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Abstract. The article discusses the development and research of a mobile overpass as an engineering solution in the field
of mechanical engineering and transport technology. It describes the design features of the overpass: the load-bearing
span integrated into a two-axle wheeled chassis, the tensioning mechanism, and the suspension system, which ensure
reliability and stability under dynamic loads. The technological advantages of the design are shown: mobility, quick
installation without major construction, modularity, and the possibility of repeated use in various operating conditions.
Based on preliminary engineering calculations and analysis of transport loads, the strength and operational reliability of
the structure when moving passenger cars and light-duty vehicles is justified. The use of reinforced guide elements and a
spatial truss scheme minimizes deformation and evenly distributes loads. The economic analysis confirms the efficiency
of the proposed overpass's installation and operation, demonstrating a total annual saving exceeding 18 million tenge,
primarily through reduced fuel consumption and minimized vehicle idling time. The results of the study confirm the
feasibility of introducing mobile overpasses as an effective engineering solution that ensures the maintenance of transport
links during major repairs and reconstruction of roads. The design combines manufacturability, mobility, and operational
reliability, which opens up prospects for its widespread use in Kazakhstan's transport infrastructure.

Keywords: mobile overpass design; mobile overpass installation technology; utility network repair; traffic capacity of
mobile overpass; mobile overpass installation efficiency.

Introduction.

Modern cities face complex transport problems associated with the growth in the number of cars, congestion on
the road network, and environmental degradation. In Kazakhstan, urbanization and the increase in the number of cars are
leading to regular traffic jams, fuel overconsumption, and longer travel times. In Karaganda, for example, the average
travel time is about 32 minutes, which is close to the national average of 34.7 minutes. Such values indicate a high load
on the urban road network, since an interval of 30—45 minutes in transport statistics is considered an indicator of severe
congestion and traffic jams [1]. As a result, this negatively affects the efficiency of the transport system, increases socio-
economic costs, and exacerbates the environmental situation [2].

The problem becomes particularly acute during periods of repair and road works on utility networks and road
surfaces. Such work is often accompanied by lane closures, speed restrictions, and the redistribution of traffic flows. As
a result, traffic capacity is reduced several times over [3]. Practice shows that during major repairs, the intensity of traffic
jams increases sharply. Drivers are forced to use detour routes that are not designed for high traffic, which leads to
congestion on secondary streets. This increases travel time, reduces the average speed of traffic flow, contributes to an
increase in road accidents, and leads to additional emissions of harmful substances into the atmosphere [4,5].

When repairing urban underground utilities (heating networks, water pipes, communication cables, and power
lines), traffic is also disrupted and diverted to other roads [6]. In this case, the mileage of cars increases, the intensity of
traffic on detour routes increases, which leads to additional fuel consumption and greater air pollution [7]. Air pollution
from nitrogen oxides, carbon monoxide, soot, and fine particulate matter (PM2.5 and PM10) causes an increase in the
number of respiratory and cardiovascular diseases, including asthma, bronchitis, chronic obstructive pulmonary disease,
ischemic heart disease, and stroke [8,9]. Children, the elderly, and people with chronic diseases, whose lung function
deteriorates and whose immunity weakens, are particularly vulnerable to these effects [10,11].

Thus, traffic congestion caused not only by the growth in the number of vehicles but also by repair works is
becoming one of the key transport problems. The overload of the urban road network during major repairs requires not
only organizational measures but also the development of mobile engineering structures that ensure the continuity of
traffic flow.

The development and application of a mobile overpass is proposed, designed to maintain uninterrupted traffic
movement in areas where repair works and reconstruction of utility networks are carried out without complete closure of
the roadway [12,13].

The mobile overpass considered in this study is part of a comprehensive research program conducted at the
Department of Transport Equipment and Logistics Systems aimed at reducing the overall environmental load of the urban
transport system. In addition to the development of mobile overpasses, this research also addresses methods of exhaust
gas purification [14] through the introduction of innovative technologies for cleaning exhaust gases in car mufflers [15]
and provides practical recommendations for improving air quality in urban environments. The combined application of
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these approaches — ensuring continuity of traffic flows and reducing vehicle emissions by — is expected to produce a
significant integrated environmental and transport effect.

This article focuses on the development and justification of a mobile overpass [16] as an engineering transport
solution that combines mobility, manufacturability, and operational reliability.

The purpose of the study is to justify the need to develop and use a mobile overpass and to prepare specific
proposals for its operation to reduce traffic congestion and optimize traffic flow.

To achieve this goal, the following tasks were set:

—analysis of the effectiveness of existing infrastructure solutions (traffic light control, detour routes, public
transport priority, intelligent transport systems);

—justification of the need to develop and use a mobile overpass, with a description of its design and installation
technology;

—assessment of the economic and environmental efficiency of the proposed solution;

— preparation of practical recommendations for the operation of a mobile overpass using the example of a selected
street section in the city of Karaganda.

The scientific novelty of the research lies in the development of a methodology for assessing the effectiveness of
the proposed solution in the urban transport system. In particular, it presents a system of criteria that allows assessing the
economic feasibility, environmental sustainability, and logistical efficiency of the proposed solution in conditions of road
network congestion.

The practical significance of the work lies in the fact that the proposed solution will reduce traffic congestion,
reduce average delays, and ensure annual savings in time and fuel for motor vehicles on the road. The methodology and
results of the study can be applied in the planning of transport projects by local authorities, as well as in the design of
temporary and mobile infrastructure facilities.

1. Materials and methods
In global practice, a wide range of solutions are used to reduce traffic congestion and optimize traffic flow, each

of which has its own advantages and limitations (Table 1).

Table 1. Key solutions for reducing traffic congestion and optimizing traffic flow

Solutions Advantages Disadvantages Implementatlon Financial costs Countries where itis
time used
Special lanes Incrgases the speed of Infrastructure is not suitable 200400 Colombia (Bogotd),
for public transport public transport and on some streets 6-12 months million tenge Turkey (Istanbul),
P P reduces delays g China (Beijing)
Smart traffic light | Regulates traffic in real |Expensive system, requires 150-300 Netherlands .
. . 6-9 months " (Amsterdam), Russia
system time, prevents congestion|  sensors and database million tenge

(Moscow), Singapore

Constant monitoring of

Limits parking time| Public transport runs 20-50 million | Finland (Helsinki),

. driver compliance is 3 months .
at stops according to schedule . tenge Singapore, Japan
p g required g gapore, Jap
. - Czech Republic
Introduction of one-| Redistributes traffic L e publ
. . For some directions, the 50-100 million|  (Prague), Spain
way traffic or detour] flows at intersections, . 3—6 months
. length of the route increases tenge (Barcelona), USA
systems reduces congestion (New York)

According to Table 1, dedicated lanes for public transport increase its speed and reduce delays, but their
implementation may not be possible on all streets due to the need to adapt the infrastructure. Intelligent traffic light
systems allow real-time traffic control and prevent traffic jams, but require expensive sensors and a developed database.
Limiting parking time at stops helps buses run on schedule, but it needs to be strictly enforced. Setting up one-way traffic
or detour routes helps redistribute traffic flows, but it can make some trips take longer.

Analysis of these examples shows that in many countries, solving the problem of traffic jams requires a
comprehensive approach that combines the development of public transport, the introduction of digital technologies, and
changes in traffic management schemes. Such practices are also of interest to Kazakhstan, but their high cost and the need
for constant monitoring and maintenance limit their widespread implementation.

Therefore, the solution requires a comprehensive approach that takes into account the characteristics of
infrastructure and public transport and the introduction of mobile solutions. One such solution is the use of temporary
mobile overpasses, which allow traffic to continue uninterrupted and reduce socio-economic losses during road works.

A mobile overpass is a temporary, quickly erected engineering structure designed to organize traffic over congested
or repaired sections of road [17,18]. Unlike the organizational measures listed above, the developed mobile overpass is
a mechanical structure with a focus on strength, reliability, and the ability to be used repeatedly under various loads .
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From an engineering and design point of view, the mobile overpass is a metal load-bearing system for the roadway,
mounted on a two-axle wheeled chassis that acts as a running gea [19]. This design solution simultaneously ensures the
transport of the module to the place of operation and its stable position during operation [20]. (Figure 1).

The load-bearing part of the overpass is designed for motor vehicle traffic and is made as a single-span structure
without connecting elements. The span configuration allows it to cross trenches and obstacles up to 8 meters wide. The
width of the roadway is 2.5 m, with a design load on the pavement of up to 3 t/m? . The design load of 3 t/m? corresponds
to the passage of passenger cars and the majority of light-duty commercial vehicles with a gross vehicle weight up to 3.5
tons (category N1 according to UNECE classification). Thus, the overpass ensures safe operation for the entire spectrum
of urban light transport without weight restrictions for this vehicle category.

Fig. 1 - Three-dimensional model of a modular overpass

Its key feature is high mobility: the overpass is transported on a special chassis or trailer and can be quickly delivered
to the place of operation (Figure 2). Installation is carried out directly at the site of work by deploying the structure, which
does not require capital construction and reduces installation time to a few hours (Figure 3).

1 — supporting structure (platform) of the mobile overpass; 2 — movable suspension of the overpass.

Fig. 2 - Single-span modular overpass structure - transport position

1 — supporting structure (platform) of the mobile overpass; 2 — movable suspension of the overpass; 3 — trench side.

Fig. 3 - Single-span modular overpass structure - in operational position above the trench
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The presented structural diagram of the overpass ensures high operational reliability: the use of a spatial truss and
reinforced guide elements allows for even load distribution and minimizes deformation.

The undercarriage of the overpass is equipped with a system of running wheels that can be in two positions: raised
and lowered. In the transport position, the wheels are lowered, which allows the overpass to be moved to the installation
site. After the structure is moved over the trench, the suspensions are moved using a special mechanism, transferring the
overpass to bridge mode.

The position of the axle is adjusted by rotating a special drum that transmits force to the cable. When the tension
of the cable is changed, the axle moves to the required position. The process of pulling or loosening the cable can be
performed either manually or using an electric drive, which ensures high positioning accuracy. The electrical equipment
of the mobile overpass is designed according to a single-wire DC power supply system with a nominal voltage of 24 V.
Power is supplied either from the onboard electrical network of the towing vehicle or from an aBToHOMOUS aKKyMYJIATOD
battery mounted on the overpass frame. A separate independent circuit is provided for powering the electric motor of the
axle movement drive (24 V). Such a power supply scheme allows the overpass to be installed and operated in locations
without stationary electrical infrastructure while ensuring reliable operation of the tensioning and positioning
mechanisms.

The running gear also includes cargo tie rods designed to connect to the towing vehicle, as well as suspension
movement mechanisms. The latter ensure the correct installation of the structure on the supports, allowing this process to
be carried out smoothly and safely.

To increase rigidity and operational reliability, a system of additional links connecting the front and rear axles is
provided. This spatial arrangement prevents deformation and ensures the stability of the structure when subjected to
dynamic loads during transportation.

An essential element of the structure is reinforced metal guide skids, which evenly distribute the load from the
wheels to the supporting surface. This reduces the impact on the ground, allowing the overpass to be used even in areas
with reduced bearing capacity without the risk of damage.

Thus, the running gear of the mobile overpass is a complex system that includes mechanisms for transportation,
maneuvering, and installation. Design solutions aimed at increasing its strength and functionality ensure reliable operation
of the overpass in various road and soil conditions.

The structure is designed to overcome trenches, repaired utilities, and temporarily closed road sections, ensuring
the continuity of traffic flow even during large-scale reconstruction. During the operation of the mobile overpass,
pedestrian movement across the repair zone is organized along temporary side walkways installed parallel to the overpass.
This ensures complete separation of pedestrian and vehicle flows and increases overall safety during repair works.

An analysis of strength characteristics has shown that the mobile overpass is capable of functioning reliably under
loads created by the movement of light and small-tonnage vehicles. The structure maintains the required level of rigidity
and stability when exposed to dynamic factors. The spatial truss scheme ensures stability and uniform load distribution,
while the presence of side barriers increases safety by eliminating the risk of vehicles veering off the road.

The economic efficiency of the mobile overpass is evident in the reduction of traffic jams, fuel consumption, and
transport downtime. This achieves a significant socio-economic effect, especially in cities with heavy traffic. After the
repair work is done, the overpass can be taken down and quickly moved to another spot, making it a flexible and versatile
tool for temporarily organizing traffic and effectively managing traffic flows.

The study examines the main factors affecting the efficiency of traffic flows. The condition of Kazakhstan's road
network remains one of the main factors contributing to transport problems: more than 40% of roads are in poor condition,
and the lack of interchanges and bridges creates problem areas on the roads. Traffic management is also far from optimal:
only about 15% of traffic lights are integrated into intelligent control systems, which limits the ability to regulate traffic
flows and increases delays. The growth of the vehicle fleet further exacerbates the problem: by 2023, the number of
registered vehicles exceeded 5 million, with about 60% of them being more than ten years old.

Urban development is also lagging behind the growth in car ownership: the density of the street and road network
limits the possibilities for expansion, and the shortage of parking spaces is evident; for example, in Almaty, there are three
cars for every parking space. The use of intelligent transport systems is still limited: only in Astana and Almaty do they
cover about 30% of the territory, while in other cities such solutions are practically non-existent. The environmental
component is also significant: the old, fuel-inefficient vehicle fleet accounts for up to 25% of the country's total pollutant
emissions.

All these factors together create a systemic effect: worn-out roads, ineffective regulation, growth of the vehicle
fleet, and weak integration of digital technologies lead to increased traffic jams, higher socio-economic costs, and a
worsening environmental situation.

The above factors have an impact on key road sections in Karaganda. In particular, an analysis of the transport
infrastructure and traffic at the intersection of Komissarova Street and Voinov-Internatsionalistov Street in Karaganda
(Figure 4) revealed a number of key problems. Its strategic importance is due to the fact that this transport hub provides
a direct connection to the railway station along Komissarova Street, provides access to the central district of the city
(Mikhailovka) and the business center of Karaganda, and also serves the heavy traffic flows heading to large shopping
and entertainment complexes, in particular City Mall. In addition, this intersection plays an important role in the transport
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accessibility of cultural and leisure facilities, such as the city circus, as well as related infrastructure, including hotels,
administrative buildings, and social institutions.

Voinov-Internatsionalistov streets

Fig. 4 — General view of the intersection of Komissarova and Voinov-Internatsionalistov streets

An analysis of the current traffic situation at the intersection of Komissarova Street showed that during rush hour,
the load on the intersection reaches critical levels. In the morning (7:30-9:30 a.m.), there is heavy traffic, mainly from
residential areas, including Mikhailovka, towards the railway station and the city center. The evening period (17:00—
19:00) is characterized by the opposite direction of traffic: the main flow goes from the station and the center to the
residential areas. During both time periods, the traffic intensity consistently exceeds the standard capacity of the
intersection. This leads to the formation of long traffic jams several hundred meters long.

Measurements for the section under consideration were taken between August 18 and 24, 2024, over a full 24-
hour period with one-hour intervals. Particular attention was paid to the morning and evening peak periods. To record the
data, vehicles were counted manually by direction of travel: straight ahead, right, and left, at each of the approaches to
the intersection.

The recorded value was 1,067 vehicles/hour, which exceeds the reference capacity of 1,000 vehicles/hour. The
reference capacity value of 1000 vehicles/hour corresponds to the typical calculated capacity of a signalized urban
intersection according to traffic engineering practice and methodologies presented in the Highway Capacity Manual
(HCM). The distribution of traffic flows showed that the straight direction is predominant — up to 75% (qstraighi= 800
vehicles/hour). The share of right-turn and left-turn flows was 13% (q(righd) = 134 cars/hour) and 12% (q(**™= 133
cars/hour), respectively. The total flow at the turns reached 267 cars per hour.

If the total traffic flow qcexceeds the standard capacity of intersection C, traffic jams and congestion are inevitable
on the road section. In this case, the recorded value was 1,067 vehicles/hour, which exceeds the established standard of
1,000 vehicles/hour. Thus, the intersection of Komissarova Street and Voinov-Internatsionalistov Street is operating at
overload, which confirms the presence of persistent traffic jams and highlights the need to implement additional
engineering solutions to increase its capacity.

In addition, large-scale repair work is currently being carried out on the section under study, involving the
replacement of underground utilities. These measures have significantly complicated the traffic situation: part of the
roadway was completely blocked, which led to a reduction in the already limited number of lanes and a significant
decrease in the capacity of the intersection (Figure 5).

Fig. 5 - Situation at the intersection of Komissarova Street and Voinov-Internatsionalistov Street during the overhaul of utilities
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A telling example was the situation recorded in Karaganda from September 5 to 7, 2024, when traffic through the
intersection of Komissarova Street and Voinov-Internatsionalistov Street was completely closed (Figure 6).

Closure of the intersection of Voinov-Tnternatsionalistov streets and Komissarov streets . ‘\.«c"“ . 2
from 09:00 on 09.05.2025 ! 3
. ’ ;
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Fig. 6 — Fig. 6 — Traffic closure plan developed based on official municipal repair scheme

During this period, it was impossible to drive through the intersection, which exacerbated traffic jams and forced
motorists to use detours.

In addition to organizational restrictions, the construction work itself was a complicating factor: pipelines were
being replaced at the intersection, requiring significant intervention in the road structure (Figure 7).

Fig. 7 — Work on replacing utilities (pipelines)

The situation on site showed that the actual capacity of the intersection had decreased by more than half, which
led to a forced redistribution of traffic flows to neighboring streets. However, the street network of the adjacent area is
not designed for such high loads, which caused a chain reaction of traffic jams, increased transportation costs, and reduced
overall traffic efficiency in the central part of the city. As a result, traffic restrictions in this area inevitably have a negative
impact on the functioning of the entire urban transportation system.
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In such conditions, the use of a mobile overpass appears to be the most rational engineering solution. Its installation
will ensure continuity of traffic, redistribute transit traffic over the section under repair, and reduce the load on the
intersection, while maintaining the stability of the city's transport links.

Unlike traditional traffic management methods (temporary detour schemes, installation of additional traffic light
phases, widening of lanes at the expense of road shoulders), a mobile overpass provides physical separation of traffic
flows and guarantees the preservation of traffic capacity on a critically important route.

A distinctive feature of this technology is its modularity and mobility. The structure can be erected in a very short
time, without the need for large-scale earthworks or prolonged traffic closures. At the same time, standard low-frame
chassis and prefabricated span structures can be used, which makes the project economically viable and technically
realistic for urban conditions.

The socio-economic effect of the introduction of a temporary mobile overpass is evident in several key areas:

- reduction of transport costs by reducing travel time and fuel consumption;

- maintaining the stability of the city's transport system by redistributing traffic flows and eliminating congestion
on the street and road network in residential areas;

- minimization of environmental damage by reducing emissions from cars stuck in traffic jams;

- increased safety for both drivers and pedestrians by eliminating intersections between traffic flows and repair
work zones.

Thus, the introduction of a temporary mobile overpass at the intersection of Komissarova street and Voinov-
Internatsionalistov street can be considered an innovative and strategically important solution capable of significantly
improving the efficiency of Karaganda's transport system under restrictive conditions. Moreover, the mobile overpass can
be reused in other parts of the city where similar capacity problems arise, ensuring its reusable value and quick return on
investment.

2. Results and discussion
It is estimated that after the installation of the overpass, 90% of straight traffic will be redirected to the overpass,
with only 10% remaining at the intersection (Figure 8).
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-3 " ¢
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Fig. 8 — Proposed scheme for installing a mobile overpass to ensure continuity of traffic at the intersection in question

Then, if the straight flow initially was q;=800 cars/hour, then the traffic flow ascending the overpass and remaining
at the intersection will be:

Gasen = q¢ ", car/hour (l)

where g,- the straight flow;
n - % of straight traffic, which will be redirected to the overpass or will be remained at the intersection.

Gasen = 800-0,9 = 720 car/hour
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Qrem = 800 - 0,1 = 80 car/hour

And the total traffic flow after the overpass is installed will be:

Qtotal = Qrem t Qon turns car/hour (2)

where qoy turns - The share of right-turn and left-turn flows

Qrotar = 80 + (133,5 + 133,5) = 347 car/hour
As a result of the redistribution of traffic flows, the total load on the intersection will decrease from 1,067 to 347
vehicles/hour, which is significantly lower than the standard capacity. This will eliminate the conditions for traffic jams.
Consequently, after the installation of the mobile overpass, traffic will flow without congestion at the intersection of
Komissarova Street and Voinov-Internatsionalistov Street during the calculated time intervals.
The average delay time for one vehicle at the intersection before and after the installation of the overpass was also
considered:

g = (-9

T seconds. 3)
where c - the traffic light cycle (84 s);

g - the duration of the green traffic light signal (35 s);

X - the load level

The load level is determined by the following equation:
=9
x=-, @)

0,5-84~(1—3—5

3854) = 25,74c.

db =
efore
1-1,067 - 2

Vehicle delay time at the intersection after the overpass installation:

05 -84 -(1-35)°
dafter = % =16,71 c

1000 84

It is assumed that after the installation of the overpass, the average delay time for one vehicle at the intersection
will be 16.71 s.
After the overpass is installed, the delay time for vehicles is reduced:

Ad = dpefore = dpefore hour (5)

where  dpefore — vehicle delay time at the intersection before the overpass installation;
dqfter — vehicle delay time at the intersection before the overpass installation.

Ad = 25.74 —16.71 — 9.03 ¢ = 0.0025 hour

Therefore, after the installation of the overpass, the average delay time for a single vehicle at the intersection will
be reduced to 16.71 seconds. Thus, compared to the initial value of 25.74 seconds, the delay will be reduced by 9.03
seconds, which is equivalent to approximately 0.0025 hours.

Based on the calculations, a graph was drawn up describing the traffic flow at the intersection in question before
and after the installation of the overpass (Figure 9).

The graph clearly demonstrates that redistributing traffic flow using an overpass reduces the load on the
intersection and significantly reduces vehicle waiting times. This confirms the effectiveness of the proposed engineering
solution in terms of both throughput capacity and reduction of socio-economic costs.

The effectiveness of installing the overpass was also assessed according to the following criteria:

- load reduction coefficient (traffic flow) per vehicle:

10
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_ qtotal(before) - qtotal(after)

Klr
Qtotal(before)

_ 1067 — 347

= " .100% = 67,49
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Fig. 9 - Graph describing the traffic flow at the intersection in question before and after the installation of the overpass

The load on the intersection after the installation of the overpass is reduced to 67.4%
- Intersection capacity (Kic):

Ki — Cbefore
Cafter

The capacity of the intersection will increase threefold after the installation of the overpass.
The economic efficiency of installing the overpass was assessed according to the following criteria:
- time savings at the intersection:

T, =Ad:N,-C
Ad — s the reduction in vehicle delay time;
N, — number of cars, 1000 units;
C — price per hour of 1 driver's time 1500 tenge/hour.
Per day:
Ty = 0.025 -1.000 cars - 1.500 tenge/year = 3.750 tenge
Per year:
Ty = 3750 - 365 = 1368 750 tenge/year

- Fuel savings:

AQ = AL ‘R N

©)

(N

®)
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where AL = 2 km (reduction in traffic congestion)
R=101/100 km = 0.1 I/km (fuel consumption)
N =230 tg/I (fuel price)

The value AL =2 km is based on field observations conducted during the closure of the intersection (September
5-7, 2024), where the average length of traffic congestion on detour routes recorded by visual measurements and GPS
tracking exceeded 1.8-2.2 km.

