shift the
technological applicability in the practical energy sector. desorption temperature range into the domain of elevated

High- cycle metal hydride systems are particularly in demand temperatures (>250-500 °C). This is undesirable both from the
in hydrogen- powered transportation, from unmanned aerial standpoint of process efficiency and due to the reduction in the
vehicles to heavy commercial machinery, as well as in autonomous operational lifetime of the storage system. On the other hand,
and backup energy complexes for remote facilities, in decentralized intermetallic compounds, such as Laves phases based on AB,- and
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ABs- type alloys (LaNis, TiFe, ZrMn,), enable operation under
moderate, near- ambient thermal conditions (=50-100 °C) [8, 9].
Nevertheless, their hydrogen storage capacity is significantly lower
than that of light- metal hydrides and typically does not exceed
1.4-2 wt% H,. This limitation restricts their applicability in
technical systems where high specific energy density is a critically
important requirement.

A compromise-oriented attempt to resolve the thermodynamic—
kinetic contradiction involves transitioning to lighter binary
systems, among which intermetallic alloys of the Mg—Al system are
of particular interest. The Mg;;Al;, and Mg,Al; phases occupy an
intermediate position between high- capacity yet
thermodynamically stable light- metal hydrides and
low- temperature but low- capacity intermetallic compounds. The
incorporation of aluminum into the magnesium matrix partially
reduces its thermodynamic stability while maintaining a relatively
high specific hydrogen capacity. For the Mgy;Al;; phase, the
theoretical hydrogen storage capacity is approximately 4.0-4.4
wt.% H,, and due to the destabilizing influence of aluminum, the
desorption enthalpy decreases to 65-70 kJ/mol H, (compared to
~75 kJ/mol for the pure Mg—H system). This results in a shift of the
hydrogen release temperature threshold into the range of 150-
280 °C and a noticeable improvement in desorption kinetics [10,
11].

Nevertheless, even the use of such metastabilized alloys does
not fully eliminate the fundamental thermodynamic—kinetic dualism
and ultimately imposes strict limitations on the choice of metallic
materials and the methods by which they can be hydrogenated.

2. Modern approaches to solving the existing problem and
substantiating the effectiveness of the hydro-vacuum method

Based on current scientific knowledge and accumulated
practical experience, a wide range of methods has been developed
to address the aforementioned problem. For example, modern
catalytic approaches [12] demonstrate high efficiency in improving
hydrogenation kinetics; however, the use of noble metals (Pt, Pd) is
limited by their high cost and susceptibility to deactivation due to
oxidation and impurity poisoning, which reduces the cyclic
durability of such metal-based systems.

Mechanical alloying [13] provides high dispersion (<50 um)
and stable formation of defect-rich states, but requires prolonged
processing and is accompanied by powder contamination from
wear products of the milling media.

Plasma- arc synthesis [14], in turn, is applicable only to a
narrow class of hydride systems, primarily to compounds such as
Alane (AlHs), and is characterized by extreme thermal gradients
that complicate control over the phase composition. Other
high- energy hydride- forming techniques, such as electro- pulse
treatment of solid- phase suspensions in liquid dielectrics or
acoustic- cavitation sonoprocessing [15-17], face challenges
associated with low process stability and high energy consumption
per unit of product, which significantly limits their productivity and
scalability.

The combination of the aforementioned limitations and the need
to resolve the existing thermodynamic—kinetic contradiction has led
to a clear demand for a new- generation technology capable of
integrating the stage of metallic powder structure formation with
the operation of its hydrogenation. Such a technology is the
innovative hydrovacuum atomization (HVA) process developed by
the authors of this study [18-20].

The combined atomization—hydrogenation process implemented
in the HVA method is based on a recently identified hydrophysical
mechanism of condensational sonomorphosis, which is induced
and sustained by the thermobaric shock- wave effects of cavitation
fluctuations [21]. This process is accompanied by the in-situ
incorporation of hydrogen atoms released from molecules within a
supercavitating, cumulatively collapsing, and sonopulsating vapor—
water mixture stream, into both the crystalline lattices of the
atomized metal and energetically favorable activated

intercrystalline regions containing free electrons, resulting in the
formation of interstitial covalent bonds, see Fig. 1.

Against the background of existing technological approaches
for producing hydrogenated metallic powders, it can be emphasized
that the synergistic combination of atomization and hydrogenation
offered by the HVA technology represents a unique engineering
solution that integrates the advantages of mechanochemical
activation and ultrasonic (sonochemical) treatment while mitigating
their key drawbacks. The principal synergistic benefit of this
method lies in the coupling of deep powder dispersion with in situ
hydrogen saturation within a locally vacuumized and
non- stationarily cavitating hydrodynamic medium, wherein the
energy released during cavitation bubble collapse and the
accompanying cumulative microjets not only contribute to material
fragmentation or hydrogen liberation from collapsing cavitation
cavities, but also induce a directed sonomorphosis of metastable
substructures. These substructures are specifically adapted for
prolonged reversible cycling, mutually reversible absorption and
release of atomic hydrogen, without significant deterioration of the
initial hydrogen accommodation capacity.

Intercrystalline region with defects
and embedded H
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Fig. 1. Physical model of intercrystalline region and local AI-H
bonding

The high density of generated crystal structure defects and the
continuous exposure of pristine juvenile surfaces free from
passivating oxide films ensure unobstructed diffusion and capture
of hydrogen deep within the nonequilibrium metallic matrix,
which acts as a structure containing numerous hydrogen traps. It
should also be noted that an accompanying
hydrodynamic Leidenfrost effect [22], arising at the “hot
particle-liquid” interface, plays an important role in stabilizing
such energetically activated structural states. The quasi- stable
vapor envelope temporarily reduces the heat- transfer rate;
however, its subsequent explosive collapse generates extreme

quenching  velocities and  continuing intense acoustic-
cavitation micro- impacts. These processes inhibit defect
relaxation and rigidly fix the
metastable, Kirkendall- effect- induced submicron- foamed

structure of the powder particles formed during processing (Fig. 2).
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Fig. 2. SEI images of aluminum powder and surface morphology of
its particles obtained by hydrovacuum atomization and
hydrogenation (Bulk density not exceeding 0.5 g/em’)

Undoubtedly, a deep understanding of the physical nature of the
formation of the described structures and their subsequent
controlled engineering, first requires an analysis of the fundamental
thermophysical parameters of the hydrovacuum atomization
process, with identification of those most critical in terms of their
influence on structure formation. This emphasizes the importance
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not only of selecting appropriate technological regimes for the
target hydrovacuum dispersion process, but also of establishing
rational conditions for the preliminary thermophysical preparation
prior to feeding the liquid metallic material into the rarefied core of
the counter- gravity suction and atomization chamber Fig.3,
position 1.

Consequently, understanding the mutual influence of these
factors on the final (operational) characteristics of the powders
represents a fundamental basis for improving the conditions of their
structural formation and for more effective adaptation to the
saturation and solid- state binding of atomic hydrogen.

(@)

Me€ponder 5 i

Fig. 3. General view of the hydro-vacuum atomization and
hydrogenation installation for metallic melts:

1 — Hydro-vacuum suction, dispersion, and melt- cooling chamber
(Mevic)

2 — High- pressure pump for high- velocity water injection into the
chamber (water delivery pressure 1220 bar, flow rate 20-22 L/s)

3 — Pair of scrubbers for primary gravitational separation of coarse
powder fractions (1-2.5 mm) from the forming slurry (Me)

3" — Pipeline for slurry transfer from the scrubbers (3) to the
dewatering centrifuge (4)

5 — Vacuum drying chamber for dehydrated powder

5’ — Thermovacuum station of the drying chamber (5)

6 — Unit for metered feeding of the melt to the disperser- cooler (1)

7 — Vertical melt- suction head

8 — Ladle supplying the melt to the feeding unit (6)

Addressing the stated problem requires a predictive assessment
of the thermophysical regimes governing the structure formation of
the atomized liquid metallic material. Achieving such predictive
accuracy becomes feasible through computer simulation of the
cooling and quenching processes experienced by the fragmented
particles formed during hydro-vacuum atomization.

The application of numerical computer modeling makes it
possible, in an inverse formulation, to determine the ranges of
initial (input) parameters for melt preparation that are most closely
aligned with the optimal conditions required for the target hydro-
vacuum treatment. In this way, modeling functions as a tool that
provides a closed optimization loop: from forecasting the structural
states of the atomized particles to adjusting the initial technological
conditions that ensure the desired properties of the final material.

3 Factors and assumptions taken into account in the
simulation

1) The interaction of a high-energy water jet (velocity 200 m/s)
and the melt occurs by dispersing the latter into spherical droplets
with a diameter of 10-1000 pm, the cooling of which is carried out
in the presence of a gasified film formed as a result of the
Leidenfrost effect; 2) Under the influence of the impact force
developed during the spraying of water in the disperser, the vapor
film is expected to degrade and be completely removed from the
surface; 3) The temperature field in the atomized metal is
distributed homogeneously Tjq(t)=const.; 4) The heat exchange
process between the metal and water includes both convective and
radiative (thermal radiation) components; 5) The melt solidifies at a
fixed temperature T, =T}ic=TsoI-
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Modeling and its results: For a spherical particle with an
average radius r, the volume (V), mass (m) and surface area (A) are
defined as follows:

V= (4/3) nr’, m = pV, A = 4nur’.

However, considering that the metal melt is dispersed into N
equal number of droplet fragments so that the total mass remains
unchanged, the effective surface area increases approximately as
follows: A = ANYS. Then, the heat radiation intensity (Ggor W)
from the metal fragments with a temperature Tjiq and a velocity v
will be:

Aot = Aett [N(TeV)(Tig - Tw) + € 6 ((Tiig + 273.15)* - (T, + 73.15)")]
1)

Where, h(T,)-convective heat transfer coefficient of the
boundary layer, depending on the effective temperature of the
cooling medium (water/steam) (Trj=0.5(T}ig*+Tw), W/(m?-K); Tiq -
temperature of the metal entering the dispersion chamber, °C; T, -
temperature of the dispersing and cooling water, °C; ¢ - blackness
of the metal surface (emissivity); ¢ - Stefan-Boltzmann constant,
5.670374419¢® W/(m*>K* ); v - water jet velocity, m/s.

To account for the specific heat capacity (c,, J/kg'K) of the
boundary layer, the computer script uses the following simple
approximation:

h(Tf,v) = min(hpase + Cy \/\’: Biax) 2

Where, hbase is the base heat transfer coefficient under
stationary conditions, and hmax is the maximum allowable limit
(upper limit) of the coefficient. For the case of Leidenfrost stability,
we obtain the following:

h (Tg,) = 8000 + 600 V200 =~ 16485 )

When the vapor barrier degrades (breaks), the coefficient takes
on the following value:

h(T¢,) = 25000 + 600 V200 =~ 33485 4)

In addition, the calculation model for the cooling rate of the
metal is based on enthalpy balance and, taking into account its
specific heat capacity c; i and the condition Tjq > Ty, takes the
following form:

M Couig AT/t = -Gy = AT/AE = Ggor/ (M Cpiig) ~ (5)

In expanded form, the heat transfer equation is formed as the

following mathematical representation:

dT/dt = -Act [ N(Tev)(Tiig- Tw) + & 6 ((Thia + 273.15)* - (T, +
+273.15)) 1/ (M Cpjig) (6)

We assume that the actual temperature of the liquid metal T
remains unchanged until the latent heat of crystallization L; (J/kg)
is completely released from the cooling fragments. That is, the
metal completely solidifies when the current latent heat supply
becomes zero (L = 0):

T = Tsol, Thig, Linitiat = M Ly, dL/dt = -Qlgor, dT/dt =0 (7

After the latent heat of crystallization is completely released
L(t) = 0 and the prerequisite for further cooling of the solid phase
T<T,, is created, the subsequent rate of temperature change is
described by the following differential equation:

®)

Where, ¢, is the specific heat capacity of the metal in the
solid state. And dT/dt is calculated in a similar way to the expanded
heat transfer equation (6), by replacing the heat capacity of the
liquid phase in it with the solid.

MCp 5o dT/dt = -Qgor, from where: dT/dt = -Qgo / (M Cpso1)
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4. Results and discussion

The obtained modeling results, specifically ty, (cooling time to
the solidus temperature Ts,) and t;goc (cooling time to the boiling
point of water, 100 °C) — were obtained for atomized particles of
lead, aluminum, magnesium, Armco- iron, and Al-Mg alloys. The
simulations were performed using the initial thermophysical and
thermodynamic parameters (p, Tiic, Cplig» Cp,sols Lt and Tjig,) listed in
Table 1.

The resulting cooling- Kinetics contour maps, shown in
Figure 4, illustrate the temperature evolution of particles of
different diameters during hydrovacuum atomization. These
cooling kinetics maps (isotherms) reveal distinct cooling behaviors
governed by the intrinsic thermal properties of each material. In
particular:

Lead (Pb) demonstrates the slowest cooling due to its high
density and relatively low thermal diffusivity.

Aluminum (Al) cools significantly faster, with
temperature gradients even for larger particle diameters.

Magnesium (Mg) exhibits the most rapid cooling, driven by its
low density and high thermal conductivity.

Armco- iron (Fe) shows prolonged high- temperature retention,
reflecting its high melting point and substantial latent heat of
fusion.

Al-Mg alloys display intermediate cooling kinetics, with the
30%Al — 70%Mg and 70%Al — 30%Mg compositions forming
distinct thermal- response profiles.

steep

Table 1
: Cpiiq. Cpsols | Lr, x10°
Met. P Tiic, °C P e f Tiig, °C
kg/m? JkgK | JkgK | Jkg
Pb | 10660 3275 160 128 23 370
Al 2375 660.3 1170 900 397 700
Mg 1570 650.0 1370 1020 370 700
Fe 6980 1538 820 450 247 1600
These  cooling- time  fields directly  determine the

structurogenesis pathways of atomized droplets. The combination
of particle diameter and cooling rate defines whether the droplets
undergo: full crystallization, partial solidification with retained
liquid cores, formation of fine- grained or amorphous structures,
development of dendritic, cellular, or equiaxed morphologies,
suppression or activation of diffusion- controlled transformations,
hydrogen uptake and defect stabilization during hydrovacuum
processing.

Comparative analysis of the modeled thermal processes shows
that, following the primary influence of particle dispersity (their
diameter, d) on the cooling rate, the next most significant factors
are the thermophysical properties of the material and the initial
temperature of the melt supplied to the hydrovacuum disperser.

Analysis of the time required for the particles to reach the
boiling point of water (100 °C) reveals several key regularities:

- Effect of particle size:

For all investigated materials, the fine fraction with a diameter
of d = 0.1 mm (100 pm) cools to 100 °C approximately ten times
faster than larger particles with d = 1.0mm (1000 um). This
behavior is governed by the increase in specific surface area as
particle size decreases.

- Armco- Fe exhibits the highest cooling rate among all
materials considered. Due to its high initial temperature (1530 °C)
and the intense radiative—convective heat transfer, a particle with a
diameter of 0.1 mm cools to 100°C in only 0.006s (average
cooling rate 2.38 x 10° °C/s), whereas a particle of 1.0 mm reaches
100 °C in 0.062 s (average cooling rate 2.3 x 10* °C/s).

- Magnesium (Mg) and aluminum (Al), despite having nearly
identical initial temperatures (720 °C), exhibit different cooling
characteristics. Specifically, magnesium particles cool faster (for d
=0.1 mm: t = 0.007 s, v = 8.86 x 10* °C/s) than aluminum particles
(t=0.009s, v = 6.89 x 10* °C/s). This difference is attributed to the
lower density and caloric properties of magnesium.
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- In Al-Mg alloy systems, an increase in the magnesium content
leads to an intensification of the cooling process.

- For the alloy containing 30% Al — 70% Myg, the cooling time
of a 0.l mm particle down to 100°C is t 0.008s (v
7.75 x 10* °C/s), whereas for the alloy with 30% Mg — 70% Al this
time increases to t = 0.010 s (v = 6.20 x 10* °C/s).

- For lead (Pb), due to its comparatively low initial temperature
(370 °C), the average cooling rate varies from 5.4 x 10*°C/s (for d
= 0.1mm, t = 0.0055s) to 5.19x10%°C/s (for d = 1.0mm, t =
0.052s).

Analysis of the obtained results shows that the solidification
rate (the Meiiq — Mesor phase transition) is primarily governed by
the latent heat of crystallization, the specific heat capacity, and the
initial thermal interval — i.e., the degree of superheating (Tuq —
Tuc). For example, although the crystallization temperature of
Armco iron is nearly twice that of aluminum, and although
aluminum is less superheated during dispersion compared to
Armco iron, its solidification duration is nevertheless longer
(0.03312's vs. 0.02736s). This behavior is explained by the fact
that the latent heat of aluminum (397 000 J/kg) is significantly
higher than that of iron (247 000J/kg), and its specific heat
capacity in the solid state (Cpsor) is approximately twice that of
iron.

Cooling kinetics of Al particies during HVA as a function of their diameter

Cooling kinetics of Pb particies during HVA as a function of their diameter
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Fig. 4. Modeling results: Dependence of the cooling rate of
hydrovacuum- atomized particles of lead, aluminum, magnesium,
Armco-Fe, and AI-Mg alloys on dispersion duration and particle
size - fraction 1001000 pum.

In turn, analysis of the diagrams shown in Fig. 5 indicates that,
due to the reduction of powder particle size to 0.01 mm (10 pm) —
and, consequently, the increase in the surface- area- to- mass ratio
(A/m) — the cooling rates in this range rise sharply and reach
values on the order of 10° °C/s.

In particular, analysis of the time required for particles to reach
100 °C for the extreme boundaries of the fraction (d = 0.01 mm
(10pum) and d = 0.10mm (100 pm)) leads to the following
findings:

For aluminum particles with a size of 0.01 mm (10 pm), the
cooling time from the initial melt temperature (= 720 °C) down to
100°C is less than 0.002s (approximately 1.8—-2.0ms). The
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corresponding  average cooling rate exceeds 6.5 x 10°-
7.7 x 10°°C/s, which is characteristic of ultra- rapid solidification
conditions.

For aluminum particles with a size of 0.10 mm (100 pm), the
time required to reach 100 °C is approximately 0.0125s, and the
average cooling rate is about 5.3 x 10* °C/s.

The 30% Mg — 70% Al alloy exhibits cooling dynamics similar
to those of pure aluminum: a 0.10 mm particle cools to 100 °C in
0.012 s, with an average cooling rate of ~5.5 x 10* °C/s.

In the 50% Al — 50% Mg alloy, due to reduced density and
modified heat capacity, the cooling time of a 0.10 mm particle
decreases to 0.0105 s (cooling rate = 5.9 x 10* °C/s).

In turn, the 70% Mg — 30% Al alloy demonstrates the highest
cooling rate within the investigated particle- size fraction: a
0.10 mm particle reaches 100°C in 0.0115s, with an average
cooling rate of ~6.4x10*°C/s, which is attributed to the
predominance of the magnesium matrix with lower specific
density.

Cooling kinetics of Al particles (10-100 jm fraction) during HVA process Cooling kinetics of 30% Mg — 70% Al alloy particles during HVA Process
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Fig. 5. Modeling results: Dependence of of the cooling rate of
hydrovacuum- atomized particles of aluminum and Al-Mg alloys
on dispersion duration and particle size - fraction 10—-100 um.

In all cases, a reduction in particle diameter within the
investigated range from 100 um to 10 um leads to an increase in
cooling rate by approximately a factor of 10-12.

This allows us to conclude that using the 10-100 um fraction
during hydrovacuum atomization of Al-Mg alloys enables the
stable attainment of ultra- high cooling rates on the order of 10*-
10° °C/s, thereby creating favorable conditions for the formation of
fine- crystalline, highly heterogeneous, metastabilized
substructures in the resulting powders.

This trend is confirmed by the experimental data presented in
Fig. 6.

A. Coaling Kinetlcs vs Specific Surface Area B. Dendritic Cell Size (DAS) vs Particle Dlameter
Purticle Dismeler, 4 (i)

3 EY E] Yy i w0 = ) ) Bt ] b @ = m
Specific Surface Ares, S, (cmiig) ter, d (m)

Fig. 6. Influence of the specific surface area of powder particles
and their diameter on the cooling kinetics and the size of the
resulting dendritic cells.
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As seen in Fig. 6, a reduction in particle size from 100 pm to
10 um and an increase in specific surface area from 2-3 to 25—
35cm*g lead to a pronounced rise in cooling rate (diagram A),
which in turn results in a refinement of the dendritic cell size from
2.5-3.0 pm down to 1.2—-1.6 um (diagram B).

In binary Al-Mg alloys (particularly in compositions Al 50% —
Mg50% and Al30% - Mg70%), the combined effects of
constitutional supercooling and segregation processes produce a
more dispersed dendritic structure compared to the pure
components.

For fine powder fractions (d <50 um), the formation of an
ultra- fine microstructure (<2.5pum) is reliably ensured, which
predetermines a high degree of thermodynamic nonequilibrium and
metastable structural state in the resulting powders.

Quenching from the liquid state stabilizes metastable phases
and supersaturated solid solutions characterized by a high level of
excess internal energy (Gibbs energy).

This substantially reduces both the thermodynamic and kinetic
barriers for hydrogen—material interaction, lowering the activation
energy of chemisorption.

The extreme cooling kinetics generate a high- density defect
structure (high concentrations of vacancies, dislocations, and
microstrains).

Local lattice distortions facilitate the incorporation of hydrogen
atoms into tetrahedral and octahedral interstitial sites, while
microscale segregation and phase heterogeneity create localized
regions with increased chemical affinity toward hydrogen.

As a result, hydrogen absorption proceeds with high kinetics at
reduced temperatures and pressures. Moreover, in the case of
repeated hydrogenation of powders previously dehydrogenated by
conventional methods, no prolonged high- temperature,
mechanical, or catalytic activation is required, since the metastable
structural state remains preserved.

A comprehensive, integrated analysis of the obtained data
shows that the key factor governing the kinetics of the phase
transition and the resulting metastabilized morphogenesis of
powder particles is the coupled influence of the latent heat of
crystallization (L¢), which depends on density (p), and the melt
superheating (AT = Tiq — Tugsor), Which in turn is determined by
the actual melt preparation temperature (Tuq) prior to the onset of
HVA.

For example, according to numerical thermodynamic modeling,
the anomalously high latent heat of crystallization of aluminum (L;
=397 000 J/kg), combined with the elevated specific heat capacity
of its solid phase (cp sor = 900 J/(kg-K)), substantially prolongs the
overall solidification duration of a droplet compared with other
metallic systems.

In particular, when compared with a magnesium matrix, which
possesses a similar latent heat (L¢ = 370 000 J/kg) and even higher
specific heat capacity (C»sz = 1020 J/(kg-K)), the calculated time
required for complete cooling of aluminum particles down to
100 °C is significantly longer (t;ppoc = 0.12345s vs. 0.08182 s for
magnesium, Fig. 4).

This behavior is explained by the substantial difference in
density between the compared molten metals (2375kg/m® vs.
1570 kg/m®). The higher density of aluminum results in a
proportionally greater droplet mass at an equal diameter d (mm),
which leads to a significantly larger volumetric heat- storage
capacity (p - Lyand p - ¢p).

As a consequence, the specific surface area available for heat
removal per unit mass (A/m = 4mr® / pV) is lower for aluminum,
which ultimately prolongs both the phase- transition processes and
subsequent cooling. This trend is reflected in Fig. 6A (blue curve).

Additionally, the melt- superheating factor (AT) makes a
substantial contribution.

A high melt- preparation temperature Ti; generates a
significant excess of thermal energy in the liquid phase (Qgerheat =
m - Cpiig - AT), which must be dissipated before the onset of
solidification.

In combination with the high volumetric heat capacity of
aluminum (p - ¢p) and its latent heat (Ly), this leads to an overall
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increase in the thermal inertia of the droplet and explains the
pronounced prolongation of the time required for complete cooling
(t100°c). Consequently, aluminum exhibits a comparatively coarse
dendritic structure (cell sizes >3 um, Fig. 6B, blue curve).

On the other hand, the large magnitude of the phase enthalpy
reflected in the latent heat of crystallization (Lf), when combined
with extreme convective—radiative heat extraction, creates unique
conditions for the quasi- instantaneous fixation of strongly
nonequilibrium substructures.

The latent heat released during aluminum crystallization briefly
maintains high matrix plasticity within the temperature interval of
the phase transition. Against the background of continuous
ultrasonic shock- wave loading from the HVA medium, this
promotes the intensive development of shear deformations, the
generation of dislocation ensembles, and the stabilization of a
pronounced “spongy” porosity throughout the volume of the
forming powder particle (Fig. 7).

Fig. 7. Microsection of a particle produced by hydrovacuum
atomization from the Al-Mg alloy (Al 70% — Mg 30%,), particle
from the 100 um fraction.

Since, in the HVA process, the primary adjustable parameter
governing the cooling (and, accordingly, supercooling) regime is
the degree of initial superheating of the melt supplied for
atomization, it can be stated that targeted control of this parameter
enables regulation of the actual residence time of the dispersed
fragment in both the liquid and the transitional liquid—crystalline
states. This residence time is critically important for structural
formation, activation, and the degree of hydrogenation.

It is noteworthy that, in the case of Al-Mg and other binary
alloys possessing a defined solidification interval, an equally
important control criterion becomes the establishment of an optimal
balance between the melt- superheating level and the temperature
range (interval) of crystallization (as determined from phase
diagrams).

As demonstrated by the experimental results, this factor acts as
the key technological lever in the combined processes of structure
formation and hydrogenation (Figs. 8 and 9).

The effect of melt overheating on the dendrite cell sizes of pure Mg and Al
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The effect of melt averheating on the dendrite cell sizes of Mg-Al alloys

— Alloy 3%
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Melt Overheating Temperature, AToeae (°C)

Fig. 8. Influence of melt superheating on the size of dendritic cells.

High melt superheating reduces melt viscosity and surface
tension, which, under hydrovacuum atomization, ensures finer
droplet fragmentation and an increased cooling rate.

Since pure metals do not exhibit complex -eutectic
transformations or a dendrite- forming interval (Tic = Ts,), a simple
direct inverse relationship is observed: - the higher the
superheating, the finer the resulting structure.

Pure magnesium, due to the characteristics of its hexagonal
close- packed lattice and its stronger tendency for directional
crystal growth, initially exhibits a coarser grain size than pure
aluminum with its face- centered cubic lattice; however,
the overall trend of the curves for both metals remains descending.

In contrast to pure metals, binary Al-Mg alloys possess a wide
solidification interval (AT > 0), which is determined from the phase
diagram.

Within the range of moderate superheating (typically
around 50-80 °C), the curve shows a pronounced rise, - an increase
in the average grain size (the peak region).

This behavior is associated with the persistence of nucleating
microclusters in  the melt and enhanced liquation
(component segregation), both of which promote the coarsening
of dendritic structures during solidification.

Compositions enriched in magnesium or located near the
eutectic exhibit a wider solidification interval, which makes the
grain- coarsening peak more pronounced.

The aluminum- rich alloy (70% Al, 30% Mg
dashed line) has a narrower solidification interval
correspondingly smaller grain- size values.

Notably, when the melt- superheating temperature exceeds a

blue
and

critical threshold (100-120°C), all
inherited micro- inhomogeneities and clusters are completely
destroyed.

The melt becomes fully homogeneous, which under subsequent
rapid cooling allows the solidification interval to be traversed with
suppressed grain growth, ensuring the formation of minimal grain
sizes in the final powder.

The effect of melt overheating on the degree of hydrogenation of pure Mg and Al

Melt Overheating Temperature, AT overses: (“C)
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The effect of melt overheating on the degree of hydrogenation of Mg-Al alloys
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Fig. 9. Influence of melt superheating on the degree of
hydrogenation.

Alloys with high magnesium content (70%) exhibit the
strongest tendency to interact with hydrogen and to form
metastable MgH, phases, showing the highest hydrogenation
degrees. Alloys with 50% Mg contain a well- developed eutectic
component and a highly defective microstructure at moderate
superheating, forming a pronounced peak. Aluminum- rich alloys
(30%Mg), due to the partial protective influence of finely
dispersed nanoporous aluminum- oxide films, demonstrate the
lowest hydrogenation values.

However, aluminum is not a passive component; on the
contrary, it actively participates in hydrogen chemisorption,
forming surface Al-H complexes and promoting hydrogen
redistribution within the solid phase.

The thermodynamic stability of aluminum and its higher Al-H
bond energy partially “counterbalance” the excessive reactivity of
magnesium, weakening Mg-H interactions and facilitating
reversible low- temperature dehydrogenation, - a particularly
important factor for cyclic processes.

This behavior is confirmed by the X- ray diffraction data
illustrated in Fig. 10.

Fig. 10. X- ray diffraction pattern of the atomized AI-Mg alloy
powder (70% Mg — 30% Al).

The presented X- ray diffraction pattern shows that the
investigated sample exhibits well- defined, intense diffraction
peaks corresponding to the coexistence of crystallographic phases
of the initial metallic components (magnesium and aluminum), as
well as the products of their interaction with hydrogen.

The presence of distinct reflections confirms the formation of
the magnesium hydride phase MgH,, along with stable
intermediate structures and surface Al-H complexes, which
directly correlate with hydrogen redistribution processes within the
solid phase.

The presence of characteristic peaks with well- defined
interplanar spacings reflects the high degree of dispersity and
defectiveness of the crystalline structure, which is governed by the
developed eutectic component and the influence of protective
nanoscale oxide films.

These structural features subsequently reduce the overall energy
required for reversible activation and enable low- temperature
reversible dehydrogenation of the alloy.
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In particular, magnesium constitutes the primary component of
the matrix structure. The most intense analytical peak is recorded at
20 = 36.43° (d = 2.4641 A, relative intensity 100%, contributing
~21.78% to the volumetric phase content). High- angle magnesium
reflections are observed at 26 = 106.95° (d = 0.9585 A), 108.41° (d
=0.9496 A), and 110.75° (d = 0.9360 A).

Aluminum, in turn, participates in forming the structural
framework of the alloy. A characteristic aluminum peak is detected
at 20 = 65.29° (d = 1.4278 A, intensity 288 imp/s, mass fraction
~12.85%), as well as at 20 = 38.61° (d = 2.3301 A).

The intermetallic compounds Al; ; Mg, ; and AlMg;
represent products of alloying and eutectic solidification. The
Al; , Mg; » phase is identified at 20 = 65.29° / 88.29° (d =
1.1059 A), while AlMg; appears at 20 = 21.15° (d = 4.1974 A).

The presence of these phases confirms the well- developed
eutectic structure of the alloy.

Diffraction peaks corresponding to AlH; are registered in the
medium- and high- angle regions at 26 = 41.64° (d = 2.1669 A),
52.55° (d = 1.7400 A), 61.35° (d = 1.5099 A), and within the 83—
106° range (20 = 83.49°, 85.54°, 93.45°, 105.93°).

This confirms that aluminum is not inert but actively
participates in hydrogen chemisorption, forming surface Al-H
complexes.

Characteristic reflections of orthorhombic MgH, (typically
strong peaks at 20 ~ 27.9°, 35.7°, 38.2°, and 39.9°) appear near the
magnesium peaks; however, in the experimental diffractogram they
merge into broadened composite peaks due to the nanoscale grain
state, — high defect density and small crystallite thickness (17—
19 nm).

The recorded significant peak half- width (0.4639°
0.0081 rad) combined with high intensity (I = 734 imp/s) indicates
not amorphization but pronounced subgrain fragmentation and a
high dislocation density, both induced by the extreme thermal
gradients inherent to hydro-vacuum atomization.

Hydroxide—hydride complexes (AlH3-Oj) are also present in the
diffractogram, appearing in the low- angle region at 26 = 13.80°
and 14.73°, reflecting the specific surface interactions of
moisture/oxygen with the forming hydride structures.

Notably, the intermetallic Al;,Mg,; reflection at 26 = 65.29° (d
= 1.4278 A) exhibits a peak half- width of 0.6971°, corresponding
to an ultrafine crystallite size of approximately 14—15 nm.

For the oxide phase periclase (MgO), the half- width at 20 =
35.78° is 0.4407°, while for Al,O3 at 20 = 39.83° it is 0.4272°.

These small coherent- scattering domain sizes confirm the
formation of protective nanoporous oxide frameworks.

The maximum peak broadening is observed for reflections at 20
= 16.87° (0.8080° for Al;;Mgs7), 26 = 62.35° (0.9210° for Mg),
and 20 = 77.07° (0.7190°).

Such pronounced broadening at low and medium intensities
indicates a high level of type- Il microstrains within the crystal
lattice, caused by local lattice distortions due to incorporated
hydrogen atoms and vacancies.

Thus, the dependencies of A and the hydrogenation degree on
AToverneats presented in Figs. 8 and 9, consistently demonstrate that
the  thermodynamically  governed  evolution of the
dendritic- structure scale is the key factor determining the
hydrogen- saturation capacity and functional properties of powders
produced by hydrovacuum atomization.

5. Generalized semi- empirical model for the formation of
crystalline- structure parameters.

Based on the theoretical and experimental data obtained in this
study, a semi- empirical generalized expression was developed to
mathematically ~ describe  the  combined influence  of
melt- superheating temperature and the solidification interval on
the resulting structural scale (dendritic- cell or grain size, A).

The model incorporates three principal factors: 1) Baseline
structural refinement driven by increasing superheating (AT oyerheat);
2) Structural coarsening in the moderate- superheating region,
associated with the persistence of micro- inhomogeneities and the
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width of the solidification interval (ATinena); 3) An individual
component- affinity coefficient, reflecting the tendency of alloy
constituents to form clusters or protective films, - in this case,
governed by the Al/Mg ratio.

A= - EXp (_ A-l—overheat/ kl) +A - (ATintervaI / Tref) :
- exp (— (AToverneat — Tcrit)2 /2 02) +C 9)

Where: A - resulting dendritic- cell or grain size (um); Aq -
initial structural scale of the base pure metal; ATgerneat -
melt- superheating temperature above the liquidus (°C); ATinerval -
alloy solidification interval (Tjiquiqus — Tsolidus), defining the width of
the phase- transition zone (°C); k; - thermal- damping coefficient
(responsible  for monotonic cell narrowing under deep
superheating); A, - coefficient describing the influence of liquation
and inherited clusters (directly proportional to the fraction of
components with a wide solidification interval, e.g., 30% Al—
70% Mg or 50% Al-50% Mg compositions); T critical
moderate- superheating temperature (typically 50-80 °C) at which
the structural peak (melt heterogeneity) is most pronounced;T . -
reference normalization temperature (100 °C); o - width of the
melt- instability peak; C - technological limit of structural
refinement under extremely high cooling rates during hydrovacuum
dispersion.

The proposed generalized relationship makes it possible to
quantitatively describe how the thermodynamic properties of
metallic  materials influence structure formation  during
hydrovacuum atomization.

Specifically: — the first exponential term reflects the dominance
of thermodynamic factors; as the melt- superheating temperature
increases (AToverneat > Ki ), its viscosity and surface tension
decrease exponentially, leading to a monotonic reduction in the
dendritic- cell scale (L).

— the second term, a Gaussian bell- shaped function, describes
the “anomalous” structural peak that arises within the
moderate- superheating range (T.i), where liquation- induced
heterogeneities and cluster groupings persist.

The amplitude and width of this peak are governed by the
solidification interval (ATiyera): it Vvanishes for pure metals
(ATintervas — 0), while in Al-Mg alloys it produces a pronounced
maximum.

Equation (9), together with the experimental trends shown in
Figs.8 and9, demonstrates a direct correlation between the
dendritic- structure scale A and the hydrogen- saturation capacity
of the particles. For pure metals (Al, Mg), the monotonic decrease
in A with increasing ATgyerneat (Fig. 8) leads to a higher fraction of
defective boundaries and active surface sites, which manifests as an
increased degree of hydrogenation and a higher content of hydride
phases (Fig. 9). This effect is especially pronounced for magnesium
and Mg- rich systems.

In Al-Mg alloys, the nonlinear, hump- shaped dependence
MAT overhear), governed by the Gaussian term in Equation (9), leads
to the fact that within the intermediate- superheating region (T, =
50-80 °C), dendritic- cell coarsening is accompanied by a reduction
in the effective area of active boundaries and a decrease in the
hydride- phase fraction.

Upon transitioning to deep superheating (>120 °C) followed by
rapid cooling, A decreases again, and the structure becomes
fine- dispersed and defect- enriched.

This promotes enhanced hydrogen diffusion and uptake,
resulting in higher hydrogenation degrees, - particularly in Mg- rich
compositions.

According to the derived equation, the resulting dendritic- cell
or grain size, being itself dependent on the solidification duration of
the particles, directly influences the depth and character of
hydrogen uptake. Consequently, the longer a particle remains within
the high- temperature transitional solidification interval, the more
time is available for sonovolumetric action and condensational
sonomorphosis, both of which arise under hydrovacuum
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atomization conditions. These effects enhance hydrogen diffusion
and capture, stabilize defect- rich states, and generate activated
structures capable of sustaining multiple hydrogenation—
dehydrogenation cycles.

Taken together, these findings lead to the key conclusion that
the thermodynamics of phase transformations, alloy composition,
and solidification kinetics jointly determine the efficiency of
structure formation and its targeted adaptation to subsequent
hydrogenation—dehydrogenation cycles.

This establishes a fundamental basis for developing methods of
purposeful design of highly stable functional powders for
hydrogen- energy applications.

6. Conclusion

The analysis of the thermodynamic properties of metallic
materials, combined with thermal- regime modeling of particle
cooling during hydrovacuum atomization, demonstrates that
differences in heat capacity, thermal conductivity, and latent heat
of fusion generate unique temperature—time cooling trajectories for
the produced particles, thereby defining their structural state.

The modeling results, together with data from parallel
experimental investigations, establish a closed optimization loop
for the technological process: thermodynamic properties — thermal
history of particles — structure formation — hydride formation —
adjustment of melt parameters increased efficiency of
atomization and hydrogenation.

This approach enables predictive control over the structural
evolution and reactive capability of atomized metallic systems,
providing a scientifically grounded platform for designing highly
efficient regimes of hydrovacuum processing and hydrogenation.

The constructed thermal maps (isotherms) of particle cooling
demonstrate that the parameters ty, and t;pc serve as reliable
indicators of solidification and cooling kinetics and can be used to
predict the critical intervals of dendritic, highly activated, and
therefore hydrogen- intensive structure formation.

It was found that rapidly cooling systems (Mg, Al-Mg alloys)
tend to form fine- dispersed, highly defective, and metastable
structures, whereas materials with high thermal inertia (Pb,
Armco- Fe) retain coarse structural elements and prolonged
high- temperature  states. This explains their lack of
competitiveness compared to the lightweight metals investigated in
this study.

It is shown that the reactive (chemisorptive) hydrogen- uptake
capability is determined not only by composition but also by the
combined thermodynamic properties of the alloy components.

Mg- rich systems (50-70% Mg) indeed exhibit a strong
tendency toward hydride formation (MgH,). However, aluminum,
when present alongside magnesium, does not act as a passivating
component; rather, it actively participates in hydrogen
chemisorption, forming surface Al-H complexes and facilitating
hydrogen redistribution within the solid phase.

The thermodynamic stability of aluminum and its higher Al-H
bond energy partially offset the excessive reactivity of magnesium,
attenuating Mg-H interactions and enabling reversible
low- temperature dehydrogenation, a feature of particular
importance for cyclic hydrogenation—dehydrogenation processes.

Two scientifically substantiated pathways for the purposeful
production of HVA- powders for different applied tasks have been
identified.

For obtaining dense, homogeneous particles of globular
morphology, eutectic and near- eutectic compositions are optimal,
as they ensure the condition ATjgenva — 0, maximize the
solidification rate, and minimize the free energy of the system.

For generating metastable, activated structures adapted to
repeated hydrogenation—dehydrogenation cycles, alloys with a
wide solidification interval (ATiyena # 0) are preferable, provided
that the melt- superheating level AT yerheat IS Strictly controlled and
satisfies the condition ATyyerneat = ATintenvar dUring the preparation
stage prior to hydrovacuum atomization.