Per day:
AQ = 2 -0.1 -1000 =200 l/day
Per year:
AQ = 200 -230 -365 = 16790000 tenge/year

Total savings:
Eyear = Ty + AQ

Eyear = 1368750 + 16790000 = 18 158 750 tenge/year

Thus, the calculations show that the installation of a mobile overpass at the intersection of Komissarova Street and
Voinov-Internatsionalistov Street provides significant transport and economic benefits. The total load on the intersection
is reduced by more than two-thirds — by 67.4 percent, which eliminates the conditions for traffic jams. At the same time,
the effective throughput capacity increases 3.07 times thanks to the diversion of the main part of the direct traffic flow to
the overpass. The average delay time for one car is reduced from 25.74 to 16.71 seconds, which corresponds to a reduction
of almost nine seconds. In economic terms, this provides a tangible benefit: the annual time savings for drivers is estimated
at 1.37 million tenge, and the reduction in fuel consumption due to the reduction of traffic jams by two kilometers allows
for additional savings of about 16.8 million tenge per year. The total annual effect of installing the overpass is
approximately 18.2 million tenge, which confirms the practical significance of implementing the proposed engineering
solution.

Conclusion

The study confirmed the engineering and operational efficiency of the developed mobile overpass as an element of
transport technology. The design, based on a metal support system integrated into a two-axle wheeled chassis, provides
high mobility, strength, and stability under operational loads. The developed solutions for the suspension system, cable
tensioning mechanism, and spatial truss scheme of the span section ensure reliability and durability of operation with
short-term installation and dismantling.

Preliminary studies have confirmed that the overpass is capable of withstanding loads corresponding to the
movement of light and small-tonnage vehicles, while maintaining structural rigidity and stability under dynamic loads.
The use of reinforced guide rails and connecting elements minimizes deformation and allows the structure to be used in
various road and soil conditions.

From an engineering point of view, the mobile overpass is an example of a high-tech mechanical engineering
solution that not only allows traffic flows to be maintained during major repairs, but also allows the product to be reused
multiple times at different sites. Its modularity, collapsible elements, and standardized components simplify production,
transportation, and operation, which is especially important in the urban infrastructure of Kazakhstan.

Thus, the results of the study confirm the promising prospects for the development of mobile overpasses in the
context of mechanical engineering and transport technology. The design combines mobility and technological efficiency
with operational reliability, which makes it in demand both for temporary transport connections and for further
improvement of engineering solutions in the field of road and construction technology.
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Research of the Influence of Chemical Composition on the Mechanical Characteristics of Cast
Parts for Freight Car Bogies
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Abstract. This article presents the main factors influencing the mechanical properties of steel. The influence of the main
chemical elements in the composition of steel on mechanical properties is shown and their role in obtaining a high
complex of operational characteristics is explained. Laboratory data on chemical composition and mechanical properties
of steel were analyzed. The possible effects of chemical elements on the formation of the non-metallic inclusions and
microstructure are considered. Steel grade 20GL must possess high strength, plasticity, and impact toughness, which are
crucial for cast parts of freight cars. In railway transport, the side frame and overhead beam are considered critical
components are cast from 20GL grade steel. Improving the mechanical properties of this steel is the main task.

Key words: strength limit, relative elongation, impact toughness, chemical composition, non-metallic inclusions,
microstructure.

Introduction

The mechanical properties of a material characterize its resistance to destruction, deformation, or behavior during
the destruction process. These include hardness, plasticity, strength, elasticity, impact toughness, fatigue resistance
(endurance), and others.

Strength is the ability of a material to resist destruction and deformation when compressed, stretched, twisted, and
bent. Two strength characteristics are used: fluidity limit ot and strength limit os [1].

Plasticity is the ability of metals and alloys to deform irreversibly (plastically) under external load without breaking
down. The characteristics of plasticity are relative elongation and relative narrowing [1].

Impact toughness is the ability of metals and alloys to resist impact loads. For testing, samples of standard size
according to GOST 9454-78 with a concentrator are used, the role of which is performed by a V-shaped incision [1].

High impact toughness (from 20 to 80 J/cm? for different groups of alloys) is characteristic of highly plastic single-
phase metals and alloys, pure in impurities or heterogeneous in structure alloys with a small number of non-metallic
inclusions or their optimal sizes and distribution. Alloying leads to a decrease in impact toughness. Impact toughness is
increased by removing impurities that lead to the formation of fragile excess phases [2].

The impact toughness test is the main one due to the instability of this parameter, as impact toughness depends on
many factors: chemical composition, heat treatment, microstructure, casting defects, etc. [3].

One of the main criteria for the quality of metal is its cold resistance, i.e., high plasticity and low-temperature
viscosity. The quality level of the metal, i.e., its high mechanical properties and cold resistance, is determined by the
degree of contamination with harmful impurities such as sulfur, phosphorus, oxygen, nitrogen, hydrogen, etc. At the same
time, sulfur and phosphorus have the most negative effects - through non-metallic inclusions and through the enrichment
of metal boundary volumes, which leads to the weakening of bonds at grain boundaries [4].

The main objectives of this work are analyzing the effect of key chemical elements on strength, plasticity, and
impact toughness and determining methods for improving the mechanical performance of steel grade 20GL for freight
car cast components. To achieve these objectives, the following tasks are performed: analyze the influence of key
chemical elements on the strength, plasticity, and impact toughness of steel grade 20GL; investigate the relationship
between chemical composition, microstructure, and non-metallic inclusions, and their effect on mechanical properties;
develop practical recommendations for improving the mechanical properties of 20GL steel used in critical freight car
components (side frame and overhead beam).

As expected results, the research will establish the dependence of the mechanical properties of 20GL grade steel,
used for manufacturing critical components of freight car bogies, on its chemical composition and the level of harmful
impurities.

It will also study the influence of sulfur and phosphorus on the steel's plasticity, impact toughness, and low-
temperature resistance, which is caused by the formation of non-metallic inclusions and the development of intergranular
brittleness.
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1. Research method

The smelting processes were carried out in a six-ton induction crucible furnace of the Otto-Junker company (Fig.
1). Table 1 presents the technical characteristics of the ICF-6 induction crucible furnace [5], which is used at JSC
“Foundry and Mechanical Plant” (Tashkent, Uzbekistan).

Fig. 1. - Induction crucible furnace

Table 1. Technical characteristics of ICF [5].

Parameter name Norm
Capacity 6t
Nominal power 4.8 MB-A
Current frequency 500 Hz
Internal diameter of the crucible 920 mm
Lining thickness 125 mm
Specific electricity consumption 505 kWh/t
Lining Based on AL2O;3

Metallographic studies were conducted on cast metal cross-sections (trifle-shaped samples) and after etching with
a 3% HNOs; solution in spirit (alcohol). The “Olympus BX 41M LED” modular microscope was used to determine the
microstructure of the metal (Figure 2) in scientific-research laboratory of the Materials Science and Mechanical
Engineering Department, Tashkent State Transport University.

Fig. 2. — Modular microscope "BX 41M LED"

Figure 3 shows the MSA optical emission spectrometer of the scientific-research laboratory of the Materials
Science and Mechanical Engineering Department (Tashkent State Transport University), which was used to determine
the chemical composition of steel.
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Fig. 3. — Optical-emission spectrometer for chemical composition analysis

The chemical composition and mechanical properties of 20GL steel according to GOST 32400 2013 are presented
in tables 2 and 3 [6].

Table 2. Chemical composition of 20GL steel, (% by mass.)

_ P ] S ‘ Cr ‘ Ni | Cu
C Si Mn Al Fe
no more than
F .1 F . F 1.1 F .02
rom 0.17 rom 0.30 rom 1.10 rom 0.020 0.020 0.020 030 0.30
to 0.25 to 0.50 to 1.40 to 0.060 (10.005) | (+0.005) | (+0.20) (+0.30) 0.60 rest
(-0.020) (£0.10) (+0.10) (+0.005) ’ ’ ’ '
Note! In brackets, the permissible deviations from the chemical composition of steel are indicated.
Table 3. Mechanical properties of 20GL steel

Fluidity limit, Strength limit, Relative elongation, Relative narrowing, Impact toughness, KCV-°,

MPa MPa % % kJ/m?

no less than
343 510 18 30 200

2. Results and discussion

The results of the analysis of samples for the chemical composition and mechanical characteristics of some 20GL
steel alloys are considered. Figure 4 shows the dependence of mechanical characteristics on the carbon content in the
steel.

From Figure 4, it can be seen that with an increase in the carbon content in cast steels, their strength increases,
while plasticity and impact toughness decrease. With an increase in carbon from 0,19% to 0,25%, the relative elongation
of steel significantly decreases from 30% to 24%, and the value of the strength limit slightly increases. An increase in
carbon content in steel, accompanied by an increase in the proportion of perlite in the structure, leads to an increase in
fluidity limit and strength limit and a decrease in plasticity.

The impact toughness level is decreasing imperceptibly. Perhaps this is due to the increase in the pearlite fraction
in the steel.

Silicon is also introduced into steel to reduce its oxidation. Silicon enters the solid solution in ferrite, increasing
the strength properties of steel.
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Fig. 4. - Dependence of mechanical properties on the carbon content

Figure 5 shows the dependence of mechanical characteristics on the silicon content in the steel.

From Figure 5, it can be seen that with an increase in the silicon content within the range of 0,33-0,46%, the value
of relative elongation and impact toughness decreases insignificantly, while the strength limit increases.

Manganese is a technological additive that is introduced into steel for deoxidation and desulfurization - to eliminate
the harmful effects of sulfur. Manganese is partially dissolved in ferrite and partially in cementite, where it replaces iron
atoms. Manganese impurity slightly increases the strength of the steel.

Manganese and silicon can partially be part of non-metallic inclusions - complex oxides of the spinel type
FeO-MnO, silicates 2FeO-Si0,, 2MnO-SiOs, etc. [7].
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Fig. 5. — Dependence of mechanical properties on the silicon content

Figure 6 shows the dependence of mechanical properties on manganese content.
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Fig. 6. — Dependence of mechanical properties on manganese content

From Figure 6, it can be seen that with an increase in manganese content from 1.1% to 1.35%, the relative
elongation decreases. Manganese also leads to a decrease in impact toughness. However, it increases the strength limit of
the steel.

Aluminum is the best deoxidizer, plays the role of deoxidizing and grinding grains, which increases the impact
toughness and plasticity of steel. Additionally, nitrogen can be bound to nitrides (e.g., AIN), aluminum (approximately
0,05%) is introduced into the ladle before pouring to obtain hereditary fine-grained steel - dispersed particles of aluminum
oxide and nitride inhibit the growth of austenite grains [7].

Figure 7 shows the dependence of aluminum's influence on the mechanical properties of steel.

From Figure 7, it can be seen that with high aluminum content, the level of mechanical characteristics of steel
reaches high values. When oxidized with aluminum, the aluminum content should be at the highest level according to
GOST 0,04-0,06%. Aluminum has no apparent harmful effect on the mechanical properties of steel.

Phosphorus, being a harmful impurity, significantly reduces the properties of steel. With an increase in the
phosphorus content, the strength, brittleness, and cold-breaking threshold increase, while simultaneously reducing the
plasticity and viscosity of the steel [8].

Phosphorus influences the properties of the metal matrix, while sulfur influences the properties of the metal matrix
through sulfides. The brittleness of phosphorus is enhanced by the action of the third element. Carbon and manganese
displace phosphorus from the solution to the grain boundaries, significantly weakening the intergranular bonds and
leading to a decrease in plasticity and viscosity [4].
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Fig. 7. - Dependence of mechanical properties on the aluminum content
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The harmful effects of phosphorus are related to the peculiarities of the iron-phosphorus phase diagram.
Phosphorus dissolves in austenite up to 0,2%, and in ferrite even more, and significantly strengthens the solid solution.
The plastic properties of steel, especially at low temperatures, significantly decrease due to the release of very fine
phosphide segregations along the grain boundaries. The damage from phosphorus is always observed in grain boundary
brittleness, which reduces impact toughness [9].

Sulfur dissolved in steel acts similarly to phosphorus, and non-metallic inclusions are released at the boundaries
of primary grains (when oxidized by aluminum), weakening the metallic bond and reducing viscosity and plasticity
indicators [4].

The large radius of the sulfur atom (0,104 nm) compared to the iron atom leads to an increase in strength and loss
of plasticity due to the stressed state in the iron lattice [4].

Figure 8 shows the influence of the total sulfur and phosphorus content on the mechanical properties of steel.
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Fig. 8. - Influence of sulfur and phosphorus on the mechanical properties of steel
As can be seen from Figure 8, sulfur and phosphorus are harmful impurities, significantly reducing impact

toughness and relative elongation. Especially, the impact toughness decreases from 350 KJ/m? to 230 KJ/m? with an
increase in the total sulfur and phosphorus content from 0,040% to 0,050%.

v Vo, ~

Fig. 9. — Non-metallic inclusions in 20GL steel
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Figure 9 shows non-metallic inclusions in 20GL steel. The main part of oxide inclusions (endogenous inclusions)
is formed as a result of oxidation during the addition of reducing agents and cooling of liquid steel (pre-crystallization)
and during its crystallization (crystallization) [10].

Stress concentration causes a volumetric stress state, inclusions worsen the plasticity (relative elongation and
relative narrowing) and impact toughness. The strongest inclusions affect the impact toughness, which is especially
sensitive to stress concentrators and metal cuts [10].

Increased sulfur content leads to steel contamination with non-metallic inclusions, mainly sulfides. For this reason,
the decrease in plasticity and impact toughness with increasing sulfur content is explained not only by metal contamination
with non-metallic inclusions but also by changes in the solubility of sulfur present in the solution, which will enrich the
boundary areas of austenite and ferrite grains during steel cooling, leading to metal brittleness at positive and low
temperatures [4].

Sulfides are the main type of inclusions. The type or form of sulfide inclusions separation is determined by the
degree of deoxidation (content of residual aluminum and oxygen) of the steel [11].

When the amount of [O] in the metal is 0,02%, only globular sulfides (type 1) are formed, at 0,01-0,02% - sulfides
of type 1 and 2, and when [O] is less than 0,01%, only sulfides of type 2 are formed [11].

Type 1 - small globular sulfides and oxysulfides that are separated in steels in the branches of austenite dendrites
as droplets of a high-sulfur liquid during separate or cooperative monothetic transformation. These droplets, upon further
cooling, solidify as manganese sulfide or oxysulfide inclusions. This type of inclusion is characteristic of steels containing
low aluminum concentrations.

Type 2 is characteristic of well-deoxidized steels, but containing low concentrations of excess aluminum. Such
sulfides lead to a sharp weakening of intergranular bonds and a significant decrease in the plastic and viscous properties
of steel, which plays the role of films located along the grain boundaries.

Type 3 - edged, anchor-shaped, and dendritic sulfides formed under conditions of separate eutectic crystallization
with a further increase in aluminum content. They reduce the quality of steel to a lesser degree than type 2 inclusions, but
still deteriorate the properties of the metal to a greater extent than type 1 inclusions.

To obtain type 1 sulfides, it is necessary to have a critical amount of aluminum in the steel. However, this is not
enough to obtain a dense metal with a fine-grained structure. Therefore, to make a high-quality metal, it is necessary to
introduce a supercritical amount of aluminum into the steel.

Elongated inclusions are dangerous because, under the influence of external loads, stress concentration occurs
around these sulfides, resulting in microcracks. Inclusions with a size of 5-10 um are especially dangerous [11].

Deoxidation solely by aluminum does not ensure the favorable forms and topography of non-metallic inclusions,
and consequently, the physical and mechanical properties of steel. Therefore, complex modification is used, where
elements are introduced along with aluminum for globulation and more disoriented distribution of oxidesulfide
formations. The most promising in this direction are alkaline-earth and rare-earth metals (AEM and REM). These
elements have a beneficial effect on the mechanical and operational properties of steel due to their high deoxidizing
ability, refining effect, and globularization of non-metallic inclusions. However, the application of these elements is
effective after preliminary oxidation with aluminum [12].

Figure 10 shows the microstructure of 20GL steel after heat treatment.

Fig. 10. — Microstructure of 20GL steel after normalization and tempering (x100)
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The microstructure is homogeneous, ferrite-pearlite, fine-grained, with a uniform distribution of structural
components. The grain score according to GOST 5639-82 is 8-9, which is permissible according to GOST 32400-2013
(not lower than 8) [13].

Ferrite is a soft, plastic component of the structure. The properties of ferrite primarily depend on its carbon content,
alloying elements, and grain size. Carbon and nitrogen, which form solid solutions with iron, provide the most significant
effect of ferrite hardening, which is mainly due to their strong interaction with dislocations and hardening of the latter
[14-16].

Alloying elements, which form solid substitution solutions with iron, strengthen ferrite less than carbon and
nitrogen.

Substitution elements and, to a greater extent, embedding elements increase the temperature of the viscous-fragile
transition T, which characterizes the steel's tendency to fragile destruction.

The strength of ferrite is greatly influenced by the size of its grain. With the grinding of ferrite granules
simultaneously with additional hardening, the viscous-fragile transition temperature decreases [17-19].

Thus, grinding ferrite granules is an effective strengthening method, as it simultaneously reduces the tendency for
brittle destruction.

The viscosity of steels with a ferrite-carbide structure increases when pearlite colonies and ferrite grains are
ground. These structural parameters significantly depend on the size of the austenitic grain. Therefore, to obtain a high
degree of mechanical properties during heat treatment, a fine austenitic grain is sought [20-22].

Conclusions

This research was conducted as part of the scientific and innovative projects of Tashkent State Transport
University, commissioned by JSC “Foundry and Mechanical Plant” (Tashkent, Uzbekistan).

As a result of the conducted research, it was established that the mechanical properties of 20GL grade steel used
for critical parts of freight car bogies significantly depend on its chemical composition and the level of contamination
with harmful impurities. Particularly significant influence is exerted by sulfur and phosphorus, which deteriorate the
plasticity, impact toughness, and cold resistance of steel due to the formation of non-metallic inclusions and inter-
crystallite brittleness. Increasing the carbon and silicon content contributes to an increase in strength characteristics, but
is accompanied by a decrease in plasticity and viscosity indicators. The addition of aluminum positively affects the
dispersion strengthening, deoxidation, and grinding of grain, thereby increasing the complex of mechanical properties.
The most critical indicator characterizing steel reliability is impact toughness, as it is most sensitive to the presence of
casting defects, microstructural changes, and stress concentrators. Tests show that a steel structure with minimal harmful
impurities and an optimal alloying system provides a high level of strength and operational reliability. Thus, effective
management of the chemical composition and modification technology of steel allows for obtaining optimal mechanical
characteristics necessary for reliable and safe operation of rolling stock parts.

References

[1] Maletkina T.Yu. Mechanical properties of metals and alloys and methods for their determination: methodological instructions. /
Comp. - Tomsk: State University Publishing House, 2015. - 27 p.

[2] Novikov LI., Zolotorevsky V.S., Portnoy V.K. Metallology: textbook. In 2 vols. Fundamentals of Metal Science / 2nd ed., revised.
- M.: Publishing House. MISiS House, 2014. - 496 p.

[3] Pavlov A.V., Kveglis L.I., Romanova A.A., Rakhadilov B.K., Zhilkashinova A.M. Investigation of 20GL steel castings for
compliance with the technical requirements of railway transport. 66 Innovations in Science / Collection of articles based on materials
of the XLVII International Scientific Practical Conf. No. 7 (44). Novosibirsk: SibAK Publishing House, 2015. - 150 p.

[4] Lunev V.V., Averin V.V. Sulfur and phosphorus in steel// Metallurgy, 1988. - 256 p.

[5] Tursunov N.K., Semin A.E., Sanakulov E.A. Research of dephosphorization and desulfurization processes during the smelting of
20GL steel in an induction crucible furnace //Collected Works. Moscow — Elektrostal, 2016, - P. 272-276.

[6] GOST 32400-2013 Side frame and overhead beam of cast railway freight cars.

[7] Novikov LI., Zolotorevsky V.S., Portnoy V.K. [et al.] Metallology: textbook. In 2 vols. Heat treatment. Alloys / 2nd ed., revised. -
M.: Publishing House. MISiS House, 2014. - 528 p.

[8] Semin A.E., Alpatov A.V., Kotelnikov G.I. Modern Problems of Metallurgy and Materials Science: Practicum. - M.: Publishing
House, MISIS House, 2015. - 56 p.

[9] Semin A.E., Tursunov N.K., Kosyrev K.L. Innovative production of high-alloy steel and alloys: theory and technology of steel
smelting in induction furnaces: textbook. - M.: Publishing House NITU "MISIS," 2017. - 166 p.

21



Material and Mechanical Engineering Technology, Nel, 2026

[10] Povolotsky D.Ya., Roshchin V.E., Ryss M.A., Stroganov A.IL., Yartsev M.A. Electrometallurgy of steel and ferroalloys - Textbook
for universities. 2nd ed., revised and expanded. - M.: Metallurgy, 1984. - 568 p.

[11] Sheshukov O.Yu., Yermakova V.P., Smirnova V.G., Nekrasov I.V., Marshuk L.A. Technological parameters of melting and
microstructure of 20GL steel in cast and heat-treated state /Collected Works. Moscow — Elektrostal, 2016, P. 152-157.

[12] Durynin V.A., Solntsev Yu.P. Research and improvement of production technology to increase the resource of steel products from
large coils of critical purpose. - SP6.: KHIMIZDAT, 2006. - 272 p.

[13] GOST 5639-82 Steels and alloys. Methods for identifying and determining grain size.

[14] Smirnov M. A., Schastlivtsev V. M., Zhuravlev L.G. Fundamentals of Thermal Processing of Steel: Textbook/ O-75 - M.: Science
and Technology, 2002. - 519 p.

[15] Rakhimov U., Tursunov N., Urazbayev T., Bakhteev E., Omonov I. Development of a technology for producing cast iron in an
induction crucible furnace, modification in a ladle and casting in a system of casting molds Vibroengineering Procedia, Vol. 60, 2025.
- P. 416423/

[16] Toirov O., Tursunov N., Kuchkorov L. Development of resource-saving composition of sand-clay mixtures for steel castings with
improved physical and chemical characteristics //Vibroengineering Procedia, Vol. 58, 2025. - P. 277-282

[17] Tursunov N., Saidirakhimov A., Toirov O. Experimental and theoretical study of the efficiency of solid slag mixtures for
desulfurization of 20GL steel under conditions of induction crucible melting //Vibroengineering Procedia, Vol. 58, 2025. - P. 283-290,
May

[18] Bekmurzaev N., Nurmetov K., Alimukhamedov S. Creation of a wear-resistant bimetallic coating for the track treadmill of a
crawler //Vibroengineering Procedia, 2025, Vol. 60, pp. 370-377

[19] Valieva D., Yunusov S., Tursunov N. Study of the operational properties of the bolster of a freight car bogie /E3S Web of
Conferences, 401, 05017 2023

[20] Toirov O., Tursunov N. Research of the influence of the technological parameters of the steelmaking process on the design and
defect formation of large-sized castings for freight cars //Vibroengineering Procedia, Vol. 58, 2025. - P. 271-276

[21] Toirov O., Tursunov N. Efficiency of using heat-insulating mixtures to reduce defects of critical parts /E3S Web of Conferences
401, 05018, 2023

[22] Urazbayev T., Tursunov N., Tursunov T. Steel modification modes for improving the cast parts quality of the rolling stock couplers
//ATP Conf. Proc. 3045, 060015, 2024

Information of the authors

Tursunov Nodirjon Kayumjonovich, DSc, professor, Tashkent State Transport University

e-mail: u_nadir@mail.ru

Saidirakhimov Azizjon Azim ugli, PhD student of “Materials Science and Mechanical Engineering” Department, Tashkent State
Transport University

e-mail: azizsaidrahimov94@gmail.com

22


mailto:u_nadir@mail.ru
mailto:azizsaidrahimov94@gmail.com

Material and Mechanical Engineering Technology, Nel, 2026

DOI 10.52209/2706-977X_2026_1_23 IRSTI 55.03.14 UDC 621.8
Strength Assessment of a New Adaptive Tooling Design

Nurzhanova O.A.!, Zharkevich O.M.!", Bakenov A.A.'?, Berg A.S.!, Zakirov K.
Abylkas Saginov Karaganda Technical University, Karaganda, Kazakhstan
2 Maker LLP, Karaganda, Kazakhstan
3KazTechlInstrument LLP, Astana, Kazakhstan

Abstract. This article discusses the current scientific and technical challenge of improving the efficiency of processing
complex spatial shapes of body and thin-walled parts in small-batch production. Traditional tooling often does not provide
the required rigidity and flexibility, which leads to vibrations and deformations of workpieces. The authors propose an
innovative design for adaptive tooling, a distinctive feature of which is the use of a polymer concrete base and a matrix
of telescopic pins positioned by stepper motors. The main focus of the work is on evaluating the strength and load-bearing
capacity of the new design using the finite element method (FEM) in the Ansys Discovery 2024 R2 software package.
During simulation modeling, the behavior of the system under the influence of a significant static load of 100,000 N was
investigated. S275N steel was used for the pins and epoxy-based polymer concrete for the frame. The analysis results
showed high rigidity of the system. The maximum displacements were only 4.53 pm and were localized at the tops of the
pins, without exceeding the elastic deformation zone. The study of equivalent stresses according to Mises confirmed that
the peak values (4.58 MPa) are many times lower than the yield strength of steel (237 MPa). The use of polymer concrete
is justified by its ability to effectively dampen vibrations and ensure geometric stability at low levels of internal stresses.
It has been established that the critical value of the coefficient (n > 1.5) is reached at loads exceeding 550-600 kN, which
is equivalent to a workpiece weight of more than 56 tons. Thus, the developed tooling is a promising solution for precision
machining of heavy and complex parts, combining adaptability, vibration resistance, and high load-bearing capacity.

Keywords: displacements, stresses, safety factor, pins, polymer concrete

Introduction

Modern trends in mechanical engineering, such as product clustering and the transition to small-batch production
with a wide range of products, place increased demands on the flexibility of technological processes [1, 2]. A particular
challenge is the clamping of complex spatial shapes for machining of body, cast, and thin-walled parts [3]. Housing parts
occupy a special place in mechanical engineering, instrument making, and aviation technology, as they are characterized
by complex spatial geometry, the presence of thin-walled elements, covers, stiffening ribs, and internal cavities [4, 5].

Their processing is associated with a number of technological problems that require solutions and experimental
design proposals. These problems include:

- high flexibility and low rigidity of housing parts, which leads to deflection and vibration during machining. These
phenomena reduce dimensional accuracy and surface quality [6, 7];

- the complexity of fixing parts with complex geometry, especially thin-walled elements and covers, where
traditional fixtures do not provide reliable fastening without deformation [8, 9];

- the need for individual tooling for each product series, which increases costs and setup time. According to
research, the cost of designing and manufacturing fixtures can be up to 10-20% of the total cost of the production system
[10,11];

- the influence of thermal and dynamic loads, since metal bases of fixtures are subject to thermal deformation and
do not dampen vibrations well, which reduces process stability [12, 13];

- limited capabilities of existing universal systems, since modular and reconfigurable fixtures often remain highly
specialized and do not provide adaptation to complex-shaped body parts [14, 15].

The development of a new tooling design allows for the fastening of products with various geometries, tolerances,
and accuracy requirements, which is particularly relevant for machine-building industries with small and medium-scale
production [16].

Strength assessment based on the finite element method is an important stage in modern mechanical engineering
design [17]. The transition from traditional analytical calculations to digital testing in software packages such as Ansys
Discovery allows engineers to study the behavior of complex assemblies in detail long before the first prototype is
manufactured. The use of FEM analysis allows the stiffness of the system to be assessed under the influence of high and
varied technological loads [18]. The FEM method allows the distribution of internal forces that tend to return the structure
to equilibrium to be visualized. Analysis of equivalent stresses according to Mises makes it possible to identify the most
loaded elements. The use of modern software packages allows for the effective combination of materials with different
physical and mechanical properties [19]. Comparing the physical and mechanical properties of different materials in a
single design in a digital environment helps to justify their use. Strength calculations allow the safety margin of the design
to be determined. Modeling also helps to construct a graph of the safety factor as a function of the applied force, which
allows predicting the maximum capabilities of the equipment: for example, determining the weight of the workpiece at
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which the structure will transition from the elastic deformation zone to the critical zone. Strength calculations allow
determining the strength margin of the structure. Modeling also helps to determine the dependence of the safety factor on
the applied force, which allows predicting the maximum capabilities of the equipment [20].

Thus, strength assessment using the FEM method at the design stage allows:

- eliminating the risk of residual deformations;

- reducing the cost of manufacturing expensive specialized fixtures and visualizing stress concentration points in
order to improve the design;

- evaluate the versatility of designs that can automatically adapt to the complex geometry of workpieces.

The purpose of this article is to conduct an FEM analysis to evaluate the strength of an innovative design for
technological equipment and determine its load-bearing capacity under the intense loads of modern production.

1. Materials and methods

The adaptive technological equipment under development with a polymer concrete-based pin table (Figure 3)
forms a support surface for the specific geometry of the cover, reduces vibration, and ensures versatility when processing
body parts.

A-Ai2)

Maomempuyeckas npoexuus (1251

1 — screw assembly; 2 — screw assembly; 3 — top plate; 4 — wall; 5 — bottom plate; 6 — guide; 7 - holder; 8 - stand; 9 —
M2 bolt; 10 — M3 bolt; 11 — A.M12 screw; 12 - A.M2 screw; 13 — M2 nut

Fig.3. - Adaptive tooling with a pin table

The design of the adaptive technological equipment includes:

- a polymer concrete base, which provides high vibration resistance and low thermal deformation compared to
metal counterparts;

- a matrix of telescopic pins located in the working area of the table (400550 mm), allowing the formation of a
support surface according to the geometry of the part being fixed;

- a drive mechanism that moves the pins with stepper motors and ensures positioning accuracy and the possibility
of automatic readjustment.

- a modular assembly that simplifies maintenance and replacement of individual elements.

Adaptive tooling was modeled using Ansys Discovery 2024 R2 software.

Adaptive tooling modeling was performed in several stages:

- creation of a 3D model of adaptive tooling (Figure 4);

- selection of material and specification of physical and mechanical properties for S275N steel pins, as well as
upper and lower plates of Polymer concrete (epoxy-based) tooling (Table 1);
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- fastening of the equipment with a sliding screw thread (Figure 5);
- applying load across the entire surface of the fixture pins (Table 2, Figure 6);
- creating contact connections - 202 contact pairs.

Fig. 4 - 3D model of adaptive process equipment with a pin table

Table 1. Materials Structural steel, S275N

Parametr Value Value
Material Structural steel, S275N Polymer concrete (epoxy-based)
State Solid Solid
Density 7850 kg/m? 2460 kg/m?
Young's modulus 2,1-10'"" Pa 3,5¢10'° Pa
Poisson's ratio 0,305 0,22
Shear modulus 8,05°10'" Pa 1,4310'° Pa
Bulk modulus 1,79¢10" Pa 2,0810'° Pa
Tensile yield strength 2,37+108 Pa 2107 Pa
”Sl"ts::sjgltehultimate 423+10° Pa 3¢107 Pa
Thermz_il expansion 1.2:10° 1/°C 1,4¢10°1/°C
coefficient
Thermal conductivity 50,4 W/m-K 1,2 Wm-K
Specific heat 0,479 kJ/kg.C 0,9 kJ/kg.C
Embodied energy 2,02e7 J/kg 2,8¢7 J/kg
CO; footprint 2,03 kg/kg 2,5 kg/kg
Potential to recycle True False

Structural steel, S275N, normalized Data
compiled by Ansys Granta, incorporating

Polymer concrete (epoxy-based), mineral
aggregate bonded with thermosetting
resin. Data compiled from manufacturer
datasheets, academic literature, and

Description various sources including JAHM and . . .
. engineering handbooks. Typical values
MagWeb. ANSYS, Inc. provides no .
antv for this data for  structural and  machine-base
warranty for this ' applications. ANSYS, Inc. provides no
warranty for this data.
Class Metals - ferrous Composites
Subclass Microalloy and high strength steels Polymer matrix composites —mineral

filled

Table 2. Application of loadings

Name

Total force

Remote

Remote Distributed Force 2

100000 N

0,0375 m
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Fig. 6. - Load application across the entire surface of the fixture pins

The load-bearing capacity of the new adaptive tooling design was determined based on the calculation of the safety
factor [21]:

%
O‘eq

n=

M

oy — yield strength, MPa;
Oeq — equivalent stresses, MPa.
For objects ensuring load-bearing capacity, the safety factor must be n > 1.5.

2. Results and discussion

As a result of the adaptive tooling strength simulation, the following parameters were obtained:
- displacements (Figure 7);

- principal stresses (Figure 8);

- equivalent von Mises stresses (Figure 9);

- pin reaction force (Figure 10).
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Displacement ¥
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Fig. 7. - Displacements in adaptive technological equipment

According to the visualization of the results in Figure 5, the maximum displacement in the system is approximately
4.53 um. This value is localized at the top of the telescopic pins, which were directly subjected to a distributed load of
100,000 N. The minimum displacement is 0, corresponding to the areas of rigid fixation of the tool base along the threads
of the retractable screws. The maximum displacement of less than 5 pm under a colossal load of 10 tons indicates the
extremely high rigidity of the system. Under real metalworking conditions, such deformations have virtually no effect on
the dimensional accuracy and surface quality of the part. Displacements of a few microns at the tops of the S275N steel
pins indicate elastic deformation of the elements. This confirms that the telescopic mechanism is capable of withstanding
technological cutting forces without residual deformation or loss of positioning accuracy. The use of polymer concrete
(epoxy-based) instead of traditional metals ensures not only geometric stability but also effective vibration damping.
Figure 5 shows that the massive base remains virtually motionless (dark blue), serving as a reliable foundation for the pin
matrix.

Principal Stress ~ Mla +
First Second Third

4,586
34766 l

2,358

Lmb'

0
9,98e5 I
-2,11e6

Fig. 8. — Principal stresses in adaptive technological equipment

When a total force of 100,000 N is applied to the pin surface, internal forces are generated in the metal (S275N
steel), which tend to return the structure to equilibrium. The pins act as intermediate links, absorbing the pressure from
the workpiece and transferring it to the polymer concrete base. Since the Young's modulus of steel (2.1 x 10 Pa) is
significantly higher than that of polymer concrete (3.5 x 10 Pa), the steel matrix of the pins bears the primary structural
stresses. An analysis of the principal stresses allows us to determine the risk of material failure. The fact that the maximum
stress (4.58 MPa) is significantly lower than the yield strength of steel (237 MPa) and the strength of polymer concrete
confirms the high safety margin of the structure under the given load. The stress distribution in the polymer concrete base
confirms its role as a damper; low stress values with a high base mass contribute to the effective damping of dynamic
loads.
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Von Mises Stress Nav

16le6

1076 |

Fig. 9. — Equivalent stresses according to von Mises

An analysis of the von Mises equivalent stresses shows that the telescopic pins are the most heavily loaded
elements of the system. The image clearly shows that the maximum stress values are at the top of the pins, which directly
contact the workpiece, as well as in the areas where they interface with the upper platen guides. The symmetrical
distribution is due to the geometry of the fixture itself-a matrix of pins arranged in a 400 x 550 mm table working area.
Since the load is applied to the entire surface of the pins, the stress pattern exhibits a pronounced regularity. The uniformity
of the color spectrum on most pins confirms that the adaptive system effectively distributes forces, minimizing the risk
of critical stress concentrators at individual points. The polymer concrete base, meanwhile, remains in the zone of minimal
stress (=1.6 Pa), demonstrating its high rigidity and ability to absorb the resulting loads without significant deformation.
The use of S275N steel for pins is justified because it withstands specified forces without the risk of plastic deformation,
maintaining the positioning accuracy of the part. Uniform von Mises stress distribution ensures that during machining,
thin-walled housing parts are not subject to localized overloads that cause deflection or microcracks.

Reactionforce  H v

X Y Z Magnitude

55,1 '

Fig. 10. - Pin reaction force

The reaction force on the pins reaches a maximum value of 55.1 N. Figure 10 shows that the greatest load is
concentrated at the upper ends and the mating surfaces of the extended pins, indicated by the red and orange colors on the
spectrum. In the areas of the base and elements not in contact, the reaction force approaches zero (approximately 9.65 x
107! N), which corresponds to the blue color on the scale.

The pins (the matrix of telescopic pins) form a support surface for the specific geometry of the part. Consequently,
reaction forces arise precisely at the points of contact between the fixture and the workpiece in response to an applied
external force of 100,000 N. Using the matrix of pins allows the total clamping force to be distributed across multiple
support points. The polymer concrete base in which the pin guides are installed has higher internal damping compared to
metal. The distribution of reaction forces through a solid polymer concrete slab effectively dampens vibrations arising
during machining. The maximum reaction values at the pin ends confirm that the drive mechanism and threaded locking
provide the rigid hold necessary to maintain dimensional accuracy.
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To determine the maximum workpiece weight that the adaptive tooling can support, simulations of loading with
various static loads were conducted, after which a safety factor was determined. The safety factor for various loading
forces is shown in Figure 11.
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Fig. 11. — Dependence of the safety factor of the equipment on the remote distributed force

The graph in Figure 11 demonstrates an inverse relationship between the magnitude of the applied remote
distributed force and the safety factor. As the load on the tool pins increases, the safety factor naturally decreases.
According to the graph, this factor corresponds to a load of 100,000 N. This is equivalent to a workpiece weight of
approximately 10,197 kg (approximately 10.2 tons). Extrapolating the graph data, one can assume that the safety factor
becomes critical (below 1.5) when the load exceeds 550,000-600,000 N. This corresponds to a workpiece weight of over
5661 tons.

Conclusions

The following results were obtained from the simulation:

1) A finite element analysis (FEM) performed in Ansys Discovery demonstrated the sufficient structural strength
of the developed adaptive tooling. When applying a static load of 100,000 N, the maximum displacements in the system
were only 4.53 pm. These deformations were localized exclusively at the tips of the steel pins and were elastic in nature.
Under real-world production conditions, such microscopic displacements do not affect the dimensional accuracy or
surface quality of the machined part, confirming the tooling's suitability for precision machining.

2) The use of polymer concrete (epoxy-based) as the base material proved to be a successful choice. Due to its
lower Young's modulus compared to steel, the base acts as an effective damper, absorbing vibrations and dynamic loads.
The massive base remains virtually motionless under load, ensuring geometric stability and high vibration resistance,
which is critical for reducing tool wear and preventing microcracks in components.

3) The use of a matrix made of S275N steel effectively absorbs process forces. Maximum von Mises equivalent
stresses are concentrated in the contact zones of the pins with the workpiece and guides, but their peak value (4.58 MPa)
is many times lower than the yield strength of steel (237 MPa). The regular structure of the pin table ensures uniform
distribution of forces, eliminating the formation of dangerous stress concentrators, which is especially important when
clamping thin-walled and complex body parts prone to deformation.

4) Calculation of the safety factor (n) confirmed the high reliability of the design. Under a standard load of 10 tons,
the system maintains a multiple safety factor. Extrapolation of simulation data shows that the critical safety factor (n >
1.5) will only be achieved for loads exceeding 550-600 kN (56—61 tons). This allows the tooling to be used for a wide
range of heavy components without risk of failure.

5) The proposed adaptive tooling is a promising solution for modern mechanical engineering, combining high
load-bearing capacity.

6) Future research will focus on assessing the vibration resistance of the adaptive tooling.

Funding. This research has been/was/is funded by the Science Committee of the Ministry of Science and Higher
Education of the Republic of Kazakhstan (Grant No. AP26101943).
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Modeling and Analysis of Interactions in the Rotor—Bearing—Housing System under Variable
Loads
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Abstract.Vibration arising in industrial settings significantly influences the durability and functionality of machinery,
particularly those operating under high speeds and heavy loads. Despite ongoing technological improvements, sectors
such as textiles continue to experience intensified vibration, impulsive noise, and broadened frequency emissions due to
the integration of more potent machinery. Devices like shuttle looms and cotton-processing equipment exemplify systems
that contribute to vibrational challenges. This research explores the dynamics of the "rotor—bearing—housing" assembly
as a key factor in mitigating such issues. Given that rolling bearings frequently develop defects that compromise
mechanical performance, the study introduces an advanced dynamic model considering deformation, misalignment, and
fluctuating contact stresses under vibration. Emphasis is placed on the influence of bearing design, stiffness, and applied
loads on overall system stability. The paper also reviews modern vibroacoustic diagnostic techniques for early failure
detection and service life forecasting, promoting more efficient and resilient vibration control solutions in industrial
environments.

Keywords. Shaft bending, saw cylinder, seed roller, shaft deformation, linter machine, transverse force, bending moment,
equations of equilibrium, support reaction.

Introduction

In real industrial practice, vibration is one of the main factors that quietly but steadily reduces the reliability and
service life of equipment. Even with the adoption of modern, high-speed and energy-efficient machines, the problem has
not disappeared. On the contrary, more powerful drives and higher speeds often create stronger oscillations, wider
frequency bands, and additional impulsive noise. These effects are especially noticeable in textile production, where
machines such as looms, combing systems, and cotton-gin units operate almost continuously under heavy and variable
loads.

Such conditions make it clear that conventional design measures are no longer sufficient. What is needed are
advanced diagnostic tools and vibration-control strategies that are both technically sound and practical for industry.
Among the most sensitive components are rolling bearings, which serve as critical supports for rotating shafts. Even small
surface defects or misalignments can increase vibration levels dramatically, leading to accelerated wear and reduced
safety. For this reason, the development of refined dynamic models of the rotor-bearing-housing system has become an
important research direction. These models not only support more accurate detection of faults but also provide guidance
for designing vibration-resistant structures.

The purpose of this study is to develop and numerically investigate a dynamic model of a rotor-bearing-housing
system with elastic-damping (polyurethane) inserts, in order to evaluate their influence under variable loading conditions
and to provide engineering recommendations for vibration reduction in textile machinery.

Researchers over several decades have shown that the behavior of bearing assemblies is strongly shaped by
imperfections in their geometry and the development of faults. One of the most common ways to study these effects is
through analysis of vibration and acoustic signals collected during machine operation. Methods such as Fourier
transforms, wavelet analysis, and statistical techniques are widely applied [1-5]. They are useful for identifying early
stages of damage, yet in practice their accuracy is limited by strong background noise and the complex, non-stationary
form of real signals. Thus, while these tools are valuable, they often fail to give clear information about the actual
magnitude and distribution of contact forces in bearings.

To go beyond signal analysis, many researchers have turned to analytical and numerical modeling [6-8]. These
works have advanced our understanding of stresses and deformations in bearing elements, but most of them simplify
reality by assuming rigid components or static conditions. Such simplifications leave open questions about the true
influence of structural flexibility and load variation. Experimental studies on sliding effects in rolling elements are also
rare, which means an important part of bearing behavior under real conditions is still not well understood.

In engineering practice, bearing defects are usually grouped into two broad categories: distributed (waviness,
misalignment, dimensional deviations) and localized (cracks, spalls, pits) [10-12]. This classification is convenient, but
in reality the vibration signatures of different faults can overlap, making diagnostics more difficult. Distributed defects
are often the result of manufacturing tolerances or gradual wear, whereas localized damage is mainly caused by fatigue
crack initiation and propagation. Localized faults are the most dangerous, because they lead to sudden changes in stress
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distribution and generate short high-energy impulses. At the same time, many studies do not consider how these fault
mechanisms can interact.

More recent investigations have used finite element analysis and advanced simulations to study shaft deflection,
contact stresses, and dynamic response under realistic loads [13-16]. Results from these works show that design
improvements - such as adding elastomeric inserts or hybrid support structures - can reduce shaft bending, suppress
critical vibrations, and extend machine life. However, the benefits strongly depend on the type of machine and its working
conditions. In textile equipment, for instance, shafts are slender and heavily loaded, making damping inserts a promising
but not yet fully explored solution.

Comprehensive reviews, such as those by McFadden and colleagues [17-18], confirm the importance of vibration-
based monitoring for bearing diagnostics. At the same time, they reveal a clear imbalance: most existing models focus on
distributed defects, like raceway waviness, while only a few provide detailed simulations of localized faults. This gap
shows the need for integrated approaches that combine advanced signal-processing methods with dynamic modeling.
Only such combined methods can provide both qualitative and quantitative evaluation of bearing health.

Recent studies emphasize the importance of accurate numerical modeling for predicting stress—strain behavior and
structural response under operational loads [7, 19]. In rotor dynamics, the introduction of elastic support layers has been
shown to significantly reduce vibration levels and improve system stability [20], highlighting the role of structural
modifications in enhancing mechanical reliability [21-22].

Based on these observations, the present study focuses on the influence of elastic-damping inserts in rotor-bearing-
housing systems. Unlike many earlier models that assume rigid supports, this work explicitly incorporates polyurethane
layers as damping elements and evaluates their role in vibration reduction. This approach not only develops theoretical
understanding but also offers practical recommendations for improving the reliability of rotating machinery.