—
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Study of the influence of the cross-linker on the modification of cotton fabric with chitosan
for controlled release of diclofenac and preparation of antimicrobial textiles

Daniela Atanasova
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Abstract: Composite materials with potential application in medical textiles were developed by modifying cotton fabric with chitosan
containing diclofenac. The influence of the concentration of citric acid as a crosslinking agent on the properties of the materials was studied.
The resulting composite materials were characterized by gravimetric analysis, optical microscopy, contact angle measurement and
thermogravimetric analysis. The antimicrobial activity of the cotton samples was evaluated against Gram-positive and Gram-negative model
bacterial strains. A synergistic antimicrobial effect of chitosan and diclofenac and a uniform release of diclofenac in vitro under
physiological conditions were established.
Keywords: MEDICAL TEXTILES, COTTON FABRIC, CHITOSAN, CITRIC ACID, CROSSLINKING, DICLOFENAC, ANTIBACTERIAL
ACTIVITY
: until a homogeneous mixture was obtained. After homogenization,

1. Introduction the solution was left for 2 h, which allowed the separation of air

Medical textiles are one of the most dynamically developing bubbles and ensured uniform formation of the coating. The
areas of technical textiles, widely used in modern healthcare. The pretreated textile samples were impregnated with the resulting
development of new materials and technologies has significantly chitosan solution containing diclofenac and subsequently subjected
expanded the possibilities for creating functional textile products  to a heat treatment at 80 °C, which resulted in crosslinking of
intended for wound treatment, infection control, local delivery of  chitosan with citric acid and formation of a stable polymer film on
medicinal substances and other medical applications [1, 2]. Among  the surface of the cellulose fibers. The resulting materials were
them, wound dressings occupy a special place, which, in additionto ~ designated according to the concentration of the crosslinking agent
a protective function, must provide an optimal environment for  as follows: CHTD1, CHTD5 and CHTD10.

tissue regeneration, limit the development of microorganisms and, if To assess the influence of the degree of crosslinking, all other
necessary, carry out a controlled release of biologically active  technological parameters — chitosan and diclofenac concentration,
substances [3]. processing time and thermal fixation conditions — were kept

. ) . . constant.
Cotton fabrics are widely used as a base for medical textiles due

to their biocompatibility, good absorbency, air permeability and 2.2. Methods for the characterization of composite
mechanical strength. Despite these advantages, the lack of intrinsic materials

antimicrobial activity necessitates their surface modification with

biologically active polymers [4]. The change in fabric weight following processing was

. . calculated using Equation (1):
Among natural polymers, chitosan has attracted considerable

scientific interest due to its biocompatibility, biodegradability, non- ; o (0 — W™Wo 100
toxicity, film-forming ability and pronounced antimicrobial activity. (L Weight gain (%) wo X
Due to its reactive amino and hydroxyl groups, it can be chemically
crosslinked and used as a carrier for medicinal substances, which
allows the development of multifunctional textile materials for
wound healing [5]. One of the most promising crosslinking agents
is citric acid, which provides stable crosslinked of chitosan on
cellulose fibers and can influence the structure, surface properties Microscopic images of the textile samples were obtained using
and functional characteristics of the resulting materials [6]. a B- 290TB optical microscope (Optika®, Ponternica, Italy),
equipped with a high-quality illumination system and the ability to
operate at different magnifications. Observations were performed at
4x and 10x magnifications, which allowed visualization of both the
general surface structure and finer morphological details.

where wp and w represent the weight of the tissue before
treatment and after modification and immersion in distilled water
and subsequent drying, respectively.

Despite a significant number of publications, the influence of
citric acid concentration on the properties of cotton fabric modified
with chitosan containing diclofenac is still insufficiently studied.
The present work aims to evaluate the influence of the

concentration of the crosslinking agent on the physicochemical The thermal behavior of the studied samples was evaluated by
characteristics of the developed composite materials and to analyze thermogravimetric and differential thermal analysis using a STA
their suitability for application as functional medical textiles. PT1600 TG-DTG/DSC (LINSEIS Messgerite GmbH, Selb,
Germany). The measurements were performed at a heating rate of

2. Materials and methods 10 °C min~ ! in the temperature range from room temperature (20

Cotton fabric (100% cellulose) was used as the textile substrate. C) 10 600 °C, in air.

Chitosan, diclofenac sodium as an anti-inflammatory biologically The contact angle of the studied textile samples with distilled
active substance, and citric acid as a crosslinking agent were used to water was measured using the sitting drop method, implemented
modify it. with an optical tensiometer THETA Flow Auto 1, equipped with a

Basler acA2500- 60 um digital camera. The method is based on
. . . recording the profile of a water drop placed on the surface of the
2.1. Preparation of composite materials textile material and subsequent geometric evaluation of the angle

The experimental procedure was developed based on our  formed between the liquid and the solid surface.

previous studies, with the present work introducing a change only in The pH value of the prepared solutions was determined with a
the Concentration Of the CrOSSIinking agent Used [4, 7] Hanna Instruments microprocessor pH meter.

The cotton fabrics were pre-treated by impregnation with
aqueous solutions of citric acid (CA) with concentrations of 1 %, 5 In vitro release of the biologically active substance

% and 10 % w/w chitosan, then dried at room temperature. In
parallel, a chitosan solution (2.7 % wi/v) was prepared, to which
diclofenac sodium was added under continuous mechanical stirring

The release of diclofenac sodium from the three composite
materials obtained using 1%, 5% and 10% citric acid as a
crosslinking agent was studied in vitro in phosphate buffer with a
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concentration of 0.01 M and pH = 7.4 at a temperature of 37+0.5
°C. The amount of diclofenac released was determined
spectrophotometrically by measuring the absorption at a wavelength
of 277 nm with a UV-Vis spectrophotometer ONDA UV-31SCAN
in the range of 190-1100 nm. Each sample was immersed in 20.0
mL of the buffer solution, and at predetermined time intervals 5.0
mL of the medium were taken and replaced with an equal volume of
fresh buffer, tempered to 37 °C. The concentration of the released
active substance was determined by a previously established
calibration curve.

Antimicrobial activity

The antimicrobial properties of the three composite
materials were evaluated against representative Gram-positive and
Gram-negative bacterial strains — Bacillus cereus and Pseudomonas
aeruginosa. The study was conducted by contacting textile samples
with a size of 10 x 10 mm with bacterial suspensions in sterile
meat-peptone broth. Untreated cotton fabric and bacterial medium
without textile material were used as control samples.

After incubation of the samples at 28 °C for 18 h with
stirring at a speed of 240 rpm, bacterial growth was assessed
spectrophotometrically by measuring the optical density of the
medium at 600 nm (ODgyg). The antimicrobial effectiveness of the
materials was determined by comparative assessment of the
bacterial cell density compared to the control samples. The tests
were conducted in three independent replicates, and the influence of
the concentration of citric acid on the antimicrobial activity of the
resulting composite materials was monitored.

3. Results and Discussion

Gravimetric analysis revealed a gradual increase in the mass of
the modified materials with increasing citric acid concentration —
from 21.42% for CHTD1 to 22.33% for CHTD10. The observed
trend can be associated with an increase in the amount of fixed
chitosan layer on the cellulose fibers due to more intensive
crosslinking at higher citric acid concentrations.

Figure 1 shows optical micrographs of untreated cotton fabric
(CO) and the composite material CHTD10, obtained at 4x and 10x
magnifications. In the untreated textile sample, the characteristic
configuration of the fibers for the woven structure is observed,
forming free spaces in the interweaving zones. The individual
cellulose fibers are clearly distinguishable, with characteristic
fibrillar structures standing out on their surface. In the modified
sample CHTD10, significant morphological changes are observed.
At 4x magnification, a formed chitosan coating is observed on the
surface of the fibers, while at 10x a dense polymer layer is
visualized, which covers the fibers and partially fills the spaces
between the individual fibers [8].

Fig. 1 Optical microscope micrographs of cotton fabric (CO) and composite
material CHTD10 (magnification of the photos is 4 and 10 ).

The thermogravimetric analysis (TGA) and its first derivative —
differential thermogravimetric (DTG) curve of the starting cotton
fabric and the composite materials CHTD1, CHTD5, and CHTD10 are
presented in Fig. 2A and Fig. 2B, respectively. It can be seen that the
thermal degradation of all samples proceeds in three stages. After the
initial small loss in the weight of the materials at 119 °C, which is due
to the release of moisture from the materials (4 % for the untreated
cotton fabric, 5.0 % for CHTD1, 5.5 % for CHTD5 and 8.1 % for
CHTD10). The second stage is with the most significant thermal
degradation, as for the starting cotton fabric it starts at 271 °C (CO -
5.85 %), and for the composite materials at a lower temperature of 234
°C, due to the presence of acids causing degradation of chitosan and
cellulose [9]. Respectively for the materials 6.6 % for CHTD1, 8.9 %
for CHTDS5 and 10.8 % for CHTD10. The mass loss at 370 °C is 73.9
% for CO, 66.7 % for CHTD1, 68.2 % for CHTD5 and 69.3 % for
CHTD10. The first derivative also shows that the inflection points for
the starting material CO are at 335 °C, for CHTDI it is at 336 °C, for
CHTDS5 it is at 337 °C and for CHTDIO it is at 335 °C (Fig. 2B). At
600 °C without leaving dry residues, while the cotton fabric burns at
100 %, and for samples CHTD1, CHTD5 and CHTD10 the dry
residues are 15.1 %, 12.4 % and 7.2 %, respectively. With increasing
citric acid concentration, a gradual decrease in the residual mass after
thermal degradation is observed — from 15.1% for CHTDL1 to 7.2% for
CHTD10, which indicates a dependence of the thermal behavior on
the concentration of the crosslinking agent.
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Fig. 2 (A) TG and (B) DTG curves of untreated cotton fabric (CO) and
composite materials (CHTD1, CHTD5, and CHTD10).

Figure 3 shows the contact angle values of the composite materials
CHTD1, CHTD5 and CHTD10. The original cotton fabric is not
included in the figure, since due to its pronounced hydrophilicity, the
water droplet is absorbed directly by the surface and a value of 0° is
recorded [10]. For the modified materials, values of 91.57°, 92.28°
and 94.22° were measured, respectively, and a gradual increase in the
contact angle with increasing citric acid concentration was found. The
results obtained show a change in the surface wettability of the cotton
fabric as a result of the modification, with all the studied composite
materials exhibiting a hydrophobic character.

CHTD1

CHTDS

CHTD10

91,30° 92.29°

Fig. 3 Evaluation of hydrophilic-hydrophobic properties by measuring the
contact angle of wetting with water on composite materials (CHTD1, CHTDS,
and CHTD10).

Figure 4 shows the cumulative release profile of diclofenac
sodium from samples CHTD1, CHTD5 and CHTD10 in phosphate
buffer with pH = 7.4 at 37 °C for 26 hours. During the first 6 hours, a
more intensive release of the drug substance from the studied
composite materials was established, with the amounts reached being
93.28 pg cm™ 2 for CHTD1, 107.82 pg cm™ 2 for CHTDS and 112.98
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pg cm” 2 for CHTDI10, respectively. This initial faster stage is
probably associated with the desorption of diclofenac located near or
on the surface of the materials. After the initial phase of more
intensive release, a gradual and more uniform release of diclofenac
from the composite matrices was observed until the end of the study
period. After 26 hours, the cumulative released amount reached
109.95 pg cm™ 2 for CHTDI, 127.52 pg cm™ ? for CHTDS and 136.07
pg cm” 2 for CHTD10. The observed differences between the
individual samples can be related to the peculiarities of the structure
and degree of crosslinking of the hydrogel matrix, the way of
distribution and retention of the drug substance in it, as well as the
processing conditions of the textile materials. These factors determine
the accessibility of diclofenac to the aqueous environment and,
accordingly, influence the rate, amount and duration of its release.

& CHTD1
-« CHTDS
CHTD10

Cumulative drug release (ug :m"]
2 @ ® 3 B =
5 8 8 8 B &
T
|
|
|
|
.

n
o 23

200 400 600 800 1000 1200 1400 1600

Time, min.

Fig. 4 Release of diclofenac in phosphate buffer (pH=7.4) at 37 °C from
composite materials (CHTD1, CHTD5, and CHTD10).

Figure 5 shows the results of the study of the antimicrobial activity
of the composite materials CHTD1, CHTD5 and CHTD10 against A)
P. aeruginosa and B) B. cereus, with the untreated cotton fabric (CO)
included for comparison. The control sample showed 100% bacterial
contamination, with no antimicrobial activity noted. For P. aeruginosa,
the bacterial reduction for CHTD1, CHTD5 and CHTD10 was 98.6%,
98.4% and 98.0%, respectively, and for B. cereus — 98.0%, 97.5% and
98.2%. The high antimicrobial activity is probably due to the
combined action of chitosan and diclofenac, as well as to the changes
in the surface characteristics of the modified textile materials. The
obtained bacterial reduction values are higher than those found for the
materials previously studied by us, containing indomethacin and
diclofenac. This highlights the potential of the developed composites
for application as antimicrobial materials for medical textiles [4,7, 11].

P. aeruginosa B. cereus
A) 100 v B) 100 “
100 100
= 80 = 80
g g
€
g 60 g 60
K 5
LT ET)
d g
° ° 2
“ 14 L6 2 2 25 18
o v .- - 0 - & =
co CHTD1 CHTDS CHTD10 co CHTD1 CHTDS CHTD10

Fig. 5 Fig.5 Antimicrobial activity of cotton fabric (control) and composite
materials: CHTD1, CHTDS5, and CHTD10 on the growth of A) P. aeruginosa
and B) B. cereus.

4. Conclusion

New composite textile materials were obtained by modifying
cotton fabric with chitosan, diclofenac and different concentrations of
citric acid. It was found that the concentration of the crosslinking
agent affects the mass growth, surface properties and thermal behavior
of the materials. All three composites showed high antimicrobial
activity against Gram-positive and Gram-negative bacteria, with a
bacterial reduction of over 97%. The obtained results define the
developed materials as a promising basis for functional medical
textiles with potential application in wound dressings and controlled
release of diclofenac.
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Integrated comparative assessment of material, energy and construction-time efficiency
of prefabricated and conventional reinforced concrete systems
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Abstract: The selection of an appropriate structural and construction system significantly influences material consumption, energy
demand, construction duration and overall project efficiency. This study presents an integrated parametric methodology for
comparing prefabricated and conventional cast-in-situ reinforced concrete systems under equivalent functional and structural
requirements. A representative five-storey building with a gross floor area of approximately 5,000 m? is analysed using two
construction scenarios: CIS (conventional cast-in-situ reinforced concrete) and PRE (prefabricated reinforced concrete). The
assessment incorporates concrete and reinforcement consumption, material losses, structural construction duration, embodied energy
of principal materials, additional production energy, transportation and site energy. The analysed performance dimensions are
integrated into a dimensionless Construction Efficiency Index (CEI), while sensitivity analysis evaluates the influence of decision
priorities. At a reference factory-to-site distance of 50 km, the parametric scenario indicates a reduction of approximately 7.8% in
total structural-material input, 25% in structural construction duration and 6.2% in total energy demand for PRE relative to CIS. The
baseline CEIl increases from 1.000 for CIS to 1.153 for PRE. The study additionally introduces a project-specific break-even
transportation-distance model. Under the adopted assumptions, the energy advantage of prefabrication disappears at approximately
185 km, whereas the integrated CEl advantage persists to a substantially larger theoretical distance because material and time
benefits remain. The proposed framework demonstrates that prefabrication should not be evaluated through a single indicator. Its
relative advantage depends on the combined effects of materials, energy, time and logistics. The methodology is intended as an early-
stage engineering decision-support approach and requires project-specific inventory data for application to real construction projects.
KEYWORDS: PREFABRICATED CONSTRUCTION; REINFORCED CONCRETE; MATERIAL EFFICIENCY; EMBODIED
ENERGY; CONSTRUCTION TIME; TRANSPORT; CONSTRUCTION TECHNOLOGY; CONSTRUCTION EFFICIENCY INDEX.

1. Introduction Construction duration is another important factor. The

The construction sector is increasingly required to improve  Separation of factory production from on-site preparation enables
resource efficiency, reduce environmental impacts and shorten ~ certain activities to be performed in parallel and can reduce the
project delivery periods while maintaining structural ~ duration of on-site structural works. Previous life-cycle
performance, quality and durability. In this context,  assessments of prefabricated buildings have identified shorter
industrialised and prefabricated construction methods have  construction periods among the potential advantages of
gained significant attention as alternatives to conventional cast-  industrialised construction, although the realised benefit depends
in-situ construction. Their principal distinction lies in ~ On Project organisation, production capacity, logistics and
transferring a considerable part of the production process from  assembly  efficiency  [3]. ~ Therefore, construction-time
the construction site to a controlled factory environment, ~ comparison should consider the complete delivery process rather
followed by transportation and assembly of prefabricated ~ than only the final on-site erection phase. o
components on site. This change in production logic affects The environmental and energy implications of prefabrication
material consumption, labour organisation, construction time, ~ are more complex. Embodied energy associated with
energy demand, transportation requirements and the generation ~ construction is distributed among material production,

of construction waste [3]. component fabrication, transportation, site activities and
Reinforced concrete remains one of the dominant structural ~ equipment operation. Abey and Anand compared the embodied
materials in multi-storey buildings, and both conventional cast- energy of prefabricated and conventional residential construction

in-situ and prefabricated concrete systems rely heavily on ~ and showed that energy-intensive materials dominate both
concrete and reinforcing steel. However, the distribution of ~ Systems, while transportation may become a significant
material and energy inputs differs considerably between the two ~ component when prefabricated elements are produced far from
construction approaches. Prefabrication can provide improved  the site [4]. Their case study illustrates that prefabrication should
production control and reduce certain on-site activities, but it ~ Nnot automatically be assumed to provide an energy advantage
may simultaneously require additional energy for factory ~ underall project conditions.

processing, lifting and transportation of large structural elements. Conversely, other comparative studies have reported lower
Recent life-cycle research therefore supports stage-by-stage environmental |mpacts_for prefabricated construction. Mao et al.
comparison rather than simplified assumptions about overall ~ found lower construction-stage greenhouse-gas emissions for a
environmental superiority [1]. semi-prefabricated residential alternative, although

Material efficiency represents one of the principal criteria for ~ transportation of prefabricated components partly offset the
comparing alternative construction systems. Factory-based  achieved reduction [5]. Wang et al. also reported favourable life-
production can potentially improve dimensional control,  cycle energy and cost performance for the prefabricated building
standardisation and material utilisation, while reduced ~ €xamined in their case study [3]. These contrasting findings
dependence on temporary formwork and repeated on-site indicate that relative performance is highly dependent on system
operations may decrease certain categories of construction ~ boundaries, material quantities, component production methods,
waste. Nevertheless, prefabrication does not automatically result ~ transportation distances and project-specific assumptions.
in lower consumption of all structural materials. Comparative Transportation is therefore a particularly —important
life-cycle studies have shown that specific prefabricated projects ~ Parameter in the assessment of prefabricated reinforced-concrete
may consume more concrete or reinforcing steel than  Systems. Unlike conventional construction, in which raw
comparable cast-in-situ solutions, depending on structural ~ Materials or ready-mixed concrete may often be supplied from
configuration, prefabrication rate and component design [2]. relatively local sources, prefabricated construction requires the
Consequently, material efficiency should be evaluated  transport of completed structural elements whose mass and
quantitatively for the specific structural system rather than  dimensions may result in considerable logistics-related energy
assumed as an inherent advantage of prefabrication. consumption. Recent carbon-footprint research similarly
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identifies material production and transportation as important
contributors to the life-cycle impacts of prefabricated buildings
[6]-

This relationship suggests that transportation distance may
represent a decisive variable when selecting between
construction systems. For a sufficiently short distance between
the prefabrication plant and the construction site, reductions in
site energy, waste and construction duration may outweigh the
additional transport requirement. As transport distance increases,
however, the energy associated with moving prefabricated
components also increases and may progressively reduce or
eliminate the overall energy advantage.

The present study therefore introduces the concept of a
project-specific break-even transportation distance, representing
the transport distance at which the total energy performance of
the prefabricated alternative becomes equivalent to that of the
corresponding conventional system. The break-even value is not
treated as a universal constant because it depends on component
mass, vehicle characteristics, transport-energy intensity and the
initial energy difference between the compared systems.

Another methodological challenge is that material efficiency,
energy consumption and construction duration are expressed in
different physical units and may lead to conflicting conclusions.
A prefabricated system may provide a substantial reduction in
construction time while exhibiting only a marginal improvement,
or even a disadvantage, in embodied energy. Accordingly, the
objective of this study is to develop an integrated comparative
methodology for evaluating the material, energy and
construction-time efficiency of prefabricated and conventional

reinforced-concrete  systems.  The  principal  scientific
contribution is twofold: development of a dimensionless
Construction Efficiency Index (CEI), and formulation of a
project-specific break-even transportation-distance model for
prefabricated reinforced-concrete construction.

2. Methodology
2.1. Research Framework

The methodology was developed to provide an integrated
comparison between conventional cast-in-situ  reinforced-
concrete construction (CIS) and prefabricated reinforced-
concrete construction (PRE) under equivalent functional and
structural requirements. The analysis considers material
efficiency, energy efficiency and construction-time efficiency.
The resulting indicators are integrated into a dimensionless
Construction Efficiency Index, while a separate transport-
distance sensitivity model evaluates the logistical conditions
under which prefabrication retains an energy advantage.
2.2. Definition of the Reference Building

A representative five-storey reinforced-concrete building,
denoted G+4, was adopted as the reference case. The assumed
gross floor area is 5,000 m? or approximately 1,000 m?> per
storey. The same architectural function and equivalent load-
bearing requirements are assumed for both construction
alternatives. The comparison focuses on the load-bearing
superstructure; components assumed to be identical in both
alternatives, such as finishes and building services, are excluded
from the comparative calculation.

Table 1. Principal characteristics of the reference building

Parameter

Number of storeys

Gross floor area

Approximate floor area per level
Primary structural material
Scenario 1

Scenario 2

2.3. Material Consumption Assessment

The principal permanent structural materials considered in
the analysis are concrete volume V¢ and reinforcement mass Ms.
Material losses generated during production, transport and
construction are considered separately so that the total structural-
material resource input includes both installed material and

expected losses.
Mstr,j = Pc Vc,j + Ms,j 1
Mres,j = Mstr,j + Mw,j 2
I—m,j = (Mw,j / Mres,j) * 100 (3)

The material-efficiency indicator is defined relative to the
conventional CIS system. Values above 1.00 for PRE indicate a
lower total structural-material resource input than the reference
conventional alternative.

4)

Inmj = Mrescis / Mresj
2.4, Construction-Time Assessment
Construction-time analysis is limited to the structural
superstructure phase. The relative time reduction and
corresponding time-efficiency indicator are defined as follows:
Rr=(1-Tere/ Tcis) X 100 (5)
ltj=Tas/T; (6)

Adopted value

G+4

5,000 m?

1

,000 m?

Reinforced concrete

CIS - Cast-in-situ RC

PRE — Prefabricated RC

217

2.5. Embodied-Energy Assessment
The total energy demand associated with each construction
scenario is divided into the embodied energy of structural
materials, additional component-production energy,
transportation energy and construction-site energy. This
formulation is intended to represent a redistribution of energy
demand rather than assume that prefabrication necessarily
reduces every energy component.
Etotj = Ematj * Eprodj t Etrj + Esite,j (7)
Emat,j = Mc,j € + Ms,j €s (8)
Burj = Z(My; dijerk M) (9)
Etr.pre = Mpge Upre € A (10)
Esite = Ecrane + Epump + Eequipment + Etempnrary
lej = Eotois/ Bty (12)
2.6. Construction Efficiency Index — CEI
The three efficiency indicators are integrated into the
proposed Construction Efficiency Index. The CIS system is used
as the reference and therefore has CEl = 1.00. A PRE value
above 1.00 indicates an integrated advantage under the adopted
weighting system.

(11)

CElj = Wpm IM,j + Wg IE,j + Wy IT,J' (13)
WM+WE+WT=1 (14)
CElj =0.35 IM,j +0.35 lE,j +0.30 IT,j (15)
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Table 2. CEI weighting scenarios

Scenario W WEg

B 0.35 0.35
M 0.50 0.25
E 0.25 0.50
T 0.25 0.25

Wy Main priority
0.30 Balanced baseline
0.25 Material efficiency
0.25 Energy efficiency
0.50 Construction time

ACEI = CEl sy - CEl i (16)

2.7. Break-Even Transportation Distance
The energy demand of the prefabricated alternative is
expressed as a function of factory-to-site distance. The break-
even distance occurs when the total energy demand of PRE
becomes equal to that of CIS. The resulting value is project-
specific and depends on the adopted system boundaries,
component mass, transport-energy intensity and logistical
correction factor.
Epre(d) = Epreo + Mpre e A d - (17)
Epre(dee) = Ecis (18)
dse = (Ecis - Epreo) / (Mpre €4 1) (19)
Transport-distance sensitivity is evaluated for 25, 50, 100,
150, 200 and 300 km, with recalculation of transportation

energy, total PRE energy, energy-efficiency indicator and CEI.
This enables separate identification of the distance at which the
pure energy advantage disappears and the distance at which the
overall integrated CEI advantage disappears.
3. Results and Discussion
3.1. Definition of the Parametric Scenario

To evaluate the proposed methodology, a representative
numerical scenario was defined for both construction systems.
The selected values provide an internally consistent basis for
comparative analysis. They represent modelling assumptions and
not measured data from an executed building.

Table 3. Parametric input data for the comparative analysis

Parameter CIS
Installed concrete volume (m?) 1,850
Installed reinforcement mass (t) 215
Concrete material-loss rate (%) 5.0
Reinforcement material-loss rate (%) 3.0
Structural construction duration (days) 220
Additional production energy (GJ) 100
Fixed transportation energy (GJ) 450
Site energy (GJ) 850

PRE
1,750
225
2.0
1.0
165
450
150
300

The adopted material and transport assumptions were: concrete density p, = 2.4 t/m?, unit energy factor for concrete e, = 0.95
MJ/kg, unit energy factor for reinforcing steel e; = 15.0 MJ/kg, transport-energy intensity e, = 0.80 MJ/(t-km), and logistics factor A =
1.20. These values are used solely as parametric inputs and should be replaced or verified using a consistent project-specific life-cycle

inventory dataset in a real application.
3.2. Material Consumption and Material Losses

Accounting for the assumed loss rates, the total structural-material resource input was calculated as approximately 4,895.3 t for
CIS and 4,513.0 t for PRE. The prefabricated alternative therefore required approximately 7.8% less total structural-material input in
the adopted scenario. The reduction was primarily associated with lower concrete volume and lower production losses, while PRE

required a slightly higher reinforcement mass.

Table 4. Comparative material-efficiency results

Indicator CIS
Gross concrete input (t) 4,673.7
Gross reinforcement input (t) 221.6
Total structural-material input (t) 4,895.3
Estimated material losses (t) 240.3
Overall loss ratio (%) 491
Material-efficiency indicator I_M 1.000

PRE
4,285.7
227.3
4,513.0
88.0
1.95
1.085

The calculated material-efficiency indicator for PRE was Iy, = 1.085. This illustrates that improved material efficiency does not
require every individual material quantity to decrease; rather, the final result depends on the combined balance of concrete,

reinforcement and losses.
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3.3. Construction-Time Efficiency

The structural construction duration was assumed to be 220 days for CIS and 165 days for PRE. This corresponds to a 25.0%
reduction and a time-efficiency indicator of I+ = 1.333. The assumed time advantage reflects the possibility of overlapping factory
production with site preparation and reducing repeated on-site formwork, reinforcement, casting and curing cycles. The result
nevertheless depends on uninterrupted production, transport and assembly logistics.
3.4. Energy Comparison at the Reference Transport Distance

A factory-to-site transport distance of 50 km was adopted as the reference logistics scenario. At this distance, the calculated
material-related energy was 7,764.7 GJ for CIS and 7,480.5 GJ for PRE. For a transported prefabricated-element mass of
approximately 4,425 t, the variable transportation energy was 212.4 GJ. The resulting total energy demand was 9,164.7 GJ for CIS and
8,592.9 GJ for PRE.

Table 5. Energy-demand comparison at a 50 km transport distance

Energy component CIS (GJ) PRE (GJ)
Structural materials 7,764.7 7,480.5
Additional production 100.0 450.0
Transportation 450.0 362.4

Site activities 850.0 300.0
Total 9,164.7 8,592.9

At the reference distance, the PRE system exhibited approximately 6.2% lower total energy demand, corresponding to Ig = 1.067.
The energy benefit results from the combined balance of lower material-related energy and substantially lower site energy, partly
offset by higher factory-production energy.

3.5. Influence of Transportation Distance

The transport distance of prefabricated elements was varied between 25 and 300 km. The results show a continuous reduction in
the isolated energy advantage of PRE as transportation distance increases. At 25 km the energy-efficiency indicator was 1.080,
whereas at 300 km it decreased to 0.949, indicating that the prefabricated alternative became less favourable than CIS from the energy
perspective alone.

Table 6. Influence of transport distance on PRE energy performance and CEI

Variable transport energy

Distance (km) (GJ) Total PRE energy (GJ) g CElg
25 106.2 8,486.7 1.080 1.158
50 212.4 8,592.9 1.067 1.153
100 424.8 8,805.3 1.041 1.144
150 637.2 9,017.7 1.016 1.135
200 849.6 9,230.1 0.993 1.127
300 1,274.4 9,654.9 0.949 1.112

Influence of transport distance on total energy demand

—— PRE total energy
9800 4 --- CIS total energy
----- Energy break-even = 184.6 km

9600 -

9400 -

9200 A

9000 -

Total energy demand (GJ)

8800

8600

8400 1

0 50 100 150 200 250 300 350
Factory-to-site transport distance (km)

Figure 1. Influence of transport distance on total energy demand and the energy break-even point.
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3.6. Break-Even Transportation Distance

The prefabricated-system energy demand excluding variable
factory-to-site transport was Eprgo = 8,380.5 GJ. The energy
increase per kilometre was 4.248 GJ/km. The resulting project-
specific energy break-even transportation distance was
approximately 184.6 km. Below this distance, PRE exhibits
lower total energy demand than CIS under the adopted
assumptions. Beyond this point, the additional transport burden
causes total PRE energy demand to exceed that of the
conventional alternative.

Uenergyse = 184.6 km  (20)

The calculated value is not a universal threshold for

prefabricated construction. It is directly dependent on structural
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configuration, transported mass, production system, vehicle
performance, energy intensity and system boundaries. Its
significance lies in demonstrating how logistics can be explicitly
incorporated into technology selection.
3.7. Construction Efficiency Index at the Reference Distance
At 50 km, the three calculated efficiency indicators for PRE
were Iy = 1.085, Iz = 1.067 and |+ = 1.333. Under the baseline
weighting model, the resulting Construction Efficiency Index
was CElpge = 1.153, compared with CEl¢s = 1.000. Thus, the
prefabricated alternative exhibited an integrated efficiency
advantage of approximately 15.3% in index terms. This
difference should not be interpreted directly as an economic
saving or life-cycle environmental reduction.

Integrated construction efficiency comparison

1.2 A

1.000

1.0 A

0.8 1

0.6 1

0.4

Construction Efficiency Index (CEI)

0.24

0.0-

CIS

1.153

PRE

Figure 2. Integrated construction-efficiency comparison between CIS and PRE systems at the 50 km reference distance.

3.8. Sensitivity to Decision Priorities

Table 7. CEI sensitivity at the reference distance of 50 km

Weighting scenario CEl -CIS
Balanced baseline — B 1.000
Material-oriented — M 1.000
Energy-oriented — E 1.000
Time-oriented — T 1.000

The prefabricated alternative remained preferable under
all four weighting scenarios. The highest CEIl was obtained
for the time-oriented model, reflecting the strong relative
advantage associated with construction duration. The variation
between maximum and minimum PRE CEI values was ACEI
= 0.066, indicating that the system ranking remained
relatively stable under the analysed decision priorities.

3.9. Energy Break-Even Versus Overall CEIl Break-Even

An important result is that the energy break-even distance
and the overall CEI break-even distance are not identical. The
pure energy advantage disappears at approximately 185 km,
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CEIl - PRE
1.153
1.142
1.138
1.204

but PRE continues to achieve CEI > 1.00 because material and
construction-time advantages remain. Under the baseline
weighting model, the theoretical distance at which CElpge =
CElcs was approximately 1,454 km.

Oenergy,8e = 185 km < dcgige = 1454 km  (21)

The very large theoretical CEI break-even value should be
interpreted cautiously. Its significance is conceptual rather
than prescriptive: a construction system can cease to be
preferable according to one isolated criterion while still
remaining favourable according to an integrated multi-criteria
assessment.
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Figure 3. Influence of factory-to-site transport distance on the integrated Construction Efficiency Index.

3.10. Comparative Performance Summary

Table 8. Summary of comparative performance at a 50 km transport distance

Performance indicator CIS
Total material input (t) 4,895.3
Material losses (t) 240.3
Construction time (days) 220
Total energy demand (GJ) 9,164.7
Iy 1.000
lg 1.000
It 1.000
Baseline CEI 1.000

Within the adopted scenario, construction-time efficiency
represented the strongest relative advantage of prefabrication,
followed by material efficiency and then the energy advantage.
Transportation emerged as the principal variable capable of
reversing the isolated energy ranking. The results therefore
demonstrate that prefabricated construction should not be
classified as universally superior or inferior to conventional cast-
in-situ construction; its performance depends on the combined
effects of structural design, material consumption, production
efficiency, site productivity and logistics.

4. Conclusions

This study developed an integrated comparative
methodology for evaluating the material, energy and
construction-time efficiency of conventional cast-in-situ and
prefabricated reinforced-concrete systems. A representative five-
storey building with a gross floor area of approximately 5,000
m? was analysed through a clearly defined parametric numerical
scenario.

The prefabricated system demonstrated higher material
efficiency within the adopted assumptions. Total structural-
material input decreased from approximately 4,895.3 t for CIS to
4,513.0 t for PRE, corresponding to a reduction of approximately
7.8%, while estimated material losses were substantially lower in
the prefabricated scenario.

Construction-time efficiency represented the strongest
comparative advantage of prefabrication. The structural
construction duration decreased from 220 to 165 days,

PRE Relative PRE effect
4,513.0 =7.8%

88.0 Substantial reduction
165 —25.0%

8,592.9 -6.2%

1.085 PRE advantage
1.067 PRE advantage
1.333 PRE advantage
1.153 PRE advantage

corresponding to a 25% reduction and a time-efficiency indicator
of I+ =1.333.

At the reference transport distance of 50 km, the calculated
total energy demand was approximately 9,164.7 GJ for CIS and
8,592.9 GJ for PRE. The energy advantage of approximately
6.2% was smaller than the time advantage and was strongly
dependent on transportation distance.

The project-specific energy break-even transport distance
was approximately 185 km. Below this distance, the
prefabricated alternative exhibited lower total energy demand
under the adopted assumptions; beyond this distance, the
additional transport burden reversed the isolated energy ranking.

The proposed Construction Efficiency Index integrated
material, energy and time performance. At the reference
distance, CEl¢;s = 1.000 and CElpge = 1.153. The prefabricated
alternative remained preferable under balanced, material-
oriented, energy-oriented and time-oriented weighting scenarios.

The energy break-even distance and integrated CEIl break-
even distance were substantially different. Although the isolated
energy advantage disappeared at approximately 185 km, the
overall CEl advantage persisted to a much larger theoretical
distance because material and time benefits remained. This
demonstrates the importance of multi-criteria assessment when
individual indicators produce different conclusions.

The principal scientific contribution of the study is the
combination of two decision-support elements: the
dimensionless Construction Efficiency Index, CEl = w_M Iy +
W Ig + wy I, and the project-specific break-even transportation-
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distance model, dBE = (Ec|s - EPRE,O)/(MPRE (S 7\.) Together they
provide a transparent framework for analysing trade-offs
between construction technologies.

A major limitation is that the numerical results are based on
a parametrically defined reference building rather than measured
data from a completed project. The adopted material quantities,
loss rates, energy intensities, site-energy requirements and
transport factors are modelling assumptions and should not be
interpreted as universal values.

Future research should apply the methodology to completed
reinforced-concrete projects using verified bills of quantities,
construction schedules, factory-energy records, transport logs
and project-specific life-cycle inventory data. The CEI
framework may also be extended to incorporate cost,
greenhouse-gas emissions, labour productivity, durability and
end-of-life scenarios. The overall conclusion is that optimal
construction-system selection is a function of materials, energy,
time and logistics rather than a single universal claim of
technological superiority.
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Texuuuyecka u copTyepHa apXUTEKTypa Ha padOTHA CTAHLMS 32 AHAJIU3 HA
KMOEpPHMHIUACHTH B 00JIa4HO-OPHEHTHPAHA Cpe/ia 3a CbBMeCTHA padoTa

Technical and Software Architecture of a Cyber Incident Analysis Workstation in a Cloud-
Oriented Collaborative Environment for Defence and Security
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Abstract: This paper presents a methodology for the architectural configuration of information infrastructure components of a cybersecurity
system, in which the NATO Common Operating Environment (NCOE) model is used as an architectural basis for ensuring interoperability.
The methodology systematizes the functional, technical, and software aspects of configuration and considers the possibilities for integrating

allied and national information systems.

Based on the proposed methodology, a technical and software configuration of a workstation for cyber incident analysis is developed and
considered as a component of a virtualized and cloud-oriented collaborative environment. The architecture integrates virtualization, Docker
and Kubernetes, REST APl and gRPC, OpenlD Connect, as well as cybersecurity monitoring and analysis tools, including Security Onion,

Elasticsearch, Snort, Suricata, Zeek, and Wazuh.

The proposed model provides a basis for integrating workstations, virtual servers, applications, and information resources into a common
information and communication environment for collaborative work and shared use of resources. Thus, the development contributes to the
implementation of cloud-based and virtualized solutions, enhanced interoperability, and support for the management process in the field of

defence and security.
Keywords:

CYBERSECURITY, CYBER INCIDENT ANALYSIS, COLLABORATION

1. Bveeoenue

PaszButnero Ha oONAYHHTE TEXHOJOTHH, BHPTyalU3alusATa U
pasmpenieneHuTe  MH(QOPMAIMOHHM CHUCTEMH  Cbh3JaBa  HOBH
BB3MOXKHOCTH 32 M3TPaXxJaHe HAa BHCOKOJOCTBIIHH, MamabupyemMu
W CUT'YpHH HWH(OPMAIMOHHO-KOMYHUKAIMOHHU CPEAX 3a HYKAUTE
Ha orOpaHata W curypHocrta. OcoOeHO 3HaueHWe NpHIoOMBaT
ApXUTEKTYPUTE, KOWTO OCHTYpsIBAT CIHOAENEHO W3IOJI3BaHE Ha
MH(OPMAIIMOHHH PECYpCH, CUTYpeH OOMEH Ha JIaHHH, OllepaTHBHA
CBHBMECTHMOCT M e(eKTHBHAa ChbBMECTHa paboTa Ha MOTPEOUTENN U
CTIEIMATN3UPAHH TPHII0KEHNSI.

Hudposara Tpanchopmanmss Ha TpolecuTe B OOIacTTa Ha
otOpaHaTa ¥ CUTYPHOCTTA BOAM 10 HEMPEKbCHATO YBEIHYaBaHE Ha
obema, pa3HOOOpa3sWMeTo © JOWHAMHKara Ha oOpaboTBaHATa
uHbopManys. YIPaBICHCKUTE CTPYKTYPH M CIELHAIN3HPAHUTE
3BeHa TpsAOBa J1a OCUTYpsIBAT CBOEBPEMEHEH JOCTBI [0
MH(OPMAIIMOHHH pecypcH, OOMEH Ha JaHHH MEXAY pa3IHudHd
cucTteMu M e(eKTHBHAa CHBMECTHa paboTa MexIy HOTpPeOHTeNH,

KOUTO MoraT Ja Obmar (U3WYECKH W OpraHH3alHOHHO
pasnpeseneHu.
Tesn  M3MCKBaHHMSA  MOCTaBAT  HOBH  3ajaddl  Ipejn

HH()OPMAIOHHO-KOMYHUKalMOHHATa HH(pacTpykTypa. Ts TpsoBa
Ja ObJe He caMO HaJeXJHa M TNPOHM3BOAUTENIHA, HO M TI'bBKaBa,
MamabupyeMa ¥ crnocoOHa — 1a  MHTErPHpa  XETEPOreHHH
MHOOPMAIIMOHHU  CHCTEMH M  TNPWIOKEHUs. J{OMBJIHUTEIHO
M3UCKBaHE TIpM CHCTEMUTE 3a OTOpaHaTa M CHUTYpHOCTITa €
OCHT'YPSIBAaHETO Ha BHCOKO HMBO HA 3alINTa Ha HH)OPMAIMOHHUTE
pecypcH, KOHTPOI Ha AOCTBIIA, IPOCICIUMOCT Ha JEHCTBHATA U
YCTOMYHMBOCT IIPY Bb3HUKBAHE HA UHLIUACHTH.

OOnayHUTE TEXHOJIOTMH W BHPTyaJH3alUsATa MPEIOCTABAT
MOAXOSIAa TEXHOJIOTHYHA OCHOBA 33 pealM3UpaHe Ha MOJ00HH
cpemu. UYpe3 BupTyanuzanuaTa (QU3MUECKUTE HU3UUCIUTEIHU
pecypcu MoraT jAa Obaar abcTpaXHMpaHH W TPEJOCTaBSHU Ha
Pa3IUYHU MPHUIIOKESHHUS M OTPEOUTENH B 3aBUCUMOCT OT TEKYIIUTE
notpebHoctH. OOJAYHHMAT TOAXOJ JOMBJIHUTEIHO IO3BOJISIBA
LCHTPAJIM3UPAHO  YIPaBICHHE HA  PECYpCHTE, JAWHAMHYIHO
pasnpeielicHre Ha 3YHCIIATENTHA MOIIHOCT, ChXPaHCHHE Ha TaHHU
M TIPE/IOCTABSIHE HA PUIIOKEHHUS KaTo YCIYTH.

Ipwiaranero Ha 00Ja4HM TEXHOJIOTMM B oOllacTta Ha
orOpaHata ¥ CUTypHOCTTa obauye He cieiBa Ja Ce pasriexia
€IMHCTBEHO KaTO TEXHOJIOTMYHA MHUTpalus OT JIOKalHa KbM
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ornanedena uadpacrpykrypa [8]. Heobxomaumo e na ce pa3paboTu
[SUIOCTHA ~ apXUTEKTypHAa  KOHICNIMSA, KOATO Jia OTYHTa
B3aMMOJICHCTBHETO ~ MEKAY  HMH(PACTPYKTYpHHUTE  pecypcw,
BUPTYAIIHUTE MAIIMHH, PUIOKECHHATA, TOTPEOUTEICKUTE PAGOTHH
MecTa, KOMyHHKAIIMOHHUTE HHTEP(EHCH U CPeICTBATA 32 3alIUTA.

B TO3u KOHTeKkCT paboTHaTa CTaHLMsA Ha AaHAIU3aTOpa IO
KHOEpCUI'YPHOCT MOXe Jia ObJie pasriexaaHa KaTo (yHKIMOHAICH
KOMIIOHEHT Ha IMO-IIMpoKa MH(MopManmoHHa HHpacTpykTypa. Ts
NpPEeNoCTaBs JOCTBII 10 CIENUAIU3UpPaHN HMHCTPYMEHTH 32
MOHHTOPDHHI ¥ aHajM3, HO CBIIEBPEMEHHO B3aUMOJIEHCTBA C
BUPTYAJIHH CbPBBPH, 0a3H JaHHHU, MPEKOBU YCIYTH U TIPUIIOKCHUS
3a CbBMeCTHa padoTa.

B npenocraBeHaTa apXuUTEKTypa TeXHHYecKaTa KOHQUTyparus
€ OIpesieNieHa KaTo CBHBKYITHOCT OT KOMIIOHEHTH W CTaHIapTH,
KOMTO B3aMMOJICHCTBAT C JpPYyrM TEXHUYECKH KOHQUryparuu
MOCPENCTBOM TPOGMIM 3a OlepaTHBHA CHBMECTUMOCT. To3n
MOAXO/ TI03BOJIsIBA pa0OTHAaTa CTaHIMs jAa ObJe pasriexigaHa He
KaTO W30JHMPaHO YCTPOMCTBO, a KaTo 4YacT OT WHTerpupaHa
ApXUTEKTYpa.

CpluecTBEHO 3HaueHHE 3a I0J00HAa HMHTErpanus HMa
U3II0I3BAaHETO HA CTaHAAPTU3MPAHH KOMYHUKAIMOHHU HPOTOKOIH
U nporpaMHu uHTepdeiicu. B paspaborenus mMoznen ca npeaBUIeHH
REST API 3a oOMeH Ha JaHHM MeXXy pabOTHaTa CTaHUUS H
BUpTyanHus  cbpBbp, gRPC 32  KOMyHHKamus  MexAy
mukpocepsusu, HTTPS 3a curypen mocTen [0 NPUIOKEHUS H
OpenlD Connect 3a ynoctoBepsiBaHe Ha TOTPEOUTENUTE.

JlonbITHUTENTHA BE3MOKHOCT 3a MOBUIIABAaHE HA T'BBKABOCTTA HA
apXUTEKTypaTa NPETOCTABAT KOHTEHHEPH3alNATA u
opkecrpauuara. Docker mosBonsiBa NpuIIOKeHHATa U TEXHHUTE
3aBHCHMOCTH Jla OBbJAaT MAaKeTUPAHH B IPEHOCUMH CPEIH, TOKATO
Kubernetes ocurypsisa MeXaHW3MH 3a YIpaBjeHHE M OPKeCTpalus
Ha KOHTEIHEepU3HpaHH PHII0KEHNSI.

Ilenra Ha HacTosimaTa pa3padoTka € Ja ce IpeIoKu
TEXHUYeCKa M coTyepHa apXUTEKTypa Ha pabOTHa CTaHLUA 3a
aHAIM3 Ha KNOEPUHLUICHTH, KOATO Jla MOXe J1a Ob/ie MHTErpHpaHa
B 00IaYHO-OpHEHTHPAHa, BHPTyalM3UpaHa HH(POPMAIMOHHO-
KOMYHHUKAI[MOHHA Cpefa 3a CbBMecTHA paboTa U CIIOAENEHO
U3I10J13BaHe Ha HH(GOPMAILIMOHHHU pecypcH B 00JacTTa Ha oTOpaHaTa
U CUTYPHOCTTA.
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3a mocTUraHe Ha Tasu e ca NnoCTaBCHHU CJICIHUTE OCHOBHHU
3aga4uun:

1. Jda ce onpemeniT TEXHUYECKUTE U COPTyepHHUTE
KOMIIOHEHTH Ha paboTHaTa cpena.

2. Jla ce aHanM3MpaT BB3MOXKHOCTUTE 3a BUPTYaJIHM3alus U
KOHTEeHHepH3anus Ha MPUIOKEHHATA.

3. Jla ce ompeneniT KOMYHHKAI[HOHHHTE HHTepQelcH u
MEXaHH3MUTE 3a ONIEPaTUBHA CHBMECTHMOCT.

4. Jla ce MHTErpupaT CpeacTBa 33 MOHUTOPUHT, OTKPUBAHE U
AHAJIM3 HAa KHOCPHHLUICHTH.

5. Jla ce ompenenaT TEXHOJIOTHM 3a CHUTYPEH AOCTBI H
oOMeH Ha HH(pOpMAaIHs.

6. la ce oleHH NPUIOKUMOCTTA HA apXUTEKTYPHUS MOJEI
KaTo KOMIIOHEHT Ha cpeia 3a ChBMeCTHa pabora u
CIIOJIETICHO M3II0JI3BaHe Ha MH(OPMAIMOHHA PECYPCH.

3a pmedara ce Ipeanara  U3MOI3BaHE HAa  METOAMKA  3a
apXUTEKTYpHO  KOHQUIypHpaHe  Ha  KOMIOHEHTHTE  Ha
vHpOPMAaIIIOHHATA HHPPaACTPYKTypa Ha cucremMa 3a

KHOEpCUTYPHOCT, (DyHKIMOHHUpAIa B o0Ila OorlepaTHBHA cpela Ha
HATO (NATO Common Operating Environment — NCOE).
Meronukara ~ J0Opa3BHBAa  APXUTEKTYPHHS — TOOXOA  4pes3
CHCTEeMaTH3WpaHe Ha  (DYHKIMOHAJIHHTE, TEXHHYCCKUTE W
COTyepHUTE acCleKTH Ha KOH(PUTYPHUpPAHETO U OTYHTAHE Ha
U3KMCKBAHUSTA 32 OICPATHBHA CHBMECTHMOCT. TS ¢ MPHIOKHMA
KaKTO TPH MHTETpalys B ChIO3HH HHOPACTPYKTYpH, Taka M IpH
B3aMMOJICHCTBHE C HAMOHAIHU M XETEPOTeHHH MH(OPMAIMOHHU
cpenu [1, 3, 4].

Mogensr NCOE ocurypsiBa Bpb3kaTa Mexny mnpoduinre Ha
obuure  crangaptu  Ha HATO  (NCSP/NISP NATO
Common/Interoperability Standards Profile)) u npaktudyeckoro
M3rpaKJaHe Ha ONEpaTMBHO CBHBMECTHMH aBTOMAaTHU3UPAHU
MHOOPMAlMOHHKM cucTeMd. ToH ompenens OCHOBHU YCIYTH,
CTaHIapTH, HHTepQelcy U MpaBuiia 3a BHEAPsIBaHe, HEOOXOAUMH 32
OCHT'ypsIBaHE Ha OIlepaTHBHA CHBMECTHMOCT Ha CTPATerH4ecKo,
OIIEPaTHBHO M TAKTUYECKO HUBO.

B paMKuTe Ha METOAMKATA APXUTEKTYPHOTO KOH(PUTYPUPAHE Ce
pasriekaa Karo MOCHENOBaTeNIeH Npexol OT (YHKIHMOHATHHUTE
W3UCKBAHUS KbM TEXHHYECKATE CPEACTBA U COPTyepHHTE
koMroHeHTH. CHOTBETHO CE PasTpaHUYaBaT TPH OCHOBHHU HHBA:
¢byukimonanna kouurypauus (Functional Configuration — FC),
Ompesiensia HeOOXOAUMHUTE TIPUIOKEHUST M OCHOBHH YCIYTH;

texunuecka koH(wurypamums (Technical Configuration — TC),
ompenensAllda  KOMIIOHEHTUTE M CTAQHIApTHTE 32  TAXHOTO
B3auMojelicTBre; W codryepHa koHpurypamms (Software

Configuration — SC), ompenersiia JOTHYECKUTE CHBKYIMHOCTH OT
cobTyepHH NPOAYKTH U HHTepdeiicu.

[lpunaranero Ha TO3M MOAXOA IMO3BOJIABA IMPOCIECAUMO
CBBp3BaHE Ha (PYHKUHOHAIHWTE HM3HCKBAHHA C TEXHHUYECKUTE WU
copTyepHUTE pEIICHHS W Cbh3[JaBa OCHOBAa 3a H3rPaXAaHe Ha
OIepaTUBHO CHBMECTHMH CHCTEMH 3a KubepcurypHoct. B3 ocHoBa
Ha METOJHUKATa € pa3pabdoTeH BapHaHT Ha TEXHUYECKa U copTyepHa
Ha KOH(Urypanus Ha pabOTHa CTaHNWS, IpeJHA3HAYeHa 3a aHAIN3
Ha KHOEPUHIWJICHTH ¥ MOATIOMAaraHe JeHHOCTTa Ha CIENHaINCTH
0 KHOEpCUTYPHOCT.

2. Apxumexkmypen nooxo0 u apxXumeKmypHo
Konghuzypupane Ha KOoMnomnenm Ha
ungopmayuonnama ungpacmpykmypa

HpezmaraHaTa ApXUTCKTypa C€ OCHOBaBa Ha pasJCisiHE Ha
I/IH(:I)OpMaHI/IOHHaTa cpe€na Ha q)yHKIII/IOHaJ'IHI/I U TCXHOJIOTrMYHH
CJIOCBC. HO,I[O6€H IoAXoA IO3BOJIKIBA sICHO pa3rpaHW4aBaHC Ha

MpEXKOBUTE  YCIYTH, MHQPACTPYKTYpHUTE YCIyrd, oO0umre
MPUIOXKEHNS U TIPUIIOKEHUSTA ChC CIELU(PUIHO TPeJHA3HAUCHHE.

OcHoBHute KoMmoHeHTH Ha Mojieia NCOE BkitouBar:
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[Mpunoxenus 3a o0Ia HOAIPHKKA;
HudpactpykrypHu yciyry;

VYcenyru Ha siapata (Ha ONepaldoOHHUTE CUCTEMH);
Wnrepdelicu Ha IPHIIOKHATE IIPOTPAMH;
KommnoHeHT Ha naHHY;

VYeayra nogapeiKKa M 9acT OT MPEKOBUTE YCIIYTH.

B apxurekrypara ce pazrpaHuyaBaT:

CJION Ha MpPEXKOBUTE YCIIYTH;

CJIOH Ha yCIYTUTE Ha SIpOTO;

cloit Ha UHQPACTPYKTYPHUTE YCIYTH;

CIIOH Ha MPUIOKEHUATA 3a 00IIa HOAIPBKKA;
CIIOH Ha MPWJIOXKEHMATA 32 creluduIHa 3a/1a4a.

ToBa pasjensHe MO3BOJISIBA PA3TUYHUTE KOMIOHEHTH Ja OBJaar
YNpaBIIsiBAaHU HE3aBUCHMO H ChHIIEBPEMEHHO Aa ObJaT HHTETpUPaHH
MOCPENCTBOM CTaHIapTU3Upanu uHTepdeiicu. B  TexHuuyeckara
KoHOQurypamusi ca pasrineganun [Pv4 u IPv6, VLAN, SSH,
BUPTYaJHH MPEKOBH HHTepdeiich M pasiuyHM MeXaHU3MH 32
JIOCTBII 10 BUPTyalHaTa MallllHa.

ApXUTEKTYPHUAT IIOAXOJ II03BOJISIBA pabOTHATa CTaHLMS Ja
M3IIBJIHABA POJISITA HAa NOTPEOUTENCKM M aHAJIMTHYCH KOMIIOHEHT,
JIOKaTo U3YHCIIUTEIHHUTE, KOMYHHUKAI[HOHHUTE "
WHQOPMAIIMOHHUTE PECypCcH Morar jaa ObJaT NPeNoCTaBIHU OT
BUPTyaJIM3UpaHa HHPPACTPYKTypa.

ToBa e 0cOOEHO MOAXOMIIIO 32 00NaYHO-OPUEHTHPAHA Cpela,
HPH KOSTO PECYPCHTE HE Ca 3aIbDKUTEIHO (PU3HMICCKU CBBP3aHH C
KOHKpEeTHa paboTHa CTaHIMs, a Morar ja ObJaT NpefOCTaBSHH
JMHAMUAYHO KaTO YCIYTH.

3a apXHUTEKTYpHOTO KOH(HUTypupaHEe Ha KOMIIOHEHT Ha
nHQOPMAIIMOHHATa HHPPACTPYKTypa — aBTOMATH3HPAHO PAaOOTHO
micto (APM) Ha aHamum3aTop 1O KHOEpCHUTypHOCT (MamnHa
Cyberops), e HeoOxomuMo na ce pa3paboTarT (yHKIHOHAIHA,
TexHndyecka M codryepHa koH¢wurypaums - HATO  Functional
Configurations (FC), Technical Configurations (TC), Software
Configurations (SC), mnpezncraBeHn CbhOTBETHO ¢ rpaduvHO
n3obpaxenue, cbriacuo moaena NCOE u 1m1abioH B Ta0IM4eH BUT
—NATO System View (NSV), NATO Technical View (NTV) (FC-
NSV-12, TC- NTV-3, SC — NTV-4), 3a Bceku OT KOMIIOHEHTUTE OT
nHpOpMaIMoOHHaTa HHGpACTpyKTypa. B mpumepa ca paspaboreHn
TEXHUYECKA U cOPTyepHa KOHPHUTYpaIin

3. Texnuuecka xougpucypayusn
3.1. Obwu xapaxmepucmuxu

TexHuueckata KoH(Urypauus ompeznens (Qusnuueckure W
BUPTYaJHUTE KOMIIOHEHTH, IOCPEACTBOM KOUTO C€ pealu3upa
paboTHaTa cpega Ha  aHaIM3aTOpa 10  KHOEPCUTYpHOCT
Texumueckute koHurypanuu (TC) ca c60p OT KOMIIOHEHTH WU
CTAQHZApTH, KOWTO B3aUMOJCHCTBAT C JPYTH TEXHHYECKH
KoHQuUrypanuu nocpenctsoM Ilpopmmure 3a  OmeparnBHa
CHBMECTHMOCT..

B nepBoHaYamHUSA apXUTEKTYpEeH MOJEN ca pasriefaHu 06a3oBa
MallliHa, BHUpPTyaJlHa Cpe€aa W CHOCHUaIM3UpaHu BUPTYaJIHHU
MallMHU. 3a BUpTyalM3alus € u3noiasBaHa cpenara Oracle VM
VirtualBox, a kaTo crienuanu3upana cpeja 3a aHalM3 € pasriiejaHa
CyberOps Security Onion.

BupryanmsammaTra 1o3BONSIBA  pa3feNsHE Ha  Pa3IUIHH
(YHKOMOHAHM Cpeau W HaMalsiBa 3aBHCHMOCTTA  MEXIY
NPUIOKEHUETO M KOHKpeTHaTa (u3ndecka mHppacTpykrypa. ToBa
Ch3/1aBa MPEJTIIOCTaBKH 3a MO-JIECHO NTPEMECTBaHEe, Bb3CTAHOBABAHE

M MamabupaHe Ha [OPWIOXKEHHATA TPH  TPOMsIHA  Ha
UHPPACTPYKTYPHHUTE U3UCKBAHHS.

3.2. Mpesrcosa cevpsanocm

MperxoBata KOMYHHKalUsl € pealu3dpaHa II0CPEACTBOM

CTaHJapTHU TPOTOKOJIM M TEXHOJIOTUM 32 CUTYPEH JOCTBIL
IIpenBunenu ca IPv4 u IPv6, VLAN, SSH u mexanusmu 3a
BUPTYaJIEH MPEXOB JJOCTBII.
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Oco06eHo 3HauUeHHE NMa Pa3Ae/IIHETO Ha Pa3IMYHUTE MPEKOBH
unrepdeiicu. B codryepnara koHburypauus ca pasriegaHd
BBTpeIIHH MpexoBu uHTepdeiicn, DMZ u NAT, xoeto mo3BoJsBa
JIOTUYECKO Pa3JiessHe HA KOMYHUKAIIMOHHUTE TIOTOLN.

To3n Moaen ChOTBETHO MOXE Ja ObJe paslIMpeH B o0iavyHa
HHPPACTPYKTypa 4Ype3 HU3IMOJ3BAaHE Ha BHPTYATHH MPEKH,
CETMCHTAIIMS W MOJUTHUKU 32 KOHTPOJ Ha KOMYHUKAIIUUTE MEXKIY
Pa3IUYHUTE YCITyTH.

3.3. IIpodnin 3a BHTPEIIHA ONEPATHBHA CHbBMECTHMOCT

3a ocurypsBaHe Ha B3aHMMOJCHCTBHETO MexIy paboTHaTa
CTaHIMS W BUpPTyalIusupaHaTa HH(pacTpykTypa ca aeduHUpaHH
npoduan 3a BbTpemiHa oreparuBHa chBMectumoct |IP (Internal
Interoperability Profiles).

Te BrimouBar:

e oOMEH Ha JaHHM MeXAy paboTHaTa
BUPTYaJHUS CHPBBD;
oOMeH Ha IaHHM Mexnay paboTHarta cranuus u WEB
MIPHIIOKEHHS;

RSS ¢ynkmonansocr;

HHTETpaIys ¢ IeHTpaIn3ipaHa aHTUBUPYCHA CHCTEMa;
KOMIUIEKCHa mojcucTeMa  3a CUT'YpPHOCT
HHPOPMAIHATA.

Tesn mnpoduiIu mpeNcTaBIABAT BaKHA IPEANOCTaBKa 32
WHTETpUpaHe Ha paboTHAaTa CTaHIMA B 0OIma WH(YOPMAIMOHHO-
KOMYHHKAI[HOHHA cpeJia.

BapnanT Ha TexHMyeckara KOHQUrypauusi Ha paboTHarta
CTaHIMsS Ha , AHaIU3aTOpP MO KHOEPCHTYPHOCT™, BKJIIOYBAIIA
HETrOBOTO PAa3MOJIOKEHHE M CBBP3aHOCT MOCPEICTBOM NPOQHINTE
3a BBTpemIHa oneparuBHa cbBMectuMocT (IIP) B oOmara
HHPOPMAIIMOHHA Cpeia € peICTaBeH Ha ¢ur. 1.

CTaHLUA U

Ha

1IP2-5: Stanag 44086, smtp,

IMAP4, LDAP, T120-128 NMS, e_meiin, Chat, DNS

2. PaBoTHa CTaHuws Ha

notpeGuTen IP2-72

5. CbPEbD 38 CHOBLLEHHS/
KOMyHMKALAN
P7a-7a
P33

Teorpadckm AaHHM

IP728a  IIP8a8a

86. B\ 32 dyHKUHOHaAHK
npHAOXEHHS

3. PaGorHa crahiumaHa
Awanusatopa no
KwGepcuryproer

\

\
\

a. BATUC
1IPg6-86
7 6. Copebp 3

GYHKUMOHAAHM MPHAOKEHUS!

1. MorpebuTenckm Tepmutan

@ue. 1. Macmo na mexnuueckama Kongueypayus na Ananuzamopa no
KubepcueypHocm u npoguaume 3a Gbmpewna Onepamusta CobeMecmumMocnm
6 oOwama ungopmayuonna cpeda

BapnanT Ha Texnmuecka koHpurypanus cnopex mojena NCOE na
morpeduTencka paboTHa  CTaHIWS Ha  ,, AHaIM3aTop IO
KHOepCUTypHOCT € peAcTaBeHa Ha ¢ur.2.
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Crettyiii 31
et
npnoKers

MS Outlook — nefhop:
chobuans,
RIS ~ opi.
chobucHis

MS Edge,
Mozla Firefox,
Google Chrome

Skype for
Business
2016

Active
directory
Client

MS Office
2019

Windows
10Pro
Defender

Cisco secure.
Client Secure
Endpoint

File
properties/
Advanced

Oracle VM Virtual box,
Security Onion,
05 Arc Unux

W2K Access control,
Shared folders n User
rights

Windows 10

professional e

TCPIIP ver.4u

JlocTsn 10 cpeata npes
wirrepieiic wa ppTyaNA
waunia - NAT u Bridged

MPEXOBH
VCIvru

vers,
100BaseTx

JIEFEHJIA:

@ue. 2. Texnuuecka KoHpuzypayus Ha pabomuo macmo Ha AHanuzamopa
no kubepcueyprocm cwvenacio modena NCOE.

Komnoneni
Basosn

Komnone T

Kownonermi
30 e

Mpexosn
KoMoenTH

eurypuoerra

3a TexHuuecka KOHGUTrypalus OT apXUTEKTypHaTa paMKa Ha
HATO - Technical Configurations ce u3 nmonssa tabiuuen 1madjoH
(NTV-3) onucan B Implementation handbook [2, 5, 6, 7],

BapuanT Ha TexHWUYecka KOH(HUIypamus Ha IOTpeOHTeICcKa
paboTHA CTaHUIUS Ha ,,AHAIM3aTOP IO KHOEPCUTYPHOCT™ CHOpex
Mogena NTRM (NATO Technical Reference Model), monsinena B
nrabnon NTV-3 ca npencrasena B Tabnmuna 1 u 2.

4. CopryepHa xondurypanus

CodtyepHata KOHUTYpaluss BKIIOYBA  OIEPALUOHHHUTE
CHCTEMH, CHCTEMHHTE YCIYTH, KOMYHHKAal[HOHHHUTE KOMIIOHEHTH,
HPHIIOKEHUATA 32 0011[a MTOJIPBKKA U CIICHUATU3UPAHUTE CPECTBA
3a aHaJIM3 Ha KHOEPCUTYPHOCTTA.

Codryeprnre  KOHUrypanuu cbop or
COPTYepHH TPOAYKTH M  CETMEHTH, KOHUTO  OCHTypsBaT
uHTepdelicute ¢ Apyrd  copTyepHHM KoHQHryparmuu. B
apXWUTEKTypHaTa paMKa Te ca CBBbP3aHH C TEXHHYECKHUTE
KOHQHUTYypallui ¥ CTaHOapTHTE, KOWUTO TpsiOBa pga Obaar

MOJUTBPKAHH.

npeacraBiiaBaT

Codryepaure xoHpurypammu (SC) ca ¢uszndeckn cOop Ha
copTyepHH TPONYKTH W  CEIMEHTH, KOHMTO  OCHIypsBar
Codryepuure uuTepdeiicu ¢ apyru codpTyepHn KoHUryparuu
(dur.3)

B Implementation handbook [2]. e mpeacraBen maGiaon 3a
coryepHa kKoHpUTypaluss OT apxXUTeKTypHaTa pamka Ha HATO
1.e. SOFTWARE CONFIGURATIONS (NTV-4). Bapuanr Ha
coryepna koHpurypauuss NTV-4 e nmpencraseH B Tabmuma 3.

[MMa6mousr Ha Texuudeckn wsrnenq (NTV-4) nebunupa
codpryepHuTe KOHpUTrypamuum Ha cuctemure (Tabmmma 3).
CodryepHuTte KOHpHrypanmuu ca OCHOBHM MIA0JOHH, KOHWTO ca
pe3yaTaT OT HPOSKTHUTE TEXHUYECKH KOHHrypauuu. Te chabpxar
3abJDKATEITHUTE COPTYEPHH MPOIYKTH, KOUTO Ca HEOOXOIHMH 3a
IpujIaraHe Ha TCXHUYECCKUTE CTaHAapTH.

Bapuant Ha codryepHa koHpurypanus cropexn monena NCOE
Ha noTpebutencka paboTHA CcTaHIMS Ha ,, AHaIM3aTop 10

KHOEPCUTYPHOCT € TIpencTaBeHa Ha ¢ur.3.
-. Aol mysoL M5O i:ﬁ::f! d:?::i;:y

Criewripiin 5
wiciTa
npwioer

S Outlook
HeopM. chOBULEH NS,
RIS~ op.
cuobmeanns

MS Edge,
MozilaFirefox,

Google Chrome 2016 Client

Cisco secure.
Client Secure
Endpoint

Windows 10

proDefender  * 5%

Oracle VM Virtual box,
Security Onion,
0S Arc Unux

W2K Access control,
Shared folders n User
rights

File
properties/
Advanced

Windows 10
professional

Usemanme/

cul password

TCP/IP verd n
vers,
100BaseTx

MPEXOBH
YCIVIH

JlocTsn 70 cpesata mpes miTepdeiic Ha
muptyanHa mammna — NAT n Bridged

®@ur. 3. Coppmyepua xongueypayus na pabommo Miacmo Ha
., Ananuzamopa no kubepcueypnocm *
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4.1. Onepayuonnu cucmemu u UpmMyaIu3ayus

B apxutekrypata ca pasriesann Windows u Linux 6a3upanu
cpemy, Bupryanusauus nocperctBoM Oracle VM VirtualBox u
CrIeLHaIN3UPaHH BUPTYATHH MALIHHH.

Linux OGasupanara cpema [O3BOJsSIBA  HM3IOJI3BaHE  HA
MHCTPYMEHTH 3a MpEXKOB aHaju3, 3alluTa W yIpaBieHUE Ha
cucremHuTe pecypeu. Pasriemanu ca Ubuntu, UFW, ClamAV u
Pa3IMYHU KIUEHTCKU NMPUIOKEHUS.

4.2. IIpunoswcenusn 3a coemecmua paboma

B cpemara ca BKIIOYEHH YCIOYTH 3a JOKYMEHTOOOOPOT,
eNIeKTpOHHA TMoIa, oOMeH Ha (aiioBe M BHACOKOH(pEpPEHTHA
Bpb3ka. B mbpBoHauanmHus Mozen ca pasriaenanun  Microsoft
SharePoint, Microsoft Exchange, Outlook u Skype for Business.

Ot rnegnHa Touka Ha 3amaya 1.2.7 Te3M KOMIIOHEHTH HMAaT
3HaYCHUE HE CaMO KaTO CTAaHJAPTHH MOTPEOUTEICKH MPUIOKCHHUS,
a KaTo OCHOBHH CJICMCHTH Ha cpejia 3a ChBMECTHA paboTa, B KOSTO
MOTpeOUTEIUTe MOraT Ja OOMEHSAT JOKYMEHTH, CBHOOIICHHUS,
(haitnmoBe 1 HHPOPMAIHS B peaHO BpeMe.

4.3. Cneyuanusupanu npunoxcenus 3a Kubepcuzyprocm

Ki1I040B KOMITIOHEHT Ha apXUTEKTypaTa ¢ cpejiata 3a aHalliu3 Ha
kubepuHIUAEHTH Security Onion.

B Hes ca uHTErpUpaHu cpeAcTBa 3a IIBJIHO yIaBsSHE U aHAJIU3 Ha
MpexoBH naketd, SIEM ¢(yHKIMOHAIHOCT, CHCTEMH 32 OTKpUBaHE
Ha [POHMKBAaHMA U UHCTPYMEHTH 3a aHaJU3 Ha MpexoBaTa
akTUBHOCT. Pasrienanu ca npuioxenus karo Wireshark, Tcpdump,
Netflow, Elasticsearch, Logstash, Kibana, Sguil, Snort, Suricata,
Zeek u Wazuh.

WHTrerpupaneto Ha Te3W MHCTPYMEHTH B o0ma cpena
Mo3BOJIsIBA chOMpaHe Ha MHGOPMALUS OT PA3IUIHU U3TOUYHHIM H
MOATIOMAara aHaJli3a Ha CbOUTHATA 0 KHOEPCUTYPHOCT.

4.4. Konmeiinepusayus u opkecmpayus

E}:[Ha OT OCHOBHHUTE HACOKHM 3a pa3sBUTHUC Ha apXUTEKTyparta €
H3I0JI3BAHETO Ha KOHTeﬁHepHSaHHH 1 OpKECTpanus.

Docker mo3BonsBa npuioxeHusATa 1a ObAAT peaTn3upaHd KaTo
CaMOCTOSITETHM ~ KOHTCHHEPU3MPAaHH  KOMIIOHEHTH C  SCHO
nebUHUpaHn 3aBHCHMOCTH. ToBa yIeCHsABAa pasTPBLIAHETO Ha
MIPUIOKEHHUATA B PA3TMYHH HHPPACTPYKTYPHHU CPEIIH.

Kubernetes mnpenocraBs Bb3MOXKHOCT 3a yIpaBlIeHHE Ha
KOHTEHHepUTe, aBTOMAaTH3MPaHO paslojaraHe, MamabupaHe Hu
yIOpaBleHHe Ha OKH3HEHMS I[MKBI Ha MpWIOXKeHusra. B
paspaboreHuss monen Docker u Kubernetes ca ompezneneHu KaTo
TEXHOJIOTMYHH KOMIIOHEHTH Ha CJIOS 32 IPOCKTHUPAaHE M HHTErpalus
Ha codryepa.

[Ipunaranero Ha KOHTEHHEpPH3aIUA € 0COOEHO MOAXOMAIIO 3a
ApXUTEKTYPH, U3TPaJICHN OT MUKpOCepBH3U. Beekn QyHKIMOHAIEH
KOMIIOHEHT MO>Ke J1a Ob/ie peann3upaH KaTo OTAENHa yCIyTa, KOsSTO
B3aMMO/ICIICTBA C OCTAHAJIMTE Ype3 CTaHIAPTU3UPAHU HHTep(elicH.

To3u NOAXOJ IIOBHUIIABA T'bBKABOCTTA Ha apXUTEKTypara U
Chb3JaBa BB3MOXHOCTH 34 IIOCTCIICHHO PCUHKXCHECPUHI' Ha
CBIIECTBYBAILIA IPWJIOXKEHUA NPHU MUI'palUsATa UM KbM 00J1auHu

YCIIyTH.

4.5. Komynuxayuonnu unmepgheiicu u unmezpauyus Ha
npunoscenuama

3a ocurypsiBaHe Ha B3aHMOJEHCTBHETO MEXIY OTACIHHTE
KOMIIOHEHTH Ha CHUCTeMaTa ce€ U3MO0I3BaT CTaHAAPTU3UPAHU
MpOrpaMHH ¥ KOMYHHMKAI[MOHHH HHTepdeiicn.

REST API ce u3nonssa 3a 0OMEH Ha JaHHM MEXAy paboTHaTa
CTaHIMs U BUpTyanHus cupBbp. gRPC e mpensunmen 3a
KOMyHHMKanuss Mexay Muxpocepsusute. HTTPS  ocurypssa
3amuTeH AOCThI 10 yeb mpuioxenusta, a OpenlD Connect ce
H3M0II3BA 33 YAOCTOBEPsIBAHE Ha OTPEOUTEITHTE.
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To3u Momen MO3BONISABA OTACIHHTE KOMIIOHGHTH na Obaar
pa3paboTBaHK U aKTyaTH3UPaHH HE3aBUCHMO, KaTO ChHIIECBPEMEHHO
3ama3BaT Bb3MOXKHOCTTA 38 HHTETPALHsL.

OT rnegHa Touka Ha oONavyHaTa apXUTEKTypa TOBa € BaKHO
yCcIOBHE 3a UM3TpaXIaHe Ha MOAYJIHA M Mamadupyema
nH(OpPMaIMOHHA Cpena.

4.6. Hughopmayuonna cuzypnocm

Cucremute, IpefHa3HAUYCHH 3a HYXAWTe Ha OTOpaHaTa W
CUT'YPHOCTTa, TpsA0Ba Ja OCHTI'YpsBaT 3alluTa Ha WH(OpMaIuaTa Ha
BCHYKH apXUTEKTYPHU HUBA.

B pazpaborenus monen ca npeasunenu [PSec, 3amurHa cTeHa,
antuBHpycHa 3amura, TLS/SSL u MexaHH3MU 3a yIOCTOBEpsIBaHE.
B codryeprara xoudurypamus ca pasrnegann Windows Defender,
ClamAYV u IPSec HacTpoiiku.

3a 3amura Ha KoMyHHKanuurte ca pasrienanu HTTPS u TLS,
KaTo B apXWUTEeKTypHHs Mozen ca mocouenn TLS 1.2/1.3. Kato
MEePCIeKTUBHA apXUTEKTypHA HACOKA € BKJIIOYEH U MOJIXOABT ZEero
Trust Architecture, KOlTO Tpennonara HempeKbCHATa MPOBEpKa Ha
MOTPEOUTENH, YCTPOUCTBA U KOMYHUKAIIMOHHN B3aUMOJIEHCTBHSI.

CurypHocTTa ciieiBa Aa ObJe pasriexaaHa KaTo XOPH30HTalIeH
apXHUTEKTYpEH CJIOH, a He KaTo oTaenHa (GyHkous. ToBa o3HavaBa,
4Ye KOHTPOJNBT Ha JOCTBIIA, KPHITHPAHETO, MOHUTOPUHI'BT H
OTKPMBAHETO Ha aHOMAJHMM TpsOBa Ja OBJAaT MHTETPUPAaHU BBHB
BCHUYKH €Tanu oT 00paboTkara 1 0OMeHa Ha HHGOPMAITHSL.

4.7. Ynpaenenue 001aun0-

opuenmupanama cpeoa

u MOHUmMOpUHZ Ha

EdextuBHOTO ympaBicHHE Ha BHUPTyalU3UpaHa W OOJa4HO-
OpHEHTHpaHa UHPPACTPYKTypa H3HCKBA HENPEeKbCHATO
HaOJII0ICHNE HA CHCTOSHUETO HA CHCTEMATa.

B npemnoxenata apxutektypa Prometheus e onpezeneH kato
cpeactBo 3a MouurtopuHr, a Grafana — 3a Bu3yamu3auus Ha
METPHKHTE.

Upe3 MOHHTOpPHHTra MOTaT Jia ce HaJIroJaBaT HATOBapBAHETO Ha
pecypcuTre, ChCTOSIHHETO Ha TPUIIOKEHHATA, KOMYHHKaIMOHHUTE
mapaMeTpu W APYTH TOKa3aTeld, CBBP3aHH C HAASKIHOCTTA U
MPON3BOUTEITHOCTTA.

3a cpema, mpenHa3HadeHa 3a OTOpaHaTa W CUTYPHOCTTA,
MOHHTOPDHHIBT HMMa W JONBJIHUTENHAa (QYHKIMS — IOAIOMara
OTKPHMBAaHETO Ha OTKJIOHEHWS OT HOPMAIHOTO MOBEJCHUE U
UICHTH(UIMPAHETO Ha MOTeHI[ATHH UHIUCHTH.

VYnpasnenue na oannume u cnooeneno u3noON36aAHE HA
uHpopmayuonnu pecypcu

EdexruBHOTO crionensiHe Ha MHQOPMALOHHH PECYPCH € eIHH
OT OCHOBHHTE €JIEMEHTH Ha CpejiaTa 3a ChBMecTHa paboTa. [4, 9]

B apxurexrypara ca pasrineganu PostgreSQL, Elasticsearch u
ZFS xaTo KOMIIOHEHTH 3a YIpaBlIE€HHE U CbXpaHEHHE Ha JaHHH.
Karo mepcriektuBHu pemienus ca nocodeHu Distributed SQL 6a3u
JIAHHK ¥ 00J1a4HO Oa3upaHu pelieHHs 3a ChbXpaHeHHe.

Paznensnero MEXAY MNPUIIOKCHUATA U CJI0A 3a YIPABJIICHUE Ha
JAHHUTE IO3BOJIIBA Ja CE€ pealusupa apXUTCKTypa, HPpHU KOATO

pasIMYHM ~ TPUWIOKEHWs ~ MOrar  fAa  HM3IoN3Bar  o0mM
MHGOPMALIMOHHH  PECYpCH  IIOCPEICTBOM  CTAHAApTH3UpaHH
uHTEpdecH.

ToBa e 0coOeHO BayKHO NPH aHAIN3 HAa KUOCPHHIMIEHTH, THH
KaTo l/IH(bOpMaL[I/IﬂTa MOXKEC Ja IIOCThIIBA OT MHOKCCTBO H3TOUYHHUIH
— MPEXOBM YCTPOMCTBA, KPaHU CHUCTEMM, NPHUIIOKEHUS, CUCTEMU
3a CUT'YPHOCT | notpebutesicku pabotHu cranumu [10].