Thus, adequate analysis of the condition of rotor systems with bearings requires comprehensive modeling that
takes into account interactions and possible defects, making dynamic models a key tool in the study and prediction of the
technical condition of such assemblies.

l)‘(t)
Fext()[ Rotor |—-(f)
Bearing |
,$ [
it
Casing

T %

Fig.1. - The system consists of two bodies: the rotor and the housing, connected by elastic-damping elements (spring and damper). Rotor
displacement is denoted by x(t); Housing displacement is denoted by xs(t); An external harmonic force F(t) acts on the rotor, simulating a
disturbance

1. Research methodology
To analyze the dynamic response of the system shown in Figure 1, a mathematical model was developed that
describes the interaction of components through a system of second-order ordinary differential equations. The model
includes the mass of the rotating shaft and the housing, as well as the elastic and damping connections between them and
the base. As a result, the system takes the following form:

mix+c, (X — %) + kp(x —x5) = F(t)
maXs — cp (X — x5) — kp(x — xg)Feskgtsexs=0 (1)

where x(t) - rotor displacement;

xs(t)- displacement of the housing;

x-velocity (first derivative of displacement with respect to time);

X- acceleration (second derivative of displacement with respect to time);

m,, m, -the masses of the rotor and the housing.

The physical and mechanical parameters used in the numerical simulation are summarized in Table 1. These values
were selected to represent typical operating conditions of medium-scale textile rotor systems and ensure reproducibility
of the computational results.
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Table 1. Parameters used in numerical simulation

Ne Parameter Description Value Unit Ne | Parameter Description Value
1 mi Rotor mass 25 kg 5 ks Support stiffness 1.5 x10°
2 ma Housing mass 40 kg 6 cb Bearing damping 850
3 h Polyurethane 4 mm 7 cs Support damping 1200

thickness
4 kb Bearing 10° N/m
stiffness

For numerical analysis, the given model was transformed into a vector-matrix form:

x(t) x(t) REiG)
0= [Tl 0 =75 o= @
M#x+Cx+Kx=F(t) (3)
mass matrix:
M=o ) @)
damping matrix:
= [ cb_-l(-:bcs] ®)
stiffness matrix:
-k
S Ry ©
vector of external forces:
Fo =[] (7)

By substituting expressions (1), (3), (4), (5), (6), and (7) into equation (2), the final matrix equation of motion is
obtained:
my [x(t) ] [ —Cb ] [x(t) + [ kp  —hy ] [x(t) _ [F(t)] )
0 m2 xs(t) Cp +Cs xs(t) _kb kb + S xs(t) 0

The equations (8) were solved numerically using time discretization. The equations were solved using time
discretization and the explicit Euler method. In addition to the harmonic excitation F(t) = Fysin (wt), an impulsive load
case was also considered in the form of a short-duration force pulse to simulate sudden load variation typical for textile
machinery start-up or material impact. The comparison showed that damping inserts significantly reduced peak
acceleration under impulsive excitation (by approximately 30%), confirming their effectiveness under variable loading
conditions.

The resulting graphs clearly demonstrate the interrelation between structural elements and allow for the
identification of vibration characteristics, amplitude response, phase lag, and the level of damping in the system. Such
visualization is essential for engineering assessment of the stability, reliability, and vibration activity of the structure.

The displacement plot illustrates the relative motion of
the rotor and the housing over time under the influence of a

A harmonic excitation force. The blue curve represents the rotor's
_ e [\ response, while the orange dashed line corresponds to the
| housing. The difference in amplitude and phase between the
i ‘ two elements indicates the elastic interaction and the dynamic

: \} \/ \/ \/ decoupling due to the bearing and foundation compliance.

3 ry

Displacement of Rotor and Housing

Fig. 2. - Time-dependent displacement of the rotor and the housing
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The velocity response of both components is shown in
the second graph. As expected, the velocity of the housing is
smoother due to the higher mass and damping, while the rotor
exhibits more rapid fluctuations. This provides insight into the
energy transfer between the rotating shaft and the support
structure.

Velocity of Rotor and Housing

0.2

0.0

Velocity (mvs)

Time (s)

Fig. 3. - Time history of rotor and housing velocity

The graph shows the acceleration time of the rotor

Acceleration of Rotor and Housing and housing in detail. These high-frequency

s iy o Geigesatist na R oscillations are especially important when

—— assessing fatigue, impact loads or when

designing shock-absorbing systems. The distinct

acceleration peaks reflect the smallest moments

of force transmission through the flexible
elements (polyurethane).

Acceleration (m/s?)
o

-6

Time (s)

Fig. 4. - Time history of rotor and housing acceleration

2. Results and discussion

To assess the dynamic characteristics of the system, a mathematical representation was constructed considering
the elastic links between the bearings and housing. The model, based on Lagrange’s equations of the second kind,
accounted for internal damping and stiffness forces, along with external influences such as gravity and torque.
Polyurethane elements, with a stiffness ky, =10° N/m and a thickness of 4 mm, were employed as damping components.

Simulations were executed using Mathcad, and outcomes revealed that incorporating these damping layers reduced
the rotor’s vibration amplitude by 35-50% on average. The time-domain responses (as seen in Figure 2) demonstrate a
notable attenuation of oscillations in the damped configuration. Frequency domain analysis also confirmed diminished
amplitude peaks at resonance. In Figure 5, the Y-axis labeled “Amplitude” represents displacement amplitude in meters
(m), obtained from Fourier transformation of the steady-state response. Consequently, utilizing polyurethane inserts at
the bearing supports effectively minimizes vibrational stresses, enhancing the durability and operational reliability of the
entire rotor system.

Spectral Analysis Time Responses
500 —— Rigid Support 1.00
—— With Damping
0.75
400
0.50
o i Y ’\ WL
2 300 g o= AR
Z @ | | ‘
E Eo.oo ‘ ‘ Y
200 & L TP ‘ ;
€ g_o'zs "i’)i "r
-0.50
100+
-0.75
_—JL ~—— Rigid Support
or -1.00 : —— With Damping
0 100 200 300 400 500 0.0 0.2 0.4 0.6 0.8 1.0
Frequency (Hz) Time (s)

Fig. 5. - Comparison of two Support variants based on modeling results
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The left-hand plot presents the results of spectral analysis comparing two configurations of the bearing support
system: a rigid mounting and a damping-enhanced support. The spectrum for the rigid support (red) shows a dominant
resonance peak at a specific natural frequency, indicating a pronounced response to harmonic excitation. In contrast, the
configuration with damping (green) significantly suppresses the amplitude of the resonant peak, effectively broadening
the response spectrum and reducing vibrational energy concentration at the critical frequency. This demonstrates the
damping system's effectiveness in mitigating resonance phenomena and improving the dynamic stability of the structure.
The right-hand diagram displays the time-dependent displacement response for both support configurations under
identical excitation. The red curve corresponds to the rigid support, while the green curve represents the system with
added damping. As seen in the plot, the rigidly mounted system maintains high-amplitude oscillations with persistent
undamped behavior. In contrast, the damped system exhibits reduced amplitude and visible energy dissipation over time.
This time-domain analysis confirms that damping not only lowers the peak response but also facilitates quicker
stabilization, making it more favorable for applications requiring vibrational control.

Conclusion

The computational modeling provided insights into how the rotor and housing interact when bearings are supported
with elastic elements. It was observed that both masses oscillated in synchrony, indicating a significant dynamic
connection. Nevertheless, the housing exhibited lower vibration amplitudes, highlighting its role in absorbing excess
energy.

The inclusion of polyurethane damping layers not only reduced steady-state vibration amplitude by 35-50%, but
also decreased resonance peaks in the frequency spectrum and improved transient stability under impulsive loads. This
confirms that elastic-damping supports effectively redistribute dynamic stresses and prevent excessive energy
concentration at critical frequencies.

From a diagnostic perspective, the developed dynamic model can serve as a reference (baseline) model for filtering
background noise in vibration monitoring systems. By comparing measured signals with simulated dynamic responses, it
becomes possible to distinguish structural vibration components from external acoustic interference, thereby improving
fault detection reliability.

Therefore, the proposed approach contributes both to theoretical modeling of rotor-bearing systems and to practical
vibration-control strategies in textile machinery and other high-speed rotating equipment. Future work should include
experimental validation and extension to nonlinear contact models.
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Abstract. The objective of the study is to assess the radiation and radon safety of building materials and structures and
to develop material science recommendations to reduce radon hazard. The study included 78 residential buildings in the
Akchatau settlement of the Karaganda region that were built in different periods and using various materials: brick, natural
stone, cinder blocks, foam blocks and concrete. The methodology included determining specific activity of natural
radionuclides (Ra-226, Th-232, K-40) by gamma spectrometry using a high-resolution detector, as well as measuring
radon emanation with Alfarad Plus and Ramon-Radon devices. The mineral composition of materials and their porosity
that affect radon permeability were analyzed. The results showed that in a number of houses, the equivalent equilibrium
concentration of radon in the premises exceeded sanitary and hygienic standards by tens of times, while the maximum
values were recorded in buildings made of brick and stone quarried in areas of granite massifs. It was found that increased
porosity and cracking of materials, as well as the presence of uranium-containing minerals, significantly increase radon
emission. Based on the analysis, measures to reduce radon hazard were proposed: the use of concrete mixtures with low
radioactivity, barrier membranes, sealing coatings and effective ventilation.

Keywords: radon, building materials, specific activity, Ra-226, radiation safety, porosity.

Introduction

Radon (222Rn) is a radioactive noble gas formed as a result of the decay of radium-226 in the uranium-238
chain. Radon (Rn222 and Rn220) and their daughter products (isotopes Po, Pb, Bi) make the main contribution to the
radionuclide background of residential and industrial premises [1-3]. It is the second leading cause of lung cancer after
smoking, according to the World Health Organization (WHO). Radon and its daughter products emit alpha radiation,
which, when inhaled, can cause damage to respiratory cells [4, 5]. The main characteristics of radon and its daughter
products are shown in Figure 1.

In a number of regions of Kazakhstan, including the Karaganda region, geological conditions contribute to
increased radon emissions from soil and building materials. Particular danger are materials made of rocks with high
uranium and thorium content, as well as materials with a developed pore structure that promotes gas migration into the
premises.

The negative impact of radon on human health has led to the introduction of permissible radon levels in such
countries as the United States (148 Bg/m?®), Canada, Norway (100 Bg/m?), and the EU countries (300 Bg/m?). In
Kazakhstan, the permissible level is 200 Bq/m?. In addition to the level of radon exposure, countries need to identify areas
that are most susceptible to radon, to identify those areas where the predicted radon concentration in most buildings will
exceed the permissible level.

Radon is recognized by the World Health Organization and the International Agency for Research on Cancer
(IARC) as a class I carcinogen. Experience in foreign countries shows that radon is one of the key threats to radiation
safety in residential premises. Many countries have implemented strict building codes (Finland, Czech Republic,
Germany), large-scale housing stock inspection programs (USA, UK), engineering protection technologies (under-
foundation ventilation systems, sealing) [5, 18, 19]. Differences in radon hazard in some countries are presented in Table
1[18,20,21].

There are a significant number of studies in the world practice that deal with the impact of building materials on
the radon level in rooms [7-9]. Work [6] presents a collection of data on radon emanation and exhalation rate of about
2000 samples of building materials used in Europe. Concrete is the most consumed material in the world after water. The
authors of [7] measured radon gas in concrete, the concentration of which varied in the range of 100400 Bqm in houses
and 100-3700 Bgm™ in workplaces. System analysis of models for describing radon transport inside porous materials
and its release from structures showed the importance of taking them into account when transferring and generating radon
in building materials [8]. Cement-based materials made of rocks and soils emit radon that is a carcinogen and affects
indoor air quality. Alkaline cement-based materials neutralize carbon dioxide in the air with acid gas, reducing its pH
value [9]. Being an inert gas, radon can easily penetrate highly porous materials, such as building materials, due to their
characteristic microstructure. Table 2 provides a comparative analysis of building materials by radon emanation [10].
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Fig. 1. - Radon isotopes and their daughter products in decay chains (symbol, decay path (a-, B, y-radiation), name, half-life T) [20]
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Table 1. Comparative data on radon in residential buildings in different countries

Country Average values, Bq/m * Maximum values, Measures taken

Bg/m?

Finland 100-150 to 10 000 Standard <200
Bg/m? for new
buildings; <800

Bg/m? for old
buildings
Sweden ~100 to 10 000 In 10% of houses
>100 Bg/m?, in 1%
>400 Bg/m?; strict
control during
construction
Great Britain 40-60 to 2000+ Identified >20
thousand houses
with high radon;
rehabilitation
programs
Germany 40 to 600 Federal law
StrISchG (2018),
reference level 300
Bg/m?
USA 55 1o 800 Indoor Radon
Abatement Act
(1988), EPA limit of
150 Bg/m?
Ukraine 150-250 >1000 High levels in
crystalline massif
areas; average
annual dose of 4.2
mSv
Russia 30-100 to 2500 Standard <200
Bg/m?, radon maps
and building
material controls
Table 2. Comparative analysis of building materials by radon emanation
Material Activity Ra-226 (Bq/kg) Structural features Source of data
coefficient (%)
Concrete 20-50 Low porosity, Kovler, 2005; Wu
cement stone, fly etal., 2019
ash
Granite 80-200 Crystalline Pillai et al., 2014;
structure, quartz, Shabek et al., 2024
feldspar, biotite
Brick (ceramic) 15-40 Porous baked clay, Chao, 1999;
possible feldspar Sabbarese et al.,
impurities 2022
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Continuation of the Table 2

Material Emanation Activity Ra-226 (Bq/kg) Structural features Source of data
coefficient (%)
Marble 1-5 5-20 Dense calcite Kuzmanovi¢ et al.,
structure, low 2022
porosity
Phosphogypsum 20-50 200-800 Fine-grained Campos et al.,
structure, residual 2017, Ferranti et
phosphate minerals al., 2013
Gas concrete 25-60 30-60 High open porosity, Wuet al., 2019
(AAO) autoclaved

The highest emanation coefficients are characteristic of materials with high open porosity and significant
radionuclide content, such as phosphogypsum and aerated concrete. Granite demonstrates moderate emanation but has
high Ra-226 activity, which makes it a significant source of radon in rooms. Concrete and ceramic brick have moderate
indicators, while marble is characterized by minimal emanation due to its dense structure.

In Serbia, studies have shown that aerated concrete with high porosity requires mandatory sealing before use
[11]. In Iran, it has been found that covering walls with travertine significantly reduces radon levels in hospital rooms
[12]. In Peru, it has been found that cement with uranium-containing additives can significantly increase radon emanation,
which requires the introduction of standards for the content of Ra-226 in cement [13].

In Kazakhstan, the problem of radon hazard remains poorly understood. Despite the presence of geological and
material science prerequisites (granitoid massifs, brick housing construction, groundwater), there are no systematic
studies and a national program for radon regulation yet. This study is aimed at filling this gap and developing
recommendations for reducing the radon load on the population. Studying radon hazard has been conducted, where the
main factors causing high radon concentrations in the houses of the village are: high exhalation from the soil surface;
radioactivity of building materials; low air exchange in the premises [14].

1. Materials and methods

In 2023-2024, the studies were conducted in different seasons (winter, spring, summer) in residential buildings
and educational premises of the Akchatau settlement. The increased concentration of radon in a number of areas is
associated with the Akchatau tungsten-molybdenum mine. The geological source of radon is acidic leucocratic granites
in the northwestern and southeastern parts of the studied area. All the measurements were carried out in heated rooms at
the temperature of 18-25 °C. Both active and passive methods were used to record the volumetric activity (VA) and
equivalent equilibrium concentration (EEC) of radon. Active measurements were carried out using the Alfarad-Plus
complex (Russia) and the Ramon-Radon radiometer (Kazakhstan) (Figures 2 and 3). The devices are equipped with an
electrostatic chamber, a built-in microprocessor and the ALFA AR software, which provides automatic recording,
processing and storage of data. Built-in sensors recorded temperature, humidity and atmospheric pressure. The time of
one measurement was 20—40 min. The operating principle is based on the deposition of charged daughter products of
radon decay on the detector, which allows for the instantaneous assessment of the ERC. Passive measurements were
performed using carbon sorption detectors "Kamera-01" (Republic of Kazakhstan) containing sorbent SK-13. These
devices were installed indoors for 1-6 days at the temperature of 12-30 °C and a relative humidity of up to 95%. The
method is based on the adsorption of radon by activated carbon, followed by measurement of the activity by gamma or
beta radiation of short-lived daughter products of decay (Pb-214, Bi-214).
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Fig. 3. - Radon radiometer Radon-Ramon

To determine the radionuclide composition of building materials, a gamma-spectrometric complex with a high-
purity semiconductor HPG detector manufactured by the NTC Aspect (Russia) with the SpectraLine software was used.

The energy resolution was 1.8 keV (on the 1.33 MeV line), the relative registration efficiency was 21.8%.
Measurements were carried out in 1-liter Marinelli vessels, the sample fraction was 0—5 mm, the measurement time was
30—40 min. The detection limit for 226Ra and daughter products was no worse than 2 Bq/kg. The measurement error did
not exceed 20%.

The obtained values of specific activity were compared with the sanitary standard of 370 Bq/kg for building
materials. The ambient dose equivalent rate (ADER) of gamma radiation was measured using dosimeters DKS-AT1121
and DKS-AT1123 with the relative error of £15%. The sensors were placed at the height of 1 m from the floor and no
closer than 0.5 m from the walls. Integrating methods were used to take into account the effect of ventilation on radon
concentration.

In each room, at least four ADER measurements were taken under different air exchange modes: closed windows,
slot ventilation, cross ventilation, and typical operating mode.

In the winter season, 10 paired ADER and average radon VA measurements were taken.

To analyze their interrelationship, a linear dependence was constructed, which revealed a weak positive
correlation (correlation coefficient of 0.282), indicating a weak positive relationship between these parameters. The
equilibrium factor between radon and its decay products was 0.4, which corresponds to typical values for unventilated
indoor environments. The reduction factor of the equivalent equilibrium concentration (EEC) of radon during daytime
relative to the daily average was 0.705, which is most likely associated with natural ventilation and a decrease in radon
concentration during daylight hours. At the same time, the indoor radon concentration is determined not only by the
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activity of Ra-226, but primarily by emanation and exhalation processes and gas transport conditions, including material
porosity and fracturing, moisture content, pressure gradients, temperature regime, and ventilation. Therefore, gamma
radiation from walls does not always correspond to the rate of radon release into indoor air: under similar gamma
background levels, significantly different radon fluxes may occur, and vice versa.

The calculation of the effective annual dose of radon radiation was carried out according to the methodological

guidelines (the Committee of State Sanitary - Epidemiological Supervision of the RK MH (CSSES) order No. 94 dated
09/08/2014) using the conversion factor of 5.1 10° Sv/(Bq m™ h) and the structure of the time of stay: 0.8 years indoors
and 0.2 years outside.

The annual volume of inhaled air for an adult was taken to be 8100 m®.

Drn=0.8 - 8100 - 5.1 - 107 - EEC av. year . €))

Differentiated values of radon concentration were obtained in cases where daily and seasonal observations were
carried out. In 43.1% of premises, the effective dose varies from 6.6 mSv/year to 33 mSv/year, and for 9.4% of premises
from 33 mSv/year to 680 mSv/year. The increased radon concentration is due to high exhalation from the soil surface,
radioactivity of building materials and low air exchange in the surveyed premises. Gamma surveying identified 11
anomalous zones and 12 point anomalies with exposure dose rate (EDR) values exceeding 0.3 uSv/h against a background
level of 0.18 uSv/h. In the northwestern part of Akchatau, anomalous zones were found where the exposure dose rate of
gamma radiation exceeded 0.6 pSv/hour. The elevated EDR values are attributed to the presence of leucocratic granite
outcrops exposed at the surface in the southeastern part of the studied settlement, as well as a closed mine and the
occurrence of geological fault zones.

Such an integrated approach made it possible to take into account both the radionuclide characteristics of building
materials and the actual operating conditions of the premises. Radiation safety standards must be calculated regardless of
whether the irradiation occurs from natural or man-made sources of ionizing radiation. Hence, the systematic monitoring
of radon should not only have independent significance but also be part of a complex of rehabilitation measures for
surveying areas subject to man-made impacts.

2. Results and discussion

The conducted seasonal studies (winter, spring, summer 2023-2024) showed that the levels of equilibrium
equivalent concentration (EEC) of radon in residential buildings of the Karaganda region varied widely. The average
annual values of radon EEC in the surveyed buildings ranged from 35 to 380 Bq/m?, while the maximum concentrations
in individual rooms exceeded the permissible level for residential buildings of the Republic of Kazakhstan (200 Bg/m?)
and reached 1200-1900 Bg/m?®.

The highest values of radon EEC were recorded in winter (up to 1200 Bq/m?), which is associated with a low air
exchange rate and the operation of heating systems. In summer, concentrations were significantly lower and decreased
by 2-4 times due to natural ventilation. The highest concentrations were noted in the northern part of the region (Figure
4).
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Fig. 4. - Map of the average annual radon EEC values
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Additionally, an assessment of the radiation characteristics of the most common building materials (brick,
concrete, granite, foam blocks) was carried out. For this, data from gamma-spectrometric studies and literature data were
used [15]. The results are presented in Table 3.

Table 3. Radon activity of building materials

Material Specific activity, Bq/kg (Ra- Volume activity in premises, Structural features
226) Bg/m?
Brick 50-120 to 19 000 Porosity, clay base
Granite 80-150 to 10 000 High U, Th content
Concrete 30-80 to 1500 Low porosity, cement matrix
Foam 40-90 to 3000 Increased sorption capacity
block
Wood <30 Lower that 200 Organic structure, low
emanation

The highest radon levels are recorded in brick and granite buildings. It is due to the porosity and mineralogical
composition, as well as the increased content of Ra-226. Concrete structures and foam blocks are characterized by lower
emanation, which makes them preferable from the point of view of radiation hygiene. Wood is practically not a source of
radon, which explains the low concentrations in wooden buildings.

It has been established that regular ventilation of premises reduces the radon concentration by 30-50%. The use
of waterproofing of floors and walls in basements significantly reduces the ingress of radon from the soil. The use of
forced ventilation systems allows maintaining EEC levels below sanitary standards.

In Lithuania and Poland, comparable radon values were recorded in brick and stone buildings (up to 15-20
thousand Bg/m?®) [16]. In Finland and the Czech Republic, strict building codes have been introduced limiting the use of
granite in residential construction. In Germany, mandatory design of ventilation systems is practiced in areas with
increased radon hazard [17].

Thus, the obtained results confirm the importance of taking into account the radiation characteristics of building
materials when designing buildings. Materials with low emanation (concrete, wood) are preferable, while the use of brick
and granite requires mandatory engineering measures for sealing and ventilation. Under the sharply continental climatic
conditions of the Karaganda region, it is advisable to use the following radon protection barriers: polyethylene membranes
as a continuous gas-impermeable layer over the soil, and polymer-modified bituminous materials that combine gas
impermeability with high adhesion and resistance to temperature-induced deformations and aging. The key condition for
their effectiveness is the airtight sealing of overlaps, junctions, and service penetrations, since radon ingress is mainly
associated with leakage through cracks and gaps rather than diffusion through the membrane itself.

Conclusions

1. The conducted studies of radon concentrations in residential buildings of the Akchatau settlement of the
Karaganda region showed that the values of the equivalent equilibrium concentration (EEC) of radon varied significantly:
from minimum values of the order of tens of Bq/m? to maximum values exceeding the permissible sanitary standard (200
Bg/m?).

2. The highest radon concentrations were recorded in the winter, which is associated with reduced ventilation of
the premises and accumulation of radon inside the buildings. In the summer, the values of radon activity are significantly
reduced due to ventilation and temperature conditions.

3. A dependence of radon levels on the type of building materials was established: buildings made of brick and
natural stone were characterized by increased radon emission, while concrete and foam block structures showed
significantly lower values.

4. The results obtained confirm the need to take into account radon hazard in the design and operation of
residential buildings. Particularly relevant is the task of developing and implementing building materials with low radon
emission potential, as well as the use of engineering solutions (effective ventilation, waterproofing of foundations and
walls), which is directly related to the problems of materials science.

5. Methodological recommendations are needed to ensure radiation safety of housing in radon-hazardous areas
of Kazakhstan.
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Abstract. The increasing interest in the development of austempered ductile cast irons has led to a great deal of study
being done on their physical metallurgy and mechanical properties. The exceptional strength and hardness of these cast
irons are well recognised. In this study, samples of permanent moulded toughened austempered ductile iron (PMADI)
that are subjected to an austempering heat treatment are used to investigate the effects of nickel content on their tensile
strength and hardness strength. PMADI samples were developed using Casting and samples with 1% nickel 2% Nickel
content were prepared. The characteristics of PMADI samples were compared with those of samples that had been
hardened and subjected to normal austempering heat treatment. Investigations were conducted on mechanical
characteristics, such as tensile and hardness tests. ADI samples have shown higher levels of hardness and tensile strength.
The findings showed that the mechanical characteristics of PMADI samples with 2.0% nickel were noticeably better. The
scanning electron microscopy images revealed both ductile and brittle mode of fracture. Wear testing was conducted
utilising a pin-on-disk machine in dry sliding method. Large quantities of austenite, which are produced at higher
austempering temperatures, help to increase wear resistance through martensitic transformation. The coarse ausferrite
structure in ADIs experiences adhesion, delamination, and mild abrasion in addition to oxidational wear, according to an
analysis of worn surfaces and the kind of wear debris. An increase in mechanical strength seems to be correlated with an
increase in retained austenite content.

Key words: nickel, austempered ductile iron, tensile, hardness, wear.

Introduction

Through heat treatment, ADI, a grade of iron, is transformed into austenite, a metastable face-centred-cubic (FCC)
matrix solid solution that is stable at room temperature due to its saturation with 1.8-20% carbon [1]. The unique
microstructure of ADI is composed of carbon-stabilized austenite and acicular ferrite.

Austempered Ductile Iron (ADI) is created when ductile iron undergoes the isothermal heat treatment procedure
known as "Austempering." Compared to ductile iron, it offers superior characteristics. The microstructure that results
from austempering ductile cast iron is called "Ausferrite" and is made up of stabilised austenite that has been enhanced
with carbon and fine acicular ferrite. Compared to several ferrous and aluminium alloys, the novel microstructure
produces outcomes with greater capabilities. For a given degree of ductility created by traditional heat treatment
procedures, Ausferrite displays double the strength as compared to pearlitic, ferritic, or martensitic structures. The
ausferrite microstructure affects the austempered ductile iron's mechanical characteristics. Compared to other grades of
ductile iron, the austempered matrix provides a superior tensile strength to ductility ratio [2]. Due to its ausferrite
microstructure, that is influenced by alloyed components and heat treatment parameters, austempered ductile iron can
have a wide range of combined characteristics.

Even though there has been a lot of research done on the aforementioned topics by many researchers, more research
is needed in this area to better understand alloyed and un-alloyed PMADI samples. This is because PMADI alloys are
used to make critical parts for mining, power plants, and automobiles, and these alloys extend component life by
increasing fracture toughness [3]. The following are some of the literatures analysed on Austempered Ductile iron
subjected to austenitization Table 1.
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Table 1. List of literatures on Austempered Ductile iron.

Ref Investigation details Outcome

[4] | Investigation of nickel content and | Nickel content improves strength and hardness, peaking
austempering temperature effects. at 0.8%.

XRD analysis for retained austenite content | Retained austenite increases with higher austempering
estimation. temperatures.

[5] | Experimental investigation of microstructures | Vanadium increases hardness and compressive strength
and mechanical properties. in ductile iron.

Characterization of hardness, compressive | Optimal austempering time is 2 hours for V-containing
strength, and wear resistance. iron.

[6] | Austempered at different temperatures: 240 °C, | The morphology of bainite changes from needle to
280 °C, 320 °C. Analyzed microstructure, | featheriness with increasing austempered temperature.
mechanical properties, and wear resistance. The optimal austempered temperature is 280 °C,

resulting in improved impact toughness and wear
resistance

[7] | The research aims to study the influence of | The study demonstrated that the austempering
austempering temperature on the microstructure | temperature significantly affects the microstructure and
and properties of austempered ductile iron with | properties of CADI, with higher temperatures leading to
carbides, specifically focusing on how these | thicker and larger acicular ferrite, increased impact
factors affect abrasive resistance toughness, and decreased hardness.

[8] | The research aims to investigate the effect of | Also, CADI consists of bainite, retained austenite, and
austempering temperature on the microstructure | carbides, with nodular graphite dispersed throughout the
of Carbidic Austempered Ductile Iron (CADI). | matrix.

The application of ADI in marine conditions has been made easier by the PMADI sample's superior mechanical
capabilities and enhanced fracture toughness characteristics. The use of alloying materials, changes in critical heat
treatment parameters such as austenitization, temperature and length of austempering, and the use of permanent moulds
all contribute to the enhancement of ADI's fracture toughness qualities [9]. Studies that use unalloyed PMADI samples
to look at how various austempering temperatures affect important mechanical properties as hardness, tensile strength,
and fracture toughness over an extended length of time [10]. During austenitizing, the cast iron is essentially heated
between 850 and 950 degrees Celsius. The eutectic grain development and homogeneity of components, the input
structure of cast iron prior to quench hardening, graphite emissions, temperature and duration of warming, and the matrix's
chemical structure all affect the austenitizing procedure. [11][12].

Ausferritie transformation research is the primary focus of ADI cast iron investigations. This is a very logical
attitude given that the microstructure of the metal matrix mostly influences the development of the cast iron's high
strength, excellent plasticity, and impact strength [13].

This work is focused on improving mechanical parameters, such as ultimate tensile strength and ductility, in
Nickel-added Permanent Moulded Toughened Austempered Ductile Iron. This research is expected to provide key
insights and approaches for developing next-generation steels.

The conditions of isothermal heat treatment, particularly the temperature of austenite's isothermal transition, can
have a significant impact on the microstructure and mechanical characteristics of ADI. This research is being conducted
to develop austempered alloyed ductile iron since huge rollers and automotive components are becoming more and more
in need of high strength and hardness resistance qualities. In this specific case, the goal of the research is to determine the
ideal austempering conditions based on microstructural control and evaluation of many attributes including tensile
strength and hardness.

The impact of nickel addition on austempered ductile iron's microstructure, tensile strength, and wear resistance
was investigated. Austenitization and austempering temperatures, austenitization and austempering durations, and cooling
rate are some of the heat treatment process factors that are crucial to the ADI microstructure that is produced in ductile
iron. Understanding the mechanical properties and wear characteristics of ausferritic cast irons under wear and friction
behaviour environments was the primary goal of the investigations discussed in this article. Specifically: An analysis was
conducted on the impact of the nickel concentration in ADI on wear resistance.

1. Materials and methods

The current study aims to evaluate the feasibility of improving the mechanical characteristics of ductile cast iron
by heat treatment of a permanent mould casting. In the current investigation, two classes of ductile cast iron samples have
been taken and processed through the Austempering procedure.

For the experimentation, an electric induction furnace with a 500 kg crucible furnace capacity was utilised. High-
temperature metallic charge material, up to1530°C. The samples that were received were machined and cut in accordance
with EN1563.
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The following table 2. Shows the details of sample designation along with Nickel percentage and Austenitization

Temperature and time.

Table 2. Sample details with its composition and processing parameters

SN Test Sample Nickel Austenitization Austempering Austempering
© Designation (%) Temperature Temperatures Time (Minutes)
A [e] [e]
1 (Unalloyed PMADI) 0 780°C 350°C 150
2 B 1 780°C 350°C 150
3 C 2 780°C 350°C 150

To perform the austempering method, ductile cast iron specimens were created from the melt. There were two
phases to the heat treatment process. The samples were first heated to an austenitization temperature of 780°C for 110
minutes. After that, they were immediately transferred to a salt bath that contained 50% NaNO3 and 50% KNO3 and was
kept at a 350°C austempering temperature. The same techniques were used, based on earlier research by Wieczorek A.N

[14].

The material was kept at this temperature for a variety of periods of time before being quenched to preserve the
microstructure that existed at each stage of the transformation. The composition details of PMADI received samples are

shown in Table 3.

Table 3. Final chemistry of the received sample (wt %)

Sample C Si Mn S P Cr Ni Mo Cu Mg
A 3.49 2.70 0.4 0.006 0.013 0.017 0 0.32 0.598 0.044
B 3.68 2.22 0.16 0.011 0.026 0.02 1.03 0.02 0.003 0.048
C 3.68 2.22 0.16 0.011 0.026 0.02 2.02 0.02 0.003 0.048

2. X — Ray Diffraction (XRD) Analysis
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Fig. 1. - X-Ray Diffraction (XRD) Analysis of unalloyed PMADI, 1% Ni PMADI and 2%PMADI samples

The crystalline material's phase is identified using a common technique known as X — ray diffraction (XRD)

analysis [9].

A Cu target diffractometer was used to perform XRD investigation on an un-alloyed PMADI sample at 40 kV and
25 mA (Bruker make). Scanning was performed over an angle range of 10° — 90° at a scanning speed of 1° min-1. XRD
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study of an unalloyed PMADI sample austempered for 150 minutes at 350°C. Peak locations and (shown in Fig 1)
intensities of the 1 - (110) 44° - 45°, 2 - (200) 66° - 68°, and 4 - (211) 86° - 87° planes of BCC ferrite, and the 3 - (220)
78°—79°and 5 - (311) 89° — 90° planes of FCC Austenite, were investigated. The volume fraction of retained austenite
was calculated using the integrated intensities of distinct ferrite and austenite planes. The volume fraction of retained
austenite was calculated based on the integrated intensity of the peaks of FCC-phase, as well as the peaks of BCC phase.

The existence of retained austenite was verified by X-ray analysis. Retained austenite is calculated using following
equation (1) [15].

1.4I
Vy = !
la+1.41y

)

where Vy - retained austenite;
Iy and I« are the integrated intensities of austenite and ferrite, respectively.

3. Microstructure of Nodular and cast Ductile Iron

Figure 2 shows the microscope image details of the as-cast Nodular Iron and Nickel alloyed ADI and verifies the
presence of graphite in the form of nodules. The figure 2 microstructure demonstrates that the isothermal shift at 350°C
is to blame for this. The amount of austenite that has been kept is at 150 minutes. When chilled to room temperature,
austenitic portions that are not sufficiently stabilised with carbon transform into martensite. As the treatment duration
rises, more austenite is isothermally converted to acicular ferrite, which enriches the residual austenite due to carbon
rejection. Cooling the austenite to room temperature has no effect on it but the effect of carbon rejection on stabilising
the residual austenite becomes much greater. Samples that were subjected to an austempering temperature of 350°C for
150 minutes also exhibited improved residual austenite.
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Fig. 3. - (a-c) Micrographs of PMADI 350- Austentizing temperature — 900°C for 120 minutes, Austempering temperature — 350°C for 150
minutes time duration

Fig 3 a - c clearly shows the micrographs of as cast PMADI samples alloyed with 0%, 1%, and 2% Nickel in
condition — etched using 2% Nital solution. The graphite nodules are surrounded by ferrite in the form of Bull‘s eye
structure along with pearlite and iron carbide (Fe3C) and the same was confirmed from the photomicrograph of Nickel
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alloyed PMADI samples. From the observation, It is clear that, the pearlite content in the matrix increased and the ferrite
content decreased as the nickel additions were increased. Nickel is referred to as an austenite-stabilizing element because
it shifts the pearlite knee to greater time intervals in solid state transformation. Traces of iron carbide were seen in all the
samples. Also clearly displays the microstructural observations such as nodule size of 4-7um for 0% PMADI sample, 6-
8 um for 1% Ni-PMADI and 7-9 um for 2% Ni-PMADI samples (Nodule Count of 128, 150 and 180 number/mm? for
PMADI, 1% Ni-PMADI and 2% Ni-PMADI samples).Fig 3 (c) displays the photomicrograph of PMADI - 350 sample
austempered at 350°C for 150 minutes With a maximum degree of retained austenite of 26%, duration validates the
presence of a feathery dispersion of Bainite. Pearlite and cementite were converted to ferrite and graphite by low
temperature graphitisation annealing; otherwise, their presence would significantly enhance the iron's brittleness, which
has a negative effect on toughness.

5. Hardness Test

A Brinell hardness tester was used to evaluate both an unalloyed PMADI sample and PMADI that had been alloyed
with nickel. Three mean values were obtained. A 5 mm diameter ball is utilised as the indenter, 250 kgf is applied as the
load. The BHN values of tested samples are shown in figure 4.
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Fig. 4. - Results of Hardness Test

The results of the hardness test showed that the PMADI's 1% Ni PMADI sample had the highest hardness, while
the unalloyed PMADI sample had the lowest. This might very well be explained by the ideal composition of ausferrite.
As the austempering temperatures rose, the extent of retained austenite increased while the amount of acicular ferrite
decreased gradually. Hardness was decreased by both ferrite coarsening and retained austenite [16]. As the temperature
of austempering increases, there is a corresponding rise in the quantity of austenite and microstructure coarsening. As the
proportion of the softer austenite phase increases, the hardness of the austempered ductile irons falls. Furthermore, the
coarsening of the grain also results in a decrease in hardness [17].

6. Tensile Test

The tensile parameters of PMADI sample include ultimate tensile strength (UTS), yield strength and percentage
(percent) elongation, which were tested using a computerised FIE manufacture universal testing equipment (UTM). The
average readings of three samples in PAMDI-350, 1%Ni and 2%Ni specimens were taken and recorded. The evaluated
details are shown in table 4.

Table 4. Tensile strength results of Unalloyed P PMADI, 1%Ni PMADI and 2%PMADI
UTS MPa % Elongation YS MPa
PMADI | Sample 1 986.21 4.81 805.12
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Sample 2 983.54 4.76 805.08
Sample 3 969.47 4.71 806.41
A 1%Ni Sample 1 995.65 3.88 812.24
Sample 2 989.38 3.71 814.36
Sample 3 981.19 3.82 818.27
B 2%Ni Sample 1 1089.32 5.11 1084.16
Sample 2 1088.91 4.92 1084.12
Sample 3 1087.63 5.16 1084.18

The Ultimate tensile strength, Yield strength and % elongation results are clearly displayed in table 4. The highest
tensile strength of 1089.32 MPa was discovered to be for 2% Nickel alloyed PMADI sample and the minimum of 969.47
MPa for 0% Nickel alloyed PMADI sample. The highest % elongation of 5.16% was found in 2%Ni PMADI samples
and lowest % elongation of 3.82% discovered in 1% Ni PMADI Samples.

Finer acicular ferrite is found at 350°C. Tensile strength is higher at 350°C as a result. The microstructure confirms
that acicular ferrite increases at austempering temperature, and the tensile strength also declines. Tensile strength drops
with increasing ferrite cell size. Similar trend were witnessed in the work of Dakre et et,al.,[18].

The high tensile elongation of these is attributed largely to the substantial volume percentage of residual austenite
than to martensite production during plastic deformation [19].

According to research findings, ductility and toughness increase with rising austempering temperatures, whereas
ultimate tensile strength (UTS) and hardness decrease. The ideal temperature is found to be 350°C. When the 150-minute
austempering period is taken into account, the amount of retained austenite stabilises in each sample, with the PMADI
350 sample having the highest amount. The importance of nickel as an alloying element helps to stabilise the austenite
phase and reinforce the Bainitic matrix. An austenite and ferrite-based ausferrite matrix is created during the austempering
process from the pearlite matrix. The mechanical characteristics were impacted by the temperature that was austere [20].
Elevating the retained austenite and decreasing the acicular ferrite might be the cause. The area proportion of retained
austenite increased and acicular ferrite decreased when a greater austempering temperature was applied, according to
earlier studies [21].

7. Scanning electron microscope

Figure 5 show the tensile fracture surface of the broken specimen which is witnessed under scanning electron
microscope (SEM; Model: JSM-7001F). As cast samples show brittle fracture. Intergranular fracture is viewed under the
SEM. The fracture surface has a ‘‘rock candy’’ appearance that reveals the shapes of the individual grains. Thus, the
fracture takes place between the grains [21].

Fig.5. - (a) SEM photomicrograph of fractured Un alloyed PMADI samples; (b)PMADI samples with 1% Nickel content; (c) PMADI samples

with 2% Nickel content, austempered at 350°C for 150 minutes
Mix type i.e. ductile as well as brittle fracture mode is observed in austempered samples. A significant number of
dimples, a sign of ductile fracture, were seen in the nickel-alloyed samples. The samples showed unmistakable signs of
dimple fracture between the nodular ligaments. Also, several of the nodules showed signs of graphite particle breakage.
Additionally, nickel alloyed samples showed ductile void coalescence followed by de cohesion. Figure 5c illustrates that
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the 2.0% Ni PMADI samples showed ductile fracture because of the many knots present and the resulting significant
elongation prior to fracture.

As per Ravishankar et al.,[22] The samples that underwent lengthier austempering durations in the first phase,
such as 60 minutes, had fine austenite that was maintained as thin films between ferrite sheaths, together with a relatively
high carbon content. Consequently, the austenite that remained exhibited exceptional stability. The constancy of the
retained austenite is a key factor contributing to the enhanced fracture toughness observed in samples subjected to either
low temperature conventional austempering or prolonged durations of first step austempering in the two-step
austempering process.

The specimens displayed brittle fracture characteristics due to cleavage ductile cracks throughout the surfaces.
This is characterised by the formation of relatively large cavity widths in relation to the sizes of the nodules. The stress-
induced martensitic transition seems to have contributed to the development of brittle fractures, resulting in a decrease in
fracture toughness [23].

The effective utilisation of permanent moulds has also contributed to the enhancement of nodule morphological
characteristics, including counts and size [24]. The efficient dispersion of Bainite inside the ultimate microstructure is
also accountable for the enhancement of the maximum load-bearing capacity.

The hardness and tensile properties of Al/Si3N4 nanocomposites were examined by Md Tanwir Alam et al. The
study observed that the physical characteristics of nanocomposites, such as density and porosity, exhibited a linear
improvement similarly in this work addition of nickel in ADI increased mechanical properties [25]. It is commonly known
that producing dynamically loaded parts requires a combination of high ductility and high strength values.The effects of
nickel alloying vary depending on the form of cast iron, and several researchers have studied this material to see how
little nickel additions influenced different forms of cast iron alloys. These outcomes highlight the importance of the
solidification cooling rate in ductile iron, which could affect the final material's hardness and tensile strength. The
outcomes evidently show that all attributes increase with nickel content up to 2%. This is visible in the number of nodules
and the amount of retained austenite in the matrix. Nickel, as a solute element dissolved in the matrix, interacts with
dislocations and elements separated near dislocations to create Cottrell atmosphere, which may be the cause of this.

8.Wear analysis

Wear tests were performed out using a pin-on-disc wear testing machine with cylindrical samples of 10 mm
diameter and 20 mm height against a 60 mm hardened M2 steel ring.This study examined wear rate as a function of
sliding velocity while maintaining a constant applied load of 50 N. Track radius of 60 mm was taken into account for
sliding velocities of 1.57 m/s, 2.57 m/s, and 3.77 m/s.

The specimen's surface temperature and characteristics may be impacted by the change in the generation of heat
caused by the speed increase. As the sliding speed rises, higher surface temperatures may accelerate oxidation and alter
the wear process to a softer wear. It was discovered that specimens tested at greater loads had a higher wear factor.
Although martensite is known to be brittle and prone to breaking, the change of austenite to martensite strengthens the
surface, enabling it to sustain the high contact load [26].
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Fig. 6. - (a) wear rate as a function of sliding speed; (b) coefficient of friction as a function of sliding speed

The main factors that influence of wear rate are temperature, hardness, velocity, and environmental factors.
Because temperature increases together with velocity and load, temperature has a significant impact on wear rate.

COF rises as load and sliding velocity increase (fig 6.). The contact surfaces heat up while sliding as a result of
friction, and wear particles and hard asperities plough the flat areas of the sliding surfaces. Because there is not enough
time for heat dispersion, the frictional heating occurs continuously when the counter surface is moving relative to the
surface. The sliding action rises with the material's flow ability, which also lowers the coefficient of friction by reducing
frictional heating.
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The COF marginally rises in each composition as a result of mass loss decreasing and Ni% increasing, while the
velocity and load increase as mass loss increases. The physical phenomena of wear at low austempering temperatures
were adhesive and abrasive wear, whereas at high austempering temperatures it was adhesive wear through the creation
of an intermediate or mixed layer, as the friction coefficient rose with rising austempering temperature.

In addition to lowering the wear rate and lowering the coefficient of friction, the presence of a tribo mechanically
mixed layer changes the wear way from two body to three body wear. The amount of metal removed during the wear test
decreased significantly as a result. Without adding Ni, it is suggested that there is more worn debris, which accelerates
the rate of wear. In another way, the presence of hard, pulled-out Ni particles on the steel disc creates an obstruction and
changes the adhesive wear mode into an abrasive one. A lower number of cracks and scratches is associated with optimal
wear rates.

8000 KV O 4mm 00um

Fig. 7. - Worn morphology of the ADI tested samples. (a) PMADI (b) Ni 1% added ADI and (c) Ni 2% added ADI sample

This micrograph revealed a smooth surface with some wear traces due to ductility. There was a smearing of the
material across the nodules, indicating a more ductile structure, although the black one on the worn surface was graphite-
shaped and noduled. Because graphite nodules function as porosity flaws, this micrograph also showed that certain
graphites had been distorted from the pin surface and altered shape.
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From Figure 7. It has been demonstrated that the depth of the scratches seemed to increase as the abrasive particles
approached the leading edge of the graphite nodule. Additionally, edge chipping was observed in this case along with
plastic deformation. Owing to a greater number of grooves and microchips created by plastic deformation at the contact
areas between the sample and abrasive particles, Fig. b shows a rougher surface. Because the shape of the particle and the
increase in ductility affected the penetration depth, it varied. In this instance, wear caused the majority of the groove
volume to be lost without staying at the groove sides.