MACHINES. TECHNOLOGIES. MATERIALS. vol 2, 2026

Tabnuya 1. Ilpumepna mexnuuecka Konguaypayus na nompebumencka pabomna Cmanyus Ha AHAIU3amopa no KubepcueypHocm

NTV-3 TEXHUYECKA KOHOUTYPALIUA (TK)
(ma ce mombJiHM BB (pazaTa Ha JOCTABKHTE 3a LIEJIeBATA APXUTEKTYPa)
TK . Crnoti Ha .
. Cnoti Ha ycriyaume Ha . Cnoii Ha npunodcenuama 3a
KOMRoOHeHmu Croil na mpedicosu ycyeu Crnoil na ungpacmpykmyprume yciyau NPUTLONCEHUAMA 34
A0pomo cneyuguuna 3a0ava
(npodykmu) w/vnu 00wa noddpvIcKa
CTaHJapTH. - LAN 3a paboma c IPv4 u OnepannoHHa IPSec - IETF Standard RFC 1108; C2 codryep - UHTETPUpPaHO B IIaKeTa
(mosicaenne  — | IPv6, Netware na Novell; cHcTeMa: Windows 10 Defender Firewall; Systematic - C2 | Security Onion, JUPEKTHO
MIPOJYKTUTE ce - IPv4 - IETF Standard 5/RFC - Ha 6a3oBaTa Antivirus Software — Cisco secure Client Secure | System ,,Sitaware®: npemuHaBane oT Sguil KbM
3a7aBaT ¢ HakJoHeH | 791/RFC  950/RFC  919/RFC | mammua Windows 10 Endpoint, - HQ (a6 JOpYTH HMHCTPYMEHTH,  ITBJIHH
wpudr, 922/RFC 792/RFC 1112; Internet | Pro; Domain Name Services - IETF Standard 13/RFC | na Opuraga u Harope) | 3aCHETH MaKEeTH, MOAXOISIIH 3a
CTaHIaPTHTE ¢ | Protocol, September 1981; - cpena 3a 1034/RFC 1035, Domain Name System, November 1987. Dismounted aHaNms;
HOpMaJIeH) - IPv6 - IETF Standard RFC | Bupryanusaius Oracle Active Directory services - LDAP v3 (RFC | soldier - cmeuren
8200; VM VirtualBox; 2251:1997); BOMHHK - NIDS, M3Mpania
- IPX/SPX  Compatible - Buptyanna Yenyeu 3a JJoxymenmoobopom — MS SharePoint mwm C2 system | npukadeHu ¢aitioBe 3a aHanu3
Protocol; mamuHa CyberOps Portal Server 2012; Ha [TMKHNC Ha  3JIOHamepeH  codryep,
- Iooopvorcka na VLANs — | Security Onion; Ye6 Ycenyeu (wexpunrtupanm - HTTP v1i.1l (RFC wm C2PC Ha | nokaneH MOHHUTOPHHT, ,
IEEE 802.1Q; - OC na 2616:1999 updated by 2817:2000), URL (RFC 1738:1994 | BAE System M300pa3eHH € HHCTPYMEHTHUTE
- Telnet - Telnet (IETF STD | Bupryannara mammaa Arc | updated by  1808:1995, 2368:1998, 2396:1998, MS Office 2010; tepflow, HIDS;
8:1983, RFC 0854:1983, | Linux; 2732:1999), URI (RFC 2396:1998 wupdated by Microsoft
0855:1983); - Cucrema 4096 MB; 2732:1999) u kpunmupanu REC 2818: HTTP Over TLS) | SharePoint; - MOAIPBKKA 3a
- SSH - RFC 4250, The Enexmponna nowa 3a oOMeH Ha He(OPMATN30BaHU Microsoft Edge; MHOTOIIOTOYHOCT Ha
Secure  Shell (SSH) Protocol nokymentd - SMTP (RFCs 1870:1995, 2821:2001); Acrobat Reader, rpaduunus nporecop (GPU);

Assigned Numbers
Hoctenm 1o
uHTEepdelica Ha

cpemata 1pe3
BUpTYyaJIHATa

POP3 (RFC 1939:1996), IMAP4 (RFC 3501:2003)
Oobmen na ainose - FTP (IETF STD 9, RFC
959:1985 updated by 2228:1997, 2640:1999, 2773:2000)

MySOQOL Knuenm
Email kiment MS
Outlook;

mamHa — NAT u Bridged FIPS Pub 158 (X-Window System) T'eorpadcxa NC —
Buoeomenexongepenyusn — Skype for Business 2016 | ArcGIS;
Vnpagnenue na obekmu npu paznpeoeneno IMepconanna 6a3a
usuucnenus - CORBA/IIOP 2.2 naHad MySQL

Mpodnmm 3a

BBTpEIHA
orepaTuBHA

ceBMectumoct (I1P)
Mexagy APM  wu

BUPTYAJHUS CBPBBP

Mpodun IIP1 - O6men Ha nanHu Mexxny APM u Buptyanuus cepebpllpodun 11P4 — IIpotokonu 3a komyHukamus: Reset API

Mpodun 11P2 -

Oo6meH Ha nanun Mexay APM u WEB npuioxenust

[podwun I1IP3 - RSS ¢pyHKIHOHaTHOCT Ha PaOOTHOTO MACTO — pabOTHA cpena, 6a3a TaHHH, storage MpOCTPaHCTBO
[podun 11P4 - AHTHBHPYCEH KIMEHT — €JIEMEHT Ha IICHTPalIn3upaHaTa CHCTEMa 32 aHTUBUPYCHA MOIIPHIKKA
[podun IIP5 - KoMrutekcHa mozicucTeMa 3a CUTYpHOCT Ha WHpOpMAaImsaTa
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Tabnuya 2. Texnuuecka Kongueypayus na pabomna cmanyusi Ha auaiuzamopa no KubepcuesypHocm 6 mabiuieH 6uo.

HoBu crangaprtu

Oo0xBart Ha
Yciayra Crangaptu
ycayrata
OmnepanoHHH - VYmpasrenwe  Ha - Ubuntu 20.04 LTS (64-bit) - Ilommpekka Ha MHOTOINOTOYHOCT Ha TpaduaHHS
CHCTEMH pecypcute - TCP/IP crex nponecop (GPU)
- IMoanprxka Ha - IPSec - Bupryanuzanus upe3 Oracle VM VirtualBox

MPEKOBHU YCIyTH
- 3anmmra u CUTYpHOCT

- UFW (Uncomplicated Firewall)

IIpoextupane Ha

- Pazpabotka  Ha

- Agile metonomorun

- KonTeiinepu3zauust upe3 Docker

codryep codryep - DevOps nmpakTiku - Kubernetes 3a opkectpanus

- Uurerpauus  Ha
pa3IMYHU CUCTEMH

[Morpeburencku | - Y no6cTBO 3a -HTML - Progressive Web Apps (PWA)

unTepeiicn noTpeduTens -CSS - WebAssembly (WASM)
- HTyUTUBHOCT - JavaScript
- Tlogmpwmxkka  Ha - REST API
MHOXECTBO IIaTGopMu

Vupasnenue Ha | -  CbxpaHeHue  Ha - PostgreSQL - Distributed SQL databases (e.g., CockroachDB)

JaHHHTE JaHHU - ElasticSearch - O0nak-6a3upaHy peleHus 3a ChXpaHEeHHe Ha JaHHN
- ApxuBupaHe - ZFS oaiinoBu cucremn
- Bw3acranossiBane npu
HHIHUICHTH
ObwmsiHa Ha - CurypeH tpaHchep Ha -HTTPS (TLS 1.2/1.3) -HTTP/3
JTaHHA JTaHHA - SMTP, POP3, IMAP4 - QUIC mpoToxon
- CHBMECTHMOCT -FTP - Zero Trust Architecture (ZTA)
MEXTy pa3IMYHN - SSH
CHCTEMH
Crannapmh 3a IETF Standard 7/RFC 793, Transmission Control
NpeHOC Ha TCep Protocol, September 1981.
nHpOpMaImaTa

IP

IETF Standard 5/RFC 791/RFC 950/RFC 919/RFC
922/RFC 792/RFC 1112, Internet Protocol, September
1981.

osl/IP

IETF Standard 35/RFC 1006,
Service on top of the TCP, May 1987

ISO Transport

Access to LAN

IEEE 802.3u:1995, Supplement to ISO/IEC 8802-
3:1993, Local and Metropolitan Area Networks: Media
Access Control (MAC) Parameters, Physical Layer,
Medium Attachment Units, and Repeater for 100 Mbps
Operation, Type 100 BASE-T.

Networks
Management

IETF RFC 2011, SNMPv2 Management Information
Base for the Internet Protocol, November 1996.

Internet/Intranet
Protocols

IETF RFC 2401, Security Architecture For The
Internet Protocol, November 1998.
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Tabnuua 3. Bapuanm na cogpmyepna kongueypayus na nompebumencka pabomua Cmanyus. Ha AHATU3AMOPA NO KUbepcuzypHocm

SC . Crnoti Ha Cnoii na .
. Croti na mpedscosume . Croti Ha npunosxcenusma 3a cneyuguuna
IpoxykTH B: yenyeume Ha Cnoti Ha ungpacmpykmypHume yciyeu NPUNOJNCEHUAMA 30
yenyeu 3a0aua
A0pomo 00wa nodopvrcKa
benecka: TCP/IP crek; IPSec nactpoiiku Ha Windows 2010 C2 cogryep Security Onion (MHTETrpHpaHO pelIeHHUE 3a
Tokasea - Tomnepxamy IPv4 u Windows Defender Systematic - C2 | MpexoBa CUTYPHOCT):
HoMepa na | IPv6, Remote  accesss VYenyru 3a JIokyMeHTO000pOT Ha chpBep ¢ MS | System ,,Sitaware*: - IBJIHO ynaBsiHe Ha maketu - Wireshark,
copmyeprama (Telnet, SHH - SharePoint Portal Server, nocremBanm mpe3 | -  HQ (mab na Tcpdump, Netflow, Network Analysis
eepcust u | HyperTerminal, PUTTY) 6poysep — Microsoft Edge Opurana u Monitor na cucremara Cisco Prime
cmandapm(u), OtpmalledeH  JOCTBO IO Enexkrponna roma 3a obmen Ha Harope) Infrastructure;
KOumo ca | mpexara; Heopmanm3oBann nokymMeHTH Ha Windows 2013 Dismounted - SIEM cucmema - Splunk, Security
nokpumu  om - Apanrep 1: Intel Enterprise Server c¢bc MS Exchange Server | soldier — cmemen | Onion ¢ ELK, koero ce CbCTOM OT
coghmyepHus PRO/1000 MT  Desctop (SMTP, POP3, IMAP4) — MS Outlook kiienT BOHHHUK uHTEerpupanure npuioxenus Elasticsearch,
naxem (Bvmpewmna mpesca, ,0m3°) Bupeorenekondepenius — Skype ror Bisiness wm C2 system | Logstash u Kibana
Apantep  2: Intel 2016 Ha [TMKNC 3a aHanmM3 HA MAKETH U NPEXyNpPeKACHHs
PRO/1000 MT  Desctop JocTen 1o 6a3a nanau Oracle — SQL client wm C2PC wma | - Sguil, Kibana;
(Bvmpewna mpedxica, ,0m3*) - IPSec nacrpoiiku Ha Ubuntu 20.04; BAE System; Intrusion Detection System — Snort,
Apmanrep  3: Intel - Codryepen npoxykr UFW (Uncomplicated - Mozilla | Suricata, Wazuh;
PRO/1000 MT  Desktop Firewall); Firefox; HNHCcTpyMEeHT 32  HaOmoJeHHWE  Ha
(NAT) - Antivirus Software ClamAV; - Google | mpesxoBara curyproct u Network Intrusion
- JHocreuBanu mpe3 Opaysep — Firefox, | Chrome; Detection Sysytem - Zeek (Bro) -;
Chrome; Host-based Intrusion Detection System -
- Thunderbird xmuenr; OSSEC;
- PostgreSQL kmueHT 3a gocThn 0 6a3u - CapME;
TIaHHH; - ITaketn mamau: PCAPS, Content Data,
Transaction Data, Session Data, Host Logs,
Alert Data, Syslog Data, Metadata;
Elasticsearch 3a ynpasnenue Ha nanumy;
CermeHTH: Cermenr 1 Cermenrt 2 Cermer 3 Cermenr 4 CermeHT 5
bBeneoicka: Brrpenien nunatepdetic: Brorpemen BrHIen unrepdeiic: BoHiien
Onuweme - HTTP wunrepdeiic - | unrepdetic: - HTTPS 3a curyper gpocten no yeb | mHTepdeiic:
npooykmume nopt 80, 8080; - REST API 3a | npunoxxenus; - Prometheus 3a
KOumo - HTTPS wunrepdeiic - | oOMmsiHa Ha JaHHK - OpenlD Connect 3a ynocToBepsiBaHE Ha | MOHUTOPUHT Ha
coemaesnaeam nopt 443; Mexay APM  u | morpeburenure; CHCTEMATA;
PaziuyHume - SMTP wunrepdeiic 3a | BUpTyanHus - Grafana 3a
ceamenmu oOMEeH Ha CBOOIIEHHS - | CBPBBHD; BU3yalIu3alUs  Ha
nopt 25; - gRPC 3a METPUKHTE;
- SSL wunTepdeiic 3a | xomyHHMKanus - SSL/TLS 3a
HPOBEPKa 33 BUPYCH — MOPT | MEXKIY KpHUIITHpaHe Ha
443 MHUKPOCEPBU3UTE; KOMYHUKaILUUTE;
- FTP wuntepdeiic 3a - Docker 3a
TpaHchep Ha aiioBe — | KOHTCHHEPHU3AIIUS;
nopr 21; - Kubernetes
- SSH wunTepdelic 3a | 32  OpKecTparus
OT/IaJIeYeH JOCTBI — MOPT | Ha KOHTCHHEpHTE;
22;
WnTtepdetic Borpemen Brrpemen BoHuien BoHuien BoHuien
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u
beneorcka:
Onuweme
unmep@eticume
no omuowenue
Ha APIs
(IIpunosicro-
npoepamuu
unmepceticu)
6zpaodenu 8
npooyKmu  uau
Kamo omoenHu
npooyKmu.
Cnomeneme
nooovpICcanume
cmandapmu  u
6b3MOJICHUME
HACMPOUKU Ha
napamempume.

Networks

Management

IETF  RFC 2011, SNMPv2 Management
Information Base for the Internet Protocol, November
1996.

Internet/Intranet

Protocols

IETF RFC 2401, Security Architecture For The
Internet Protocol, November 1998.
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O6paboTkaTa U KopenanusATa Ha Tasd MHGOPMALUs Ch3IaBaT
BB3MOXKHOCT 32 (pOpMHUpaHe Ha eAMHHA MH(OPMALMOHHA KapTHHA,
KOSITO MOJKE JIa OJIIOMara B3eMaHeTO Ha YIPABJICHCKU PEIICHUS.

4.8. Apxumexmypen moden na cpeda 3a cvemecmua paboma

Ha Gasara Ha pasriegaHuTe KOMIIOHEGHTH MOXE Ja Oble
(dhopMynupaH apXUTEKTYpEH MOJIET Ha cpelia 3a ChBMeCTHa pabora,
BKJTFOUBAII:

1. IloTpeduTesncku cJ10ii — pabOTHU CTAaHLIUH U TIOTPEOUTEIICKH
uHTepdeiic.

2. Cjo0ii 32 npuI0KeHUs1 — CIEIMANTU3UPAH TPHIOKCHUS 32
aHaIM3, TOKYMEHTO00O0POT, KOMYHHUKALUS U yIIPaBJICHHUE.

3. Chaoii 3a MHKpPOCHPBHCH
(YHKIMOHAHN KOMIIOHCHTH.

KOHTEMHEpU3UpaHU

4. Caoii 3a umterpamus — REST API, gRPC u nmpyrn
uHTEepdelicn 3a 0OMEH Ha JTaHHM.

5. Cioii 3a pJaHHH
(haitnoBo/00EKTHO CHXpaHEHHE.

b6asu gannm, Elasticsearch u

6. UudpacTpyKTypeH cj10i — BUPTYaIHH MAIIMHA, BUPTYATHU
MpEXH, U3UUCITUTETHH U JUCKOBU PECYPCH.

7. Caoii 3a CHUTYpHOCT — YIOCTOBEpsiBaHE, KOHTPOJI Ha
JIOCTBIIa, KPUIITHPAHE, 3alIUTHI MEXaHU3MU U MOHUTOPUHT.

8. Cnoii 3a ynpasJjieHHe U HaOJI0leHHMe — HNHCTPYMEHTHU 3a
MOHHTOPHHT, BU3yaJIH3allHs U yIpaBlIeHHe Ha HHPpACTPYKTypaTa.

Tazu MHOrocjaoWHa apXUTEKTypa I03BOJISIBA  OTACIHHUTE
KOMITOHEHTH Aa OBbJaT pa3BUBAaHH HE3aBUCUMO H IIOCTEHNEHHO Ja
OBIaT MHTETPUPAHH B MO-TOJIIMa 001auHa HHPPACTPYKTYpa.

B TO03u cMHCHI paboTHaTa CTaHLIMS Ha aHaIM3aTopa IIo
KHOEPCUT'YPHOCT TIPENCTaBIsiBa HE CaMO KpailHO MOTPEeOHTENCKO
YCTPOMCTBO, a (PyHKIMOHAJIEH BB3EN B CHCTEMa 3a CIIOJENICHO
U3I10J13BaHe HA MH(POPMALMOHHH PECYPCH.

Ilpunosicumocm na apxumeKkmypnus mMooen 6 oonacmma Ha
omoépanama u cuzypnocmma

IIpennoxxeHUSAT apxXUTEKTYpeH MOJEeT MOXKe Ja HaMepH
TIPUIIOKEHHE B CPEIH, B KOWTO € HEOOXOMMMO B3aMMOeHCTBHE
MEXAy Ppa3UdHH T0TpeOuTend, WH(GOPMAIMOHHH CHCTEMH H
CTIEIMAIN3UPAHH 3BEHA.

Cpell OCHOBHUTE HaNpaBJICHUS HA MPUIIOKCHHE U CBBP3aHUTE C
TSX YCIIyTH ca:
®  aHaJIM3 ¥ MOHUTOPUHI Ha KNOSPHHLIUJICHTH;
e  HaOmOJEHHE Ha KOMYHHKAlMOHHATA HHPPACTPYKTYPa;
e  oOMeH Ha UHGOPMALIMA MEXKY aHATUTHYHH 3BEHA;
®  I[IEHTPAIM3UPAaHO MIIM PAa3Mpesie]IeH0 YIpaBIEHHE Ha
MH(OPMALMOHHH PECYPCH;

CIIOJICJICHO M3MOJI3BaHe Ha 0a3u JaHHU M TIPHIIOKESHUS,
JIUCTAHIIMOHEH JIOCTBII bi (o)

MH(OPMALMOHHH PECYPCH;

crienuajin3nupaHu

MOATIOMAaraHe Ha MPOIIECHUTE 1T0 B3eMaHe Ha yIPaBICHCKU
pelreHus;

MHTETPUpaHE Ha CHIIECTBYBAIIN IIPHIOKEHUS B 00JIaTHO-
OpHeHTHpaHa HHPACTPYKTypa.

Oco0eHo 3HaueHNE NMa BB3MOXKHOCTTA apXUTEKTypara Jia Oble
pasmmpsiBaHa uYpe3 go0aBsHE Ha HOBH BHPTYalHH MAIIHHH,
KOHTEHHEpU3UPaHU NPHIOKEHHS WM MHKpocepBHCH, 0e3 npa ce
Hajara IsI0CTHO MPECTPYKTYpUpPaHe Ha ChIIECTBYBAIllaTa Cpe/a.

ToBa cb3maBa MpeANOCTaBKM 3a IIOETallHA MUTpalUs Ha
CBIECTBYBAIlM TPHUJIOKEHUS] KbM OONAauHM YCIOYyTH U 32
PEHIDKCHEPHHT Ha MPHJIOKEHHATA C [eJ1 NOBHIIaBaHE Ha TAXHATA
OIlepaTUBHA CHBBMECTHMOCT U Mal[abMPyEeMOCT.
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IlpennokeHUAT  Mozed  ChOTBETCTBA  HA  OCHOBHHTE
HampasieHus Ha 3anada 1.2.7 ,,061a4HM TEXHOJIOTHU M CUCTEMH 3a
CBbBMECTHa paboTa C NMPHUJIOKEHHE B OTOpaHaTa Ha Abp)KaBaTta U
CUT'ypHOCTTA Ha 00LIECTBOTO .

[TepBOTO HampaBieHHE € CBBP3aHO C aHAJIM3a Ha OOJIAuHHTE
apXUTEKTYPH M CHBPEMEHHHUTE IIEHTPOBE 3a JaHHU. B pa3spaborkara
ca pasriefaHd BHPTyaIW3HpaHU Cpeld, BHPTYaIHH CBPBBPH,
KOHTelHepHu3alysi, OpKecTpalus U pa3IMyHd [OAXOOU 34
yIpaBlIeHHe Ha U3UUCIUTEHN U HHPOPMALMOHHU PECYPCH.

BTopoTo HampaBieHHE € M3TpaKJaHeTO Ha MH(OpPMalHOHHO-
KOMYHHUKAI[MOHHA CpeZia 3a ChbBMECTHa pabora. Ta3u BB3MOMKHOCT
ce peaqu3upa 4pe3 HMHTErpHpaHe Ha KOMYHHKAlMOHHH YCIYTH,
YCIOYTH 3a JOKyMEHTOOOOPOT, €JIIEKTpPOHHAa Ioma, OOMEH Ha
(aiiyoBe, cHeOUANM3UpPAHN TPWIOKEHUS U CTaHIapTU3UPAHU
nporpaMHH HHTepdeiicH.

TperoTro HampaBieHHE € pPa3pabdOTBAaHETO Ha IPOTOTHII Ha
apXUTEKTypa 3a CIIOJeJICHO W3MOJI3BaHe Ha HH(OPMAIMOHHH
pecypcu M IoJroMarale Ha ynpasieHckus npouec. [IpencraBenara
apXHTEKTypa Ha pabOTHATa CTAHLHA U BUPTyaJIun3HpaHaTa cpena
MoOXe na Oble pasriekaaHa Karo (YHKIMOHAIEH KOMIOHEHT Ha
TaKbB IPOTOTHIIL.

B T03u cMuCHI pa3paboTKaTa He ce OrpaHHYaBa 0 TEXHHYECKO
OINMCaHKe Ha OT/EeNIHA pabOTHA CTAaHIMS, a IIPEICTaBs IIPHHINIHN 32
HEWHOTO WHTETpUpaHe B IIO-IIMPOKAa O0OJAYHO-OpPUEHTHpaHa
apXUTEKTYypa.

3axknrouenue

B Hacrosmms JOKIAA € NpeICTaBeH pa3paboTeH BapHaHT Ha
TEXHUYECKa U CO(TyepHa apXUTEKTypa Ha paboTHA cTaHUHUS 3a
aHanM3 Ha KHOEPUHLMICHTH, PasriekJaHa KaTo KOMIIOHEHT Ha
00J1a4HO-OPHEHTHPAHA cpella 32 ChbBMECTHAa paboTa M CIIOJENICHO
U3II0J13BaHe HA MH(POPMALUOHHH PECYPCH.

AHamM3bT TImoKa3Ba, Y€ KOM6HHaHI/IHTa OT BUpPTYyaJIu3alus,

KOHTEeHHepH3anus, CTaHIapTH3UPAHU KOMYHUKAI[HOHHI
UHTepQElcH, CpeACTBa 3a yNpaBICHWE HAa JAHHW M HWHTETPUpPAHU
WHCTPYMEHTH 33  KHOEpPCHTYpHOCT  Cb3JaBa  IOJXOAAIIA

TEXHOJIOTHYHA OCHOBA 3a M3rpaXkJaHe HAa I'bBKABH WM Pa3IIMPSIEMU
MH()OPMAIIMOHHO-KOMYHHUKAIIOHHHU CPE/IN.

B apxurtekTypara ca onpeaeneHn TeXHHIeCKUTe U copTyepHHTE
KOH(UTrypalyy, KOMyHHKAIIMOHHUTE MHTepdeiich u MexaHu3MuTe
3a BBIpEIIHA OllepaTHBHA CBHBMECTHMOCT. Pasrmemanm ca
BB3MOXKHOCTHTE 33 MHTEIPHpPaHE Ha BHUPTyalHH MallWHH,
KOHTCHHEPU3UPaHN TNPUIOKEHUS U MHKPOCEPBHUCH IOCPEICTBOM
REST API wu gRPC. [IlpenBumeHn ca TEeXHIUIOTHH 3a
YJIOCTOBEPsIBaHE, KPUITUPAHE ¥ MOHUTOPHHI, KOMTO JIONPHUHACSAT
3a MOBHIIIaBaHE HA CUT'YPHOCTTA M HAJICKIHOCTTa Ha cpejiara.

Unrerpupanero Ha Security Onion W crHenUalu3upaHUTe
cpencrtBa 3a ananu3 — Elasticsearch, Snort, Suricata, Zeek, Wazuh u
JPYTH — 1103BOJIsIBa (JOPMHUpaHEe Ha Cpela 3a ChbOMpaHe M aHAIU3 Ha
MH(pOpMaNUs 3a CHOUTHATA 110 KHOEPCUTyPHOCTTA.

ColuecTBeH pes3ynaraT OT pa3pabOTKaTa € IPUJIAraHeTo Ha
ApXHUTEKTYpeH IOAXOA, IPH KOHTO pabOTHATa CTAaHIMSA HE ce
pasriexaa KaTo U30IMpaHa KpaifHa CHCTEMa, a KaTo KOMIIOHEHT Ha
BHPTyaIM3UpaHa M  OO0JNAYHO-OPHEHTHPaHA HH(MOPMAIMOHHO-
KOMYHUKAllMOHHA cpefga. ToBa TMo3BoisABa  CHOZAENsHE Ha
MH(QOPMALIMOHHU PECYpCH, HHTETPHpPAaHE Ha CIENUAIN3HPAHU
NPWIOKEHUSI M pealn3upaHe Ha CbBMECTHa padoTa Mexay
pa3IUYHU MOTPEOUTENH U (PYHKIIMOHAIHU 3BEHA.

IMpemmoxenure TexHHYeCka U COPTyepHa apXUTEKTYpHH
KOH(QUTYpalluuM Ch37aBa OCHOBA 3a ITOCJIE/BAIIO NMPOTOTUIIMPAHE
Ha CHCTEMa 3a CIIOJENICHO U3IOJI3BaHe Ha HMHGOPMAIUOHHU
pecypcH | IOZIIOMaraHe Ha YIpaBJICHCKHs Ipolec B o0iacTra Ha
oTOpaHaTa M CHTYpHOCTTa. TSI MO3BOJISIBA MOETAITHO MHTETPUpPaHE
Ha CBIIECTBYBAIUM TPHUIOKEHHUS, BKIIOYUTEIHO 4Ype3 TAXHOTO
pEHMH)KEHEPHPAHE U afaNTUPaHe KbM 00JIauHO-OpPUEHTHPAH MOJEN.
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B pesynrar paspaborkara KbM OCHOBHHTE
pesynratu Ha 3agaya 1.2.7 upes:

JIoIIpUHacs

aHaNU3 U CTPYKTypHUpaHe Ha apXUTEKTYpHM PEIICHHUS 3a
BUPTYyalIM3UpaHa U 00JIaYHO-OPUEHTHPAHA CpeJia;
ompezeNsHE HAa KOMIIOHEHTH Ha HH(POPMALHOHHO-
KOMYHHKAI[OHHA CpeJia 3a ChbBMECTHA paboTa;
pa3paboTBaHE Ha apXHTEKTYpeH MOJEN 3a CIIOJETICHO
M3I0JI3BaHe Ha HH(OPMAIMOHHH PECYpCH;

oIpesieNsTHe Ha MEXaHN3MH 3a OIlepaTHBHA ChbBMECTUMOCT
MEX][y KOMIIOHEHTHTE;
UHTETpUpaHEe Ha  CpeJICTBa
MOHHUTOPHHT H aHAJIH3;

3a  KHOepCHTypHOCT,
Chb3/laBaHE Ha AapXUTCKTYpHAa OCHOBAa 3a IIOCIIE/BAILO
pa3paboTBaHe Ha IPOTOTHI Ha CHCTEMa 3a ITOJIIOMaraHe
Ha yIpaBJIEHCKHS IPOIIEC.

Ilo To3M HaumH mpeANoKEeHaTa ApPXUTEKTypa MpeICTaBIIsiBa
TEXHOJIOTHYHA OCHOBA 3a pa3BUTHE HAa CUTYPHHU, MaIlabUpyeMH U
UHTETPUPAHU UH(OPMAIMOHHO-KOMYHHKAIIMOHHH cpenu,
NPWIOKHMH KBM CBBPEMEHHUTE M3UCKBaHHMS Ha oOTOpaHarta u
CHT'YpPHOCTTA.

bnazooapnocmu

JoxnanbT e HanucaH OnarogapeHue Ha (UHaHCHpaHe OT
MuHHCTEPCTBO Ha 00pa3oBaHMETO M HayKaTa B HM3IIBIHCHHE Ha
HaronasnHara cTparterus 3a pa3BUTHE Ha HAy4YHHTE W3CIICABAHUS
2017 — 2030 no Haummownanna Hay4yna mporpama ,,CHTYpHOCT U
orOpana®, mpuera ¢ pemienne Ha Munnctepcku cbeT Ne 731 ot 21
oktomBpu 2021 r.
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Abstract—A practical maturity assessment is required before resource-constrained enterprises invest in smart and intelligent
manufacturing. This paper proposes and demonstrates a compact method for micro and small enterprises in furniture and wood processing.
Thirty questions assess fifteen capability areas grouped into People, Processes and Technologies on a 0—4 scale. Area, dimension and
overall scores are complemented by a target gap and a priority index that combines business relevance and implementation complexity. A
Google Sheets prototype implements transparent calculations, rule-based recommendations and an optional generative-Al layer that
converts validated scores into structured initiatives. In an illustrative application to an 8—10-person furniture enterprise, the overall maturity
index was 1.2/4; People scored 1.7, Processes 1.1 and Technologies 0.8. The resulting roadmap prioritizes downtime coding, production-
order traceability, machine-data collection and MES-light functions before advanced analytics. The contribution is an evidence-based,
dependency-constrained mechanism that converts maturity scores into prioritized and measurable transformation initiatives.

Keywords—MSE; Maturity Assessment; Industry 4.0; Smart Manufacturing; Intelligent Manufacturing; Furniture Production; Roadmap;

Generative Al.

1. Introduction

Micro, small and medium-sized enterprises (MSMES) rarely
begin digital transformation with integrated information systems
and dedicated teams. Furniture and wood-processing enterprises
commonly combine partially automated machines, operator-
dependent knowledge and fragmented production records. A
maturity assessment is therefore needed to identify prerequisites,
capability gaps and feasible investment sequences [1]-[4].

Readiness indicates whether transformation can start, whereas
maturity describes the achieved capability level and the next
development step [1], [2]. Existing models provide valuable
strategic and technological perspectives [2]-[7], but their direct
application may be demanding for micro enterprises. This study
adapts their logic into a short, evidence-oriented instrument and
asks: (1) how can maturity be measured transparently with limited
effort; (2) how can weak capabilities be converted into prioritized
initiatives; and (3) how can generative Al improve explanations
without replacing deterministic scoring and rules?

The instrument is optimized for micro and small enterprises,
where organizational roles are compact and assessment resources
are limited. It may also serve as a preliminary diagnostic instrument
in medium-sized enterprises, but transfer to more complex
organizational structures requires additional validation and, where
necessary, extension of the capability set.

2. Methodology and Model Design

The method was developed by comparative synthesis of
representative readiness and maturity models and by translating
recurring requirements into a sector-specific design: low
complexity, actionability, people—process-technology balance,
roadmap support and furniture-sector fit. The result comprises 15
capability areas and 30 questions. Each assessment answer must be
supported, where possible, by observable evidence such as order
records, downtime logs, machine signals, maintenance schedules,
work instructions or dashboards. The sector-specific capability
selection and enterprise constraints were adapted from the broader
methodological and experimental work reported in [9].

2.1. Design requirements derived from existing models

The reviewed approaches contribute complementary elements.
IMPULS provides an accessible readiness profile [2]; the PwC
framework connects transformation with the digital-enterprise
strategy [3]; the Acatech index describes progression from
computerization and connectivity toward visibility, predictive
capability and adaptability [4]; Ganzarain and Errasti and the
VDMA guideline emphasize staged implementation in SMEs [5],
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[7]; and Schumacher et al. and Akdil et al. demonstrate
multidimensional and strategy-oriented assessment [6], [10].
However, their direct application in micro-enterprises is constrained
by extensive questionnaires, reliance on expert-based weighting,
assumptions regarding integrated information systems, and limited
guidance for translating assessment results into affordable
improvement initiatives.  Smart-manufacturing  architectures
additionally clarify the role of connected assets and data-driven
services [8], while recent furniture-sector research demonstrates the
value of real-time Industry 4.0 implementation for operational and
energy performance [12].

Five requirements were consequently adopted. First, the
assessment must be completed during a short facilitated workshop.
Second, every score must be traceable to observable evidence.
Third, technology must be evaluated together with organizational
and process prerequisites. Fourth, weak areas must be linked to
concrete initiatives, dependencies and measurable effects. Fifth, the
resulting roadmap must respect the investment capacity and
operational specifics of furniture production, including customized
orders, variable batch sizes, machine retrofits, dust extraction and
electrical power constraints. The resulting dimensions, capability
areas and assessment purposes are summarized in Table 1.

TABLE 1. Structure of the proposed assessment model

Dimension Capability areas Assessment purpose
Leadership and strategy; Management
People operator skills; digital skills; commitment,
P improvement culture; competence and
maintenance roles organizational capacity
Standard operations; N~
. N . Standardization,
Processes production orders; downtime traceability and

management; quality control,

- rocess control
planned maintenance P

Machine automation; data
collection; connectivity;
MES/operations systems;
analytics and prediction

Automation, data
infrastructure and
decision support

Technologies

Each capability area j is assessed by two questions on a five-
point scale: O—absent; 1—ad hoc; 2—basic/local; 3—
systematic/standardized; and 4—optimized/data-driven. The area
score C; is the arithmetic mean of its two question scores.
Dimension scores and the overall index M are arithmetic means of
the relevant area scores. Equal weighting is used in the basic
version to retain interpretability; optional weights may be
introduced only after stakeholder agreement. The ordinal scales
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used to determine business relevance and
complexity are presented in Table 2.

implementation

TABLE 2. Ordinal scales used for prioritization

Value Business relevance Bj Implementation complexity Kj
1 Limited effect Low: local change
2 Moderate performance Medium: training or limited
effect integration
3 High safety, delivery, High: major investment or

quality or cost effect organizational change

For a 12-month target T;, the gap is G; = max(0, T; — Cj), and
the priority index is P; = Gj x B;j / Kj. A large gap with high
relevance and low or moderate complexity therefore receives early
attention. The 12-month targets are agreed in the third workshop
using strategic need, available budget, technical dependencies and
feasible implementation effort; they are planning values rather than
universal benchmarks.

The seven maturity bands—traditional (0-0.5), digitized (>0.5—
1.0), connected (>1.0-1.5), visible (>1.5-2.0), managed (>2.0-2.5),
optimized (>2.5-3.25) and smart (>3.25-4.0)—provide a pragmatic
interpretation derived from the staged transformation logic adapted
from the reviewed maturity models [2], [4], [5], [7]- The unequal
upper intervals reflect the broader organizational change required
for optimization and smart operation. These thresholds are not
statistically calibrated and will be tested in future multi-company
validation.

2.2. Assessment procedure

The procedure is organized in three working sessions. The first
session characterizes the enterprise: product families, production
routes, critical machines, recurring disturbances, available records
and strategic objectives. The second session scores the 30
questions. The owner or manager, production supervisor and a
representative operator discuss each answer and attach evidence.
When evidence is unavailable, the score is treated as provisional
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and the missing record becomes an improvement need. The third
session validates target levels, business relevance and complexity,
reviews the automatically calculated priorities and assigns owners
to accepted initiatives.

This separation reduces two common sources of bias. It
prevents a modern isolated machine from raising the perceived
maturity of the entire production system, and it prevents a low
global score from concealing useful local capabilities. It also makes
disagreement explicit: if assessors provide different ratings, they
must compare evidence and record the agreed score. Future
validation will quantify inter-rater agreement, but the facilitated
evidence rule already improves auditability in the pilot version.
Two representative downtime-management questions and their
evidence criteria are provided in Table 3, while the complete
assessment-to-roadmap workflow is summarized in Fig. 1.

TABLE 3. Example questions and evidence for downtime management
Question Scoring evidence

0: no record; 1: informal notes; 2: local
spreadsheet/form; 3: systematic digital log;
4: integrated event capture and analysis

Are downtime events
recorded using
standardized reason
codes?

Are downtime causes
reviewed and converted
into actions?

0: never; 1: reactive discussion; 2:
occasional review; 3: regular Pareto/KPI
review; 4: closed-loop improvement with
verified effects

3. Transparent Digital Implementation

The prototype is implemented in Google Sheets using nine
linked worksheets: Input Data, Questionnaire, Maturity
Assessment, Recommendation  Rules, Al Prompt, Al
Recommendations, Roadmap, Dashboard and Lists. Spreadsheet
formulas calculate C;, M, G; and P;, while conditional formatting
visualizes capability gaps. This design allows users to inspect the
calculation path and adapt target levels without a proprietary

platform.
0 60—
BUILD MATURITY APPLY RULES AND DEVELOP
PROFILE CONTEXTUALIZE ROADMAP
e {e R
© r

e Visualize strengths
and gaps

© Apply deterministic
rules

e Prioritize by gap and
relevance

e Confirm the current e Use Al only for ® Respect dependencies

maturity band contextualization and feasibility
e Validate ® Assign horizons,
recommendations owners and KPls
2 TN J

| 1 7

REASSESS PERIODICALLY AND TRACK IMPROVEMENT

[ PURPOSE: Connect evidence-based maturity scores to feasible, measurable transformation initiatives. J

Fig. 1. Workflow of the assessment and roadmap method.

In this study, MES-light denotes a deliberately limited set of
manufacturing operations functions suitable for a small enterprise:
order and operation tracking, machine-status and downtime
registration, basic quality and maintenance records, and KPI
dashboards. It does not imply a full-scale MES with comprehensive
ERP, warehouse, genealogy and enterprise-wide integration.

The rule layer provides the safety and consistency boundary.
For example, a downtime-management score below 2 triggers
downtime codes and weekly Pareto review; a data-collection score
below 2 triggers machine-state, runtime, alarm and selected
electrical-variable capture; low connectivity triggers a gateway and
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a common communication interface; and missing MES capability
triggers order and operation tracking through MES-light
functionality. If analytics is absent, rules first require reliable data
archiving and KPI dashboards instead of directly recommending
advanced Al. Representative conditions, rule-based initiatives and
verification indicators are listed in Table 4.

Generative Al is an optional interpretation layer, not a scoring
engine. The structured prompt contains capability 1D, dimension,
current and target scores, gap, business relevance, complexity,
enterprise context and constraints. The permitted output fields are
initiative, horizon, KPI, resources, dependencies, expected effect
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and status. Rule-selected actions constrain the request, and a
manager or engineer validates every output against equipment,
budget, safety and workforce constraints before roadmap inclusion.
No confidential operational data should be transferred to an external
model without organizational authorization and appropriate data-
protection controls.

TABLE 4. Examples of deterministic recommendation rules

Expected
evidence/KPI

Rule-based initiative

Condition

Production orders | Introduce order and part Traceability
<2 identifiers; digital production = coverage
cards
Downtime Define downtime codes and Unplanned
management < 2 weekly top-cause review downtime —15%
Data collection < Capture runtime, status, Data from all
2 alarms and selected machine  identified critical
variables machines
Connectivity < 2 Install edge/gateway Connected

connectivity using a common | critical assets

interface

Analytics = 0 Build data history and basic Regular KPI
OEE/downtime/quality review
dashboards
The hybrid workflow preserves a clear division of

responsibility. Spreadsheet formulas produce the numerical profile;
deterministic rules select a bounded set of admissible actions; the
generative model reformulates these actions for the enterprise
context; and a human decision-maker approves, edits or rejects the
output. For downtime management, for example, the prompt may
contain C; = 0.5, T; = 2.0, high business relevance, low complexity,
a wide-belt sander and pellet press, no MES and a six-month
horizon. A valid output proposes downtime categories, operator
entry on an HMI or simple form, a weekly top-three-cause review
and a target such as a 15% reduction in unplanned downtime.