Conclusions

The following are the primary conclusions drawn from this investigation:

By adding nickel by weight 1% and 2%, respectively, to austempered ductile cast iron, the material's mechanical
properties such as its hardness and tensile strength were enhanced. The iron was then austempering at a variety of
temperatures, including 350 °C.This was a result of the specific combination of alloying elements utilised and a well-
formed microstructure mostly composed of acicular ferrite and austenite.

The PMADI sample, alloyed with 2 percent Nickel, has superior yield strength qualities. This may be attributed to
the effective utilisation of permanent moulds, a greater volume percentage of retained austenite, and the dispersion of
Bainite.

The precise combination of heat treatment parameters, which includes ideal nodule count and size, effective
austenite management, and proper Bainite dispersion, leads to an enhancement in both tensile and hardness properties for
both the PMADI — 350 samples and the nickel alloyed PMADI samples. Considering these factors, PMADI samples
might be utilised as a substitute material for applications that need enhanced yield strength qualities. The 2 % Nickel
carrying PMADI sample exhibited a 12.36% improvement in its highest ultimate tensile strength compared to the
unalloyed PMADI sample when both were subjected to equal austempering conditions.

The addition of 1 percent Nickel to a PMADI sample resulted in a 6.92% increase in its maximum hardness strength
when compared to an unalloyed PMADI sample that underwent comparable austempering conditions. Severe adhesive
wear, plastic deformation, and surface delamination were the most common wear processes identified on worn surfaces
at low loads in both materials. The enhanced wear resistance of ADI under normal loads was connected with the
deformation-induced transition of austenite to martensite and the resulting increase in hardness. Nickel presence of 2 wt%
in ADI strengthened the material's hardness and wear resistance at low loads.

Compared to other alloys, ADI alloys, when appropriately heat-treated, have the ability to replace more expensive
alloys in the construction of industrial products like as rolling mills. This substitution can result in cost savings.

Disclosure statement. No potential conflict of interest was reported by the author.
Funding. No funding received for this research study.
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Abstract. This article deals with a rather complex problem of the rod system stability, the solution of which is complicated
by the inconstancy of the bending stiffness along the length of a cantilever rod compressed by a concentrated axial force.
The original fourth-order differential equation is split into a system of two second-order differential equations that, under
given boundary conditions at the ends of the rod, are solved by the numerical finite difference method. The transition
from the fourth-order equation to the second-order equations made it possible to eliminate the need to record the "second"
contour nodes outside the material part of the structure under study, which made it possible to obtain a more "correct" (a
physically determined value) of critical forces. Reliability of the presented theoretical provisions and applied results is
confirmed by comparison with the known exact solutions of the other authors. In the course of the study, along with the
values of critical forces, four forms of loss of stability are presented due to the corresponding "standing" waves along the
length of the considered cantilever rods of variable bending stiffness. The scientific and applied results presented in this
article will be useful in developing methods of strength calculations in the mechanics of deformable solids, and will also
serve as a methodological guide for practicing engineers and designers.

Keywords: cantilever rod, variable bending stiffness, numerical finite difference method, critical force, mode of loss of
stability.

Introduction

The problem of stability of various mechanical systems (including rod systems) has been facing scientists and
engineers for a long time (starting with the stability theory of Euler, Yasinsky, Lyapunov) [1].

At present, this issue is the subject of quite a lot of scientific works that, along with the well-known problems of
the stress-strain state (SSS) of structures, also solve stability issues. Thus, in work [2], stability of the "SSS" is considered
by the vibration method (based on the analysis of the values of the natural frequencies of the structure oscillations) for a
clamped rod with a non-circular cross-section.

Work [3] studies the dynamic behavior of flexible beam systems of the Euler-Bernoulli "beam" type, taking into
account geometric nonlinearity factors; in this case, the method of "smoothing" the model is used based on the filtering
(sampling) of higher-order frequencies. Stability of columns and rod systems in a compressed-bent deformable form in
the elastic stage is studied using the analytical method [4], the physically linear stability of a cantilever rod from the action
of an axial force is considered both in the static and dynamic formulation [5]; in this case, the compressive force is
“connecting”, i.e. its direction is associated with the form of bending deformation; the results are compared with the
results of classical stability theory.

In work [6] the strength and stability of a pipe-concrete column of a high-rise building are studied; on the basis of
a rod model the longitudinal and bending stiffness of such a structure are determined, taking into account the joint work
of the concrete and steel components. The problem of bending stability of a cantilever tubular rod with a hinged end is
studied using the numerical method [7]. On the basis of a finite element rod model with five degrees of computational
nodes the problem of stability of flat rod systems is solved taking into account the combination of their curvature and
axial deformation; the geometric nonlinearity of the problem is taken into account, the corresponding finite element
matrices are obtained [8]. The problem of optimization of steel flat rod systems with control of their overall stability
taking into account the initial deflections in two main planes is solved and obtained on the basis of the finite element
method with flat nodal displacements [9]; a tangent matrix is developed taking into account the use of small fictitious
forces by a self-balanced system; an iterative cycle is applied.

Work [10] reflects the issues of structural stability of mechanical systems (columns, beams, arches, rings, plates)
based on modernized analytical methods taking into account plastic deformation and initial deflections; the issues of
structural analysis in design, material fatigue and probable failures are also considered.

In articles [11, 12, 13] a nonlinear bending one-dimensional model of elastic flat rods for solving the stress-strain
state of thin Foppl-von Karman shells without taking into account membrane stresses based on the Koiter model was
studied; buckling (loss of stability) of composite rods made of hybrid carbon fiber was studied based on the multiscale
finite element method; a 3D model (for a brick rod) and a 2D model (for a beam with a square and circular cross-section)
were used; mathematical modeling of displacement functions for compressed elastic rods was considered taking into
account the properties of materials, the shape of the "diameter", the magnitude of the compressive force and its
eccentricity; the experimental results were processed using the Minitab program. The presented experimental results were
estimated based on the theoretical results of the Euler's theory.
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The plane stability of an elastic and plastically deformable beam was studied for its different values of tensile and
compressive resistance (brittle-fracturable materials: ceramics, copper, cast iron, polymers, composite materials); based
on the corresponding studies, the boundaries of the elastic and plastic deformation regions were established [14].

To study the stability of rods, a comparison of numerical methods is considered: the finite element method, the
Galerkin method, and the difference method. The dependence of the solution to the stability problem on the discretization
parameters of these numerical methods is studied [15]. In [16], a solution to stability problems of planar rod systems using
the finite element method, based on stresses, is presented. The proposed method is based on a combination of the
additional energy functional and the principle of feasible displacements. To solve stability problems, the functional takes
into account the additional energy from longitudinal deformations arising from rod bending. The buckling mode in the
finite element domain is approximated by a linear function.

Having lost stability, the rod is subjected to two bendings and torsion. Large lateral displacements often lead to
various accidents. Therefore, the problem of preventing such phenomena remains relevant. Article [17] presents a
sequence of actions for solving the boundary value problem of plane-flexural stability of mechanical structures. A system
of two differential stability equations for the indicated structural elements — circular arches — has been integrated.
Fundamental orthonormal functions for differential stability equations for a circular rod are presented in two versions. It
is proposed to solve stability problems using the boundary element method.

As important components of lifting equipment, tie rods have been the subject of research into their compressive
strength. Axial compression tests were conducted on two types of lattice tie rods with different cross-sectional dimensions.
The tests provided comprehensive data, including the damage pattern, axial pressure-displacement curves, axial
compression capacity, and axial pressure-strain curves. These data, in particular, revealed the presence of stress
concentrations at the joints of lattice elements in the tie rods [18]. The study [19] details the results of full-scale
experimental investigations conducted on spatial composite columns with transverse bracing. Two different analytical
approaches were used to determine the overall critical buckling load. The results showed minimal influence of shear
effects on the tested columns, suggesting that the critical buckling load can be accurately determined using existing
analytical formulas.

1. Methods

The focus of this article is on the stability of rod systems, a problem that is rendered more intricate by the variable
bending stiffness EI, encountered along the length of a cantilever rod under axial compression by an axial force P
(Figure 1, a). These types of constructions find extensive application across numerous technological fields, including
building, aviation, and naval engineering.
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Fig. 1. — Towards the calculation of a cantilever rod for stability

The state of indifferent equilibrium of straight elastic rods is described by the following system of ordinary
differential equations [20]:

M/ —P(x)Y/ —P(x)Y/ =0; (1)
Y/ + EI’:’X) =0; ()
P/ = P(x), 3)

where Y(x)is the displacement (deflection) of the rod in the indifferent equilibrium;
M(x) is the bending moment arising in the same state;
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P(x) is the intensity of the distributed longitudinal axis;

E1(x) is the variable bending stiffness of the rod.

To solve this problem (in the case of a cantilever rod) (Figure 1, a), it is advisable to proceed from the resolving
equation (2) in moments. Taking the origin of coordinates at point "4", the bending moment from the concentrated force
"P" can be written down as M(x)=P - Y (x).

Then, based on equation (2), there is obtained the following resolving differential equation:

a2y Py _

dx? Ely ; “4)
2 Pcrlz
k - El, ’ (5)
where k2 is the critical load parameter.
Then, taking into account (5), equation (4) will take the form:
a’y(x), k2 -
o e Y (0)=0, (6)
where (a;= E1;/ El,) are stiffness coefficients along the rod length.
Given the value of k2, the value of the desired critical force is determined using formula (5):
El El
P, =k? /1—2" = anZ(H—;’ , (7
where n=H/4 is the number of the linear grid steps along the grid length.
For the i-th node of the linear grid (Figure 1, d), equation (6) in finite differences will take the form:
(kK*a; = 2)y; + (e + ) = 0. (®)

2.Solutions

When writing the finite difference equation (8) for cantilever rods, the problem of eliminating deflections of the
"contour" nodes of the linear grid arises; in this regard, there is used the following technical method (Figure 1, ¢): node
“4” is conditionally fixed from displacement by placing the origin of coordinates in it, then a conditional displacement
will appear in node "0", and instead of the actual deflections y; (i=1, 2, 3, 4) (Figure 1, b), conditional deflections y;" (i
=0, 1, 2, 3) are used. According to (Figure 1, c), the resolving finite difference equations for nodes 0, 1, 2, 3 are written
down as follows [21]:

a) node “0” (i=“0”; ay = 0.44):

(0.44k% — 2)y5 + 2y = 0; Q)
b) node “1” (i=1; a; = 0.75):
(0.75k% = 2)y; + (¥ +¥3) = 0; y5+(0.75k* = 2)y; + y; = 0; (10)
¢) node “2” (i=2; a, = 0.5):
(0.5k% = 2)y; + (1 +¥3) = 0;y1+(0.5k* = 2)y5 + y; = 0; (11)
d) node “3” (i= 3; a3 = 0.25):
(0.25k% — 2)y; + y; = 0; y;+(0.25k% — 2)y; = 0. (12)

By combining equations (9-12) together into a system of four linear algebraic equations (SLAE), and equating the
determinant to zero at the corresponding displacements y; (i =0, 1, 2, 3), there is obtained D=0.

Yo yi Y3 y3
1) (0.44k% - 2) 2 0 0 (13)
2) 1 (0.75k2 — 2) 1 0
3) 0 1 (0.5k% — 2) 1
4) 0 0 1 (0.25k% — 2)

Expanding the fourth-order determinant (13), we obtain:
a) eigenvalues of matrix (13):
ki=0.264; k5=3.015; k5=6.365; ki=9.569. (14)
b) eigenvectors:
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— 8198-10-13|1 0.553
|- 4278 |2, _|-2101 108
1 140 |3 V2 20516 |
- 10076 |4 ~0.751
R T
V3 =12343-10-8|3’ a=1 0164 |3 (15)
—0153 14 —4678-107° 4

Using formula (7) and the results (14), there is calculated the value of the critical force “P” for a rod with variable
bending stiffness (Figure 1, a), assuming that k2,;,, = k? = 0/264 (n=4):

Por = 0264 (%,)? (£2) = 4224 (£2); B, = 4.224 (£2). (16)

The exact value of the critical force for a cantilever rod of variable stiffness with a reduced (average) value of
bending stiffness (EI, = 0.5El) is equal to [22]:

EIO

=2. 4674

2
P, = = 4.9348 72 Zo.pr =4 93482 =0 (17)

Comparing the values (16, 17), we establish that the error of this calculation with the exact one is 14.4%. This
error can be reduced by increasing the density of the "linear grid", i.e. by taking n>4.

Based on the values of the eigenvectors (15), the forms of the rod stability loss are constructed (Figure 2).
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Fig. 2. - The forms of the rod stability loss with variable bending stiffness loss
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Figure 2 shows that the higher the stability loss mode, the greater the number of half-waves in the natural vibration
modes.

Based on formula (16), a study was conducted of the dependence of the critical load value P., on changing the
ratio of geometric parameters (H/a) (Figure 3).
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Fig. 3. — Critical load dependence on changing the ratio of geometric parameters

According to Figure 3: with an increase in the height of the rod, the magnitude of the critical load P.,. decreases
according to a curvilinear relationship.

Conclusions

In this paper, a study is carried out to determine the value of the concentrated force applied to the apex of a triangle
for a cantilever rod with variable bending stiffness; the known problem of the uncertainty zone at the apex of the triangle
(at the end of the cantilever) is solved in an original way: the original diagram of the rod with real displacements (Figure
1, a) is replaced by a conditional diagram (Figure 1, c), in which the end of the cantilever (node "4") is fixed against
displacements.

When using the finite difference method, this approach allows excluding the presence of contour nodes (outside
node "4") in the structure of resolving finite difference equations. As an illustrative example, a rod with linearly variable
bending stiffness (Figure 1, a) with the number of divisions n = 4 is considered.

The numerical finite difference method was used to determine the critical force (P,,) value and to construct four
modes of buckling; the following was established based on the research results:

— the odd (1st and 3rd) modes of buckling have two half-waves; the even (2nd and 4th) modes of buckling have
one half-wave; the largest deflections during buckling occur with the 1st mode (Figure 2, a);

— the graph of the critical force P., dependence on the ratio of geometric parameters (H/a) (Figure 3) shows that
with increasing the value of (H/a), the critical force value decreases monotonically, approaching a very small value (for
plates with a large height, i.e. those having large bending stiffness).
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A Review of Modeling and Preparation of Functionally Graded Materials for Bone Tissue
Engineering
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Abstract. Functional gradient materials (FGMs) are contemporary materials that mimic the hierarchical and gradient
structures of natural systems while performing various functions. Because biomedical implants frequently replace bone
tissues, advanced materials are required to replicate the complex structure and mechanical behavior of natural bone. Given
that bone is an organic, natural FGM material, it seems reasonable to apply the FGM concept in these applications. FGMs
offer numerous benefits, including the ability to customize mechanical and biological responses through composition,
porosity, and size. They also reduce stress-shielding effects, improve osseointegration, and enhance electrochemical
behavior and wear resistance. Despite these benefits, there is still a need for more detailed norms and standards. This
report aims to provide a detailed evaluation of the current state of FGM metallic materials in the biomedical field,
specifically their dental and orthopedic applications. The article discusses the influence of various processing
technologies, particularly additive manufacturing, on FGM production, including its prospects and potential applications.
FGMs have the potential to change the trajectory of both industry and biomedicine. FGMs have the potential to change
the trajectory of both industry and biomedicine. Advancements in FGM understanding and technology can lead to
improved implant designs that are more biocompatible and comparable to natural tissues, thereby improving human
quality of life.

Keywords: functionally graded material (FGM), manufacturing, applications, fabrication, Ti

Introduction

Niino and coworkers proposed the original idea of Functionally Graded Materials (FGMs) in 1987 while working
on a space aircraft at Japan's National Aerospace Laboratory. Where a mixture of materials is utilized to create a thermal
barrier that can tolerate a surface temperature of 2000 K and a temperature differential of 1000 K over a 10mm section.
FGM, also known as "gradient material," is distinguished by a progressive change in material qualities with location. The
material's property gradient is caused by its position-dependent chemical composition, microstructure, or atomic order.
The geographical extent of the gradients may vary: in a mass FGM, the characteristic change spreads over a large part of
the material, whereas in a grade coating or joint, it is restricted to the surface of the material or a small interfacial region.
Although FGMs sparked scientific interest toward the close of the twentieth century, these materials are not novel. Living
creatures have been exploiting shifts in the structure of materials for millions of years. In many plant structures,
microstructural gradients are generated to provide optimal architectural and functional performance with minimal material
use contin [1, 2].

The material's selection is critical since it must meet a variety of stringent specifications. It must, among other
things, be corrosion-resistant, extremely durable, interact well with tissue cells, have no immunological or allergic
reactions, and possess mechanical properties similar to those of human bone. According to these criteria, the most
common materials used to make this device are polymers, ceramics, metals, and their alloys [3]. Functionally graded
materials are a type of innovative technology that emerged in the twenty-first century. They are composed of a two-
component composite whose characteristics are determined by the compositional gradient of one or both components.

In contrast, traditional composites have a homogeneous composition, which means that the composition possesses
the ideal characteristics of its constituent components. The need to compromise on qualities is avoided, as the key
properties of FGM include the pure structure of each component. Furthermore, the qualities of FGM components can be
fully utilized; for example, the refractoriness of ceramic can be combined with the toughness of metal without needing to
sacrifice either the toughness of the metal side or the refractoriness of the ceramic side [3].

Mechanical parameters, such as elastic modulus, Poisson's ratio, shear modulus, material density, and thermal
expansion coefficient, vary smoothly and continuously in preferred FGM orientations. Due to their diverse qualities,
functionally graded materials are utilized in biomedical applications, with several examples of natural functionally graded
materials, including bones, teeth, skin, and bamboo trees.

Accidents happen, and important components of our bodies need to be replaced or repaired. At other times, as
witnessed on a global scale, the same parts become worn out after a lifetime of service to their host. Thanks to the tireless
efforts of several medical experts, scientists, and engineers. However, biocompatible materials, surgical methods, drugs,
and antibiotics have been created to successfully treat this condition, dramatically enhancing the quality of life for millions
of individuals. Nonetheless, the intricacy of our biological system, including its deep symbiotic interactions with
microorganisms, can lead to materials, surgical operations, or therapies failing. These issues, along with longer life spans
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and increased societal demands, have led to a compelling need for improvements and the creation of more enhanced
products and technologies [5].

The first and most important prerequisite for selecting a biomaterial is its suitability to the live organism. The
implanted material should not induce any undesirable consequences, such as allergy, inflammation, or toxicity, either
immediately following surgery or throughout the postoperative period. Second, biomaterials must have sufficient
mechanical strength to withstand the forces to which they are subjected, preventing them from fracturing. More
importantly, a bioimplant should exhibit very high corrosion and wear resistance in a highly acidic body environment and
under varying loading conditions, in addition to fatigue strength and fracture toughness [6,7].

The success of a biomaterial or implantation is highly dependent on three major factors: (i) the properties
(mechanical, chemical, and tribological) of the biomaterial in question, (ii) the implant's biocompatibility, and (iii) the
recipient's health and the surgeon's competency [6,7]. Biomedical material is defined as any substance that has been
created to interact with biological structures for medical use, which might be therapeutic (i.e., to treat, enhance, repair, or
replace defective tissue in the body) or diagnostic. Metallic materials are commonly employed in biomedical applications
due to their strong load-bearing capacity, favorable wear and friction properties, and acceptable biocompatibility [8].

1.Types of Biomaterials

A biomaterial is any natural or artificial material that constitutes all or part of a living building or biomedical
device that performs, augments, or substitutes the function of nature [9]. These biomaterials are particularly constructed
using the following material classes: polymers, ceramics, metals, and composite materials. Most biomaterials accessible
today are produced either alone or in combination with materials from these classes. These types of materials exhibit
varied atomic arrangements, resulting in diverse structural, physical, chemical, and mechanical properties, and thus offer
a range of potential applications in the body. The sorts of materials are shown in the following parts [10].

Biomaterial is defined as "a nondrug substance suitable for use in systems that enhance or restore the function of
body tissues or organs" [11]. Biomaterials are divided into three primary groups based on biocompatibility: bioinert,
active, and bioresorbable.

i. Bioinert: These are materials that have limited contact with the surrounding tissue, resulting in osteogenesis. A
few examples are steel made from stainless steel, titanium, zirconium, alumina, and ultra-high molecular weight
polyethylene.[11]

ii. Bioactive: These are compounds that, once deposited in the mouth cavity, react with both hard and soft tissues.
Examples include synthetic hydroxyapatite, glass ceramics, and bioglass.[11]

iii. Bioresorbable: Upon installation, these materials begin to resorb and are gradually replaced with bone.
Examples include tricalcium phosphate, polylactic-polyglycolic acid copolymers, calcium oxide, calcium carbonate, and
gypsum [12].

Bioinert and bioactive materials are dubbed "osteoconductive" materials because they can function as "scaffolds"
for bone formation on their surfaces. [12]. Biomaterials can also be classed chemically into metals, ceramics, and
polymers, as follows:

i. Materials: titanium, which is titanium alloys, stainless steel, cobalt chrome alloys, gold alloys, and tantalum.

ii. Ceramics include alumina, hydroxyapatite, beta-tricalcium phosphate, carbon, carbon/silicon, bioglass,
zirconium, and zirconia-toughened alumina [13].

iii. Polymers include polymethyl methacrylate, polytetrafluoroethylene, polyethylene, polysulfone, polyurethane,
and polyether ketone ether [13].

2. Titanium and titanium alloys

Titanium and titanium alloys. Titanium and titanium alloys are among the most commonly used implant materials
in biomedical applications due to their exceptional properties, which include excellent biocompatibility, resistance to
bodily fluid effects, high tensile strength, flexibility, and corrosion resistance [14]. Titanium and its alloys possess a
unique combination of strength and biocompatibility, rendering them suitable for various medical applications. For
example, a key problem in orthopedic biomaterials is designing material surfaces that offer excellent osseointegration
while also promoting implant longevity. After more than 50 years of employing biomaterials as implant materials [15]
(metals: stainless steel, cobalt alloys, titanium alloys; ceramics: aluminum and zirconium oxides, calcium phosphates,
synthetic and natural polymers), titanium and titanium alloys continue to be regarded as one of the most appealing and
significant materials due to exceptional features like as resistance to bodily fluid effects, high tensile strength, flexibility,
and corrosion resistance. This unique combination of strength and biocompatibility makes them ideal for medical
applications [16,17]. In dental implants, commercially pure titanium (c.p. Ti) is prevalent, whereas Ti-6Al-4V is more
commonly used in orthopedics. When assessing the desired biomedical use, the alloy composition must be examined to
provide both biocompatibility and mechanical strength. Dental titanium alloys include Ti-6Al-7Nb, Ti-6Al-4V, Ti-13Cu-
4.5Ni, Ti-25Pd-5Cr, and Ti-20Cr-0.2Si [18].