The requested Al response is structured rather than free-form.
Mandatory fields are initiative, rationale, prerequisite, owner,
resources, time horizon, KPI, expected effect and verification
evidence. The model is instructed not to modify scores, invent
available equipment or bypass dependency rules. Outputs that
recommend prediction without data history, autonomous control
without safety analysis, or investments outside the declared budget
are rejected. This arrangement uses language generation for
contextualization while keeping prioritization reproducible and
controllable. Recent research in the furniture sector confirms the
growing relevance of Al while also emphasizing the need for
appropriate data and organizational readiness [11].

4. llustrative Application and Results

The model was applied to an illustrative case representing a
small furniture/wood-processing enterprise with approximately 8—
10 employees, a wide-belt sanding machine and a pellet press.
Automation is partial, ERP support is absent or fragmented, no
MES is installed, and the principal problems are downtime, weak
order traceability and lack of centralized production data. The
application demonstrates calculation and prioritization; it is not
presented as statistical validation.

The overall index was 1.2/4, corresponding to the connected
range. Dimension averages were 1.7 for People, 1.1 for Processes
and 0.8 for Technologies. Operator skills (3.0) and machine
automation (2.5) provide a useful foundation. MES/operations
systems and analytics/prediction scored 0, while production orders,
downtime management and connectivity scored 0.5. The profile
therefore indicates that the principal constraint is not only
equipment age but the absence of systematic event registration,
production traceability and data exchange. The complete current-to-
target capability profile is visualized in Fig. 2, and the aggregated
assessment results are summarized in Table 5.
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TABLE 5. Summary of the illustrative assessment

Indicator Score Interpretation

Overall 1.2/4 | Connected: first links among processes, roles

maturity and production data

People 1.7/4 | Strongest dimension; skills available,
improvement culture weak

Processes 1.1/4 | Orders, downtime and  maintenance
insufficiently traceable

Technologies | 0.8/4 | Data, connectivity, MES and analytics are

major gaps

R (R oo == 2 30
Operator sl I O
Digital skills - G .0 30
Improvement culture I 1.0 20
Maintenance roles  NEEEEG_—_— 1.0 20
Standard operations | 2 0
Production orders I 0.5 20
Downtime menagement NN 0.5 20
Quality control | INEGEGE_—— .5
Planned maintenance NG 1.0
Machine automation | 0.5
Data collection | INEG_—— 1.0 20
Connectivity I 0.5 20
MES/operations | 0.0 20
20

2
Maturity score (0-4)

4.0

30

3.0
20

40

. Current

Analytics/prediction | 0.0 12-month target

0 1 4

Fig. 2. Current and 12-month target scores for all 15 capability areas.

The 15-area profile reveals an uneven transformation baseline.
Within People, operator skills are already systematic, digital skills
are at a basic level, and leadership, improvement culture and
maintenance  responsibilities  require  formalization.  Within
Processes, standard operations provide a partial foundation, but
order identifiers, downtime causes and planned maintenance records
are incomplete. Within Technologies, local automation exists, yet
the machines are not sufficiently connected and no operational
information layer consolidates their states, alarms, orders and
performance indicators. The current and 12-month target scores for
all capability areas are detailed in Table 6.

TABLE 6. Capability scores and 12-month targets

ID Capability Current Target
P1 Leadership and strategy 1.5 3.0
P2 Operator skills 3.0 4.0
P3 Digital skills 2.0 3.0
P4 Improvement culture 1.0 2.0
R5 Maintenance roles 1.0 2.0
PR1 | Standard operations 2.0 3.0
PR2 | Production orders 0.5 2.0
PR3 | Downtime management 0.5 2.0
PR4 | Quality control 1.5 3.0
PR5 | Planned maintenance 1.0 2.0
T1 Machine automation 25 4.0
T2 Data collection 1.0 2.0
T3 Connectivity 0.5 2.0
T4 MES/operations systems 0.0 2.0
T5 Analytics and prediction 0.0 2.0

The targets deliberately do not require maximum maturity in
every area. The first 12-month cycle aims at repeatable records,
visible production status and basic operational coordination.
Analytics and prediction have a nominal target of 2 only after the
prerequisite data-collection and connectivity actions are completed.
This dependency-aware interpretation is more informative than
ranking areas exclusively by score. Representative calculations
showing how the gap, business relevance and complexity determine
the priority index are presented in Table 7. A target score of 2 for
analytics denotes a basic local capability—data history, KPI
calculation and a bounded pilot—not validated predictive operation.
The 12-month target vector therefore defines the first reassessment
cycle, whereas the roadmap in Table 8 extends the transformation
sequence to 36 months.
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The values in Table 7 illustrate the rule application used in the
pilot. They are workshop-assigned planning estimates, not universal
constants. Dependencies are applied after numerical ranking;
therefore, MES-light, analytics or optimization cannot precede the
required data, connectivity and process foundations even when their
numerical priority is high. Formally, let x,, Xp and xc € {0,1}
denote selection of analytics, data-collection and connectivity
initiatives, respectively. The precedence constraints are X, < Xp and
Xa < Xc. The final implementation sequence is obtained by applying
these constraints to the numerical ranking.

TABLE 7. Example priority calculations for leading gaps
Capability

Downtime management 15 3 1 4.50
Improvement culture 1.0 2 1 2.00
Maintenance roles 1.0 2 1 2.00
MES/operations systems 2.0 3 3 2.00
Production orders 15 2 2 1.50
Data collection 1.0 3 2 1.50
Connectivity 15 3 3 1.50

5. Roadmap and Discussion

The priority index placed downtime management first because
its gap and business relevance are high while initial implementation
is inexpensive. After precedence constraints were applied to the
numerical ranking, the dependency-aware sequence continued with
improvement culture, maintenance responsibilities, production-
order tracking, data collection, connectivity and MES-light. This
ordering avoids premature investment in predictive or optimization
functions before reliable operational data exists. The corresponding
staged initiatives, implementation horizons and measurable targets
are presented in Table 8.

TABLE 8. Roadmap derived from the illustrative assessment

Horizon Selected initiatives Measurable targets

0-6 Downtime codes; order/part cards; = Unplanned downtime

months maintenance roles and schedule; —15%; traceability
machine-data capture & archiving; = >50%; data from all
gateway connectivity; initial MES-  identified critical
light tracking; basic dashboards machines

6-18 12-month digital plan; HMI/data Stable weekly

months training; standardized operations; reviews; improved
structured quality-event log; quality and schedule
systematic KPI reviews adherence

18-36 Competence matrix; retrofit of Expanded

months critical machines with PLC/ HMI/ | connectivity;

VFD and protection; validated
analytics and optimization

predictive and
optimization pilots

The application shows why an overall score alone is
insufficient. A company can possess skilled operators and locally
automated machines yet be unable to coordinate orders or leverage
production data. Separate capability scores expose these
asymmetries and connect them to proportional investments.
Reassessment after each improvement cycle establishes a baseline-
to-target comparison and turns the roadmap into a living
management instrument.

The roadmap links maturity development with operational
evidence. Downtime codes and weekly analysis should reduce the
frequency and duration of recurrent stoppages. Production cards and
consistent identifiers should increase the percentage of orders and
parts that can be traced through processing. Machine connectivity
should increase the proportion of critical assets that report status
and alarms. MES-light functions should improve order-progress
visibility and schedule adherence. Only after these indicators
stabilize should the enterprise pilot forecasting, predictive
maintenance or optimization-based scheduling. The percentages and
coverage levels in Table 8 are planning targets; they have not yet
been verified through a longitudinal post-implementation
assessment.
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Repeated assessment is essential. After each six- or twelve-
month cycle, the same evidence criteria and formulas are applied,
current values are compared with the baseline, and targets are
revised. Improvement is accepted only when a higher maturity score
is accompanied by implemented practices and observable evidence.
This prevents maturity inflation caused by planned but incomplete
investments.

The method has limitations. The example is illustrative;
business relevance and complexity are partly expert-assigned, and
the questionnaire has not yet been statistically validated. Inter-rater
agreement, sensitivity to weights, repeatability and correlation with
operational indicators—Ilead time, utilization, setup loss, downtime,
energy use and rework—must be tested across additional
enterprises. Generative Al outputs also require controlled prompts,
structured outputs and human approval.

Further case studies should include enterprises of different sizes
and equipment mixes. Content validity can be assessed by panels of
automation, production management and furniture-sector experts;
reliability can be investigated through repeated scoring and inter-
rater statistics; and criterion validity can be explored by relating
maturity changes to OEE, lead time, quality loss and specific energy
consumption. These steps are required before the model can be used
for external benchmarking.

6. Conclusion

A compact maturity assessment can provide a credible entry
point to smart and intelligent manufacturing for resource-
constrained furniture MSEs. The proposed method makes its
structure and calculations explicit: 30 questions assess 15
capabilities on a 04 scale; current-to-target gaps are combined with
business relevance and complexity; deterministic rules select
feasible actions; and generative Al is limited to contextualized,
human-validated explanations. The illustrative application produced
an overall score of 1.2/4 and a prioritization consistent with the
predefined rules: ftraceability, downtime management, data
collection, connectivity and MES-light foundations precede
advanced analytics. Future work will validate the instrument in
multiple enterprises and link maturity improvement to operational
and energy performance indicators.
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Abstract—This paper presents an implemented prototype of the ontoEnMS ontology, which formalizes selected 1SO 50001 energy-
management knowledge and connects it with manufacturing and measurement contexts. A hybrid METHONTOLOGY/NeOn workflow is used
to develop an OWL 2 DL TBox and an enterprise ABox. The model represents energy reviews, significant energy uses (SEU), energy
baselines (EnB), energy performance indicators (EnPl), operational control and improvement actions. Alignment hooks connect ontoEnMS
with an author-developed IEC 62264-based OntoMES model and SOSA/SSN without asserting unjustified class equivalence. The prototype is
checked in Protégé 5.6.4 through HermiT/Pellet consistency reasoning and four competency questions implemented as SPARQL query
patterns. An industrial mining-and-processing ABox links production units, equipment, electricity meters, observations and area-level EnPI
values. For area K2-B, 18.40 kWh/t is compared with a 17.92 kWh/t baseline, identifying a 0.48 kWh/t (2.68%) adverse deviation. SHACL
completeness constraints are specified as the next closed-world validation layer rather than reported as executed tests.

KEYWORDS: 1SO 50001, ONTOLOGY ENGINEERING, ENMS, OWL 2 DL, TBOX, ABOX, KNOWLEDGE GRAPH, SOSA/SSN, IEC
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1. Introduction and Related Work

Industrial Energy Management Systems (EnMS) integrate
measurements from meters and power-quality analysers with
PLC/SCADA, MES, ERP and IloT data. 1ISO 50001:2018 defines
the management framework for continual improvement, while 1SO
50006 guides EnPl and EnB selection [1], [2]. Neither standard
supplies a machine-interpretable domain model. Consequently,
identical terms, units, periods and asset references are often
represented differently across systems, limiting traceability and
automated analysis.

Ontologies address this gap by defining explicit classes,
relations and constraints. Previous work has demonstrated
ontology-driven energy management in discrete manufacturing [6],
while SOSA/SSN provides reusable semantics for sensors and
observations [5]. The contributions are: (1) an 1SO 50001-traceable
OWL 2 DL TBox; (2) conservative alignment with an author-
developed IEC 62264-based OntoMES model and SOSA/SSN; and
(3) an industrial ABox evaluated through competency questions and
an EnPI/EnB comparison. The approach also separates OWL
consistency reasoning from closed-world data-quality validation.

Existing energy ontologies frequently focus on buildings, device
descriptions or isolated consumption values. Manufacturing EnMS
requires a broader context: the same measured value must be related
to the organizational scope, production hierarchy, process segment,
operating state, production quantity, relevant variable and reference
period. The ontology-driven manufacturing approach in [6]
confirms the value of semantic integration, but it does not provide a
direct 1SO 50001 traceability model for energy review, SEU, EnB,
EnPI, targets and corrective actions. This gap motivates a dedicated
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management ontology aligned with, rather than merged into,
manufacturing and observation models.

Recent work further confirms the need for reusable industrial
semantics. A systematic review found that manufacturing
knowledge graphs are used mainly for knowledge fusion, while
empirical industrial validation remains limited [12]. Energy-
efficiency ontology research reports fragmented vocabularies and a
need for reusable cross-domain models [13], and SemloE
demonstrates a lightweight reuse-based ontology for an industrial
Internet-of-Everything knowledge graph [14]. Unlike these broader
models, ontoEnMS focuses on traceability from ISO 50001
management concepts to ENnPI/EnB, production hierarchy and
measurement evidence.

The research questions are therefore: RQ1—how can the main
ISO 50001 concepts and dependencies be represented in OWL 2
DL; RQ2—how can energy-management entities be connected to
IEC 62264 equipment and SOSA/SSN observations without unsafe
equivalence; and RQ3—whether a plant-specific ABox can answer
operational competency questions and expose deviations from an
energy baseline. These questions determine the ontology modules,
alignment strategy and evaluation criteria used below.

2. Ontology Engineering Method

The method combines METHONTOLOGY specification,
conceptualization, formalization and evaluation [7] with the reuse
and alignment principles of NeOn [8]. It comprises six stages:
domain analysis; TBox/ABox conceptualization, OWL 2 DL
formalization; semantic alignment; validation; and reuse in
knowledge-graph analytics. Figure 1 summarizes the workflow
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Fig. 1. Ontology engineering workflow for ontoEnMS
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Domain terms were derived from 1SO 50001, 1SO 50006 and
ISO 50015 [1]+[3]. The reusable TBox contains classes, object
properties, datatype properties and axioms; the ABox stores plant-
specific assets, observations, baselines and indicators. This
separation allows one conceptual model to be reused by multiple
plants without mixing schema and operational facts.

During specification, the scope was limited to knowledge
needed for planning, operational control, monitoring, performance
evaluation and improvement. Competency questions were defined
before formalization, so that every major relation was justified by a
need for retrieval or validation. Conceptualization produced class
hierarchies and relation diagrams; formalization translated them
into OWL 2 DL; alignment introduced explicit bridge properties;
and validation combined logical, data-quality and query-based
checks. This sequence reduces the risk of developing an expressive
ontology that cannot answer the energy manager's practical
questions.

3. TBox Formalization and Standards Traceability
Fig.2 presents a simplified ontology class diagram of the core
TBox. The central class, EnergyManagementSystem, is connected
to EnergyPolicy, EnergyReview, MonitoringMeasurementPlan, and
EnergyObjective through the object properties hasPolicy,
hasReview, hasPlan, and hasObjective, respectively. EnergyReview
identifies EnergyUse and defines EnergyBaseline and
EnergyPerformancelndicator. SignificantEnergyUse is modeled as a
subclass of EnergyUse and is linked to OperationalControl through
controlledBy, while EnergyPerformancelndicator is related to
MeteringPoint through supportedBy. EnergyObjective is connected
to EnergyTarget through hasTarget, and EnergyTarget is linked to
EnergyActionPlan through hasPlan. Finally, CorrectiveAction is
connected to Continuallmprovement through leadsTo. The diagram
therefore summarizes the principal ontology classes and semantic
relations supporting energy policy, review, performance

monitoring, objective setting, operational control, and continual

EnergyManagementSystem

improvement.

hasObjective

EnergyObjective|

J’M Target

[ EnergyTarget

EnergyActionPlan

| EnergyPolicy | | EnergyReview | +oniloringMeasurememPla+

dentifi

| EnergyUse | |

rdis:subClassOf supportedBy

SignificantEnergyUse

\ MeteringPoint |

contralledBy

| OperationalControl ‘

eadsTo
| CorrectiveAction H Continuallmprovement ‘

Fig. 2. Simplified ontology class diagram of the core TBox

Table 1 makes the standards-to-model traceability explicit. Object
properties define relations such as hasEnergyPolicy, identifiesSEU,
definesBaseline and comparedWithBaseline. Datatype properties
represent baseline and EnPI values, units and periods using typed
literals. Representative axioms are given in Listing 1.

TABLE 1. Traceability from standards to ontology elements
ontoEnMS representation

Standard
concept

Validation/operatio
n

Energy EnergyReview; OWL restriction;

review identifiesEnergyUse; definesEnPl = CQ

SEU SignificantEnergyUse = Reasoner
EnergyUse; appliesToEquipment | classification

EnB EnergyBaseline; value, unit, SHACL
reference period completeness

EnPI EnergyPerformancelndicator; SPARQL
value, unit, reporting period comparison

Monitoring | Plan, metering point, SOSA Trace to meter/asset
observation

The existential restrictions support classification and

consistency testing; they do not prove that an ABox record is
complete under OWL's open-world assumption. Missing value, unit
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or period assertions are therefore checked with SHACL shapes [9]
or SPARQL validation queries. This distinction prevents absence of
a statement from being interpreted as a logical contradiction.

The object-property model is organized into functional groups.
Structural ~ properties  link  EnergyManagementSystem  to
Organization, EnergyPolicy, EnergyManagementTeam,
ManagementReview, EnergyReview and
MonitoringMeasurementPlan.  Planning  properties  connect
EnergyReview  with EnergyUse, SEU, EnB, EnPI,
RelevantVariable, StaticFactor and ImprovementOpportunity.
Evaluation properties connect EnergyPerformanceEvaluation with
the evaluated EnPl, a generated result and BaselineComparison.
Finally, improvement  properties  link  Nonconformity,
CorrectiveAction and Continuallmprovement. Explicit domain and
range axioms are used only when they express stable semantics;
integration hooks such as appliesToArea, appliesToEquipment and
derivedFromObservation remain weakly constrained until the
external ontology is imported.

C

SignificantEnergyUse
EnergyReview C

3 identifiesEnergyUse.EnergyUse
EnergyReview C

3 definesEnPI.EnergyPerformanceIndicator
ControlledSEU = SignificantEnergyUse

M 3 hasOperationalControl.OperationalControl
EnergyUse M MeteringPoint E L

EnergyUse

Listing 1. Representative OWL 2 DL axioms

The datatype profile distinguishes numerical values from their
context. hasBaselineValue, hasEnPIValue,
hasEnergyConsumptionValue, hasTargetValue, hasActualValue,
hasDeviationValue and haslmprovementPercent use xsd:decimal.
hasStartDate and hasEndDate use xsd:dateTime. Units and periods
are currently represented by hasUnit, hasReportingPeriod and
hasReferencePeriod; controlled QUDT unit resources are planned
[10]. QuantifiedEnergyBaseline and QuantifiedEnPI are defined by
intersections requiring a value, unit and period, while proposed
SHACL shapes express the corresponding closed-world cardinality
and datatype checks.

Cardinality  constraints are applied selectively. An
EnergyManagementSystem is expected to have an energy policy
and at least one energy review; an EnergyReview identifies energy
uses and defines at least one EnPl; and a complete performance
evaluation refers to an EnPI, produces a result and includes a
baseline comparison. Excessively restrictive global cardinalities
were avoided because industrial data are often populated
incrementally. Required ABox fields are placed in SHACL shapes,
where violation severity and actionable messages can be reported
without making the ontology logically inconsistent during ingestion.

Disjointness axioms separate management activities, physical
devices, information objects and energy-use concepts. For example,
EnergyUse is disjoint with MeteringPoint, while EnergyBaseline
and EnergyPerformancelndicator remain distinct even when they
share a numerical value and unit. This prevents a reasoner from
collapsing conceptually different entities and enables provenance to
be attached separately to the baseline definition, current calculation
and comparison result.

4. Alignment and Enterprise ABox

The integration model keeps three independent TBoxes—
iec62264 tbox.owl, is050001 tbox.owl and sosa ssn.owl—and
connects them through nfme_energy abox.owl. OntoMES is an
author-developed OWL prototype that formalizes selected IEC
62264 production-hierarchy concepts—Enterprise, Site, Area,
ProductionUnit and Equipment [4], [11]. SOSA/SSN represents
Sensor, Observation, ObservableProperty and Result [5]. Alignment
uses subclass and linking properties where concepts overlap only
partially; owl:equivalentClass is reserved for demonstrably identical
semantics.
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TABLE 2. Semantic alignment patterns

ontoEnMS entity Related external Relation/purpose
enti
SEU Equipment / appliesToEquipment /
ProcessSegment appliesToProcessSegment

MeteringPoint sosa:Sensor hasMeter; point is not the

device

EnergyMeasurement = sosa:Observation rdfs:subClassOf
sosa:Observation
EnPI Observation/result | derivedFromObservation;

set calculated indicator

The enterprise ABox represents NFME, sites K1 and K2, areas
K2-A/K2-B/K2-C, production units MFC1/MFC2, mills M1-M5,
flotation rows, blowers, meters PF-P301+PF-P317 and transformers
Tr_1+Tr_36. PF_P301 is the physical ElectricityMeter and is typed
as sosa:Sensor; the separate individual MP_P301 represents the
logical MeteringPoint and is linked to the device by hasMeter.
PF_P301 measures mill M1 and produces timestamped
sosa:Observation individuals. Thus, an observation can be traversed
through its sensor and metering point to equipment, production unit,
area, SEU and energy review without conflating a measurement
location with a device.

1SO 50001 individuals are added per area. The numerical values
are anonymized representative operational values derived from the
dissertation’s industrial case study; they support ontology
population and query evaluation and are not presented as a complete
audited dataset. Baseline_K2_B_2026 has value 17.92 kWh/t and
applies to K2-B; EnPI_K2_B _2026_04_16 has value 18.40 kWh/t.
BaselineComparison links both values. The adverse deviation is
18.40 — 17.92 = 0.48 kWht, or 2.68% relative to the baseline. K2-B
milling and flotation are instantiated as an SEU that includes MFC1
and MFC2. The result is an auditable path from the indicator to
production assets and observations rather than an isolated numerical
record.

TABLE 3. Area-level energy baselines in the industrial ABox

Area Process EnB Unit

K2-B Ore processing 17.92 kWh(t

K2-A Ore crushing 2.59 kWhit

K2-C Tailings/water system 1.77 kWhit

K1-A Mining 1.38 kWh/m?

K1-B Primary crushing 0.74 plant-defined unit
K1-C Ore transport 0.30 plant-defined unit

Table 3 summarizes the baselines instantiated from the
enterprise energy review. Area identifiers retain the Latin suffixes B
and C used in the source case study. Each EnPl is calculated as the
electricity consumed by an area divided by the corresponding
production quantity: EnPl = E/G. Separate indicators are required
because the production denominators differ. K2-A, K2-B and K2-C
use tonnes of processed ore, while K1-A uses cubic metres of mined
mass. Before automated cross-area comparison, the units for K1-B
and K1-C must be confirmed in the source EnMS; the ontology
intentionally preserves these as data-quality issues rather than
silently assigning a unit.

At the equipment level, the shared ABox represents the chain
NFME — K2 — K2 B — MFC1 — MI1. The meter PF P301
observes ElectricityConsumption_M1, and an observation stores
12504 as  xsd:decimal  with  result time  2026-04-
16T08:00:00+03:00. Electricity-supply relations add transformer
and 6-kV switchgear context. This permits queries by production
hierarchy, measurement chain or electrical feeder and avoids
duplicating equipment definitions inside ontoEnMS.

The production hierarchy also preserves different aggregation
levels. NFME is typed as Enterprise; K1 and K2 as Site; K2-A, K2-
B and K2-C as Area; and MFC1/MFC2 as ProductionUnit. MFC1
contains mills M1-Mb5, flotation rows FR1, FR2, FR4 and FR7, and
blowers VD1, VD2 and VD4. Equipment-to-meter and suppliedBy
relations enable an EnPl deviation to be investigated first by
production unit and subsequently by individual asset or electrical
supply section. This graph structure is particularly useful when one
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meter supplies several assets or when an area indicator aggregates
multiple observations.

The ABox population pattern is deliberately modular. The
TBoxes contain no  enterprise  individuals, = whereas
nfme_energy_abox.owl imports the three domain models and holds
only individuals, assertions, observations, baselines and indicators.
New plants can create their own ABox without copying the class
definitions. Likewise, changes in a sensor identifier or production
hierarchy do not require modification of the 1ISO 50001 TBox. This
division supports version management and preserves provenance
across model updates.

5. Validation and Industrial Evaluation

The prototype was evaluated across four categories—syntactic,
logical, semantic, and query-based—while SHACL closed-world
validation was specified but not executed. The RDF/OWL model
and namespace declarations were inspected in Protégé 5.6.4.
HermiT and Pellet were used locally for consistency, class-
satisfiability, disjointness and inferred-classification checks; the
ontology remained consistent and the tested named classes were
satisfiable. ~ Semantic  evaluation  examined  terminology
correspondence, class separation, relation direction, domain/range
compatibility and traceability to the selected ISO 50001 concepts.
Four SPARQL query patterns were executed against the populated
NFME ABox: CQ1 identifies an SEU; CQ2 retrieves an EnPI
linked to equipment; CQ3 identifies metering devices and
observations for a production area; and CQ4 retrieves EnPI values
exceeding their EnB. Cross-domain traversal forms part of the
query-based interoperability check. The paper reports the retrieved
individuals, but exact ontology metrics, reasoner logs and a public
repository remain future reproducibility deliverables.

# enms: denotes the local prototype namespace
SELECT ?enpi ?value ?baseline ?baseValue ?area
?unit
WHERE {

?enpi a enms:EnergyPerformanceIndicator ;
enms:haseEnPIValue ?value ;

enms:appliesToArea ?area ; enms:hasUnit ?unit ;

enms : comparedWithBaseline ?baseline .

?baseline enms:hasBaselineValue ?baseValue ;

enms:appliesToArea ?area ; enms:hasUnit ?unit .

FILTER(?value > ?baseValue)
}

Listing 2. Simplified CQ4 query pattern for EnPl-over-baseline detection

CQ4 returns the K2-B indicator because 18.40 kWh/t exceeds
17.92 kWh/t for the same area and unit. It demonstrates a direct,
non-normalized comparison; production deployment additionally
requires temporal applicability and relevant-variable checks. The
displayed query is abbreviated for presentation: the prefix
declaration is omitted because the current prototype uses a local
namespace that must be replaced by a persistent IRI before
publication. A production implementation should also verify
compatible reporting/reference contexts and use QUDT unit
identifiers rather than free-text unit strings [10]. Proposed SHACL
shapes require every EnergyBaseline to have a numeric value, unit
and reference period, and every observation to have a sensor,
observed property, result and timestamp. These constraints
complement, rather than replace, OWL reasoning.

TABLE 4. Validation results and planned checks

Check Mechanism Result / status

Syntax Protégé 5.6.4 Valid RDF/OWL and namespaces - passed

Logic HermiT; Pellet Consistent; tested named classes satisfiable
— passed

CQ1 SPARQL pattern = Expected SEU individual retrieved

CQ2 SPARQL pattern | Expected EnPl/equipment context retrieved

CQ3 Graph/SPARQL MP_P301, PF_P301 and observation
retrieved

CQ4 SPARQL pattern | Expected K2-B comparison returned

Data SHACL shapes Specified; execution report is future work

quality



MACHINES. TECHNOLOGIES. MATERIALS. vol 2, 2026

Table 4 distinguishes executed checks from planned validation.
HermiT and Pellet can infer that every SignificantEnergyUse is an
EnergyUse and detect an individual asserted simultaneously as
disjoint EnergyUse and MeteringPoint. They cannot, by the absence
of a triple alone, conclude that an EnergyReview record is
incomplete. Conversely, SHACL can report a missing unit or
timestamp after the shapes are executed, but it does not perform
OWL class classification. Competency questions assess whether the
combined schema and ABox answer domain needs, while graph
traversal demonstrates cross-model traceability.

Execution of the four query patterns against the populated
NFME ABox produced the expected individuals. CQ1 returned
SEU_K2_B_MiillingFlotation and its associated area and production
units. CQ2 followed the SEU/equipment relations to retrieve the
K2-B EnPl and MFC1/MFC2 context. CQ3 traversed from K2-B
and M1 through MP_P301 to the physical meter PF_P301 and its
SOSA observation. CQ4 returned EnPl_K2 B 2026 04 16
because 18.40 kWh/t is higher than the 17.92 kWh/t baseline. These
locally obtained results support management-level and equipment-
level navigation; independent repetition requires publication of the
ontology, ABox and complete query files.

For a robust CQ4 implementation, value comparison is
performed only after verifying unit compatibility and matching the
indicator scope with the baseline scope. The reporting period and
reference period are not assumed to be identical: the former
identifies the current assessment interval, while the latter records
the interval from which the baseline was established. Relevant
variables and static factors can be attached to both the baseline and
evaluation context, preparing the model for normalized EnPI
calculations required when production load or operating conditions
change materially.

Data-quality validation targets the ingestion boundary. A
baseline shape requires exactly one decimal value, at least one unit
and one reference period. An EnPl shape requires a decimal value,
unit, reporting period and link to its applicable area. An observation
shape requires madeBySensor, observedProperty, hasSimpleResult
and resultTime. A comparison shape verifies links to both EnPI and
EnB and stores the calculated deviation. Violations are reported as
incomplete operational records rather than logical contradictions, so
acquisition can continue while corrective data-governance actions
are initiated.

The evaluation demonstrates functional coverage and
traceability, but it is not yet a scalability benchmark. The current
ABox is a representative industrial model; reasoning time,
streaming update latency and large-volume observation storage
remain future evaluation tasks. High-frequency observations should
remain in a time-series store, while the knowledge graph maintains
selected observations, context and provenance.

The present evaluation also has three boundary conditions. First,
ontoEnMS formalizes selected 1SO concepts and relations; it does
not certify organizational conformity with 1SO 50001. Second, the
case values illustrate ontology population and query behaviour and
are not a complete energy audit. Third, persistent ontology IRIs, a
public repository, published model metrics and an executable
SHACL report are required for independent reproduction. These
limitations define concrete deliverables for the next implementation
cycle.

Versioning is particularly important for EnB and EnPl. A
baseline is not only a number; it has an approval state, reference
period, applicability scope, unit, relevant variables and possible
adjustment history. When equipment is replaced or the production
structure changes, a new baseline individual should be created
instead of overwriting the previous one. The same principle applies
to indicator definitions. Linking every calculated EnPl to the
version of its definition and baseline makes historical comparisons
reproducible and supports an auditor in establishing why a result
was accepted at a specific time.

Provenance should distinguish measured, calculated, asserted
and inferred statements. Sensor observations originate from a
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metering device; production quantities may originate from MES or
laboratory records; EnPl values are calculated from identified
inputs; and reasoner classifications follow from ontology axioms.
Source system, import time and transformation rule can therefore be
retained as provenance metadata when the ABox is updated.

The conservative alignment strategy improves maintainability.
Declaring MeteringPoint equivalent to sosa:Sensor would
incorrectly identify a logical measurement location with a physical
or virtual sensing device. Similarly, an EnPl is normally a
calculated indicator and not simply an ObservableProperty, while
an SEU may correspond to equipment, a process, an installation or a
combination of assets. Bridge properties preserve these distinctions
and still permit integrated queries. Strong equivalence can be
introduced later for particular subclasses only when necessary and
sufficient semantic correspondence has been established.

Taken together, the case study answers the three research
questions. RQ1 is addressed by the OWL 2 DL TBox and the
standards-traceability mapping. RQ2 is addressed by modular
imports and bridge properties connecting IEC 62264 and
SOSAJ/SSN contexts without broad equivalence assertions. RQ3 is
addressed by the enterprise ABox, competency queries and the K2-
B baseline comparison. The presented results provide preliminary
evidence of semantic feasibility and functional usefulness, while
independent reproduction, quantitative scalability and live-system
integration remain subjects for subsequent work.

6. Conclusion

The ontoEnMS prototype transforms selected 1SO 50001
concepts into a reusable OWL 2 DL schema and connects them to
enterprise facts through a shared ABox. Its scientific contribution is
the explicit standards traceability, conservative cross-ontology
alignment and separation of open-world reasoning from closed-
world data validation. The NFME case shows how EnPI/EnB
comparison can be traced to production areas, equipment, meters
and observations. Future work will publish the ontology and

SHACL profile  with  persistent IRIs, report exact
class/property/axiom/ABox metrics, execute and publish the
SHACL validation report, evaluate query and reasoning

performance, replace textual units with QUDT resources, and
connect the model to live OPC UA data and hybrid Al modules.
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Abstract: This article presents information about methods for evaluating the permeable materials based on metal powders mechanical and
filtration properties. It describes methods for determining the permeability coefficient and local permeability coefficient, filtration fineness,
and shear strength of powder materials, assessing the sintering quality of composite permeable materials containing fibers, and testing for
strength under operating pressure differentials (up to 1 atm). The role of 3D-modeling in improving the efficiency of research is highlighted,
enabling the rapid development and manufacture of fixtures for hermetically sealed specimens as their shape and size change.
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1. Introduction

Permeable materials based on metal powders have found
widespread use in various fields of technology to solve a variety
of problems, including the purification of liquids and gases from
impurities, flame suppression, noise reduction, dispersion of
liquid and gas flows, capillary transport in heat exchange
devices, implantology, intensification of chemical processes,
and other purposes [1-3]. The most frequently used materials in
practice are those classified [4] as filtering materials. The
operation of this group is characterized by the presence of
excess pressure applied to the gas or liquid, as a result of which
the latter, passing through pore channels, are purified,
homogenized, separated, mixed, and distributed over the
filtration surface. The creation and development of powder filter
materials (PFM), like any permeable materials, is impossible
without studying their properties [5]. There are a fairly large
number of parameters, the combination of which provides a
complete understanding of the properties of a porous material
[6-8]. However, this is a rather labor-intensive and time-
consuming process. At the same time, a preliminary, rapid, and
high-quality results assessment of a given operation allows us
to reduce research time, clarify its direction, and determine the
feasibility of further investigation. This paper presents
information on the authors' operational methods for assessing
the mechanical and filtration properties of permeable materials
based on metal powders.

2. Materials and research methods

The key characteristics of PFMs, reflecting their
effectiveness, include permeability, pore size, filtration fineness,
and uniformity of property distribution across the working
surface (filtration area). Furthermore, since PFM products are
subject to certain mechanical loads during operation, they must
possess sufficient mechanical strength. When a structure is
subjected to loads, its strength is assessed based on the ultimate
limit state of the materials within the structural elements;
analyzing the strength of a structure requires the use of strength
criteria to assess the materials under load resistance [9]. The
authors chose the shear strength limit (opiqqe) @S such a strength
criterion, which has become widely used in the practice of
powder metallurgy [2, 10 — 13] and can be determined directly
on the same samples that were used to study other properties.

Permeability — the property of a porous material to allow
liquid or gas to pass through itself under excess pressure. It is
characterized by a permeability coefficient, which for laminar
flow, in accordance with Darcy's law, has the form (1) [1.4]:

— Qh
k=<5 @
where Q is the air flow rate per unit time through the sample,
m3/s; h is the thickness of the sample in the direction of air

flow, m; p — is the coefficient of dynamic viscosity of air, Pa -s; S —
filtration area, m?;
Ap — pressure differential on the sample, Pa.

The schematic setup for determining permeability is shown in
Figure 1.

Fig. 1. Schematic diagram of the permeability determination setup:
excess pressure source (1); tap (2); pressure gauge (3); reducer (4);
cartridge with sample (5); U-shaped pressure gauge (6); flow meter (7).

The design of the installation is simple and easy to maintain, and the
measurement method is simple and efficient. The laminar flow regime
of the filtered medium was chosen for several reasons: it minimizes
pressure losses during the movement of the liquid or gas flow [14],
prevents the possibility of detachment of retained particles (during
direct filtration) by vortex forces [15], and facilitates the filtration
process parameters calculation [16].

As a rule, earlier studies were carried out on samples in the form of
disks with a diameter of 30 and a thickness of 3-5 mm; in recent years,
in connection with the commissioning of the POROLUX™ 500
porometer (manufacturer IB-FT GmbH, Berlin, Germany), a sample
with a diameter of 25 mm has been adopted as the second typical
sample. The POROLUX™ 500 porometer (Figure 2) operates on the
principle of gas-liquid phase displacement and is designed for rapid
measurement of through pores in materials such as textiles, paper,
hollow fiber membranes, non-woven materials, etc., while it also allows
for rapid measurement of the gas permeability coefficient in the range
from 0.01 to 50 Darcy (from 1x107* to 50x107*? m?) [17]. As follows
from the above, samples in the form of disks with a diameter of 25 and a
thickness of 3-5 mm are used for measurements in the device. The
advantage of the device is its automation, that is, there is no need for
direct human participation in the measurement process.
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Fig.2. Porometer POROLUX™ 500).

Pore sizes. Pore sizes, along with permeability, are among
the most important characteristics of filter materials. Maximum
pore sizes determine the maximum size of pollutant particles
that can pass through the material, i.e. they are used to evaluate
the filtration fineness, while average pore sizes are used to
compare different permeable materials, conduct hydrodynamic
calculations, and also to evaluate the filtration fineness [2,4,18].
The simplest and most common method for quickly determining
pore sizes is the liquid displacement method by gas [19]; the
setup and equipment shown in Figure 1 are used for
measurements. The method is based on measuring the pressure
required for gas bubbles to pass through the pores of a porous
sample filled with liquid with a known surface tension. When
modeling a porous medium using cylindrical capillaries and in
the case of complete wetting, the capillary (pore) diameter is
determined from expression (2):

40
d= 3 )

where o — surface tension of the wetting liquid, N/m;

AP — pressure drop across the sample, Pa.

The appearance of the first three chains of gas bubbles
above the sample surface corresponds to the opening of
maximum-sized pores, while intense gas bubble release across
the entire sample surface corresponds to the opening of medium-
sized pores. Clearly, in the latter case, the accuracy of the
measurement is affected by the skill of the researcher. Another
method disadvantage is the limited size of the pores being
measured, with a measurement range of 1-250 pm. The lower
limit is limited by the required gas pressure (3—4 MPa), while
the upper limit is limited by the inability to fill the pores with
liquid (capillary forces no longer balance the gravity of the
liquid) [4].

For more accurate data, the POROLUX™ 500 porometer is
used. The device has an operating pressure in the range from 0
to 34.5 bar (3.447 MPa) and allows measuring pores with sizes
from 0.013 to 500 pm [17].

Filtration fineness is the primary filter characteristic,
regulating the efficiency of separating pollutant particles of a
given size from the purified gas or liquid stream. According to
[20], a distinction is made between absolute filtration fineness
(corresponding to the maximum size of spherical artificial
pollutant particles detected in the filtrate) and nominal filtration
fineness (corresponding to the minimum size of pollutant
particles detected in the filtered liquid for which the obtained
filtration coefficient is not lower than the specified value). With
a certain degree of error, the filtration fineness of a PFM can be
estimated based on pore size measurements. Thus, in [4, 21] the
pore sizes values and the corresponding nominal fineness of
PFM purification are presented with data on the characteristics
of the original powders and the process material production
parameters , which is the basis for predicting the efficiency of
the latter. For a more accurate operational assessment of the
filtration fineness of PFM, a suspension with a reference

pollutant is passed through the sample under study and the sizes of solid
particles in the original suspension and filtrate are analyzed. The
obtained results allow us to evaluate the main filtration characteristics,
including the "beta-ratio” coefficient (Bx), which is widespread abroad,
which is defined as the ratio of the number of particles of a certain size
present in the unfiltered (original) liquid to the number of particles of
the same size in the filtered liquid (filtrate) [22]. The particle size
distribution curve of the pollutant for both suspensions was obtained
using a Mastersizer 2000 laser diffraction analyzer of particle size
distribution with a HydroS automatic dispersion and sample feed
module (Malvern Instruments Ltd., UK). An example of a device for
testing filtration fineness in laboratory conditions, assembled in-house,
is shown in Figure 3, and a photo of the Mastersizer 2000 device is — in
Figure 4.

Fig. 3. Device for determining the filtration fineness of liquid during the
filtration process.

Fig. 4. Mastersizer 2000 laser diffraction particle size analyzer with
HydroS automatic sample dispersion and feed module (Malvern
Instruments Ltd., UK).

It should be noted that in order to obtain the most reliable test
results, the test conditions should be as close as possible to the operating
conditions (operating viscosity, temperature and pressure of the area,
flow conditions, filter material thickness).