Ti-6Al-4V alloy was replaced in permanent implants with Ti-6Al-7Nb, Ti-13Nb-13Zr, and Ti-12Mo-6Zr [17] due
to the potentially harmful consequences of vanadium or aluminum leaching. Extensive research has been conducted to
determine the optimal surface topography for use in biotechnological applications [19]. In recent years, research on
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materials for biomedical applications has shifted from microtopography to nano topography [20-22]. As a result, the
current focus is on the application or testing of nanotechnology for biomedical purposes. A recent study found that
titanium implants with rough surface topography and free energy promote osteoblast adhesion, maturation, and eventual
bone formation [18].

Furthermore, the surface properties of titanium implants impact the adherence of various cell types. Titanium,
namely topography, charge distribution, and chemistry [23, 24]. As the focus of biomaterials shifted to tissue engineering,
complex medical applications, and biotechnology, it became necessary to identify and analyze the unique interactions
between biomaterials and tissue components. Following a thorough examination of the biomaterials sector at the time,
Williams [16] presented a unified notion of biocompatibility. This unified concept is as follows: "Biocompatibility refers
to the ability of a biomaterial to perform its desired function about medical treatment, without producing any not desirable
systemic or local effects in the recipient or beneficiary of that therapy, but generating the most appropriate beneficial
cellular or tissue response in that particular scenario, and optimizing the clinically relevant performance of that therapy
[16]. Titanium and its alloys are physiologically stable or inert [25], meaning they remain virtually unchanged when
implanted in human bodies. However, titanium has limited wear and abrasion resistance because of its low hardness,
which may result in a shorter service life for the implants. This difficulty can be significantly alleviated by using an
appropriate surface modification approach [18].

One important factor to consider is that the fate of the implant material is determined by both the bulk of the
material (which is critical in determining biological performance) and its surface properties (including surface chemistry
and structure), with the latter being a crucial factor in the material's interactions with the surrounding tissue. The bulk
material should be able to sustain high stress (too high for ceramic and polymeric materials, but possible for metallic
materials). Nonetheless, the biomaterial's surface qualities do not allow for a permanent attachment between the implant
surface and surrounding tissue. In that case, a fibrous layer may form, undermining load transfer at the bone-implant
interface. In that case, micro-movements will be preferred, which can lead to implant failure [26].

The reaction of the titanium biomaterial is entirely dependent on its biocompatibility and surface characteristics.
As a result, to enhance the performance of these biomaterials in biological systems, their surfaces need to be modified
[27]. Improvements can be represented by: i) morphological modifications (increasing roughness, shifting topography
from micro- to nanoscale, and tailoring the nanoscale morphology) caused by mechanical [28], chemical, and physical
methods [27-30]; ii) modification with coatings based on hydroxyapatite, biomimetic calcium phosphate coatings, or
hybrid coatings. Organic components and calcium phosphate minerals), or biomolecule functionalized coatings; or iii) a
mixture between morphological changes and coatings for a combined synergistic effect.

The overall objective is to enhance the bioactivity, biocompatibility, blood compatibility, wear resistance, and
corrosion resistance of titanium and titanium alloys for their intended applications. Of the aforementioned strategies,
nanoscale surface tailoring produced breakthrough results, namely that roughness alone affects osteoblast cell adherence,
spreading, and proliferation on titanium nanostructures [22,31]. The high surface energy of nanoscale surfaces enables an
elevated initial amount of protein adsorption, which is critical for controlling cellular interaction at the implant surface.
Surface characteristics influence cell adhesion, and charge distribution and material chemistry [32,33] may have an
additional impact. With the rise of the tissue engineering and nanotechnology sectors, surface modification of implants
has become necessary to promote tissue adhesion and implant integration while minimizing bacterial adhesion and
inflammation. Response, or avoid the foreign body response. Summary and remarks concluding.

3.Functionally Graded Materials (FGMs)

Two distinct criteria are utilized to classify functionally graded materials. The first is based on material structure,
while the second is based on the size of functionally graded materials. Figure 2 illustrates that functionally graded
materials can be categorized into two broad classes based on their material structure: FGMs exhibit both continuous and
discontinuous structures. Continuous FGM has a continuous gradient from one material to another. However, in the case
of discontinuous FGM, the material gradient is stacked. FGMs are divided into two categories based on their material
size: thin FGM and bulk FGM. Thin FGMs have relatively thin parts, such as surface coatings, whereas bulk FGMs are
complete. Volume of materials. Thin FGM is manufactured using technologies like physical vapor deposition (PVD),
chemical vapor deposition (CVD), and self-propagating high-temperature synthesis (SHS). Bulk FGMs are produced
utilizing processes such as powder metallurgy, centrifugal casting, and solid freeform/additive manufacturing procedures.

Functionally graded materials have established themselves as a prominent category among contemporary,
sophisticated materials. They were fierce competitors in a wide range of applications, particularly in the energy, military,
aviation, and medical sectors. The growing interest in FGMs in the scholarly and industrial areas necessitates the
establishment of many classifications from various perspectives. These provide more insight into the link between FGM
qualities, processing approaches, level of control, and cost. This publication provided a critical assessment of several
classification methods. Used in the field of FGM. These examined the merits and limits of the classified groupings from
several engineering perspectives. Designers and manufacturers proposed new classifications for FGM production methods
based on product form and wall thickness, control over gradient properties, residual stresses, equipment and
manufacturing costs, energy consumption, and environmental impact over the entire life cycle. Some areas were identified
as obstacles for FGMs on an industrial scale, including material modeling, numerical simulation, systematic selection and
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design procedures, and an FGM data bank. The adaptability to mass manufacturing, process repeatability, dependability,
and cost-effectiveness are among the future frontier for FGMs. Types of Functionally Gradient Materials (FGMs)

FGM

Size

based

Thin l Bulk

Fig. 1. - Classification of Functionally Gradient Materials [34].

Structure
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4. Methods of producing FGM

There are several approaches for producing functionally graded materials (FGMs). A few of these are discussed in
further depth below.

1. Vapour deposition technique

Vapor deposition techniques refer to a range of vacuum deposition procedures used to form thin films on base
materials. All of these procedures may be utilized to create thin FGMs exclusively. There are two types of vapor
deposition techniques: physical vapor deposit (PVD) and chemical vapor deposition (CVD). These are energy-intensive
and create hazardous byproducts [35]. Other deposition-based processes capable of depositing thin, functionally gradient
coatings include electrostatic deposition (ED), ion beam deposition (IBD), and self-propagating high-temperature
synthesis (SHS) [36]. All of the aforementioned methods are uneconomical to produce bulk-type FGMs.

2. Powder metallurgy

Powder metallurgy-based techniques can be utilized to create bulk-type FGMs with a discontinuous (stepwise)
structure. The process is carried out in several steps, including weighing and mixing powder according to a pre-designed
spatial distribution based on functional requirements, stacking and ramming premixed powders, and, finally, sintering
[37].

3. Centrifugal technique.

The centrifugal process is capable of producing continuously structured bulk-type FGMs. It produces functionally
graded materials by spinning a mold using gravity [38]. FGMs are formed when material densities differ and a mold is
spun. There are two drawbacks to this method: it can only manufacture cylindrical-shaped FGMs and has a restriction on
the sort of gradient that can be formed.[38].

4. Techniques for additive manufacturing (AM) and solid free-form fabrication

Solid freeform fabrication (SFF)/Additive manufacturing (AM), often referred to as 3D printing, is a technique
that involves connecting materials to create items from 3D model data, typically layer by layer, as opposed to subtractive
manufacturing technology [39]. This toolless manufacturing process can make completely dense metallic pieces quickly
and precisely. Metal AM methods are widely categorized into two types: Powder Bed Fusion (PBF) and Directed Energy
Deposition (DED) technologies. Both of these technologies can be further divided according to the energy source
employed. Thermal energy is utilized in PBF-based technologies to fuse portions of the powder bed selectively. The two
primary typical methods are select laser sintering/melting (SLS/SLM) and electron beam melting (EBM). PBF-based
technology. DED-based technologies utilize concentrated heat energy to melt and fuse materials (in powder or wire form)
as they are deposited. Some of the most prominent DED-based technologies include Laser Engineered Net Shaping
(LENS)/Direct Metal Deposition (DMD), Electron Beam Free Form Fabrication (EBFFF), and arc-based Additive
Manufacturing (AM). Most of the SFF/AM processes discussed above may generate functionally gradient materials
(FGMs), ranging from thick coatings to complex FGM bulk pieces.[39] The advantages of AM methods, including
improved material utilization, faster production, design flexibility, the ability to produce complex components, and lower
energy intensity, are generating significant interest in producing FGMs for various purposes. Powder bed fusion (PBF)--
based AM methods such as selective laser melting (SLM) and electron beam melting (EBM) are extremely popular.
Methods for producing complicated parts owing to their high accuracy and surface finish as compared to directed energy

65



Material and Mechanical Engineering Technology, Nel, 2026

deposition (DED) based technologies. However, PBF-based technologies are less flexible than DED-based technologies
in terms of functionally gradient material manufacturing because it is not possible to vary the material gradient by
changing the chemical composition of the powder. However, these technologies may enable bulk FGMs by regulating
porosity or incorporating various forms of lattice structures into the components to be manufactured. Directed energy
deposition (DED) based additive manufacturing (AM) techniques are the most convenient for producing functionally
graded materials (FGMs) because they can manufacture FGMs from thick coatings to bulk sections with continuous or
discontinuous gradients. These techniques can create FGMs with superior adhesion and mechanical properties compared
to powder bed technologies. Laser metal deposition (LMD) and electron beam free form deposition (EBFFF)/electron
beam additive manufacturing (EBAM) are prominent technologies based on DED-based additive manufacturing (AM)
equipment that can be utilized to produce various functionally graded materials (FGMs) [39].

5.Laser Metal Deposition (LMD)

The primary techniques based on DED technology are laser-engineered net shaping (LENS) and direct metal
deposition (DMD), which employ a laser beam as a power source and powder as the raw material. The LENS method
was developed by Sandia National Laboratories in 1997 and later licensed to Optomec (USA), whereas the DMD
technique was jointly developed by the POM group and the University of Michigan [40, 41]. In this method, a high-power
laser beam is used to form a molten pool on the base material and powder material is fed into the molten pool through
nozzles. Powder delivered to the laser beam point is absorbed into the melt pool, resulting in a deposit on the surface.
Figure 3 illustrates that the worktable can be moved in the x-y direction to obtain a desired cross-section of the sliced
model, and subsequent layers can be deposited by incrementing the deposition head in the z-direction to complete the
object. Deposition of layers is repeated until the desired three-dimensional component has been additively formed. Metal
powder is delivered through nozzles and distributed around the circumference of the deposition head either by gravity or
by using an inert carrier gas. The entire process is conducted under a controlled argon atmosphere where oxygen levels
are maintained below 10 ppm [40, 41].

Powder
F‘?;;‘gfd delivery
beam nozzle
Converging Deposition
powder streams surface

]
< I
«

X-y motion

}

' >
Substrate

Fig. 2. - Basic laser-engineered net shaping procedure [42].

The laser-based Directed Energy Deposition (DED) approach in metal additive manufacturing (AM) is the most
suitable technology for producing Functionally Graded Materials (FGMs). All varieties of FGMs, including
continuous/discontinuous structured and thin/bulk types, may be readily fabricated using laser metal deposition (LMD).
Pre-alloyed powders can be used to create discontinuous FGM. At the same time, elemental powders may be fed in exact
proportions to the melt zone via different feeders to produce various alloys and composite materials in a continually
graded method. With the use of this approach, the number of FGMs can be manufactured into complicated forms, as the
rate of elemental powder deposition can be regulated for each feeder during fabrication for each layer. The final product
can be obtained within hours [43].

6.Direct production using electron beams

Electron Beam Direct Deposition (EBDM) is another directed energy deposition (DED) process that employs an
electron beam as a power source and wire as the raw material. Sciaky (Chicago, USA) developed this method, also known
as electron beam additive manufacturing (EBAM). This technology can manufacture medium to large-sized near-net-
shaped components within a vacuum chamber that are directly used as deposition material. The basic electron beam
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system includes a Sciaky 60 kW/60 kV welder. The electron beam is electrically focusable, and the output power is
scalable across a wide range, which allows for a wide range of deposition rates to be obtained with the same apparatus.
The typical deposition rates of EBAM systems range from 3 to 9 Kgs/hrs, depending on the material used and part
complexity. Additionally, the EBAM system features a closed-loop control system in which the melt pool size is
continuously monitored, and parameters are adjusted to maintain a constant size, ensuring consistent part geometry,
uniform microstructure, and mechanical properties.

Fig. 3. - Electron beam additive manufacturing using twin wire deposition [44].

EBAM technology may also manufacture a variety of functionally graded materials (FGMs) by connecting
numerous wire feed nozzles to a single EB gun. Two or more wires of various metal alloys can be controlled individually
and fed into a single molten pool to generate graded materials. Both coating and bulk FGMs can be generated in a
continuous or discontinuous way.

FGMs are created using arc deposition technology. A wide range of arc-based additive manufacturing technologies
are available, using arc (plasma, TIG, MIG) as the power source and material in the form of powder or wire. Plasma
transferred arc (PTA) and plasma arc welding (PAW) are free from additive manufacturing (AM). Methods that employ
plasma arc as a power source and raw material in the form of powder and wire, respectively. Shaped metal deposition
(SMD) is another additive manufacturing (AM) technology that employs tungsten inert gas (TIG) or metal inert gas (MIG)
welding with wires to create free-form fabrications. Because most of these systems involve wire-fed, they are also known
as wire-assisted additive manufacturing (WAAM) systems. A wide range of system configurations can be created by
combining traditional welding methods with robots, manipulators, or gantries for automation. All of these techniques,
with suitable inert gas shielding, offer a high potential for producing near-net-shaped medium to large-sized components
at a far cheaper cost than laser and electron beam-based procedures.

Several welding-based additive manufacturing (AM) techniques have been developed to deposit functionally
graded materials. In this example, two filler wires are controlled independently and fed into the arc (TIG or MIG) for
deposition. Several experiments have been conducted to establish the efficacy of arc-based additive manufacturing (AM)
setups for producing functionally graded materials (FGMs). Sajan Kapil et al. [45] effectively synthesized an Al-Si alloy
with varying thermal conductivity. It was built utilizing a hybrid layered manufacturing machine (HLM), which combines
a three-axis CNC with a gas metal arc welding (GMAW) deposition technology. S. Suryakumar et al. [46] proposed two
methods for fabricating functionally graded materials using weld deposition. FGMs can be created by altering process
parameters or by employing a twin-wire feeder that can be guided and controlled independently.

Processing Techniques for FGMs

The manufacturing process of an FGM is typically separated into two stages: constructing the Gradation, which
involves transforming an inhomogeneous structure into a bulk substance, also known as consolidation, and then forming
the Gradation. Gradation processes are categorized into three types: constitutive, homogenizing, and segregating.
Constitutive processes begin with precursor materials or powders and gradually develop into a graded structure. [47]

Automation advancements in recent decades have made constituent grading methods more highly advanced.
Economically feasible. Homogenizing processes transform a sharp contact between two materials into a gradient by
material transfer. Segregating processes begin with a homogenous substance that is transported to a graded state by an
external source, such as gravity or electricity. Homogenizing and segregating processes result in continuous gradients,
but they have their limits. Different gradients can be made. After grading, the material is often dried, sintered, or solidified.
Consolidation techniques for FGMs require careful consideration of processing conditions to prevent uncontrolled
destruction or alteration of the gradient.[47]

FGMs may shrink unevenly during free sintering. To optimize sintering behavior, it is important to consider factors
such as porosity, particle size, shape, and content of the powder mixture. Each material combination and gradient type
should be addressed separately, taking into account the current understanding of sintering mechanisms [47].
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Surface coatings are often used for thin, functionally graded materials, with many deposition techniques available.
Service requirements vary based on the procedure.[47] There are many applications for functionally graded materials
(FGMs), and below are some of them:

1. Aerospace

(FGMs) are used in aerospace industries due to their ability to withstand high thermal gradients, making them
suitable for structures such as airplane bodies, rocket motor components, and other space applications [48].

2. Medical

The human body contains many tissues that are classified as natural functionally graded materials, such as teeth
and bones. During accidents, human tissues suffer damage, and in most cases, these damages are irreversible, necessitating
the use of alternative parts to replace them. According to [49], functionally graded materials may be used in the medical
field to replace damaged tissues, such as teeth and bones, with biomedical materials [50-52].

3. Defense

The qualities of functionally graded materials are widely recognized, and they have an exceptional capacity to
prevent fractures from propagating. These properties enable the use of these materials in defense, particularly to shield
soldiers from firearms through the production of armor plates and bullet-proof vests [53].

4. Energy

According to [(Miiller et al., 2003) and (Niino et al., 2005), functionally graded materials (FGMs) are used to
generate energy because they are used to produce solar power, devices for energy conversion, and as thermal protection
to protect the coating of the turbine blades in gas turbine motors [54-55].

5. Optoelectronic

Due to their graded refractive index, functionally graded materials can be utilized in the field of optoelectronics,
such as low-threshold current edge lasers (GRINSCH), storage media, notably magnetic discs (audio-video), and tunable
photodetectors [56].

6. Construction

The construction sector faces several issues related to material performance, material costs, and environmental
impacts. Additionally, the variation in building structure functionality with location opens the door to the use of
functionally graded materials (FGMs) in the construction sector [57]. When employing (FGMs), the structure and content
of materials will progressively vary across the volume, resulting in diverse material characteristics [58].

7. Other applications

Furthermore, (FGMs) might be used as foundation materials in a variety of industries, including cutting tool
coating [59]. Components of vehicle engines, components of nuclear reactors, turbine blades, heat exchangers, fire
sensors, tribology (advanced materials), fire retardant doors, and many more applications. All of these applications are
emerging as a result of lower manufacturing costs and the ability to regulate and improve the characteristics of FMGs
[60].

IN (2016) A. Kumar et al. [61] This article explores the link between method, structure, and property in implantable
biomaterials utilizing additive manufacturing-based rapid prototyping techniques. Traditional procedures, such as freeze
casting and sintering, are limited due to adaption difficulties and incompatibilities with host tissues. Additive
manufacturing provides the benefit of Creating patient-specific designs. The article examines 3D printing scaffolds for
tissue regeneration, focusing on their biocompatibility and mechanical properties. It also covers functionally graded
scaffolds and the vascularization of 3D porous scaffolds to fulfill biomedical industry standards. Functionally graded 3D
structures with excellent strength and energy absorption are appealing.

In 2017, Dalia Mahmoud et al. [62] This research examined the use of additive manufacturing (AM) technology
to create orthopedic implants from lattice structures and functionally graded materials. It investigates the benefits of these
technologies, their design flexibility, and the obstacles associated with their implementation. It also examines current case
studies and proposes future research areas to improve their usage in orthopedic implants.

In (2018) Ezgi Onal 1, et al. [63]. Functionally graded lattice structures from additive manufacturing show promise
for bone tissue engineering. However, the relationship between mechanical qualities and biological reactions remains
unclear. Creating continuous gradient structures and examining their mechanical and biological properties may help
enhance orthopedic implant design and establish standards for these materials. The best gradient structures must have
small pores in the core for increased strength and large pores for enhanced cell penetration and proliferation.

In 2019, Qifeng Jiang et al. [64] This article assessed the biomechanical response and stress distribution of a new
disc prosthesis made from functionally graded polymers (FGP). The kinetics of FGP parameters are based on experimental
data from linear ethylene copolymers. The findings suggest that FGP parameters can be customized to manage stiffening,
non-linear behavior, inelastic effects, and stress distribution, thereby paving the way for patient-specific FGP prostheses
utilizing 3D printing technology.

(2020), Syed Saad Bin Qasim et al. [65]. Researchers are working on innovative treatment ways to restore damaged
tissue structure and function. Current synthetic biomaterials are basic when compared to natural ones; however, the
capacity to include biologically inspired features has improved. Functionally graded materials mimic natural tissue
shapes, resulting in a more pronounced reaction.
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On targeted tissue. This review provides an overview of spatiotemporal arrangement in clinical dentistry, ranging
from additive manufacturing to conventional techniques.

In 2021, Douglas Fabris et al. [66] employed the finite element technique (FEM) to compare the biomechanical
behavior of one-piece zirconia implants with a functionally graded bioglass (BG) layer to that of monolithic zirconia and
BG-coated implants. Zirconia disks were infiltrated with bioglass S53P4 and examined morphologically using a scanning
electron microscope (SEM). The study found that BG coating resulted in a 30% reduction in stress in the implant body
compared to monolithic zirconia implants. The BG-graded system demonstrated improved overall biomechanical
behavior, indicating that these enhancements should be paired with the osseointegration benefits of bioactive glasses.

In (2022) Ganesh Kumar Sharma et al. [67]. Biomechanics employs mechanical principles to simulate biological
tissues, and recent advances in additive manufacturing (AM) have enabled the production of functionally graded
biomaterials for orthopedic bone replacements and implants. However, no functionally graded buildings have been 3D
printed using biodegradable materials. This work utilizes computational and analytical tools to calculate the mechanical
behavior of biomaterials composed of repeating unit cells, with a focus on the bi-pyramid hexagonal lattice structure. The
Timoshenko beam theory was discovered to be closer to numerical values.

In (2023), Amir Najibi et al. [68]. This study investigates the application of Functionally Graded Materials (FGMs)
and coatings in orthopedic implants to mitigate stress shielding and prevent loosening. It proposes two areas of research:
1) FGM manufacturing technologies and 2) design and optimization of knee and hip arthroplasty components. The study
emphasizes the importance of optimal design for long-span goods and recommends incorporating 2D and 3D FGMs into
the design of TKA and THA.

In 2024, Mohaddeseh Fatemi et al. [69] investigated the use of functionally graded materials (FGM) in dental
implants to increase biocompatibility, fracture toughness, and wear resistance. Porous FGM implants are proposed to
minimize stress shielding while improving bone ingrowth properties. To investigate material characteristics and stress
transmission, the researchers employ ABAQUS software's UMAT subroutines and parametric analysis. The study
discovered that porous FGM implants can achieve early stability when compared to pure titanium implants. This study
fills a gap in FGM implant research and may be beneficial in dental implant design.