Uniform properties distribution over the working surface
(filtration area). The simplest and most efficient methods for assessing
this characteristic include the maximum pore size ratio to the average
pore size, used in [1, 6, 23, 24], which is designated as the homogeneity
index in [24]. The closer the value of this index to 1, the better the
uniformity of the properties distribution (homogeneity) of the porous
material under study. A more informative method for assessing the
distribution of properties over the working surface of the PFM is a
method based on measuring local gas flows passing through the sample
at various points using a measuring head, followed by the calculation of
local permeability coefficients [25]. The device used in this case is
distinguished by its simplicity of execution and can be used in both
laboratory and industrial conditions. As an example, information on the
study of local permeability of three samples made from different
fractions of tin-phosphorus bronze powder grade BrO10F1 is presented
below: Figure 5 shows the measuring local permeability process [25],
Figure 6 shows the measurement diagram, and Table 1 summarizes the
results of calculating the permeability coefficients based on the
measured local flow rates.
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Fig. 4. Measurement process.

&

Fig. 5. Local permeability measurement scheme.

Table 1: Results of local permeability studies.

Research results Powder particle size fraction, mm
(minus (minus (minus
0315+ | 0.2+ 01+
020 | 01 0.063)

Local permeability coefficient,

x1013, m?, Point 1 SRS LE 5

Local permeability coefficient,

%1013, m? Point 2 162,4 156,8 71,6

Local permeability coefficient,

x1013, m?, Point 3 1752 | 1305 | 668

Local permeability coefficient,

x1013, m? Point 4 1799 | 1413 65,2

Local permeability coefficient,

x1013, m?, Point 5 el L

Average local permeability

iy o 1745 147,7 66,6

Standard deviation, ¢ 6,43 7,01 1,67

Variation coefficient, & 0,04 0,05 0,03

quznneablhty coefficient, x1013, 170,02 140,00 62.45

The presented results demonstrate that the permeability of
the entire PFM can be estimated using the average value of local
permeability coefficients. The greatest deviation of the average
value of the local permeability coefficient from the sample
permeability coefficient is less than 6.5%. A direct comparison
of the uniformity of the distribution of properties of different
PFMs is performed using the coefficient of variation.

Mechanical testing. As noted above, shear strength was
chosen to evaluate the mechanical strength of the experimental
specimens. The advantage of this characteristic is that it is
determined not on reference specimens, but directly on the test
specimens after evaluating the other properties. The shear test
setup is shown in Figure 6.

/
.z
-

-

Fig. 6. Shear test diagram: matrix (1); punch (2); sample (3).

The shear strength was calculated using formula (3):

P
Omid .- = — 3)
ndh

where P is the shear force, N; d is the diameter of the cut surface, m; and
h is the thickness of the test specimen, m.

A simple method for assessing the sintering quality of porous fiber
materials has been developed [26]. Shear tests generally indicate the
strength of the fiber material rather than the interparticle contacts;
tensile tests are expensive, labor-intensive, and not justified when rapid
and high-quality evaluation of the results of a particular operation is
required. The apparatus design for implementing the developed method
and the appearance of the test specimen are shown in Figure 7.

N

Fig. 7. A device for assessing the quality of sintering of fiber materials:
matrix (1), sample (2), guide bushing (3), punch (4).

Distinctive features of the presented design include the
implementation of a hole in the die with a variable diameter along its
length and an excess of the hole diameter in the lower part over the
punch diameter, which is used to apply force to the sample. The
diameter of the hole in the upper part of the die is equal to the diameter
of the sample, and its length is at least one and a half times the diameter
of the sample, while in the lower part it is equal to 0.8 of the sample
diameter. The ratio of the length of the upper part of the hole in the
mold to the diameter of the sample allows for the installation of samples
of a wide range of thicknesses and the absence of contact of the sample
with the lower part of the guide sleeve during testing. The ratio of the
diameters of the lower and upper parts of the hole ensures the
maintenance of a stable sample position in the die during testing, and
the excess of the hole diameter in the lower part over the diameter of the
punch ensures the localization of areas of plastic deformation and
subsequent failure in the zones of interparticle contacts (it should be
noted that in this work the authors did not aim to analyze the stress-
strain material state). To illustrate the effectiveness of the test method,
Figure 8 shows photographs of the test results for three samples: two
made of copper fiber, the sintering process of which was activated by
fine copper powder particles, and, for comparison, a tin-phosphorus
bronze sample sintered under optimal conditions. As the photographs
show, the tests allow for a rapid assessment of the sintering quality of
fiber materials.

a) b) c)

Fig. 8. Samples appearance after mechanical testing: from tin-
phosphorus bronze powder (a), from powder-fiber material sintered at a
temperature of 1050 °C (b) and from powder-fiber material sintered at a
temperature of 950 °C (c).

To test the strength filter elements subject to low pressure
differentials (up to 1 bar), a simple method was developed based on
creating a vacuum in the sample cavity and sealing its outer surface with
a polymer film. The purpose of the tests was not to determine the burst
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pressure, but to quickly verify the filter element's ability to
withstand a given pressure differential. The testing process is
shown in Figure 9.

PRI |

Fig. 9. Testing the filter element for its ability to withstand a
given pressure drop (up to 1 bar).

It's worth noting that additive technologies make a
significant contribution to increasing the efficiency of research:
equipment for mounting samples when determining pore sizes
and strength tests for the ability to withstand a given pressure
drop, and a measuring head for measuring local flow rates were
designed and manufactured using 3D-modeling and 3D-printing.

3. Conclusion

This article presents information on methods for evaluating
the mechanical and filtration properties of permeable materials
based on metal powders. It describes methods for determining
the permeability coefficient and local permeability coefficient,
pore size, filtration fineness, and shear strength of powder
materials, assessing the sintering quality of composite
permeable materials containing fibers, and testing for strength
under operating pressure differentials (up to 1 atm). The role of
3D-modeling in improving the efficiency of research is
highlighted, enabling the rapid development and manufacture of
fixtures for hermetically sealed specimens as their shape and
size change.
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On the structural characterization of thermo-reactive diffusion coated cast Ti6Al4V alloy
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Abstract: Thermo-reactive diffusion (TRD) coatings are formed on conventionally cast Ti6Al4V alloy using the pack cementation process to
improve its surface characteristics. Aluminizing, siliconizing, and molybdenizing treatments are carried out at 700 °C, 1000 °C, and 900 °C,
respectively, for 2 h using Al, Si, and Mo powder packs containing NH, CI as the activator and Al, O as the inert filler. The resulting
coatings are systematically characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), and energy-dispersive
spectroscopy (EDS) to investigate phase evolution, coating morphology, and elemental distribution. XRD analyses confirmed the formation
of Ti-Al intermetallics (TiAl, TiAl, , TiAl; ), Ti-Si silicides (TiSi, TiSi, , Tis Siz ), and Mo-enriched Ti solid-solution phases within the
coatings. Cross-sectional SEM observations have revealed continuous and well-adhered diffusion layers with thicknesses of approximately
20 um for the aluminized coating and 50 um for the molybdenized coating, while the siliconized layer (40 um) exhibits a graded multilayer
silicide structure. EDS elemental mappings have demonstrated inward diffusion of the deposited species and outward diffusion of substrate
elements, confirming diffusion-controlled coating growth. The formation of metallurgically bonded reaction layers with compositional
gradients is expected to substantially enhance the surface hardness, wear resistance, and high-temperature performance of the Ti6AI4V
alloy. The results demonstrate that thermo-reactive diffusion by pack cementation provides an effective and controllable route for tailoring
the surface microstructure of cast Ti6Al4V through appropriate selection of coating chemistry and processing conditions.

KEYWORDS: TI6AL4V ALLOY, COATING, INTERMETALLICS, CHARACTERIZATION.

1. Introduction

The demand for titanium-based alloys as metallic engineering
materials is undeniable across a broad spectrum of applications,
particularly in the aerospace [1], biomedical [2], and chemical
industries  [3].  Through alloying strategies [4] and
thermomechanical processing routes [5], significant improvements
can be achieved in the physical, chemical, and mechanical
properties of titanium alloys [6]. Consequently, owing to their
unique combination of low density, moderate-to-high strength and
toughness, and excellent corrosion resistance, these alloys have
emerged as a preferred material choice for the manufacture of
numerous critical components where multiple material selection
criteria. must be simultaneously satisfied, particularly as an
alternative to conventional ferrous-based materials [7]. Among
titanium alloys, Ti6AI4V has emerged as one of the most widely
utilized engineering materials due to its ability to accommodate
both o and § phases with varying phase fractions and morphologies,
particularly as a function of heat-treatment conditions [8]. Although
the alloy is regarded as a strong candidate for numerous engineering
applications owing to its favorable room-temperature mechanical
properties, its utilization in high-temperature environments remains
relatively limited [9]. The mechanical performance of this dual-
phase alloy is highly attractive and can be tailored through various
manufacturing routes, including casting, forging, powder
metallurgy, and additive manufacturing, as well as through post-
processing heat-treatment schedules [10]. Nevertheless, Ti6Al4V
exhibits inherent limitations in terms of tribological performance
[11]. In this context, contemporary surface engineering technologies
have become a decisive factor in extending the applicability of the
alloy by enhancing its oxidation resistance, hot-corrosion resistance,
and wear performance under demanding service conditions [12].

Thermo-reactive diffusion coatings significantly enhance the
surface properties of metallic materials by forming a metallurgically
bonded layer that improves wear resistance, corrosion resistance,
and high-temperature stability [13]. These coatings are produced
through a diffusion process where alloying elements are introduced
into the substrate surface, creating a graded composition that
reduces the risk of delamination under mechanical or thermal stress
[14]. Among various diffusion coating techniques, pack
cementation is widely preferred due to its simplicity, cost-
effectiveness, and ability to produce uniform, adherent coatings
with controlled thickness [15]. It is well established that diffusion
coatings produced via the pack cementation process are highly
effective in enhancing the surface properties of titanium alloys [16].
Through the formation of metallurgically bonded surface layers,
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pack cementation treatments can significantly improve the
oxidation resistance [17], hot corrosion resistance [18], wear
behavior [19], and high-temperature durability of titanium-based
materials, thereby extending their service life in demanding
operating environments [20].

In surface engineering applications based on the pack
cementation process, the pack composition, processing temperature,
and time are key parameters that directly govern the type of
intermetallic phases formed on the surface, as well as the thickness,
microstructural uniformity, and overall integrity of the coating layer
[21]. As a result, the surface-specific physical, chemical, and
mechanical properties may vary considerably depending on the
selected processing conditions. Therefore, although a wide range of
metallic materials, particularly titanium alloys, can be successfully
coated through thermo-reactive diffusion treatments, each finding
within the process—structure—property relationship is of critical
importance, as it ultimately determines the in-service performance
and reliability of the coated material in practical applications. In the
present study, thermo-reactive diffusion conditions are established
on the surface of Ti6AI4V alloy to facilitate the formation of
aluminum-, silicon-, and molybdenum-based intermetallic coatings.

Through  comprehensive  structural  characterization,  the
relationships ~ between processing  parameters, coating
microstructure, and resulting properties are systematically

investigated. Particular emphasis is placed on elucidating the
mechanisms and process-structure-property interactions that
contribute to the enhancement of the substrate material’s
performance in engineering applications.

2. Experimental procedures

Commercial cast Ti6Al4V alloy is employed as the substrate
material. Prior to the coating, specimens with dimensions of 5x5x5
mm are ground and then polished in order to obtain a mirror-like
surfaces. The pack composition contains metallic powder
(Al/Si/Mo), activator (NH4CI), and inert material (Al,O3). The pack
compositions and processing parameters (temperature and time)
used for the aluminizing, siliconizing, and molybdenizing diffusion
coatings are summarized in Table 1. As the compositions are
prepared, a homogeneous mixture is ensured using a mini rotor for
2 h. The prepared pack mixtures are placed into alumina-based
ceramic crucibles, and the specimens are fully embedded within the
pack. Following the placement of ceramic lids, the crucibles are
completely sealed using high-temperature-resistant refractory paste
to prevent oxygen ingress during the diffusion treatments. After
completion of the coating processes, metallurgical analyses are
performed using X-ray diffraction (XRD, Rigaku Ultimate+) to
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identify the phases formed on the coated surfaces. Cross-sectional
specimens of the coatings are prepared through standard
metallographic procedures and subsequently characterized using
scanning electron microscopy (SEM, Jeol JSM 6060) to evaluate
the coating morphology and microstructural features. In addition,
elemental distribution and chemical composition analyses across the
coating cross-sections are carried out by energy-dispersive X-ray
spectrometer (EDS, IXRF).

Table 1: Pack compositions and process parameters used.

o Temperature | Time
Process Pack composition (Wt.% °
Besem () Q) (h)
Aluminizing 40Al + 10NH,CI + 50 Al,O3 700
Siliconizing 40Si + 7TNH,CI + 53 Al,O4 1000 5
Molybdenizing 40Mo  + 10NH.Ck+ 50 900
Al,O3

3. Results and discussion

Figure 1 shows the XRD patterns of the aluminized, siliconized,
and molybdenized Ti6Al4V alloy. The diffraction results confirm
the successful formation of diffusion coatings composed of Ti-Al,
Ti-Si, and Ti-Mo based phases, indicating that intensive
interdiffusion reactions occur between the deposited elements and
the titanium substrate during the coating process. For the
aluminized alloy, the coating predominantly consists of TiAl,
TiAl, , and TiAl; intermetallic compounds together with residual
a-Ti reflections, suggesting the development of a multilayer
aluminide coating with decreasing aluminum concentration toward
the substrate. In contrast, the siliconized surface exhibits
characteristic diffraction peaks corresponding to TiSi, TiSi, , and
Tis Siz silicides, accompanied by minor o-Ti and Al, O3
reflections. The coexistence of several titanium silicides indicates a
sequential phase evolution governed by silicon diffusion and local
compositional gradients across the coating thickness. The XRD
pattern of the molybdenized alloy differs markedly from those of
the aluminized and siliconized coatings, revealing predominantly o-
Ti and B-Ti phases together with the metastable o’-Ti and o"-Ti
martensitic phases. These results demonstrate that molybdenum is
mainly incorporated into the titanium lattice as a [-stabilizing
alloying element, resulting in the formation of a Ti—-Mo solid
solution rather than discrete Ti-Mo intermetallic compounds. The
retention of B-Ti together with metastable martensitic phases further
suggests that molybdenum diffusion significantly modifies the
phase stability of the Ti6Al4V substrate during the high-
temperature treatment and subsequent cooling.
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Fig. 1 XRD data of the coated alloys.

The SEM cross-sectional image of the aluminized titanium
alloy coating is presented in Figure 2. Under the applied processing
conditions (700 °C, 2 h), a continuous, homogeneous, and defect-
free deposition layer ~ 20 pm thick is successfully formed,
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exhibiting a high degree of adhesion to the substrate material. EDS
elemental mapping indicates that the coating layer contains a
dominant aluminum content and suggests that inward diffusion of
aluminum occurred under the processing conditions. Titanium and
vanadium are also detected within the coating layer, revealing an
outward diffusion tendency of these elements from the substrate
composition. Furthermore, EDS point analyses performed from the
outermost surface of the coating toward the substrate show a
decreasing aluminum concentration gradient from the surface to the
substrate, whereas titanium and vanadium exhibit the opposite
trend, increasing toward the substrate material. Since Ti-Al
intermetallic phases with progressively varying stoichiometries are
formed from the surface toward the substrate, an improvement in
the surface mechanical properties relative to the substrate is
inevitable. It has been reported that Ti—Al intermetallic phases
formed in the cross-section of Ti6AlI4V alloy during low-
temperature (700 °C) aluminizing processes can increase the
hardness of the substrate (330-350 HV) to approximately 600650
HV [22].

Ti:AL:V (21.4:77.8:0.8 at. %)
Al-rich

Ti:AL:V (19.1:80.4:0.5 at.%) coating

Ti:ALV (78.2:20.8:1 at. %)

t
I
1
1
I
I
1
1

Ti:AL:V (90.1:5.8:4.1 at. %)

15 kV

Fig. 2 SEM-EDS data for the aluminized alloy.

The siliconizing of Ti6Al4V at 1000 °C is fundamentally a
reaction-diffusion process coupled with high-temperature phase
transformations. The treatment temperature places the substrate in
the B-Ti field, enhancing atomic mobility and facilitating rapid
silicon ingress. Because silicon exhibits very limited solubility in
titanium, supersaturation is quickly relieved through the nucleation
and growth of titanium silicides, predominantly Tis Siz . Coating
growth proceeds via inward Si diffusion and outward Ti diffusion,
producing a graded multilayer structure controlled by
thermodynamic stability and diffusion kinetics. Figure 3 shows the
SEM image of the coating cross-section of the siliconized titanium
alloy (~ 40 um), and local EDS analyses reflect the silicon content
from the surface to the center. Considering the XRD data, the
compositional gradient of silicon from the surface to the center in
the coating section directly explains the existence of various Ti-Si
intermetallics like TiSi,, TiSi and TisSiz. In coatings containing
such phases, the surface hardness can reach approximately 1200
HV, thereby providing the material with enhanced surface
resistance, particularly under tribological conditions [23].

During molybdenizing of Ti6Al4V, a series of diffusion-
controlled metallurgical reactions occur between the deposited Mo
species and the titanium substrate. The overall process can be
divided into several stages: (i) formation and deposition of Mo rich
compounds, (ii) interdiffusion between Mo and Ti, (iii) formation of
a B-Ti(Mo) solid solution layer, (iv) formation of Ti—-Mo
intermetallics etc. It is fact that the dominant metallurgical
phenomenon during pack-cementation molybdenizing of Ti6AlI4V
at 900 °C is the diffusion-driven formation of a Mo-enriched B-
titanium layer, accompanied by possible Ti—-Mo intermetallic
formation and the establishment of a graded metallurgical bond
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between the coating and the substrate. The SEM image of the
molybdenized titanium surface section shown in Figure 4 indicates
the presence of a continuous Mo-enriched p-titanium layer
approximately 50 pm thick. Depending on the processing
temperature and time, diffusion-controlled layer growth can be
achieved, and the surface hardness can reach approximately 1400
HV owing to the formation of a Mo-rich solid-solution layer
together with the partial presence of Ti—-Mo intermetallic phases
[24].

Ti:Si:AL (45.04:53.17:0.31 at. %),

Ti:SizAL (52.51:45.66:0.48 at.%) .
Ti:Si:AL (79.60:0.86:15:87 at.%)

Substrate

15 kV

.l e e
S

p-Ti(Mo) solid
solution layer

Substrate
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Fig. 4 SEM-EDS data for the molybdenized alloy.

4. Conclusion

Thermo-reactive  diffusion treatments based on pack
cementation  successfully produced metallurgically bonded
aluminide, silicide, and molybdenum-enriched surface layers on
cast Ti6AI4V alloy. Structural characterization confirmed that the
processing conditions promoted the formation of Ti—Al, Ti-Si, and
Ti—-Mo reaction products with continuous and adherent coating
morphologies. The aluminizing process performed at 700 °C for 2 h
generated a homogeneous defect-free coating approximately 20 um
thick, whereas siliconizing at 1000 °C resulted in the formation of
multiple titanium silicide phases through diffusion-controlled
growth throughout the 40 pm coating thickness. Molybdenizing at
900 °C produced the thickest coating (~50 pm), consisting
predominantly of a Mo-enriched B-Ti solid-solution layer with
possible Ti—-Mo intermetallics. SEM-EDS analyses have revealed
well-defined elemental concentration gradients across all coating
cross-sections, confirming inward diffusion of the deposited species
and outward diffusion of substrate elements, which are
characteristic of diffusion-controlled coating growth. XRD analyses
further verified the successful formation of the intended Ti—Al, Ti-
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Si, and Ti-Mo phases. Based on the identified phase constituents
and previous literature, the developed coatings are expected to
provide significant improvements in surface hardness and,
consequently, enhanced wear resistance and high-temperature
performance. The results demonstrate that thermo-reactive diffusion
processing offers an effective and controllable approach for
tailoring the surface microstructure of cast Ti6Al4V alloy through
appropriate selection of coating chemistry and processing
temperature.
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ABSTRACT. The paper presents the research carried out for the development of brazing materials which, in a single pass, deposit two
layers in the brazing joints: a buffer layer with high diffusion potential and increased silver content, and a filling layer with high strength and
reduced silver content. The brazing performance of Ag20-type coated rods was improved by introducing a percentage of Ag40-type powder
into the deoxidizing coating. The research was completed by establishing and patenting both the product formulation and the manufacturing
process. The new product was successfully tested for producing brazed joints in copper pipes, copper-to-steel joints, and steel-to-tungsten
carbide joints. The results of the mechanical tests met the required specifications, while the metallographic analysis of the joints showed an
increase in diffusion of approximately 18.5% compared with the diffusion obtained using Ag20-type rods. The advantages of the brazing
process using the new products consist of increased brazing productivity, improved quality of the brazed joints, and reduced environmental
emissions from the resulting slag.

1. Introduction

The aim of the research is to develop coated rods for brazing with
high efficiency and technological facilities for intelligent single-
pass deposition of two layers, a buffer with high diffusion potential
and rich in silver and a brazing joint filler with low silver content
and high mechanical strength [1].

The new material [2] meets the technological condition,
imposed for flame brazing and coated rods, of melting the
deoxidizing coating before melting the metal rods, which allows
increasing the deposition efficiency by introducing into the coating
mass system, initially consisting of a mixture of deoxidizing
substances, a portion of a metal alloy with melting temperatures at
the level of the deoxidizing flux and high diffusion potential in the
base materials.

The innovative principle, mentioned above, for obtaining coated
rods for brazing with silver alloys with diffusion properties at the
level of the Ag 40 type and mechanical strength of the Ag25 type.
The experiments were carried out with materials that comply with
environmental protection standards [3] and sustainable development Fig.l. Charge melting stand with gas flame and
principles for the circular economy [4]. compressed air.

1-Furnace crucible; 2-liquefied petroleum gas burner;
3-Briquette precursors.

2. Experiments

The experimental program was carried out in three main directions:
improving the diffusion potential of the braZing material in the base The precursors were ground and introduced into the Coating to
materials; developing, optimizing and finalizing the product recipe  determine the effects on brazing. An example is shown in Fig. 1b.
and adapting and finalizing the coated rod manufacturing process to 75 Y ~ F » \

the new requirements for producing high-yield coated rods.

2.1 Improving diffusion potential

Previous research conducted by the authors highlighted the
possibility of modifying the deposition yield by adding metal
precursors to the deoxidizing coating, an idea also extended to
increase the diffusion potential by adding metalloids, post-transition
metals, non-metals with growth effect, the wetting and deoxidation
properties of the melts which can be influenced from a structural
point of view, after solidification by alloying and/or micro-alloying
in the metal bath.

In order to determine how to influence the diffusion potential, a
series of combinations of copper with zinc, silver, antimony,
phosphorus, tin, carbon were performed, which were developed in " Y G Y .
the form of briquetted precursors (Fig. 1). Fig.2. Microstructure of cast 85%Cu-5%P-

10%Si alloy . Magnification 500x .

N v

2.2 Development and finalization of the product recipe for
VIAg25SnSiPR coated rods

The aim was to produce reasonably priced coated rods for high-

efficiency brazing of pipe-to-copper pipe and steel pipe-to-copper

pipe joints. The product recipe optimized on the minimum cost,

maximum diffusion criterion of the VIAg25SnSiPR rods is

presented in Table 1.
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Table 1. Optimized product recipe of VIAg25SnSiPR rods.

Raw materials | Participation Constituents [% by mass]
and materials in the product
[% by mass]

Naked rods 65% Agl25; ®2x500mm
SR EN 1ISO
17672:2010
Deoxidizing 25% powdery | 35% boric frit
flux FH SR | material, sort | (1/3 boric acid + 2/3 borax)
EN 1045:1999 | 0.15mm 26% boric acid hydroxide

20% fluorite frit

19% binder+plasticizer
Activating 10% 6%[Ag140/ENISO17672:2010]
precursors  of | nanopowders @#%[50%Cu-40%Sn-8%P-2%Si]
the Cu-Sn-P-Si
and  Ag-Cu-
Zn-Sn types

2.3 Development and implementation of the manufacturing
process of VIAg25SnSiPR.

The introduction of metallic precursors ground in planetary mills

into the coating modified the extrusion parameters of the coating

mass on the rod, which led to a series of experiments to optimize

and adapt the classic process of manufacturing extruded coated rods

(Figure 2) to the new conditions.

Fig.3 . Manufacturing line rods WRAPPED for brazing .

The process parameters optimized on the minimum cost
criterion are presented in Table 2.

Table 2. Parameters the
VIAg25SnSiPR rods.

of manufacturing process of

Process parameters Optimized values

Dry homogenization time 8 + 2 minutes

Wet homogenization time 6 + 2 minutes

Briquetting pressure 20 + 0.5 MPa

Extrusion pressure 20+1MPa

Rod mass flow rate approx. 5.9 kg/hour

Coating mixture mass flow
rate

approx. 2.5kg/hour

Wrapped rod take-up belt
speed

approx. 9kg/hour

The problems of bare rod buckling, pressure jump extrusion and
cracking of the coating were solved by modifying the rod feed train,
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increasing the wet mixing temperature and controlling the humidity
in the drying chamber.

The product recipe and the production process have been
patented.

3. Results.

The production process presented above was used to produce a test
batch, used to characterize the VIAg25SnSiPR product, in terms of
deposition and technological performance.

3.1 Characterization of deposits with VIAg25SnSiPR rods.

The coated rods from the test batch were used to create, by melting
with an oxyacetylene flame, a sample of deposited metal which was
subjected, according to the regulations in force, to chemical analysis
on a laboratory spectrometer, metallographic examination to
highlight the microstructure and to hardness tests to confirm the
structural analysis.

analysis was also performed on the bare rods under the same
conditions, for comparison. The results are presented in Table 3.

Table 3 Chemical composition of MD and MV

Sample Composition [% by mass
mark Ag | Wi | Zzn | CD Sn | An | P
th d

MV 24.139. | 31. | -/ 15 -/

Agl25 SR | 0 0 0 001 | .. |-/ |00

EN ISO|.. |.. |.. |0 25 08

17672/201 | 26. | 41. | 35.

0 0 0 0

prescribed

Determine | 25. | 40. | 32. | 0.00 | 1.8 | 0.1 | 0.0

d MV 2 5 7 8 2 06

MD 25. 1 40.|31.|000 [21 |02 |00
6 7 2 7 5 2

Ag, Sn, and P additions are observed in the deposition (MD)
compared to the composition of the rod (MV) which will be found
in the bonding process in the buffer layer. The deposition defects
and structural constituents were determined by metallographic
analysis on the deposited metal sample, etched with ammoniacal
cupric chloride, figure 3.

Fig. 3. a. MD microstructure
[100X].

Fig. 3.b.MD microstructure
[500X].

The metallographic analysis revealed a biphasic structure of
alpha and beta solid solutions without defects such as micro cracks
or imperfections such as hydrogen diseases and/or oxygen pores.
The metallographic analysis was accompanied by sclerometric tests
which revealed an average VICKERS-HV 1 hardness Of 184.6,
confirming the observed structure.

3.2 Checking the brazing behavior

The brazing behavior was verified under industrial conditions,
practically during the manufacture of refrigeration installations,
through 2 concrete cases of joining: copper pipe to copper pipe and
steel pipe to copper pipe, in capillary joints. The joints presented
above were made until the date of the experiments with Ag40 type
alloys, which are replaced by the new product. The 2 types of joints,
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in batches of 24 pieces for each type, were made by oxyacetylene
brazing with neutral flame with VIAg25SnSiPR rods. The batches
thus obtained were subjected to pressure testing, in accordance with
the regulations in force, without pressure losses or material
deformations. The longitudinal cross-section investigation of the
joints, figure 4, revealed for all joints a complete penetration and
diffusion of the brazing alloy into the brazing materials at the level
of the alloys with 40% Ag, probably determined by the silver
content in the buffer layer.

a. b.
Fig. 4. Steel pipe joint design in copper pipe .
a) jointdesign ; b) joint design

Figure 5 shows the critical case of the steel pipe to copper pipe
joint. , The microscopic examination was performed according to
SR 5000-97 and STAS 5500-74 . The structural analysis was
performed on the MeF2 optical microscope, at 100X.

Fig. 5. [ E1 attack , 100X ].

The test joints were subjected to tensile rupture testing and the
results were in accordance with the requirements, all tested samples
either ruptured in the base material Figure 6.

The high strength of the joints is explained by the design of the
figure 7.

Fig. 6. Tensile test specimen for steel pipe-to-
copper pipe joint.

250

AT -
SoanrE O,

BN

b)

Fig.7. Test batch of joints. a) samples made; b) brazed assembly
1-MB1(copper,brass); 2-MB2(steel);3-soldering alloy; 4-ZIT
MB2; 5-ZIT MB1

Conclusions

The research conducted was completed with the following results:

-a method for obtaining coated rods for brazing with high
efficiency and deposition of 2 layers in a single pass was presented
and experimented.

-a new generation of coated rods for brazing was created, by
equipping the coating with adjuvant metallic systems and/or process
catalysts, VIAg25SnSiPR.

-the classic manufacturing line of coated rods for brazing was
adapted to the conditions of equipping the deoxidizing coating with
metallic systems.

-the product recipe of the new generation of smart brazing
materials has been patented.

-two high-efficiency and reasonably priced brazing technologies
were developed, characterized and qualified according to SR
EN13134:2002.

-the idea listed in the preamble has been confirmed through
experimental research and Al-assisted simulation.
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Abstract: Cultural heritage objects represent an essential component of human identity, history, and collective memory. However,
monuments, artworks, manuscripts, archaeological artefacts, and historical buildings are continuously exposed to environmental
deterioration processes, including humidity fluctuations, pollution, biological colonization, salt crystallization, and mechanical degradation.
Conventional conservation methods often provide effective protection but may involve invasive procedures, limited durability, or the use of
environmentally harmful chemicals. In recent decades, nanotechnology has emerged as a promising approach for sustainable conservation
due to the unique physicochemical properties of nanomaterials, including high surface area, enhanced reactivity, photocatalytic activity, and
the possibility of designing multifunctional protective coatings. This review discusses innovative nanomaterials used in cultural heritage
conservation, including silica nanoparticles, titanium dioxide, zinc oxide, calcium hydroxide nanoparticles, graphene-based materials, and
nanocomposites. Their applications in consolidation, cleaning, protection against pollutants, antimicrobial treatments, and sustainable
preservation strategies are examined.

The report is under project No. KIT-06-H90/6 dated 10.12.2024 on the topic: "Ecologically sustainable conservation strategy for written
heritage" from the Scientific Research Fund, Competition for funding of fundamental scientific research - 2024. Supervised by Chief
Associate Professor, PhD, MSc Eng. Iskra Tsvetanska.
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SUSTAINABLE RESTORATION; NANOTECHNOLOGY.

1. Introduction e development of environmentally friendly protective

coatings.
The preservation of cultural heritage is a multidisciplinary challenge

involving chemistry, materials science, conservation science, and The effectiveness of nanomaterials is mainly related to their high
environmental engineering. Historical materials such as stone, surface-to-volume ratio, which increases chemical interaction with
ceramics, paper, wood, metals, and wall paintings undergo heritage substrates. Furthermore, nanoscale engineering allows
progressive deterioration due to interactions with atmospheric researchers to tailor particle size, morphology, surface functionality,
pollutants, moisture, microorganisms, and human activity. [4]  and compatibility with specific historical materials. [7]

Climate change has further intensified these challenges by . .
increasing temperature variations, humidity instability, and the  One Of the major advantages of nanotechnology is the possibility of

frequency of extreme weather events affecting heritage sites  Creating multifunctional  materials. For example, a single
worldwide. [12] nanocomposite coating may simultaneously provide hydrophobic

protection, UV resistance, and antimicrobial properties, reducing
Traditional conservation approaches have relied on organic  the need for repeated restoration interventions.
polymers, inorganic consolidants, and chemical cleaning agents.
Although many of these materials have demonstrated effectiveness,
they can suffer from problems such as incompatibility with original

substrates, ageing, poor reversibility, and environmental toxicity.  nonomaterials for cultural heritage conservation because of their

[1] Consequently, there is growing interest in developing  chemical stability, transparency, and compatibility with mineral
sustainable conservation technologies capable of providing long-  sypstrates. They are particularly useful for consolidating
term protection while minimizing damage to cultural objects. deteriorated stone materials, especially limestone and sandstone.

3. Silica Nanoparticles for Consolidation and Protection

Silica nanoparticles (SiO, ) are among the most widely investigated

Nanotechnology offers new possibilities by exploiting materials ~ The consolidation mechanism is based on the penetration of
with dimensions typically below 100 nm. At this scale, materials nanosilica dispersions into porous structures, followed by gel
exhibit unique optical, mechanical, chemical, and biological formation and strengthening of weakened regions. Compared with
properties that differ significantly from their bulk counterparts.[11] traditional silica-based consolidants, nanosilica offers deeper
Nanomaterials can penetrate porous structures, enhance mechanical ~ penetration and better control over the treatment process. [14]
stability, control chemical reactions, and provide protective

functionalities such as self-cleaning or antimicrobial activity.[3] Studies have demonstrated that silica nanoparticles can improve

mechanical strength without significantly altering the appearance or
permeability of stone surfaces. [9] This is particularly important

2. Role of Nanotechnology in Cultural Heritage because conservation treatments must preserve the original aesthetic

Conservation and physical characteristics of historical materials.
Nanotechnology has introduced innovative solutions for several However, challenges remain regarding aggregation of
major conservation problems: nanoparticles, long-term stability, and optimization of particle size
o ) ) distribution. Surface modification of silica nanoparticles with
e consolidation of fragile materials; organic or inorganic functional groups has been proposed to

improve compatibility and performance. [7]
e removal of unwanted deposits and pollutants;

4. Titanium Dioxide Nanoparticles and Photocatalytic
e  protection against water infiltration; Conservation

e inhibition of microbial growth; Titanium dioxide nanoparticles (TiO, ) have attracted
considerable attention due to their photocatalytic activity, chemical
stability, low toxicity, and relatively low cost. Under ultraviolet
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radiation, TiO, generates reactive oxygen species capable of
decomposing  organic  pollutants, including  atmospheric
contaminants and biological residues. [6]

In cultural heritage conservation, TiO, coatings have
been investigated for self-cleaning surfaces on architectural
monuments. Their photocatalytic properties allow the degradation
of organic pollutants such as hydrocarbons deposited from urban
pollution. [8]

Additionally, TiO, nanoparticles exhibit antimicrobial
properties by producing oxidative stress that can damage bacterial
and fungal cells. This makes them attractive for protecting stone
monuments and historical surfaces affected by biological
colonization.

Despite these advantages, TiO, applications require
careful evaluation because excessive photocatalytic activity may
potentially accelerate degradation of organic components in
artworks, particularly pigments and binders. Therefore, controlled
formulations and protective strategies are necessary.

5. Zinc Oxide Nanoparticles in Heritage Protection

Zinc oxide nanoparticles (ZnO) represent another
important class of functional nanomaterials used in conservation.
ZnO possesses antimicrobial activity, UV absorption capability, and
photocatalytic properties.

The antimicrobial effect of ZnO nanoparticles results from
the generation of reactive oxygen species and the release of zinc
ions, which interfere with microbial metabolism. [13] These
properties make ZnO suitable for applications in protecting paper,
textiles, wood, and stone materials.

Furthermore, ZnO-based coatings can provide UV
shielding, reducing photo degradation of sensitive historical
materials. However, possible interactions between ZnO

nanoparticles and pigments require detailed assessment before
practical application.

6. Calcium Hydroxide Nanoparticles for Lime-Based
Materials

Calcium hydroxide nanoparticles (Ca (OH)
nanoparticles) have become one of the most successful examples of
nanotechnology applied to cultural heritage conservation.

Traditional limewater treatments have historically been
used for consolidating carbonate-based materials. However, their
effectiveness is limited because calcium hydroxide has low
solubility and poor penetration ability. Nanocalcium hydroxide
overcomes these limitations due to its extremely small particle size
and increased reactivity. [2]

After application, nanoparticles penetrate cracks and
porous structures, reacting with atmospheric carbon dioxide to form
calcium carbonate, which restores cohesion within deteriorated
limestone, frescoes, and lime-based mortars.

Nanocalcium hydroxide has been successfully applied in
the conservation of wall paintings and architectural surfaces
because it provides chemical compatibility with original carbonate
materials while minimizing visual alteration. [7]

7. Titanium Dioxide Nanoparticles and Photocatalytic
Conservation
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Graphene and graphene oxide have emerged as advanced materials
with exceptional mechanical strength, electrical conductivity, and
barrier properties. Their application in cultural heritage
conservation is still developing but shows significant potential.

Graphene-based coatings may provide protection against moisture,
oxygen diffusion, and chemical pollutants due to their highly
impermeable structure. [10] Additionally, graphene oxide can be
functionalized with nanoparticles to create hybrid materials with
enhanced antibacterial or protective properties.

Nanocomposites combining graphene derivatives with silica,
titanium dioxide, or metal nanoparticles represent a promising
direction for developing multifunctional conservation materials.

8. Environmental
Perspectives

Sustainability and Future

The development of sustainable conservation technologies requires
balancing effectiveness, safety, and environmental impact.
Nanomaterials contribute to sustainability by enabling:

e longer-lasting protective treatments;

e reduced frequency of restoration interventions;

e lower consumption of chemical cleaning agents;

e minimally invasive conservation procedures.

Nevertheless, potential risks associated with nanoparticle release,
toxicity, and environmental accumulation must be carefully
evaluated. Future research should focus on green synthesis methods,
biodegradable nanomaterials, and comprehensive life-cycle
assessments. [5]

The integration of nanotechnology with digital monitoring systems,
artificial intelligence, and advanced characterization techniques
may further improve preventive conservation strategies.

9. Conclusion

Innovative nanomaterials represent a transformative
approach for the sustainable conservation of cultural heritage.
Materials such as silica nanoparticles, TiO, , ZnO, calcium
hydroxide nanoparticles, and graphene-based nanocomposites
provide new opportunities for consolidation, protection, cleaning,
and antimicrobial treatment of historical materials.

Although significant progress has been achieved,
responsible implementation requires careful evaluation of
compatibility, durability, and environmental safety. Future

developments in green nanotechnology are expected to provide
increasingly efficient and sustainable solutions for preserving
cultural heritage for future generations.
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Abstract. The effect of inclusions and corrosion products on the mechanism of wear of railway wheels made of R7 steel and also of
rails made of R7 steel M76. was studied. The research was carried out by several methods: metallographic, electron microscopy, X-ray,
micro-X-ray spectral analysis. The features of the formation of wear particles near nonmetallic inclusions and corrosion products related to
structural changes near the treads of railway wheels and rails as well as to the interaction of steel with the surrounding atmosphere during
operation were investigated. The influence of various factors on the role of nonmetallic inclusions and corrosion products in the formation of
wear particles is shown, which makes it possible to predict the nature of wear of the rolling surface of railway wheels and rails under various
operating conditions. The main sources and the mutual influence of various factors on the formation of wear particles near nonmetallic
inclusions and corrosion products have been established, which makes it possible to predict the nature of wear of the rolling surface of
railway wheels and rails under various operating conditions.

KEYWORDS: RAILWAY WHEEL, RAIL, WHEEL STEEL, RAIL STEEL, WEAR, WEAR PARTICLES, NON-METALLIC
INCLUSIONS, CORROSION.

1.Introduction.

The reliability and durability of railway wheels and rails depend on the technological process of their production, the chemical composition,
microstructure and mechanical properties of steels, the geometry of the tread profiles, and the conditions of interaction of the wheel-rail
friction pair [1]. When considering the wear characteristics of the tread surfaces of railway wheels and rails, it is necessary to take into
account the tribological interaction in the contact zones of the friction pair, which occurs in their surface layers under the influence of high
contact stresses, cyclic loads and temperatures, abrasive particles, and active atmospheric and industrial environments. During operation, the
wheel and rail are in a complex stress state determined by a system of contact, dynamic and cyclic stresses [1], which cause elastic-plastic
and thermal phenomena in the wheel and rail, contribute to fatigue processes in the rim and disk, crest undercutting and destruction of the
tread surface. The goal of the work is to study influence of non-metallic inclusions and products of corrosion on the wear particles formation
on the railway wheel and rail treads during operation.

2. Materials and Procedures.

The wear mechanism of railway wheels made of R7 steel and rails made of M76 steel was investigated. The studies were
conducted using several methods: metallographic analysis (Neophot-31), X-ray diffraction (DRON 2.0), electron microscopy (JSM-35), and
micro-X-ray spectral analysis (Nanolab-7).

3. Results and discussion.

During a visual inspection of wheels and rails with onto the outer side face of the rim, and fatigue-corrosion wear
heavily worn rolling surfaces (treads), defects such as sliding, were discovered (Fig. 1, a, b).
metal drag, delamination, metal build-up from the rolling surface

a
Fig. 1. The microstructure of railway wheel (a) and rail (b) after operation.

The microstructure of steel surfaces near the treads of formation on the treads of wheels and rails is the so-called "white
railway wheels and rails is characterized by the presence of a layer"”, which has increased brittleness (Fig. 2, c, f) [1,2]. Near
zone of deformed grains and "white layer" areas (Fig. 2, a, d) [1, the "white layer" areas, localized deformation of the wheel rim
2]. Wear particles formed as a result of the development of surface layer or of rail tread is detected, which contributes to
intense plastic deformation near the treads are flakes or plates of stress concentration and chipping of the "white layer." Wear
varying thickness (Fig. 2, b, €). They are characteristic of normal particles appear as sharp-edged, irregularly shaped fragments
wear conditions [3]. According to the theory of "flaking" wear (Fig. 2, g, h). They typically occur under very high pressures and
[3], during friction, the maximum dislocation density occurs not their appearance can be associated with the formation of small
directly on the surface, but at a certain depth, where extended fatigue cracks in the surface layers of the rims and rail tread [3].

microcracks appear, growing to a critical size as a result of
plastic flow of steel. The second source of wear particles
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J m
Fig. 2. Microstructure (a, d), wear particles on the tread of railway wheels (b, ¢, k) and rails (c, f) and areas of corrosion damage of
the treads of wheels (g, h, I) and rails (i, j, m - 0); x400.

A comparative analysis of the microstructure and wear particles, new "fresh" surfaces of developing cracks appear, on
particles of the treads of railway wheels and rails indicates the which adsorption of active elements of the surrounding humid
uniform nature of the processes occurring in the friction pair, environment occurs.
despite some differences in the chemical composition of wheel Thus, a humid environment, also containing various
and rail steels. When considering the specific features of plastic lubricants, contaminants, etc., has a negative effect on the fatigue
deformation development in steel near the wheel and rail treads, strength of the wheel and rail treads due to the adsorption and
one should take into account their interaction with the corrosion effects. Spots of corrosion damage were found on the
surrounding atmosphere. It is known that the initial stage of wheel and rail treads (Fig. 2, g - j). The process of corrosion
corrosion includes the adsorption of atoms of elements from the destruction of wheel steel was studied in detail in works (Fig. 3,
surrounding humid environment, which can cause the effect of a, ¢) [5], where the chemical and phase composition of the
adsorption facilitation of plastic deformation near the wheel and corrosion products were determined by various methods. A study
rail treads (the P.A. Rebinder effect) [4]. For the formation of of the corrosion products of rail steel showed similar results,
surface defects (wear particles), it is necessary to achieve the which are inclusions of complex oxides. In addition, as a result of
limiting state of strain strengthening of steel, and this stage of adsorption processes on the surface of wear particles formed in
deformation is accelerated by the action of a surface-active areas of intense plastic flow, corrosion develops, therefore,
environment [4]. With the formation and detachment of wear oxidation products of steel are often visible on them (Fig. 2, k).

/
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Fig. 3. Distribution of chemical elements in oxide phases of corrosive origin (a, cur. 1 - Fe, cur. 2 - Si, cu. 3 - Mn), the phase
composition of corrosion products of the wheel steel (c), and the corrosion zone near the non-metallic inclusion - distribution of Fe (b) and
O (d).

Corrosion damage often occurred near non-metallic influence of inclusions on the local corrosion process is
inclusions of metallurgical origin (Fig. 2, I-0, 3, b, d). The associated with both the local dissolution of the metallic matrix
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and the activating action of their dissolution products. In
addition, inclusion-matrix interphase boundaries are the centers
of initiation of corrosion damage due to their defective structure
and electrically stimulated processes of redistribution of
interphase dislocations, the appearance of high current densities
at the boundaries, and the development of adsorption of surface-
active elements, which “shakes” these boundaries [6]. The
leading role of inclusion-matrix interphase boundaries in
increasing the microchemical heterogeneity of steels and the
development of adsorption and corrosion processes is also
obvious, which is due to the influence of the defective structure
of these boundaries, as well as the appearance of a significant
potential gradient and the presence of high current densities at
these boundaries. Penetration of a corrosive environment into
inclusion-matrix boundaries promotes the formation of corrosion
products, the volume of which typically exceeds the volume of

the boundaries in which they formed, transforming adsorption
processes into corrosion processes. Corrosion induces additional
stresses at the inclusion-matrix boundaries due to the wedging
action of the resulting corrosion products, which facilitates the
development of fatigue cracks from non-metallic inclusions in
the steel matrix.

The formation of wear particles is caused by non-
metallic inclusions of metallurgical origin located near the treads
of wheels and rails, which act as stress and strain concentrators in
wheel and rail steel (Fig. 4, a) [6]. Furthermore, the formation of
cracks and wear particles is also facilitated by oxidation and
corrosion of the treads, which lead to the formation of coarse
inclusions of complex oxides directly on the rolling surface [5].
The presence of inclusions and corrosion products significantly
increases the rate of microcrack formation and their coalescence,
which increases the intensity of wear (fatigue and friction).

p
Fig. 4. Localization of deformation (a) and formation of wear particles near corrosion products of wheel and rail steel (b —h) and
non-metallic inclusions (i — 0) on the treads of railway wheels (b, ¢, e — I, n — p) and rails (a, ¢, d, m): x 400.

An analysis of the microstructure of wheel and rail
steels near the treads of wheels and rails has shown that non-
metallic inclusions and corrosion products contribute to the non-
uniform development of deformation, the appearance of turbulent
flow zones (Fig. 4, b - d) and promote the formation of zones
with an increased degree of deformation. The behavior of non-
metallic inclusions located near the treads under the influence of
acting stresses depends on their type. They are plastic (sulfides)
or not subject to plastic deformation (oxides, silicates, titanium
carbonitrides) [6]. A non-metallic inclusion located near the
treads of a wheel or rail is in a complex stress state determined by
a system of contact, dynamic and cyclic stresses [6]. The
temperature gradient arising near the treads during wheel and rail
operation leads to a non-uniform distribution of deformations in
the steel matrix and the forces acting on the inclusion.

The steel matrix fibers envelop an non-metallic
inclusion (of metallurgical or corrosive origin) on one side if it
directly extends onto the tread, or on both sides if it is located
near the tread. In the first case, the matrix fibers gradually "run
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Under conditions of high pressures and cyclically
changing temperatures, the interaction of the contacting surfaces
of the inclusion and the steel matrix occurs through the
establishment of mechanical contact and the development of
diffusion processes [6]. Mechanical contact is established as a
result of smoothing the uneven surfaces of the inclusion and the
wheel or rail steel matrix through the development of contact
friction of their surfaces relative to each other, which prevents
their relative movement. Contact friction increases the
heterogeneity of the deformation of the wheel or rail steel matrix
near the inclusions, which can affect not only the level of stresses
acting on the inclusion, but also the stress state diagram [6].
During the contact interaction of the inclusions and the steel
matrix, rotation of the inclusions is possible (see Fig. 4, b), which
causes moment stresses and promotes local plastic rotations in
the steel matrix as a result of its vortex flow.
into" the inclusion (Fig. 4, e - h), which acts as a brake for the
moving fibers, bending and often twisting into loops or spirals
(Fig. 4, i). In the second case, the matrix fibers envelop the
inclusion on both sides, which may result in delamination along
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the inclusion-matrix interphase boundaries and non-uniform
deformation (Fig. 4, j - m). Compressive and shear stresses are
concentrated at the inclusion-matrix boundaries, capable of
destroying the inclusion if they exceed the tensile strength of the
inclusions (of metallurgical or corrosive origin) under
compression (Fig. 4, n, 0).

During accelerated braking under conditions of a sharp
increase in temperature, the possible role of slippage along grain
boundaries in austenite and inclusion-matrix interphase
boundaries in the development of deformation near the wheel or
rail treads should be taken into account [1]. In addition, under
conditions of emergency braking and local heating of the tread to
temperatures corresponding to the austenitic region, when
melting and even melting of low-melting iron-manganese
sulfides and sulfide eutectics can occur [6]. Then, local sulfide
red brittleness may appear (Fig. 4, p), a sharp localization of steel
deformation occurs and multiple cracks appear, i.e., steel failure
occurs when relatively low degrees of deformation are reached.
Liquid layers are easily stretched parallel to the wheel or rail
tread, cracks develop between them, facilitating the formation of

wear particles. Liquid layers are easily drawn out parallel to the
rolling surface of the wheel or rail, and cracks spread between
them, facilitating the formation of wear particles.

Near non-metallic inclusions and corrosion products of
the wheel and rail steels the wear particles have the form of loops
and spirals, similar to chips during cutting (Fig. 5, a - ¢). They
take this shape due to residual stresses associated with the non-
uniform distribution of dislocations across the thickness of wear
particles formed near the inclusions [9, 10]. According to the data
of work [9], such wear particles precede damage and are found
mainly on the tread before localized destruction. In the case of
localized sulfide red brittleness of steel, in areas of the tread
where melting of sulfide inclusions has occurred, numerous wear
particles of both spiral shape and compact irregular shape are
observed (Fig. 5, d, €), which is caused by the presence of
numerous microcracks in these zones, as well as fragmentation of
wear particles due to strong localization of deformation.

Abrasive wear is possible in the wheel-rail friction pair,
which is associated with mechanical destruction of the treads,
resulting from the cutting or scratching action of solid particles
from outside (various contaminants, particles of transported bulk
materials, etc.). It results from shearing and plastic deformation
4. Conclusions.

Near non-metallic inclusions and corrosion products of
wheel and rail steel, wear particles take the form of loops and
spirals. They form due to localized deformation near the
inclusions and the entrainment of the matrix metal onto the
inclusions, as well as due to delamination of the inclusion-matrix
interphase boundaries. Such particles are found primarily on the
treads of wheels or rails before localized failure. In the case of
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f
Fig. 5. Wear particles near non-metallic inclusions and corrosion products on the tread of railway wheels (a, ¢, d) and rails (b, e, f); x600.

of the surface roughness (Fig. 5, f). In these cases, wear particles
have an irregular, acute-angled shape, depending on the
conditions of their formation (the ratio of particle hardness to
steel, the speed of the train, the nature of plastic processes near
the rolling surfaces, etc.).

localized sulfide brittleness, numerous spiral-shaped and
compact, irregularly shaped wear particles are formed, caused by
the presence of numerous microcracks in these zones, as well as
the fragmentation of wear particles due to severe localization of
deformation. Corrosion processes influence wear particle
formation in zones of intense deformation near the treads. In the
case of abrasive wear, wear particles have an irregular, acute-
angled shape, depending on the conditions of their formation/
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Abstract: By utilizing the tools of the PyCALPHAD library and a thermodynamic database, Python-based software components were
developed to calculate the energetic characteristics of phase transitions, enabling the prediction of Fe—~W-C system behavior under varying
composition and temperature. According to the CALPHAD calculation, it was established that within the temperature range of 500-2000 K
for the composition of 43 at.% Fe, 43 at.% W, and 14 at.% C, an intermediate Fe;W5C phase is formed, which melts incongruently at 1770K.
Keywords: THERMODYNAMICS, CALPHAD, Fe-W-C SYSTEM, PHASE EQUILIBRIUM, THERMODYNAMIC PROPERTIES

1. Introduction

Iron-based alloys are widely used in various fields of science
and technology. The quality of products made from them depends
on the methods of production, which can be improved based on
physicochemical properties. Steel matrix composites are formed by
adding reinforcing materials (such as nitrides, carbides, borides,
oxides and intermetallics) to the steel matrix, which allows the
production of materials with improved performance characteristics
[1-5]. The synthesis of such composites is an effective approach to
improve the mechanical properties of steel: strength, hardness,
durability and wear resistance [4]. Tungsten carbide (WC) is a
common ceramic material that is widely used as an agent in nickel-
and iron-based alloys [6]. WC is well suited for such materials due
to its high melting point, thermal stability, strength and hardness,
good wettability and thermal expansion coefficient similar to iron.

Since most methods of producing steels and alloys are
associated with their melting, the thermodynamic properties of iron
alloys in the liquid state are of great importance. Studies of phase
equilibria are key to understanding the behavior of materials and
alloys at high temperatures. At the same time, the determination of
the liquidus and solidus surfaces in a wide concentration range is of
great importance for the development of new alloys and the
optimization of existing technologies. Experimental work remains
one of the main research methods in this area at present. But studies
of the thermodynamic properties of melts and phase equilibria in
alloys of the Fe-W-C system have not been conducted at present.
Given the complexity of high-temperature experiments to determine
the thermodynamic properties of melts, it is advisable to calculate
them from similar data for limit binary systems according to the
“analytical” Redlich—Kister—Mujian model. Therefore, we will
consider and analyze the thermodynamic properties of melts of limit
binary subsystems first.

2. Results and discussion

Fe-W system. Thermochemical properties of iron-tungsten
melts were determined by calorimetry [7-10]. The results of these
works are compared in Fig. 1 and given in Table 1.

Fig. 1 Enthalpies of
mixing of melts of the
system:

20 7 ~

—_[7],1873K
-4 K X— [8], 1863 K;
aH N ., —[9], 1960 K

It can be seen that there is a very good agreement between the
data of [8-10], and [7] do not coincide with them even in sign. This
discrepancy is difficult to explain, since the results of the mixing
enthalpies of the binary systems Fe-Cr(V, Ta, Mo, Nb) of [7] agree
with the data of other studies. But since the data of three
independent studies of Fe-W melts [8-10] coincide, it can be stated
that they correctly reflect the energy of interparticle interaction in
melts of the Fe-W system.

Table 1: Thermochemical properties of melts of the Fe-W system, in kJ/mol.

AH[E | o -AH[9] |- AHI8] AH[7]

X — X

W | 121060k | AW [1o1060k |T=1ssa k| XW [1=1873 K

0 0 101 0 0 005 | 042
002 | 025005 | 22¢2 | 0354005 | 02 sz 0.38

0.07

004 | 06+005 | 3143 | 07+005 | 05 5 0.8
006 | 10:01 | 35:3 | 1.1+01 08
008 | 16:01 | 36+3 | 17401 11
010 | 20:02 | 27+3 | 2.1%02
011 | 24:02 | 20t2 | 25+02
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The EMF method in the concentration range 0.95<xFe<1.0 at
1870 K investigated [11] the activities of tungsten in liquid alloys of
the Fe-W system using a concentration chain of the form:

W-WO,/ZrO,-Y,04/ Fe-W, WO,.
The obtained EMF values and the calculated tungsten activities
in melts of the iron-tungsten system at 1870 K are given below.

Table 2: Values of calculated EMF

Xw [ E10°B | awsp) | awm)
0,068 70,8 0,1724 | 0,1711
0,0188 | 58,9 0,2317 | 0,2270
0,0298 | 445 0,3313 | 0,3208
0,03541 | 32,1 0,4507 | 0,4338

It was found that the tungsten activities of alloys of the Fe-W
system are characterized by very large positive deviations from
Raoult's law and correlate with the data [12].

Fe-C system. Thermodynamic data of melts of this system have
been studied in many works, since iron-carbon alloys are very
important for the development of ferrous metallurgy. The enthalpies
of mixing and dissolution of melts of the Fe-C system have been
determined at 1873 K and 1973 K [13,14], and the activities of the
components - [15, 16]. The most reliable thermodynamic properties
at 1900 K of Fe-C melts are given in Table. 3.

W-C system. W and C form the compounds WC and W2C, and
their enthalpies of formation (AfH) are determined to be: — 38 and —
46 kJ/mol. However, the thermochemical properties of melts of the
W-C system have not been investigated, so we have taken them
equal to the enthalpies of formation. Using the molar enthalpies of
melts of binary boundary systems, similar data were calculated for
ternary melts of the Fe—~W-C system according to the “analytical”
Redlich—Kister—Mujianu model (Fig. 2). Itcan be seen that the
extreme value of the integral molar enthalpy of melts of this ternary
system is —46 kJ/mol and falls on the W0.66C0.34 melt, i.e. the
main contribution to the interaction energy between dissimilar
atoms of these ternary melts is made by the boundary W-C system.
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Table 3: Thermodynamic properties of Fe-C melts (standard state - liquid
iron and liquid supercooled carbon) at 1900 K

exc. —exc. exc.
~AmFc | ~AmH | A, 50 A5 | A,Ge [TAnC
Xc m
kd/mol J/(mol K) k/mol
0 83,3+15,1 0 13,543.9 0 57,7+13,4 0
0,02 67,2 15 -6,9 0,2 54,0 1,1
0,04 59,9 2,7 -5,0 0,03 50,4 2,2
0,06 | 58,2+15,3 | 3,9+0,9 | -6,0+4,0 | 0,4+0,1 |46,8+13,5 3,1+0,9
0,08 59,4 51 -8,4 0,6 43,4 4,0
0,10 61,4 6,3 -11,2 0,8 40,2 4,8
0,12 | 62,2+15,7 | 7,5+1,8 |-13,2+4,5 | 1,0+0,4 |37,1+13,4 5,6+1,7
0,14 60,1 8,7 -13,6 1,3 34,2 6,3
0,16 53,8 9,9 -11,7 1,6 31,5 6,9

{
5

0
1 \\

Fe

Fig. 2. Isoenthalpies of mixing of melts of the Fe-W-C system,
calculated using the “analytical” Redlich—Kister—Mujianu model

Studies of phase equilibria are key to understanding the
behavior of materials and alloys at different temperatures. However,
despite their significant applied importance, the liquidus and solidus
surfaces of the Fe-W-C system have not been studied due to the
very high smelting temperatures of both Fe, W, C, and their
compounds. Therefore, thermodynamic modeling is an important
tool for studying such phase diagrams. An important aspect is the
modeling of the energy characteristics of phase transitions, which
allows predicting the behavior of systems when changing
composition and temperature. To calculate the liquidus and solidus
surfaces (including multidimensional ones), software components
were created in Python, using the PyCALPHAD library tools and
thermodynamic databases. According to CALPHAD calculations of
phase equilibria in the temperature range of 500-2000 K for the
composition 43% Fe 43% W, 14% C (at.%), an intermediate phase
FesW;C is formed, which melts incongruently at 1770 K. The
images of the liquidus and solidus projections of the Fe-W-C
system obtained from the calculation data are shown in Figure 3.

W_FE_C_VA liquidus surface W_FE_C_VA solidus surface
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00 01 02 03 04 05 06 07 08 09 10
X (W) X (W)

a) b)
Fig. 3. Projections of the liquidus and solidus surfaces of the Fe—
W-C system according to CALPHAD calculations: a) liquidus; b)
solidus

0.0 -
00 01 02 03 04 05 06 07 08 09 10

On the liquidus surface, the W-C-enriched region has clear
eutectic depressions and maxima due to the formation of stable
tungsten carbides. Approaching the iron angle smoothes these
features, signaling a transition to iron-based crystallization, and a
zone of reduced liquidus temperatures extends inward from the Fe
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angle. In this case, the Fez; W5 C compound melts incongruently
and affects the topology indirectly through adjacent phase
equilibria. The solidus surface is relatively smooth in the carbon-
rich corner, but along the W-Fe direction it has steps and
discontinuities, successive solid-phase transformations involving
carbide phases.
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Abstract: Dissimilar welding between duplex stainless steel and structural steel is increasingly used in the offshore, petrochemical and
energy industries due to the combination of high corrosion resistance and good mechanical strength. This study presents a comparative
investigation of two welding procedures for which they were used as filler metal: a BOHLER O G 309L-Si solid wire (GMAW 135 process), a
FOX core 2209-T1 flux-cored wire (FCAW 136 process) and M21 shielding gas (82% Ar + 18% CO2). The butt joint was performed between
10mm thick plates made of duplex stainless steel UNS S32205 and structural steel S355J2. During tensile testing, failure occurred in the
base material, confirming the high strength and good quality of the welded joints. Charpy impact testing revealed high toughness in the weld
area for the GMAW 135 process, while excellent toughness was obtained for the GMAW 136 process. Hardness measurements showed a
more uniform hardness distribution for the flux-cored wire welds and macrostructural analysis confirmed full penetration of both welds.
Keywords: MECHANICAL PROPERTIES, DISSIMILAR WELDING, DUPLEX STAINLESS STEEL, CARBON STEEL

1.

Dissimilar welded joints are increasingly used in offshore
structures, pressure vessels, petrochemical plants and energy
systems, where the combination of corrosion-resistant materials and
high-strength  structural steels provides both economic and
technical advantages [1-2], [3]. One of the most common
combinations is duplex stainless steel UNS S32205 and structural
steel S355J2. Duplex stainless steel UNS S$32205 is a widely used
engineering material characterized by a dual-phase microstructure
consisting of approximately equal proportions of ferrite and
austenite. This combination provides high mechanical strength,
excellent resistance to stress corrosion cracking and superior
corrosion resistance compared to conventional austenitic stainless
steels [4-5]. In these steels, it is desired to maintain the phase
proportion of approximately 40% to 60% ferrite, with the remainder
being austenite, by adding austenite stabilizers, such as Ni, C, and
Mn, in balance with ferritizing elements, such as Cr and Mo.

The effects of nitrogen on stainless steels are multiple, promoting
both increased corrosion resistance (extension of the passive
potential) and austenite content or mechanical strength. The
microstructure in the heat-affected zone during welding is
influenced by the thermal regime through the heat input in relation
to the material thickness, the preheating temperature or the
interlayer temperature. In other words, the maximum value of the
exposure temperature controls the proportion of dissolved austenite
and the diameter of the ferrite grains. The increase in the size of the
ferritic grains has the effect of delaying the formation of austenite
and, therefore, disturbing the phase equilibrium in the steel [6-8].

Structural steel S355J2 is commonly employed in welded
constructions due to its good weldability, adequate mechanical
properties and economic advantages. The combination of $32205
duplex stainless steel and S355J2 structural steel is frequently used
in offshore, petrochemical and energy applications where both
corrosion resistance and structural strength are required [2, 5-6].

Introduction

The welding of these dissimilar materials presents significant
metallurgical challenges because of differences in chemical
composition,  thermal expansion  coefficient and phase
transformation behaviour during welding thermal cycles [2], [5].
Improper control of welding parameters may lead to undesirable
microstructural changes, residual stresses or deterioration of
mechanical properties [1], [9].

The selection of filler material and welding process plays a crucial
role in achieving sound dissimilar joints with adequate mechanical
and metallurgical properties [9]. Gas Metal Arc Welding (GMAW)
is widely employed in industrial applications because of its high
productivity, good deposition rates and versatility [2].

Among the various GMAW variants, process 135 utilizes solid wire
electrodes, while process FCAW employs flux-cored wire
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consumables, each providing different thermal and metallurgical
conditions during welding. Several studies have demonstrated that
welding parameters, filler metal composition and heat input
significantly influence the microstructure, toughness, hardness
distribution and overall performance of duplex stainless-steel
weldments [1],[5]. However, comparative data regarding the
behaviour of dissimilar joints between $S32205 duplex stainless steel
and S355J2 structural steel produced using GMAW and FCAW
processes remain limited.

The objective of this study is to perform a comparative evaluation of
the mechanical and metallurgical behaviour of dissimilar welded
joints produced using GMAW processes. The investigation has
included non-destructive testing, tensile testing, bend testing,
Charpy impact testing, Vickers hardness measurements and
macrostructural examination to identify the most suitable welding
procedure for industrial applications involving dissimilar materials.

2. Materials and Methods
2.1. Materials

In the experimental study two dissimilar welding joints have been
performed between duplex stainless steel UNS S$32205 and
structural steel S355J2 plates, with 10 mm thickness.

The chemical composition of S32205 steel contains (wt.%): 0.03 C;
2 Mn; 1 Si; 21 — 23 Cr; 2.5 — 3.5 Mo; 4.5 — 6.5 Ni; 0.08 — 0.2 N.
Based on this chemical composition, a PREN corrosion index value
of 34 results, which is an average value in the duplex steel class. It
has a tensile strength of 755 MPa, the yield strength of 582 MPa,
Rockwell hardness HRC of 28 and elongation of 35%.

The chemical composition of S 355 J2 is (wt.%): 0.15 C; 1.38 Mn;
0.1 Si; 0.1Cr; 0.04Al; 0.1Ni. The main mechanical properties of this
steel are: Tensile strength of 550 MPa, yield strength of 405 MPa,
Brinell hardness of 170HB and elongation of 23%.

From the analysis of the property values of the steels that were
welded, it is observed that problems can arise due to the diffusion of
carbon from S 355 J2 towards the weld and the failure of the joint in
the component made of this steel. The samples were machined for
“V” butt —bevel shape, having an angle of 60°, depth of root face of
1.5 to 2mm, root gap of 2 to 4 mm (Fig. 1) [10]. Before welding, a
layer of 309L-Si stainless steel was cladded on the joint area of the
carbon steel part. The use of this filler material over the entire
section of the joint required complex management of the rutile slag
layer, a factor that decisively influenced the volumetric integrity of
the weld, as observed during radiological control (Fig. 1b).
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Fig. 1. Joint geometry and layers configuration for welded samples:
a) GMAW 135 process; b) FCAW 136 process [9].

In both welding processes, shielding gas type M21 (18 %CO2 and
82% Ar) was used. To prevent oxidation of the root weld of the
sample welded with solid wire, root protection was performed using
a separate cylinder with Argon (I1) shielding gas with a purity of
99.996%, that is the specific method applied in the case of stainless
steels welding. To make the sample welded with tubular wire, the
root was protected with a ceramic support. Two Gas Metal Arc
Welding (GMAW) procedures were investigated in the study.

Welding process GMAW 135 has been performed using a solid wire
electrode (BOHLER Q G 309L-Si), while FCAW (Flux-Cored Arc
Welding) 136 process utilized a flux-cored wire electrode (FOX
core 2209-T1), both of then having 1.2mm diameter. BOHLER Q G
309L-Si wire has an austenitic steel with the chemical composition
of (wt.%): 0.02C; 0.9 Si; 1.6 Mn; 23.1 Cr; 0.1 Mo; 13.3 Ni; 0.1 Cu.
FOX core 2209-T1 cored wire is projected for welding of duplex
steels, with the chemical composition of (wt.%): 0.03C; 0.69 Si;
0.96 Mn; 23.25 Cr; 3.05Mo; 8.97 Ni; 0.09 Cu; 0.14 N.

2.2. Methods

Welding was performed with LINCOLN ELECTRIC SPEEDTEC
405 SP inverter multi-process equipment, equipped with advanced
arc monitoring functions. The preliminary Welding Procedure
Specification documentation (pWPS) was developed in accordance
with the requirements of the standard SR EN 1SO 15609-1[11].

The influence of the welding process on the mechanical behaviour,
hardness distribution and structural integrity of the welded joints
was subsequently evaluated through destructive and non-destructive
testing methods [11-18].

The welding parameters (presented in Table 1) and the interlayer
temperature were monitored during the execution of both welding
procedures. Technological parameters such as the welding regime,
the filler materials used, the type of shielding gas, as well as the
thermal conditions for making the joint were defined for each
technology. The temperature was monitored throughout the welding
process to ensure that the maximum interlayer temperature of 150°C
was not exceeded. To counteract the effect of thermal stresses and
avoid angular deformations, the two plates were positioned and
rigidly fixed on a metal alignment support (Fig. 2).

Table 1. Welding parameters

Layer Current, \oltage, | Travel speed, Heat
A \Y cm/min input,
kJ/mm
Sample 1
Root 110 16 24 0.40
L2 160 24 28 0.73
L3 180 26 30 0.80
Sample 2
Root 130 22 25 0.69
L2 150 24 34 0.67
L3 170 25 22 0.98
L4 180 26 40 0.59
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In this way, the start and completion of the weld could be done
outside the welding area, thus avoiding the appearance of specific
imperfections when starting and ending the electric arc burning
process.

Fig. 2. The samples prepared for welding.

Upon visual inspection [12], both welded samples presented a
satisfactory appearance after removal of welding spatter. The
surface of the weld was clean, with regular geometry and uniform
deposition of the filler material. When checking with penetrant
liquids [13], it was observed that the welded samples had a compact
surface, lacking relevant indications according to the acceptability
criteria for quality level B (Fig. 3).

Fig. 3. Overview of welded samples after completion of liquid
penetrant inspection.

Following the radiographic examination (RT), the solid wire welded
sample did not present any unacceptable defects according to the
criteria specified in the applicable standards [14].

The radiographic image obtained revealed a homogeneous structure
of the weld, without major discontinuities such as cracks, inclusions
or lack of penetration beyond the permitted limits, the sample being
declared acceptable. In the case of the sample 2, welded with
tubular wire, non-conforming internal discontinuities were
highlighted, which required excavation and re-welding operations
of the defective areas. The microstructure analysis was carried out
in accordance with the requirements of the standard [15], using
selective chemical attack to highlight the geometry and heat-
affected zones. The Tensile tests and bending tests have been
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performed using Universal tensile test machine OPTIMUM MB4P
(12 t) [16] and bending tests have been performed using a hydraulic
press (30 t) with bending rollers (diameter of 40mm), to verify
ductility and inter-layer fusion [17]. Charpy impact tests were
carried out at a temperature of -20 °C and the dimensions of the
samples were 10x10x55mm, using a Wolpert PW 30/15 pendulum
[18].

The measurement of hardness was performed by the Vickers
method (HVO0.5), according to the SR EN ISO 6507-1:2023
standard [19], using Shimadzu HMV 2T apparatus, for the
evaluation of the local variation of mechanical properties in the
characteristic areas of heterogeneous welded joints: base metal
(S355 J2 and Duplex 2205), heat-affected zone (HAZ) and
deposited metal. The measurements were performed using a force
of 49 N (HV0.5) and a holding time of 10 s, according to the
standardized methodology.

3. Results and discussion

Representative specimens were cut from the welded joints,
processed according to international standards, for the following
determinations:

between the joined materials.

- 3 specimens from each sample were subjected to transverse
tensile testing, to determine the ultimate strength (Rm) and
tensile strength (Rp). The values obtained were targeted in the
range of 470-630 MPa, to ensure compatibility with the
strength limits of the base materials joined [4] (Table 2).

- 4 specimens taken from the samples for transverse bending
tests: 2 specimens for root bending (TRBB) and 2 for face
bending (TFBB).

- 3 sets of specimens for the impact bending tests (weld, duplex
base material heat-affected zone and carbon base material heat-
affected zone) (Table 3).

- one specimen from each welded sample for macroscopic
examination (fig. 4).

In the case of Sample 1 (welded using solid wire electrode) most of
the specimens showed lateral plastic deformations and a fibrous-
looking fracture, suggesting high toughness.

For Sample 2 (welded using flux-cored wire electrode), the fracture
surfaces indicated a mixed behaviour, highlighting the influence of
the flux in the cored wire on the crystallinity of the weld metal.

In the case of bending tests, the good results are associated with the
failure of the S355 J2 base material, without affecting the weld
itself, thus highlighting a difference in mechanical behavior

Table 2. Comparative results of transverse tensile tests

Sample Notch location KV values, J Average KV, J
Weld 122.5 100 112.5 112
Sample 1 | gy s 90 90 80 87
FL-SS 122.5 92.5 147.5 121
Weld 72.5 75 62.5 70
Sample2 | gy cs 70 115 77.5 88
FL-SS 182.5 122.5 147.5 151
FL-CS: fusion line from Carbon Steel; FL-SS: fusion line from Stainless Steel.
Table 3. Impact energy values (KV) obtained for samples of standard size
Sample Width, mm | Thickness, | Surface, Force, N R, MPa Failure Result
mm mm? zone
TL.1 11.26 9.92 111.70 69.18 619.34 Base metal | Approved
T1.2 11.62 9.95 115.62 69.99 605.35 Base metal | Approved
TL.3 11.09 9.78 108.46 66.68 614.79 Base metal | Approved
T2.1 11.73 9.97 116.95 71.54 611.71 Base metal | Approved
T2.2 12.08 9.86 119.11 74.05 621.69 Base metal | Approved
T2.3 11.83 9.88 116.88 71.77 614.05 Base metal | Approved

Regarding the impact resistance test results, as shown in Table 3, it
is observed that the fracture energy values are higher in the case of
welded sample 2, especially in the fusion line with the stainless
steel. However, the fracture energy values are lower in the welded
interface with the structural steel. However, the lowest values of
breaking energy were recorded in the weld made with tubular wire
(sample 2), of maximum 75J, while in the sample welded with solid
wire (sample 1) it was of minimum 87J.

The preparation of the specimens followed a rigorous protocol,
using high-grain finishing equipment available in the laboratory to
prevent alteration of the two-phase microstructure of the duplex
steel. Macroscopic analysis of the fracture surfaces for both series
of samples was carried out. As can be seen in the macroscopic
analysis of sample 1 (Fig. 4a), it shows complete penetration and
good fusion at both interfaces (duplex and carbon steel), from
which it is found that it does not present macroscopic defects.

Macroscopic analysis of sample 2 (Fig. 4b) highlights the stability
of the cored wire welding process.

a) b)
Fig. 4. Cross-sections through the welded samples.
a) sample 1; b) sample 2.

A uniform and well-defined morphology of the weld beads is noted,
as well as a metallurgical continuity without discontinuities (Fig.
5a). No internal defects were identified, but an axial rotational
deformation occurred on the weld axis during the operation to
remedy internal defects detected during the X-ray penetration test.
In the case of sample welded using flux-cored wire electrode, the
appearance of areas of partial mixing between the 2 alloys (filler
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metal and S 355J2) as well as dispersed spherical inclusions is
observed (Fig. 5b). The hardness distribution shows high values in
the duplex base metal (331-333 HVO0.5) and lower values in the
S355 J2 carbon steel (212-214 HV0.5), corresponding to the
differences in microstructure.

i

i ) o b)
Fig. 5. Optical microstructure of cross section on fusion line.
sample 1; b) sample 2.

a)

In the Heat-Affected Zone (HAZ) of the S355 steel, an increase in
hardness (265-270 HVO0.5) is observed, determined by the
microstructural transformations induced by the welding thermal
cycle. The HAZ of the duplex steel shows high values (318-319
HV0.5), indicating the maintenance of the two-phase structure. The
weld metal shows intermediate values (203-233 HVO0.5),
characteristic of a predominantly austenitic structure, which leads to
a difference in hardness compared to the duplex steel. In the case of
sample 2, the hardness values for the base metal remain similar to
those of sample welded using solid wire electrode, but significant
differences are observed in the deposited metal area.

The weld metal shows high values (351-355 HV0.5), close to those
of duplex steel, indicating superior mechanical compatibility. This
is determined using duplex filler material. The heat-affected zone of
the carbon steel shows lower values (225 HVO0.5), indicating a
different influence of the thermal cycle. Sample welded using flux-
cored wire electrode presents a more uniform distribution of
hardness and a more gradual transition between zones, which
indicates a superior mechanical compatibility. The results are
consistent with the literature on the influence of the filler material
on the mechanical properties of dissimilar welded joints [5-8].

4. Conclusion

The analysis of the mechanical test reports highlights that both
samples meet the acceptance criteria for the tensile and impact tests,
confirming good mechanical behavior of the dissimilar welded
joints. For sample 1, all tensile specimens were accepted, and the
rupture occurred in the base material, which indicates a superior
resistance of the weld bead. In the case of bending tests, the
““failure™ results are associated with the failure of the S355 J2
base material, without affecting the weld itself, thus highlighting a
difference in mechanical behavior between the joined materials. For
sample 2, the results indicate a mixed behavior in bending, with
specimens accepted on the weld face and rejected on the root, which
highlights a different stress distribution and a more pronounced
influence of technological parameters on the quality of the joint.
The high fracture energy values (121 and 151 J in fusion line area)
confirm an excellent toughness of the joint, especially at the
interface with stainless steel, being in line with the microstructural
observations on the metallurgical compatibility.

The experimental results highlight good compatibility near the
fusion line with the duplex steel and a stable dendritic structure in
the weld area. For sample welded using flux-cored wire electrode,
the results indicate a mixed behavior in bending, with specimens
accepted on the weld face and rejected on the root, which highlights
a different stress distribution and a more pronounced influence of
technological parameters on the quality of the joint.

The high fracture energy values (up to 150 J in the duplex area)
confirm an excellent toughness of the joint, especially at the
interface with stainless steel, being in line with the microstructural
observations on the metallurgical compatibility.
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The microstructure shows good compatibility with the fusion line at
interface with duplex steel and a stable dendritic structure in the
weld area. The Vickers hardness analysis highlights a differentiated
distribution of mechanical properties between the characteristic
areas of the joint, sample welded using flux-cored wire electrode
presenting a higher homogeneity and hardness values closer to the
duplex steel, which indicates a superior mechanical compatibility of
the weld metal.
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Effect of carbide-forming components on phase and structure formation in the Fe-Ga
system and corrosion properties of the obtained materials
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Abstract The high-temperature self-propagating synthesis (SHS) of carbides and borides in powder systems (30, 50, 70) wt.% (Fe-Ga)-(Ti-
C) and (30, 50, 70) wt.% (Fe-Ga)-(Ti-B4C) was investigated at a temperature of 1200 °C in a neutral argon atmosphere. It was established
that the introduction of a master alloy (Fe-55 wt.% Ga) into the initial mixture intensifies the SHS process. The appearance of a liquid phase
at lower temperatures in gallium-containing systems is likely one of the main reasons for the activation of transport mechanisms for mass
transfer to the chemical reaction front. Corrosion tests in a simulated seawater environment (3% NaCl solution) showed that simultaneous
alloying of iron with gallium and boron significantly increases the corrosion resistance of iron-based materials. Specifically, the material
containing 30 wt.% (Fe-Ga)-(Ti-B4C) demonstrated high protection (ASTM G-1, Good) in an environment close to seawater.

KEYWORDS: FE-GA SYSTEM, POWDER GALFENOLS, SELF-PROPAGATING HIGH-TEMPERATURE SYNTHESIS (SHS), TITANIUM
CARBIDE, TITANIUM BORIDE.

1. Introduction 2. Thermodynamic conditions of thermal synthesis
In the line of the latest smart materials, which have been actively of titanium carbides and borides in systems with
developed and used in the last two or three decades, iron-based iron

materials still occupy a significant number of positions due to the ) . ] . .
unique properties that are added to them by doping with High-temperature self-propagating synthesis (SHS) is a typical
components that are “untraditional” for them, in particular, such meChan'Sr_n of t_he_ _t'tan'um carbide reaction, which s
as rare-earth metals or gallium [1]. In particular, characterized by significant heat relea_se «Q = 3480 kJ/kg, Tad =
magnetostrictive materials of the Fe-Ga system, the so-called 3290 K). However, the HPS process in a mixture of elementary
galfenols, have become an alternative to alloys based on rare- powders depends on many factors and is a process that is
earth metals of the composition (e.g., Terfenol-D: ThysDyoFe,), difficult to contr_o! [7]1. Therefore, _to determ!ne the optllmal
which, in addition to their high cost and limited availability, are temperature conditions for the formation of carbides and borides
also characterized by a low set of mechanical characteristics in the Fe-Ti-C(B) system, it makes sense to assess the
(e.g., the tensile strength of Terfenol-D is about 27 MPa). thermodynamic probability of the thermal synthesis of titanium
Galfenols are obtained mainly by casting methods followed by carbl_d_es and borlde_s in a system with iron under experimental
cold and hot rolling [2]. From a technical point of view, rolling conditions. Calculations based on the temperature dependences
cast Fe-Ga alloys is quite difficult due to their tendency to brittle of partial pressures and activities of Ti and C for titanium
fracture during deformation even at elevated temperatures [2]. In carbides of different stoichiometry, carried out according to the
the last decade, scientific and technical proposals have appeared method [7], showed that in the temperature range of 1100-1500
on the use of powder galfenols and composite materials °C (1173-1773 K), the stoichiometric carbide TC is characterized
containing them using powder metallurgy methods [3, 4]. This by the most negative values of 4G’ which indicates a high
allows avoiding problems arising during thermomechanical probability of its formation in the Ti-C system (Fig. 1).
processing of cast alloys and expanding the scope of application AGS®

of galfenols in particular, for three-dimensional printing, or S

fillers of composite materials for various functional purposes. S 17 193 13 a7 1593 1673 lmT‘K
Currently, galfenols work effectively in the field of hydroacoustic,

in particular in surface and underwater communication devices, 20000 —e=TO
but their corrosion resistance and the influence of alloying

impurities on this property remain insufficiently studied. There 25000 =105
are separate publications in the literature on the positive effect of M TiCoos
elements C, B, and some carbides on the magnetic and -30000 '
mechanical characteristics of single-crystal galfenols [5, 6],

which makes them promising alloying additives for galfenols. At -35000 - —— —

the same time, it is known that a powerful strengthening effect in

iron-based materials can be created by titanium carbides and ~40000 | -

borides (TiC and TiB,). In addition, the introduction of these
compounds into the iron-containing matrix of the powder
material under certain conditions can increase its corrosion
resistance. The electrochemical type of corrosion is a very
common phenomenon during the operation of various types of
products, and in the case of using multi-component materials, it
can be characterized by a complex multi-stage process of their

-45000 —

Figl. Temperature dependence of AG° (1 for titanium carbides
of various stoichiometry.

gradual or rapid destruction. Unlike binary systems, which are defined in detail in a wide
In this regard, the work conducted studies of the thermal temperature range, the ternary system Fe-Ti-C(B) are less
synthesis of titanium carbides and borides in-situ during the studied from the point of view of phase equilibria. Increase in the
sintering of powder mixtures of the systems (Fe-Ga)-(Ti-C) and carbon concentration in the system leads to the formation of
Fe-Ga-(Ti-B,C) depending on the ratio of iron-containing and cementite (FesC), and excess free carbon is not observed. The
reactive components, and determination of the corrosion quasi-binary Fe-Ti-C intersection is a diagram of a simple
resistance of the obtained materials in a salt solution that eutectic type with the reaction L(liquid)=Fe+TiC at 1450 °C /8].
simulates sea water. A comparative analysis of all possible reactions between the

components in the Fe-Ti-B,C system showed that among all
possible reactions, the most probable is the reaction
3/4Ti+1/4B,C=1/2TiB,+1/4TiC, since AG for it has the largest
modulus value. In addition, with high probability, the reactions
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2/3FeTi+1/4B,C =3/4Fe+1/2TiB,+1/4TiC and 2/3
Fe,Ti+1/4B,C =3/2Fe+1/2TiB,+1/4TiC are possible, i.e. the
interaction of intermetallics FeTi, Fe,Ti and pure Ti with B,C
with the formation of borides TiB, and TiB, and titanium carbide
TiC. The obtained data are consistent with the results of
calculations carried out in [9], where the features of phase and
structure formation in the Ti-B-Al (N,C) systems were studied.
The authors showed that there is a high probability of the
formation of titanium boride TiB in multicomponent systems,
through the formation of intermediate boride Ti,B. The
quaternary systems Fe-Ga-(Ti-C(B)) have not yet been studied,
and therefore their behavior cannot be predicted. It can only be
assumed that since Ga does not chemically interact with carbon,
in the structure of the materials it will be contained in the matrix
iron-containing phase within the limits of its solubility in the bcc
lattice of Fe, and its excess will form, first of all, intermetallic
phases of the composition FecGas and FesGa, [10]. However, it
is not excluded that in materials of the systems Fe-Ti-C and Fe-
Ti-B,C, when doping them with Ga, an additional factor
stimulating the processes of thermal synthesis is a decrease in the
temperature of the liquid phase and an increase in its volume
during the thermal synthesis of carbides.

3. Starting materials

The starting materials used were iron powder (99.95% wt. Fe)
and titanium (99.8% wt. Ti) after screening at <100 um, graphite
powders (size <63 um not less than 65 wt. %), Ti and B,C
(Zaporizhzhia Abrasive Plant, Ukraine), Ga-ingots (99.98% wit.
Ga), was previously crushed. The technological scheme
provided for obtaining a ligature of composition Fe-45% wt.Ga
and mixing it with iron powder in a proportion corresponding to
the composition Fe-21,5% wt. Ga. The production of ligature
alloy is a necessary stage of obtaining samples, since obtaining a
uniform mixture of components directly from iron and gallium
powder causes significant technological difficulties due to the
low melting point of gallium (~29 °C). Thermal synthesis was
carried out in the temperature range of 1200-/250 °C in an
electric resistance furnace, using a container filled with
ingredients that form a glassy layer on the surface during
sintering, thereby preventing oxidation of the mixture
components inside the container.

4. Influence of gallium on phase and structure
formation in the Fe-Ti-C(B) systems

For experimental studies of the possibilities of thermal synthesis
of carbides and borides in the Fe-Ga system, 2 batches of
mixtures were prepared, in which the reactive component of the
initial charge contained (Ti-C) or (TiH,-B4C). In each batch, the
proportion of the ligature alloy (Fe-Ga) was 30, 50 and 70 wt. %.
The ratios of components in the reaction component were
constant, determined from the calculation of the complete
passage of the reactions Ti+C—TiC and Ti+B,C=TiB,+TiC and
were 80Ti:20C and 72,2Ti:27,8B,C, respectively. Samples for
research were obtained by pressing the charge into cylindrical
blanks, which were then sintered. Obtaining carbides and
borides in the Fe-Ga material structure was assumed by thermal
synthesis at a temperature of 1200 °C in a pure Ar environment.
The heating rate was 40 degrees/min for 2 hours, the duration of
isothermal holding at the synthesis temperature was 2 hours,
cooling was carried out together with the furnace. For
metallographic analysis of the structure of the samples, sections
were made in a standard way, which were studied by optical and
scanning electron microscopy methods using The presence of Ga
in the system may become an additional factor that can activate
diffusion processes in Fe-Ti-C(B) materials, due to the formation
of low-melting phases, which significantly accelerate the
processes of substance transport to the reaction front. To test this
hypothesis, differential-thermal analysis (DTA) of the Ti-Fe and
Ti-Fe-Ga systems was performed. Mixtures of compositions were
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investigated, in which the mass ratio of Ti to Fe powders and Ti
to the Fe-Ga alloy was the same and was 43:57, which
corresponds to the atomic composition of 46Ti-54Fe and 49Ti-
24Fe-27Ga, respectively. DTA of the mixtures was performed at
a heating rate of 20 and 40 °C/min, in the temperature range of
20-1270 °C in a stream of pure argon. The DTA results are
presented in Fig. 2.

DTA /{uVimg)

40 ﬁ Exothermic

1081.0 °C

V=40 °C/min ‘

11380°C

11054°C
i \/ ‘\ 20°C/min
00, /’_”__‘\

200 400 600 800
Temperature °C

@

DTA /(uV/mg)
12

ﬁ Exothermic

08

06 %
{ V=40 °C/min
04 N

V=20 mw:\‘

200 400

600 1000
Temperature /°C

(b)
Fig. 2. DTA curves of the mixtures: 46 % wt.Ti-Fe (a) and
49 % wt. Ti-24(Fe-Ga)( (b).

The obtained data indicate that in the studied temperature range
in both systems, structural changes are observed, causing
significant thermal effects, and the rate of temperature change
within 20...40 deg/min does not significantly affect their position
relative to the temperature scale. When heating both mixtures,
the first endothermic peak is observed in the temperature range
of 600 °C, which in the equilibrium Ti-Fe system corresponds to
the reaction of the eutectoid transformation: oTi+FeTi<3S-Ti.
The fixation of the eutectoid reaction with the formation of a f-Ti
solution from two phases — the intermetallic FeTi and o-Ti,
shows that in both cases the formation of the intermetallic FeTi
takes place in the solid phase during heating to the specified
temperature. The next phase transformation in the sample of the
dual composition is recorded at a temperature of 1080-7/00 °C
and corresponds to the eutectic reaction: FeTi+p-Ti¢»L. The
difference in the behavior of the system in the presence of Ga
begins to appear at a temperature of 800 °C. At higher
temperatures, an endothermic peak is observed in the Ga system,
which probably accompanies the appearance of a liquid phase in
significant quantities. Thus, it can be concluded that in iron-
based systems, when doped with gallium, thermal synthesis of
titanium carbides can be intensified due to the activation of
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diffusion processes and changes in the chemical potential of
carbide components at the interface with the melt.
The obtained materials had the appearance of a sponge with a
developed coarse-porous structure, which is quite typical for
materials obtained by HPS-mechanism. According to the X-ray
diffraction data, the structure of the samples consists of an iron-
based matrix phase in which the products of thermal synthesis
are dispersed - carbides and intermetallics, which have a micron
and submicron size (Fig. 3). It is interesting to note that gallium
is mainly concentrated in a solid solution based on iron within
the limits of its solubility in the Fe-Ga binary system (8...12
wt.%), and in systems with its excess - in the composition of
Fe;Ga, inclusions. An increase in the proportion of the reactive
component of thermal synthesis contributes to its activation, as a
result of which the porosity in the sintered samples increases,
and the pores themselves become spheroidized, and the
crystalline inclusions slightly increase in size. Among the
crystalline inclusions, titanium carbide of variable composition
(TiC,, x=0.4...0.9) prevails, in addition, FeTi and cementite
(FesC) appear in the structure. The structure of materials
obtained from the charge with boron carbide is similar, while
boron forms intermetallics with iron. We have established that in
thermally synthesized materials of the Fe-(Ti-B4C) system, boron
is contained mainly in borocementite Fes(B,C)[11].
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Fig. 3 Microstructure of sintered samples with the composition
30(Fe-Ga) — (Ti-C).

5. Corrosion tests and their discussion

Corrosion tests of materials (Fe-Ga)-(Ti-C(B)) were carried out
in a saline solution of water (3% NaCl, PH=~7), which simulates
the marine environment. For comparison, samples from
materials of the Fe-(Ti-C) and Fe-(Ti-B,C) systems with similar
ratios of reactive to iron-containing components in the initial
charge, which were obtained using the same technology as the
samples of the research batches, participated in the corrosion
tests. In general, the tests lasted for 121 h, during which the
samples were periodically immersed in solutions for 30 min,
followed by removal and exposure in air for 15 min. It is believed
that such a regime prevents the development of stagnant
phenomena at the interface of the surface of the samples with the
solution, which inhibit oxidation processes. The temperature of
the solution was 40+£5 °C, air 3845 °C. After the tests, the
samples were visually inspected to determine the nature of the
corrosion, and then dried and weighed. Then the samples were
subjected to mechanical cleaning to remove the remains of
corrosion products on their surface, followed by ultrasonic
treatment in a solution of ethyl alcohol for 3-5 min, and drying in
a vacuum drying oven for 30 min, and again weighed. The
quantitative assessment of the material mass loss during
corrosion was calculated using the corrosion index K=(Mg_
My)/(S-7), My and M, are the mass of the sample before corrosion
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tests and at their end, after cleaning the corrosion products from
the surface of the material; S is the surface area of the sample; =
time) and D = 8.760 K /d (d-density). The corrosion index was
assessed taking into account changes in the corrosion reaction
area of porous samples. For this purpose, the parameter S(gpp)
was used, which differed from the geometrically determined S
(imaginary area), and was determined according to the results of
quantitative metallography of sections, using data on the
distribution of pores by size (Fere diameter), grouped into 3 main
fractions. According to the obtained data, the studied materials,
in terms of corrosion resistance in salt solution, belong to the
groups of reduced and low-resistant (Fair and Poor) and
corrosion-resistant (Good) (see table below).

Table.  Corrosion properties of materials and qualitative
assessment of corrosion resistance (according to ASTM G-1)

Composition, K, D, by
wt. % g/m?h mm/year A(S;‘Tiv'
70Fe-(Ti-C) 0,16 0,24 Fair
70Fe-(Ti-B,4C) 1,23 1,70 Poor
70(Fe-Ga)-(Ti-C) 0,9 1,2 Poor
70(Fe-Ga)- (Ti-B4C) 0,63 0,84 Fair
50Fe-(Ti-C) 0,60 1,16 Poor
50Fe-(Ti-B4C) 0,63 0,88 Fair
50(Fe-Ga)-(Ti-C) 0,42 0,56 Fair
50(Fe-Ga)-(Ti-B,C) 0,10 0,14 Fair
30Fe-(Ti-C) 0,41 0,59 Fair
30Fe-(Ti-B4C) 0,48 0,73 Fair
30(Fe-Ga)-(Ti-C) 0,71 0,98 Fair
30(Fe-Ga)-(Ti-B,C) 0,03 0,05 Good

In general, the materials of the samples are characterized by
increased corrosion resistance relative to technical iron and
ordinary carbon steels, which are considered to be of low
resistance in non-oxidizing salt solutions. The least corrosion-
resistant materials were found to be those with the highest iron
content (70 wt. % Fe), which is an expected phenomenon, given
that iron-containing phases become anodic areas, where the
processes of dissolution of the solid phase are actively
developing. The introduction of Ga as an alloying agent
increases the resistance of the material, moving it from the Poor
to Fair group. A possible explanation for this effect is that Ga,
according to PCMA, is mainly present in the composition of the
iron-based solid solution, thereby shifting its potential towards
more negative values, and reducing its solubility in the
electrolyte. The maximum increase in corrosion resistance
occurs with simultaneous alloying of B and Ga, which is most
pronounced in the material of the composition 30(Fe-Ga)-(Ti-
B,4C). According to X-ray diffraction data, the main corrosion
product of all samples is the molecular complex
Fe(OH)31nH20, where n=0.0-0.25. Fe;0, is also present in the
deposits, but in a much smaller amount. In addition, the spectra
of the corrosion products of samples containing boron contain
lines of iron borides and gallium oxide. It should be noted that in
the corrosion products of materials of the Fe-(Ti-C(B)) systems,
weak peaks from ternary compounds of Fe-carbonyl group were
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detected. This is not characteristic of materials containing Ga,
which can be explained by the inhibitory effect of this element on
the processes of Fe dissolution in the electrolyte. On the other
hand, this may be due to the stoichiometry of titanium carbide
particles in the structure of the materials. Our studies have
established that titanium carbides formed in-situ during sintering
of mixtures of the Fe-Ga-Ti-C systems are characterized by an
increased carbon content (TiCx, x=0.7...0.9) [in press].

5. Conclusions

Based on thermodynamic calculations, optimal conditions for the
thermal synthesis of titanium carbides and borides in iron-
containing systems were determined using Fe, Ti, C, or B, C
powder mixtures as starting materials. Experimental studies of
the thermal synthesis of carbides and borides in Fe-Ga-(Ti-C)
and Fe-Ga-(Ti-B, C) powder systems were conducted at 1200—
1250 °C in a neutral argon atmosphere. It was established that
the introduction of a master alloy of equiatomic composition (Fe-
55 wt.% Ga) into the initial charge promotes the intensification
of synthesis via the SHS mechanism. A decrease in the liquid
phase formation temperature to ~800 °C in the Ti-Fe-Ga system,
compared to ~1000 °C in the Ti-Fe system (as recorded by DTA
and TG), is likely one of the reasons for the activation of mass
transport mechanisms to the chemical reaction front.

Corrosion tests of Fe-(Ti-C), Fe-Ga-(Ti-B, C), (Fe-Ga)-(Ti-C),
and (Fe-Ga)-(Ti-B, C) materials were performed in a simulated
seawater environment (3% NaCl solution). It was found that
materials with 70Fe-(Ti-C) and 70Fe-(Ti-B, C) compositions
exhibit the lowest corrosion resistance (ASTM G-1, Poor).
Alloying iron with gallium improves corrosion resistance, with
the maximum increase observed in samples containing 30 wt.%
(Fe-Ga)-(Ti-B, C). This composition corresponds to a high level
of protection (ASTM G-1, Good) in an environment approaching
the C5-M category for marine conditions.
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Main casting defects at the interface between a cast iron ring insert and an al-si piston
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Abstract: The study identifies the main casting defects at the interface between a cast iron ring insert and an Al-Si piston and determines
their principal causes. Industrial investigations of 1000 pistons showed that the Al-Fin process increases Fe content in the AISi9 alfining
alloy, promoting long plate-like f-AlsFeSi phases and porosity in the joint region. Gas contamination by oxides and hydrogen further
weakens the bond. The addition of approximately 0.05 wt.% Mn and intermediate re-refining of the AISi9 alloy were found to improve the
microstructure and reduce porosity, thereby increasing the quality of the insert-piston joint.
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1. Introduction

Depending on the type of internal combustion engine, different

piston designs are used, consisting of multiple components. One of
these is the ring zone, which accommodates the piston rings
(usually 1 to 4 in two-stroke engines and 2 to 4 in four-stroke
engines). Their functions include sealing the gases generated by
combustion of the fuel-air mixture and preventing them from
entering the lower part of the piston and the crankcase. To achieve
this, the rings must conform to the shape of the cylinder bore over
their entire diameter and width [1, 2].
To reinforce the piston-ring operating zone and dissipate heat from
the upper part of the piston, the rings are seated in a cast iron insert
in which a groove is machined for the appropriate ring. To obtain a
sound bond between the Al-Si piston alloy and the cast iron ring
inserts, the inserts are subjected to the so-called Al-Fin (alfining)
process. This process consists of briefly immersing the insert in
molten AISi9 alloy in order to form a diffusion layer [3, 4]. After
cooling, the inserts are placed in a permanent mould and overcast
with the piston alloy. Unfortunately, the Al-Fin process causes the
iron content and the level of other contaminants in the AlSi9 alloy
to increase. These promote casting defects at the insert-piston
interface, thereby increasing the proportion of defective products.
Until recently, pistons with inserts were used only in heavily loaded
diesel engines operating at combustion pressures of 2.5-3.5 MPa,
compared with 1.0-1.5 MPa for gasoline engines. Currently, piston
inserts are used in all types of internal combustion engines [5, 6];
therefore, identification of defects at the insert-piston interface is of
major importance.

2. Prerequisites and means for solving the problem

The aim of the study was to identify the most important casting
defects at the diffusion-bonded interface between a cast iron ring
insert and a silumin piston casting, and to determine the principal
causes of these defects and possible methods of limiting their
occurrence.

The defects were identified using pistons for a 1400 cm?
gasoline engine (representing the largest share of orders), based on
a population of 1000 randomly selected pistons.

The scope of the study included:

e identification of the main casting defects at the insert-piston
interface,
microstructural examination of the insert-piston joint region,

e identification of potential causes of insufficient adhesion
between the insert and the piston,

e  proposal of corrective solutions and analysis of their feasibility

under industrial conditions.

2.1. Research problem

Statistical data from the Quality Control Department of Federal-
Mogul Gorzyce sp. z 0.0. indicate that casting defects, particularly
those occurring at the insert-piston interface, constitute the most
important group of causes of piston rejection. These
nonconformities are detected only at the end of the manufacturing
process during final piston quality inspection, which generates
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additional losses of energy and time and reduces production-process
efficiency.

Preliminary investigations showed that these defects result from
an improper insert-piston bond within the remelting and diffusion
layers. They occur, among other reasons, when the permissible iron
content in the AISi9 alloy is exceeded as a result of:
diffusion of iron atoms from the cast iron insert into the alfining
alloy,
accidental dropping of an insert into the molten alloy,
lack of control of the iron content in the alloy during alfining,
and
excessive gaseous contamination of the AlSi9 alloy.

Reducing the formation of defects will lower costs, reduce machine
utilisation and material consumption in subsequent production
stages (machining and surface treatment of pistons). It is therefore
essential to identify the causes of defect formation and implement
corrective actions.

2.2. Materials and research methodology

The subject of the investigation was casting defects occurring at
the interface between the insert and a gasoline-engine piston cast
from AISi11Cu4Ni3Mg alloy (Fig. 1). Identification of casting
defects at the insert-piston interface and assessment of insert
adhesion to the piston were carried out using the ultrasonic and
penetrant testing methods employed at Federal-Mogul Gorzyce.

where:

PCC — piston cooling channel,

PA — AISi11Cu4Ni3Mg piston alloy,
RL — remelting layer,

DL — diffusion layer,

CIRI — cast iron ring insert.

Fig. 1. Object of the study: (a) fragment of a gasoline-engine piston; (b)
insert-piston interface region; (c) correct microstructure of the insert-piston
joint (property of Federal-Mogul Gorzyce sp. z 0.0.).

According to the Federal-Mogul guidelines (standard TS1E-
010-020), the bond between a ring insert made of Ni-Resist cast
iron EN-GJLA-XNiCuCr15-6-2 according to TS1E-012-006 (DIN
EN 13835:2012) and the piston casting around its circumference is
considered unacceptable if at least one of the following conditions
is met:

[ ]

the RL thickness is less than 70 um or greater than 400 pum,
e the DL thickness is less than 5 pm or greater than 40 um,

the fraction of iron-rich phases in the RL exceeds 10% of the
insert circumference,

the presence of gaseous contamination, cracks, porosity and
other defects is unacceptable.
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The pistons were examined ultrasonically over the entire
circumference of the insert while it was rotated about its own axis.
Defects were examined on the upper and lower surfaces of the
insert. One hundred percent of the products were subjected to
quality-control testing of the insert-piston joint.

3. Results and discussion

Based on the investigations, the main causes of casting defects at
the interface between the insert and the piston casting were found to
be:

e an Fe content exceeding 0.5 wt.% in the AISi9 alloy, resulting in
the formation of iron-rich phases with an unfavourable
morphology,

e gas contamination of the AISi9 alloy, mainly by hydrides and
oxides, causing porosity, and

e other casting defects between the insert and the piston cooling
channel (PCC - Fig. 1).

Examples of microstructures of defective insert-piston joints
containing unfavourable iron-rich phases are shown in Fig. 2;
defects caused by excessive porosity are shown in Fig. 3, whereas
other defects, mainly delaminations, are presented in Fig. 4.

Fig. 2. Mlcrostructures of an improper insert- plStOf‘IjOIr‘It containing iron-
rich phases in the remelting-layer region (property of Federal-Mogul
Gorzyce sp. 2 0.0.).

CIRI

oA

Fig. 3. Microstructures of an improper insert-piston joint showing porosity
in the remelting-layer region (property of Federal-Mogul Gorzyce sp. z 0.0.).

1

Fig. 4. Macrostructures of an improper insert-piston joint: (a) shrinkage
cavities between the insert (CIRI) and the piston cooling channel (PCC); (b)
porosity around the insert (property of Federal-Mogul Gorzyce sp. z 0.0.).

3.1. Preventive measures

Microstructural analysis showed that the iron-rich phases present in
the remelting layer are AlsFeSi (the so-called B-Fe phase). To
reduce their adverse effect, manganese was added to the AlSi9 alloy
in the form of an AIMn50 master alloy (approximately 0.05 wt.%
Mn). The literature analysis [7-9] indicates that manganese has a
beneficial effect on the plate-like precipitates of the p-Fe phase. It
was also found that after 3-4 h of alfining the inserts, the AISi9
alloy should be subjected again to a refining treatment, for example
with argon, after which the alfining process can be continued for a
further 3—4 h. Examples of insert-piston joint microstructures after
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the addition of manganese to the AISi9 alloy and subsequent re-
refining are shown in Fig. 5.

Fig. 5. Microstructures of a correct |nsert plston joint after manganese
addition and a repeated refining treatment (property of Federal-Mogul
Gorzyce sp. 2 0.0.).

3.2. Discussion

The study was aimed at identifying the principal casting defects

in the joint region between a cast iron ring insert and a piston
casting made of AlISi11Cu4Ni3Mg alloy. Defects were identified on
the basis of microstructural examinations of a population of 1000
randomly selected pistons for a 1400 cm® gasoline engine. The
investigations were carried out under industrial conditions at the
Federal-Mogul Gorzyce sp. z 0.0. foundry in Gorzyce.
The investigations and observations showed that, during piston
production, the most problematic operation is the Al-Fin treatment
of the ring inserts. During this process, iron atoms from the cast iron
inserts diffuse into the AISI9 alloy, increasing its iron content.
Consequently, long (500-800 um), plate-like AI5FeSi precipitates
crystallise in the joint region between the cast iron ring insert and
the piston casting (Fig. 2). These phases cause the insert-piston joint
to become unacceptable from a quality standpoint, resulting in a
higher scrap rate and associated losses.

Another problem during the Al-Fin treatment of ring inserts is
that the process is carried out in open furnaces, which considerably
increases the amount of non-metallic inclusions in the AISi9 alloy,
mainly oxides and hydrogen. This results in increased porosity in
the insert-piston joint region (Fig. 3). The presence of pores
weakens the material, first generating local stresses and then
microcracks, which develop into cracks during piston operation.
This occurs because long, needle-like B-AlsFeSi precipitates whose
major dimension is oriented perpendicular to the applied load
undergo decohesion, whereas B-AlsFeSi phases aligned parallel to
the load crack along their arms and fragment [10]. These factors
significantly reduce fatigue strength under long-term loading (more
than 10° cycles), which is an important parameter for piston
castings and contributes to a reduction in the strength of the cast
iron ring—Al-Si piston joint.

Porosity between long B-AlsFeSi phases reduces feeding capability
by restricting the flow of liquid alloy between the dendrite arms of
the a(Al) solid solution. Such regions act as sites for microcrack
initiation, reducing fatigue and static strength, impact toughness and
ductility as expressed by elongation. In addition, the size of the
needle-like B-AlsFeSi precipitates, and particularly their highly
unfavourable morphology, makes piston machining more difficult.
Under the pressure exerted by the turning tool, B-Fe phase
precipitates further reduce the durability of the insert-piston joint.
Other casting defects were also observed (incorrect thickness of the
remelting and diffusion layers, delaminations and shrinkage cavities
— Fig. 4); however, their share was small.

To prevent these defects, two improvement measures were
proposed:

e addition of manganese to the AlSi9 alloy, and
® an intermediate re-refining treatment of the AlISi9 alloy.

Microstructural examination of the AISi9 alloy after manganese
addition showed that, in addition to a small number of B-AI5FeSi
precipitates, the a-Al;s(Fe,Mn)sSi, phase was present. Its
morphology was dendritic or of the so-called “Chinese-script” type.
The investigations also showed that an additional refining treatment
of the AISIi9 alloy reduces the amount of gaseous contamination.
This directly decreases porosity in the interface region between the
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cast iron ring insert and the piston, thereby enabling a sound joint to
be obtained (Fig. 5).

It should be emphasised that, in addition to the proposed measures
aimed at improving the bond between cast iron ring inserts and the
piston, further research should be continued, particularly with
regard to further reducing iron contamination and non-metallic
inclusions, especially oxides and hydrides.

4, Conclusion

Based on the investigations and analysis of the results, the

following conclusions were formulated:

1.The process that generates the largest number of casting defects is
the Al-Fin treatment of ring inserts. This process requires special
supervision.

2.An excessive amount of morphologically unfavourable B-AlsFeSi
phases was identified in the AISi9 alloy. Their size and fraction
increase with increasing alfining time as the iron content rises.
The presence of these phases is one of the principal causes of an
unacceptable-quality bond between the insert and the piston.

3.Brittle B-Fe phases block interdendritic channels and impede the
flow of liquid alloy, causing shrinkage porosity and shrinkage
voids in the insert-piston interface region. Their presence
increases the brittleness of the joint, while the resulting porosity
produces numerous casting defects at the ring insert-piston
interface.

4.Manganese has a beneficial effect on modification of the
unfavourable B-AlsFeSi phase morphology. Its action consists in
‘binding” iron and promoting crystallisation of the
Alys(Fe,Mn);Si, phase. The addition of manganese to the AlSi9
alloy changed the morphology of the B-Fe phases into a-(Fe,Mn)
phases.

5.Microstructural examination of the insert-piston joint region
revealed the presence of gas pores. Their fraction can be reduced,
for example, by introducing an intermediate alloy degassing
treatment. Further investigations in this area should be continued.
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Effect of refining time on porosity and mechanical preperties of low-ressure casting made of
ALSI;MG alloy
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Abstract: The study determines the effect of gas-bubbling refining time on porosity and mechanical properties of low-pressure AlSi7Mg alloy
castings under industrial conditions. Refining was performed with an NH, mixture (90% N + 10% H,) for 5.0-9.0 min. Porosity, density
index, HB hardness, tensile strength Ry, 0.2% proof stress Ry, and elongation A were evaluated. The optimum refining time was 7 min,
giving minimum porosity and mechanical properties meeting customer requirements. Longer refining increased porosity and reduced

selected mechanical properties.

KEYWORDS: ALUMINIUM ALLOYS, POROSITY, LOW-PRESSURE CASTING, MECHANICAL PROPERTIES.

1. Introduction

The mechanical properties of aluminium alloys depend, among
other factors, on structural heterogeneity resulting from the
manufacturing process. The course of this process affects the
morphology and size of constituents such as a(Al) solid-solution
dendrites, silicon crystals in the o(AD+P(Si) eutectic, and
intermetallic phases such as Mg,Si. Individual production stages
also influence casting defects, including shrinkage and gas porosity

[1-4]. This is particularly important because, in many foundries,

porosity is a major product-quality criterion that must meet

customer requirements. This is because porosity adversely affects
many service properties, especially the strength and ductility of
castings.

The porosity of aluminium-alloy castings is affected by numerous

technological, material and process-related factors. The most

important include [5-10]:

1. hydrogen content — an excessive amount of hydrogen dissolved

in liquid aluminium leads to gas porosity. During solidification,

hydrogen is released in the form of gas bubbles,

2. hydrogen sources — e.g. moisture in the furnace atmosphere, wet
tools and alloy contamination,

3. presence of oxides and inclusions — Al,O; particles and other
contaminants may initiate pore formation. Inclusions disturb
solidification and facilitate hydrogen entrapment,

4. refining process — improper refining fails to remove hydrogen
and oxides. A process that is too short or too intensive may be
ineffective or even detrimental,

5. chemical composition of the alloy — some alloying additions
increase susceptibility to porosity; for example, a high
magnesium content increases the tendency towards oxidation
and hydrogen absorption.

It follows from the above that most factors affecting porosity are

related to the refining process; therefore, investigations were

undertaken in this area.

2. Prerequisites and means for solving the problem

As already mentioned, for manufacturers of many cast products,
porosity is the most common criterion for compliance with
customer specifications and therefore determines whether a product
can be sold. On the one hand, foundries should reduce the defect
rate; on the other hand, because of corporate constraints, they
cannot directly modify the technology or the type of casting alloy.
Such changes require customer approval each time and involve
costly pre-production tests. Therefore, solutions that improve
profitability, are inexpensive, easy to implement and do not require
customer approval are preferred. One such measure is optimisation
of the AISi7Mg alloy refining parameters towards reducing the
process duration, since the customer also specifies the type of
refining.

3. Solution of the examined problem

The aim of the study was to determine the shortest possible
refining time for the AISi7Mg alloy. The porosity fraction and
mechanical properties were adopted as evaluation criteria.
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Importantly, the effect of changes in refining time on selected

output characteristics was investigated under industrial conditions.

The scope of the study included:

1. gas-bubbling refining at different times followed by casting of
test specimens,

2. microstructural examination with respect to porosity fraction,

3. measurement of the density index,

4. HB hardness and mechanical-property testing (Rm, Rpo.2: A).

3.1. Material and research methodology

AISi7Mg alloy (chemical composition according to EN

1706:2020) was selected for the investigations. It is a standard alloy
used for the production of automotive wheels by low-pressure
casting (approximately 0.2 MPa, i.e. 2 bar). Refining tests,
according to the experimental plan shown in Fig. 1, were carried out
in a holding ladle with a capacity of 1.8 Mg (1.6 Mg of liquid
metal). An NH, mixture (90% N + 10% H,) was used for refining at
a flow rate of approximately 18.5-19.5 L-min~ '. After refining,
samples were taken from the central part of the ladle for
metallographic examination, density-index measurement and
mechanical-property testing. The previously used refining time was
9 min.
Microstructural images of the samples were acquired using an
Olympus GX-51 optical microscope in bright-field mode at 50x
magnification. Metallographic specimens prepared according to the
recommendations of the Buehler expert system were polished and
not etched. For quantitative assessment of porosity, 15 images were
acquired in randomly selected fields of view, giving a total analysed
area of approximately 70.5 mm?. Image binarisation was performed
using Otsu's method. Porosity was measured by quantitative
metallography using ImageJ image-analysis software. The number
and size of pores were determined. The density index was measured
hydrostatically (Archimedes' principle) using a laboratory balance
by weighing the specimen in air and in distilled water.

HB hardness was measured in accordance with PN-EN 1SO
6506-1 using a Zwick ZHF hardness tester under a load of 187.5 kg,
with a 2.5 mm diameter steel ball and a test duration of 35 s.
Mechanical properties were determined from a static tensile test at
20°C in accordance with PN-EN ISO 6892-1 using an Instron 3382
testing machine, with a 20:1 ratio and a constant crosshead speed of
4 mm-min~ '. Eight measurements were performed; the two
extreme values were rejected, and the arithmetic mean of the
remaining results was calculated and rounded to the nearest integer.
The results obtained were compared with the customer

requirements.

No. Refinin_g time,

min.
1 5.0 microstructure
2 5.5 (porosity) testing
3 6.0 p —
4 6.5 ensity index
5 7.0 = measurement
6 75 \
7 8.0 mechanical properties
8 8.5 testing
9 9.0

Fig. 1. Test stand and experimental scheme.
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4. Results and discussion

4.1. Effect of refining time on porosity and density index of
the AISi7Mg alloy

Microstructural examination showed that samples 1, 6, 7, 8 and
9 were characterised by a high porosity fraction and are therefore
not shown. The effect of different refining times on the AISi7Mg
microstructure with respect to porosity for the remaining samples is

presented in Fig. 2. Selected quantitative metallography
measurements of porosity parameters are shown in Table 1.
a) b)
% 120 ;:
% o
c) d)

o®r

500 um 500 um

Fig. 2. Microstructure of the AlSi7Mg alloy after different refining times: (a)
5.5 min (sample 2); (b) 6.0 min (sample 3); (c) 6.5 min (sample 4); (d) 7.0
min (sample 5).

Table 1. Results of quantitative metallographic measurements of porosity
parameters in the AISi7Mg alloy.

Number of pores Pore size
NH; Number of
sample migtgre Volu_me pores Mean area of planar Mean Feret diameter
No. reflnlng fraction per 1 mm?, | pore cross-section of planar )
time, of pores, ! pore cross-section
min. W, % NA, A, pm? D, pm
' mm™ ’
1 5.0 1.230 4.97 3630 73
2 5.5 0.910 2.91 3162 52
3 6.0 0.512 214 1476 48
4 6.5 0.132 0.26 2378 42
5 7.0 0.002 0.04 466 30
6 7.5 0.873 1.02 2648 53
7 8.0 2,112 2.89 7681 71
8 85 3.160 2.96 11123 95
9 9.0 5478 4.16 16433 110

Analysis of the quantitative metallography results presented in
Table 1 shows that reducing the NH,-mixture dosing time during
refining of the AISi7Mg alloy to approximately 7 min decreases the
porosity fraction. For sample No. 5, the volumetric fraction of pores
falls within the range of 0.002-0.132%. The number of pores per 1
mm? ranges from approximately 0.04 to 0.26 mm~ 2, while the
mean diameter of the planar pore cross-section is approximately
30-35 um. When the refining time exceeds 7 min, the trend begins
to reverse and porosity increases, both quantitatively and
qualitatively. Taking the above into account, it can be concluded
that refining approximately 1.6 Mg of AlSi7Mg alloy should last 7
min. Exceeding this value may increase porosity and consequently
the proportion of casting defects in finished products. This is
probably caused by the increasing hydrogen content in the alloy
(10% H,), which reduces alloy density [11]. This is consistent with
the results reported in [12-14]; however, confirmation of this
assumption requires additional investigations.

The results of the density-index measurements for the AlSi7Mg
alloy are presented in Fig. 3.
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2.5004

2.475

2.4504

2.4254

2.4004

2.3754

Density index, r, g/cm?

2.350+

2.325-

5.0 5.5 6.5 7.0 7.5 8.0 8.5 9.0

Refining time, min

Fig. 3. Density index (p) of the AlSi7Mg alloy as a function of refining time.

In addition to porosity and density index, which are key quality
criteria determining whether a product is approved for sale,
hardness and mechanical properties (Rn, Ry, A) are also
important. Therefore, further investigations focused on the effect of
NH,-mixture dosing time on strength characteristics determined
from the static tensile test.

4.2. Effect of refining time on the mechanical properties of
the AlISi7Mg alloy

The effect of refining time with the NH2 mixture on hardness
and selected mechanical properties of the AISi7Mg alloy is

presented in Fig. 4.
N

N s

5.0

&7.5 b)

85.0

825

)

s

Hardness, HB

75.0

Tensile strength R, MPa

725

7.0

55 &0 65 70 s5 80 B85 40
Refining time, min

N

S8 55 BO 65 70 1>
Refining time, min

80 85 90

e

Yield strength Ry, MPa
Elongation after fracture A, %

50 55 &0 &5 70 75 80 85 %0 50 55 60 65

Refining time, min
Fig. 4. Effect of NH,-mixture refining time on: (a) HB hardness; (b) tensile
strength Rn; () 0.2% proof stress Ryoz; (d) elongation after fracture A (the
solid line indicates the minimum strength-property values specified by the

customer).

The results presented in Fig. 4 show that both hardness and the

mechanical properties (Ry, Rpo2, A) change in a similar manner.

The highest values are observed for samples No. 5 and 6 (NH,-

mixture dosing time of 7-7.5 min). It is worth noting that this

refining time results in:

* hardness of approximately 88 HB (minimum required level: 80

HB),

« tensile strength R, of 244-250 MPa (required level: 240 MPa),

* 0.2% proof stress Rp0.2 of approximately 178 MPa (required

level: 170 MPa),

« clongation after fracture A of approximately 7% (meeting the

required level).

At shorter refining times, or when the NH,-mixture dosing time

exceeds 7 min, hardness and mechanical properties decrease. It

should also be noted that the hardness and mechanical-property
results are consistent with the porosity results (Table 1) and the

density index (Fig. 3).

70 75 80 85 90

Refining time, min
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5. Conclusion

Although many studies have already been conducted on the
effect of refining on selected mechanical properties of aluminium
alloys, the subject remains relevant. This is mainly because
individual stages of aluminium-alloy melting and casting
technologies, particularly pressure casting processes, continue to
change, as do the requirements concerning the metallurgical
cleanliness of castings, measured for example by the permissible
porosity fraction.

The literature also reports numerous studies on the effect of
microstructure on specific mechanical properties of aluminium
alloys [11]. However, there is still no unequivocal answer as to
whether the phase composition, stoichiometry and morphology of
structural constituents, or the fraction of gaseous impurities
removed by refining, plays the more significant role in determining
specific mechanical properties of aluminium alloys.

Regardless of whether views on this issue differ [10-14],

refining remains one of the main stages in preparing liquid alloy
both for pressure casting and for gravity casting of other non-
ferrous metal alloys [15].
Among the parameters of gas-bubbling refining, the density of the
AISi7Mg alloy is influenced mainly by the duration of introduction
of the NH, mixture (90% N + 10% H,). Therefore, the effect of
refining time on porosity and mechanical properties was
investigated for AlSi7Mg alloy used for automotive-wheel castings.
It was found that the optimum refining time for AlSi7Mg alloy in a
ladle with a capacity of approximately 1.8 Mg (1.6 Mg of liquid
metal), with respect to limiting porosity and maintaining
mechanical properties, is 7 min. Exceeding this value results in
deterioration of porosity, both qualitatively and quantitatively, as
well as hardness and selected mechanical properties (R, Rpo2, A).
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