Conclusion

In conclusion, Functionally Graded Materials (FGMs) represent a promising class of advanced materials with
significant potential in biomedical and engineering applications. Their ability to tailor mechanical and biological
properties makes them particularly suitable for bone tissue engineering. Although production costs remain a limitation,
advances in additive manufacturing - especially Directed Energy Deposition (DED) technologies -offer practical
pathways toward cost reduction and large-scale implementation. Future research should focus on material modeling,
optimization, and clinical translation to fully exploit the capabilities of FGMs.
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Annotation. Asymmetrical rolling is one of the modern methods of stabilizing the microstructure during the rolling
process. The implementation of this process ensures an increase in the mechanical properties of rolled products, reduces
texture and contributes to obtaining a more uniform microstructure. In this work, the stress state during asymmetrical
rolling of thick sheets is studied and the contact pressure is determined by calculation methods. To study the stress state,
the slip line method and velocity hodograph were used. Contact pressure was calculated using the slip line method. and
joint solution of differential equations of equilibrium and plasticity conditions. It was revealed that in the zone of plastic
deformation, compressive stress components prevail, in contrast to the traditional method of rolling in cylindrical rolls,
where tensile stresses arise in the axial central zone, which can lead to destruction and elongation of grains in the rolling
direction. Analysis of the calculation of contact pressures shows that the relative difference in the values of the specific
contact pressures of the metal on the rolls during asymmetric rolling, calculated by the slip line method and the joint
solution of differential equilibrium equations and plasticity conditions is insignificant, i.e. does not exceed 6%, which
indicates the reliability of the results obtained. During asymmetrical rolling of a strip with a wide deformation zone, due
to the occurrence of shear deformations, the neutral height shifts to the exit from the deformation zone, and it is even
possible that there is no neutral zone.

Key words: deformation, stress state, slip lines, strain force, severe plastic deformation.

Introduction

For metallurgical production, improving product quality is of paramount importance. The production of thick plate
steel is a multi-stage production process, which mainly includes steelmaking, continuous casting, hot rolling and cooling.
The quality of the final product must meet the requirements for chemical components, profile, size, etc. It is determined
by the technological parameters of each production stage and the quality of intermediate products. To control many
factors, mechanisms such as machine learning [1], [2] and genetic algorithm [3], [4] are currently used. At the same time,
the success of the production process remains directly related to the technologies used [5] - [9]. Many laboratories
developing steels have focused on new high-alloy steels in which the composition and / or heat treatment dominate over
the properties [10]. Another approach to improving the quality of the metal is the use of severe plastic deformation [11] -
[14]. In this study, we focused on the hot rolling process. In [15], it is noted that the deformation trajectory during
asymmetric rolling consists of two parts: first, the main rolling occurs, followed by a simple shear process. As is known
[16] - [18], asymmetric rolling allows for the uniformity of deformation, improving the mechanical properties and
microstructure of the processed workpieces [19], [20]. The first studies on the implementation of asymmetric rolling were
carried out in 1948 by Sachs and Klinger [21] to develop a model of homogeneous deformation. Now the principles of
asymmetric rolling are used both for steel production [22], [23] and for the processing of non-ferrous metals [24], [25],
in addition, asymmetric rolling is successfully used as a basic process in accumulated rolling by joining [26], [27].
Asymmetry can be provided by the difference between the rotation speeds of the upper and lower rolls [28], different roll
diameters [29], a specific roll shape leading to asymmetry [30], as well as other technological methods.

Despite the increased attention to the asymmetric rolling process, the stress-strain state during asymmetric rolling,
as well as the values of contact pressure, which are necessary for the correct design of the rolling process, remain
insufficiently studied. Thus, in [31], the configuration zones of deformation in the process of asymmetric rolling were
analyzed, the authors [32] performed a modeling of friction forces in two-roll modules, where asymmetry is provided by
the arrangement of rolls of different diameters. Despite the use of asymmetric rolling as a heterogeneity regulator,
asymmetric rolling itself is also accompanied by a heterogeneous stress-strain state [33], and the magnitude of asymmetry
can affect the magnitude of the shift [34].

The aim of the work: to study the stress state during asymmetric rolling of thick sheets and to determine the contact
pressure using calculation methods.
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1. Experimental part

The process of asymmetric strip rolling has a positive effect on the quality of the metal, i.e. on the mechanical and
geometric properties of the resulting rolled metal products and the power parameters of the process. Let us consider the
stress state and change in contact pressure of thick strips during asymmetric rolling.

The production of thick strips and blanks occupies a significant place in the national economy, as they are widely
used in the oil and gas industry, shipbuilding, bridge building, mechanical engineering and other industries. Therefore,
the quality of the resulting rolled metal products is increasingly demanding. One of the ways to solve this problem is the
process of asymmetric rolling of blanks in conical rolls with different variable diameters along the length of the roll barrel.
Asymmetric rolling can also be used in the processing of composite materials to ensure the required quality.

To study the stress state, the slip line (SL) method and the velocity hodograph were used. The contact pressure
was calculated using the SL method and the joint solution of the differential equations of equilibrium and the plasticity
condition. When determining the stress state using the slip line method, the following properties are used:

1 Slip lines form two mutually perpendicular families of curves o and ;

2 Slip lines must be continuous;

3 Slip lines must be orthogonal;

4 Slip lines must intersect the direction of the principal normal stresses at an angle of n/4;

5 The change in the average normal stress ocp when moving along the slip line is equal to the product of its angle
of rotation by 2k.

Let us consider one of the options for asymmetric rolling of thick strips, adopting the following main parameters
that characterize the proposed process:

1. The diameter of the larger roll D = 980 mm, the strip reduction Ah = ho — h; = 10 mm, where hy is the initial
strip thickness, h; is the final strip thickness, the degree of reduction &, = Ah/hg = 10/40 = 0.25 and the length of the

contact arc I, = VRAh = v/490 - 10 = 70 mm, where R is the radius of the larger roll.
2. The diameter of the smaller roll d = 720 mm, the length of the contact arc [; = VrAh = /360 - 10=60 mm,
the length of the roll barrel L, = 1500 mm, the taper of the rolls, (Z;:) =0.04924, i.e. y = arctg(0.04924) = 4.95 = 5°, which

is the most optimal value, since with increasing taper, the feeding and gripping of the strip by the rolls becomes more
difficult.

3. The angle of gripping the strip, respectively, from the side of the larger diameter and the length of the
contact arc: aD=arccos[1-(%)]=8°192, I = % = % =70,02 mm.

4. The angle of capture from the side of the smaller diameter and the length of the contact arc,

ag=arccos[1-G)]=9°56, Iy = T B0 —60.04 mm,

The obtained values of the length of the contact arc from the side of the larger and smaller diameters, calculated
by two expressions are identical and practically coincide, accordingly they can be considered correct.

A distinctive feature of the proposed process of asymmetric rolling of thick strips from the known ones [30] is that
the shape of the deformation zone is wide, i.e., the ratio of the average contact arc length to the mean strip thickness is

Ip+1 . . . . Ip+1
Uptla) 1.85, in contrast to conventional processes, where the deformation zone is narrow and does not exceed Uptla)
(ho+h1) (ho+h1)
=1,0.

Therefore, it is of interest to determine the stress state and contact pressure during asymmetric rolling of thick
sheets with a wide shape of the plastic deformation zone abcd (Fig. 1), since the use of thick sheets in production is
increasing (armor, shipbuilding, etc.). The field of slip lines (SL) during rolling of thick strips is shown in Fig. 1.

The construction of the slip-line field is carried out from the strip exit side of the plastic deformation zone, where
the slip lines intersect the principal x- and y-axes at the nodal point 0.0" at an angle of 45° (Fig. 1).

The construction of the SL grid is performed from the side of the strip exit from the plastic deformation zone,
where the SL must intersect with the principal axes x and y at the nodal point 0.0' at an angle of 45°. Taking the step of
change of LS equal to AB'=2A6=20°, or /9 rad, and drawing from points b and d arcs with radii: /b 0.0’/ and
/d 0.0'/ at an angle of 2A0=20°, we obtain nodal points 0.1' and 1.1'. By replacing the obtained arcs with chords,
perpendiculars are drawn from the resulting points (0.1" and 1.1’) to the chords until they intersect the x-axis; as a result,
the intersection point 2.4 is obtained (Fig. 1).
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R — radius of the larger roll; r — radius of the smaller roll; ;, [, — the length of the contact arc ; ho, h; — initial and final
strip thickness

Fig. 1 — Field of slip lines during asymmetric rolling of thick strips

When constructing, we strictly used the basic properties of the LS, for example, the orthogonality property, i.e. the
property of the LS intersection with the main axes at a right angle, etc. Using the LS properties, we construct the SL grid
by analogy from the side of the entrance to the plastic deformation zone, up to the intersection with the nodal point 2.4.
From the constructed SL grid, it can be seen that the number of nodal points from the side of the entrance to the plastic
deformation zone is greater than from the exit side. This can be explained by the fact that closer to the exit, the plastic
deformation process is completed and the strip moves as an absolutely rigid body. The correctness of the SL grid can be
verified by constructing the velocity field. Figure 2 shows the velocity hodograph. The velocity plan was also constructed
using the basic properties of the SL, i.e. the orthogonality property. On the y-axis, vertically, we plot the roll speed v,
equal to the value of strip compression per unit time t, i.e. i0=Ah/t. We construct from the side of the strip exit from the
plastic deformation zone to the nodal point 0.0', observing the orthogonality condition. Hence, if we neglect the change
in width during rolling, we can write the incompressibility condition for a unit of strip width.

[

Fig.2 — Speed hodograph for rolling in conical rolls

The incompressibility condition can be written as follows:

. . lmean __ ux(o.o”) _ (p+ly) _ ux(o.o”) .
Ug " bnean = Uy(0.0") hean, hence, o e ethy - w 1.850.
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It can be seen that taking into account the error, the incompressibility condition is satisfied, which indicates the
correctness of the constructed LS grid. Next, we can proceed to calculating the stresses in the plastic deformation zone
abcd. From the condition of equilibrium of forces at the exit from the plastic deformation zone, we can write the following,

b
Joor Toor Ay+kxs=0,

000’ Ooo —¥p) t kxp =0,
000 (=yp) = kxyp, as y § or=0, thence,

Opo =~k = —%T*,
since x;, =y}, where 07 is the deformation resistance depending on the temperature-speed and deformation
parameters of the rolling process. Assuming that a strip of Steel 45 is rolled at a temperature of 1000 °C, with a thickness
reduction of &, = 25% and a strain rate of u=1s"!, the deformation resistance is a;= 85 MPa.
Knowing the average stress at the nodal point 0.0', from the Hencky relation one can determine the average stress
at the neighboring nodal point 1.1', i.e.,

0,1 =04 — 2kAB’,
o1y =—k-2kE=-%(1+2%)=-17%

The average stress at the nodal point 1.1' increases by 1.7 times compared to the value at the nodal point 0.0/,
which once again proves the advantage of asymmetric rolling.

From the condition of equilibrium of forces from the larger and smaller roll diameters, the average stresses at the
nodal points 1.1' and 0.1' will be equal. From the condition of symmetry and equilibrium of forces relative to these axes,
similar values of the average stresses will also be at the nodal points 0.2. and 1.2. Given the metal deformation resistance

or= 85 MPa, the mean stress at the nodal points 0.0'and 0.0, is determined as k=- %; = -42,5 MPa. From the symmetry
of the points and the orthogonality of the LS at the nodal points 0.2, 2.2, 0.1' and 1.1' will be equal to:

014 = 0gq =0gp =05 =17 82—5:'7225, MPa.

It will be slightly lower at the intermediate nodal points 0.1 and 1.1, determined through the rotation angle of the
hp AB=10° (n/9 rad), as follows:

011 = 0oy =—k—kZ= —"75(1 +1)=57.327 MPa.

The voltage components at the corresponding nodal points are determined using the following expressions:
At the nodal point 0.0',

0400’ =000’ +ksin290_0,: k+k :0’
0,00/ =00, - ksin28 o1 = -k- k = -2k=-85 MPa;
Tyy0.0' = kcos28, =0,

where 6 (0.0") is the angle of inclination of the hp to the principal axes at the nodal point 0.0', which at this point
is equal to 45°.
At the adjacent nodal point 0.1",

Ox01'=0¢.1" Tksin26 ;s=-72.25+ 72.25 sin2-(45+20)=-16.904 MPa;
Oy0.1/=001 - ksin260 = -72.25-72.25 sin(2-65) = - 127.596 MPa;
Tyyo.o' = kc0s260 =27.318 MPa.

At the intermediate nodal point 0.1 and 1.1,

001001 +ksin26, = -57.327+ 57.327 sin2-(45+10)=-3.457 MPa;
Ty01=00.1 - ksin26 ;= -57.327-57.327 sin(2-55) = - 111.197 MPa;
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Tyy0.0' == kcos26,,=14.535 MPa.

Analysis of the distribution of stress components shows that all values of stress components increase from the
center to the contact surface. By summing the stress components along the y axis, we can calculate the average contact
stress pmean and the rolling force, i.e.,

_ (85+111,197+127,596)
Pmean = 3

=107.931 MPa.

It should be noted that in the plastic deformation zone abcd the stress components are compressive, unlike the
traditional rolling method in cylindrical rolls, where tensile stresses arise in the axial central zone, which can lead to
destruction and stretching of grains in the rolling direction.

When rolling a wide strip, the compressive stresses acting in the plastic deformation zone are more significant,
compared to a narrow shape of the plastic deformation zone. This is due to the fact that with a low shape of the deformation
zone, the coverage is denser, which does not allow the development of tensile stresses. Especially in the axial central zone
of the strip, where during symmetrical rolling in cylindrical rolls, significant tensile stresses arise, which lead to the
destruction of the metal in the rolling direction.

Therefore, to prevent this phenomenon, it is advisable to roll in conical rolls with different diameters along the
length of the roll barrel.

To determine the specific contact pressure of the metal on the rolls, we use the method of jointly solving the
differential equations of equilibrium and the plasticity condition. To do this, let us consider the equilibrium condition of
the element a'b'c'd', located at a distance x from the center p of the x and y coordinate axes (Fig. 3).

The following forces act on the selected element a'b'c'd":

From the side of the entrance to the plastic deformation zone, (Gx+dcx)C:—;‘ﬁ;

From the side of the exit from the plastic deformation zone, oy(hx-dhy);
The component of the contact pressure p along the x axis from the side of the larger diameter of the rolls,

sin y—2—;
P (pxcostpx”
The component of the contact pressure p along the x axis from the side of the smaller diameter of the rolls,
. dxq, |
psin (p’dcosqle’
- . . d
The contact friction forces from the side of the larger diameter rolls, tccos (pxco:; ;
X

- . . d
Contact friction forces from the side of the smaller diameter rolls, tccos (P"lcosz) .
x1

N
A
~ meﬁ et
! >
[ o § |y
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Fig.3 — The equilibrium condition of the element a'b'c'd' and the step of changing the nodes of the grids i-1, i, i+1 in the center of plastic
deformation during asymmetric rolling of thick sheets
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From the condition of equilibrium of the element, a'b'c'd' we can write the following:

(0x+dcsx)c: —ox(hx- dhX)thxcosq>x +txcosq)x1 — psin (px— — psin L =0, or,

0SPx1
h
(oxtHdoy)—=
cosf

—dhx)+tx(dx+dx1)—ptg @ dx — ptg Py dxl)ZO.

Using the following relationships, i.e. tgq)x:% and tg(per:xl, as well as the Coulomb-Amontons law in the
1

following form, t, = pp, then the differential equation can be represented as follows:
hy

e % L LI =
oo, —Guhyroydht up (wx + tg%) pdh, =0,
dh .
where dh, dh" +— xl — elementary strip compression.

In the case under consideration, the angle f~14°, then cosp=0.97~=1.0, the differential equation is simplified to the
following form:

doxhxtoxdhyt pp —= U (; !

2 \tgor | tgp ) — pdh, = 0, after reducing by hy, we get:
x x1

Ahy _ S S S L .
dGXJrGX P (1 2tgeyx 2tg<ﬂx1) e O
Using the plasticity condition p - 6x= 0, or ox=p — d,, by or=const dp=dcy, we will receive,
— o) — S S S § 7
dpt(p —or) —p (1 2tgpx 2tg<px1)] e O

dpHp (5 + ) — 071 T2 = 0.

2tgox  2tgPxi1

To solve the obtained differential equation, we will use the numerical method of finite differences or the grid
method, where for the grid points we compose a finite difference analogue in the following form:

Api=lo; — py (o= + )] (1)

2tgpx  2tgPx1/ hyi
Then, at the corresponding grid nodal points, this expression can be expanded as follows:

. _ [ hyi—1—hyi
(piet =) <[ o7 = i (Ztgqo * 2tg<ﬂx1i)] hyi @
for example, when i=1,
ok u u ho—hy
(po=p) = 07 = P1 (5o + 5o )17 3)
for example, when i=2,
o u u hi—h;
(p1=p) =L 07 = s (52— + 5o )12, 4)
etc. from the initial height of the strip /:.;=hy=40 mm, from the side of the entrance to the deformation zone (lag

zone) and to the neutral height of the strip /:.;=h,, where the contact pressures from the lag and lead zones must be equal.
For step-by-step calculation of the contact pressure p;, the section of the deformation zone length is divided into n

steps, respectively from the side of the larger and smaller diameters of the rolls, i.e.: Axl—— and Axll where n —number
of steps. For this case under consideration, we first take n=10, then, Ax;—ﬁ = 7 mm and AX”—1—o —6 mm. Accordingly,

the step of changing the elementary compression of the strip will be equal to, Ah,; = 1—2 = 1,0 mm. Then, the step of
changing the angles, respectively, from the side of the larger and smaller diameters, respectively, will be equal to:
tg(pxl=%=0,07l4, tgexi 1=2—16=O.0833, the step of change of which is unchanged, and remains constant during further step-

by-step calculation.
At both ends of the plastic deformation zone, the values of normal pressure pi and pi+1 are known and equal, i.e.,
Po= pio =0;= 85 MPa. Taking into account the accepted values and designating the values in brackets in equations (1-4)

with the letter 6:( =
2tgpx  2tgPxi1

) =3.25, (n — coefficient of contact friction) equation (1) can be represented as follows:
(5)

Ap;  _ Ahy
(6-pi8)  hyi®
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Thus, knowing the initial values and the step of changing the elementary length of the deformation zone, the angles
of capture and the height of the strip, it is possible to calculate the corresponding values of p; at the corresponding nodal
points plotted on the grid of the plastic deformation zone (Fig. 3) step by step.

Let us make the first step to determine the contact pressure pl: at n» = 10, i = 1, Ah, = 1 = 1.0 mm,
hy =1 =39 mm, at the average value of the contact friction coefficient p = 0.25. We will start the calculation from the
side of the entrance to the deformation zone, i.e. from the lagging zone to the neutral height of the strip

hy= hyi=s=35 mm:

(85 —p1) =[ 85 — p,(3.25)] 31—9 from here p1 =90.35 MPa.

We perform the calculation in the next step at i=2,

(9035 — p2) = 85 — p,(3.25)] 5, from here p>=96.35 MPa.

8}
We perform similar calculations when i=3,
(96.35 — p3) =[ 85 — p3(3.25)] %, from here p3 =103.11 MPa, etc. up to the neutral height of the strip, where the

contact pressures should be equal. Further assuming that it is in the middle of the plastic deformation zone, i.e. h,
=h,i=s~35 mm, we get it ps =119.40~120 MPa.

A similar differential equation of equilibrium, changing the sign, can be written from the side of the exit from the
plastic deformation zone, i.e. from the side of the advance zone. For this, we use the obtained finite-difference analogue
(2), representing it as follows:

* hyi—Ryi
(pir1 - pi) = [ 0f — pi(3.25)] Tﬂ

We will also similarly perform the first step of calculating the contact pressure pi, from the exit side of the plastic
deformation zone. abcd i.e. when i=9,

(85-po) = [ 85 — po(3.25)] i from here po=91.9 MPa.

It can be seen that at the first step from the lagging zone the contact pressure was p; =90.35 MPa, and the difference
is less than 2%.
Let's perform the next step of calculation at the nodal point i=8,

(91.9 — ps)=[ 85 — pg(3.25)] 3%, 1 ps= 99.32 MPa.
Let's take the next counter step i=7,
(99.32 — p7)=[ 85 — p,(3.25)] %, and p7=107.315 MPa.

2.Discussing the results

The contact pressure values at the adopted neutral height of the strip from the lead zone side at
h, = hy=5=35 mm are equal to ps = 125.07=125 MPa.

Based on the fact that the neutral line of the strip is presumably located between /,.; and 4.+;, i.e. between the
current height of the strip: 36+34 mm, it should be expected that the maximum value of the contact pressure will also be
between the obtained values, i.e. between 120 and 125 MPa, where the difference between the obtained values is 4%. To
accurately determine the neutral height £, it is necessary to reduce the step of changing the adopted values. With a further
decrease in the adopted values, to Ax;i=70/20=3.5 mm, Ax;;=60/20 =3 mm, Ah,=10/20 = 0.5 mm, i.e. taking the number
of steps n=20, at h,= h,=10~34.5 mm, the contact pressure from the lagging zone side will be 122.65 MPa, and from the
leading side: ~120.0 MPa, i.e. the difference will already be about 2%.

Similarly, as in the previous case, summing up the value of the contact pressure along the contact surface, we

obtain the average value, which will be equal to Pypeqn~ 101.94 MPa. Approximately the same value was obtained above

by the hp method (Pyeqn=107.93 MPa), i.e. the difference does not exceed 6%.

The slip-line method, on the other hand, offers a clear analytical framework and allows for a transparent
visualization of the stress and strain fields. Therefore, while both methods yield close results, the combined differential -
equation approach can be considered slightly more accurate for detailed local stress predictions, whereas the slip-line
method is valuable for understanding the overall physical behavior and for parametric studies.

Analysis of the calculation of contact pressures shows that the relative difference in the values of specific contact
pressures of metal on the rolls during asymmetric rolling, calculated by the hp method and the joint solution of the
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differential equations of equilibrium and the plasticity condition, is insignificant, i.e. does not exceed 6%, which indicates
the reliability of the results obtained.

It should be noted that, in asymmetric strip rolling with a wide deformation zone, the neutral plane shifts (rotates)
toward the exit of the plastic deformation region due to the development of shear strains. Determining the position of this
surface therefore constitutes the next principal task, which must be considered separately. Relative to the neutral height
of the strip during symmetrical rolling, tensile stresses arise in the direction of rolling, which can lead to ruptures and
cracks in the direction of rolling. Therefore, to transform these undesirable phenomena, it is effective to use asymmetrical
rolling to ensure the required quality of rolled metal.

Conclusions

In asymmetric rolling of strips with a wide deformation zone, the compressive stresses are significantly higher
compared to a narrow deformation zone. This is due to the denser contact between the rolls and the strip in the wide
deformation zone, which prevents the development of tensile stresses. This effect is particularly important in the central
axial zone of the strip, where symmetric rolling in cylindrical rolls can generate considerable tensile stresses that may
lead to cracks and material failure.

The contact pressures calculated using the slip-line method and the combined solution of the differential
equilibrium equations with the plasticity condition differ by no more than 6%. This confirms the correctness of the
obtained results and allows accurate determination of rolling forces and torques, which is critical for evaluating the
strength and durability of the main components of the rolling mill during the production of thick strips.

It should be noted that the numerical solution of the differential equations provides higher local accuracy, while
the slip-line method offers a clear and convenient visualization of the stress distribution across the strip. The shift of the
neutral line toward the exit of the plastic deformation zone due to shear deformations is an important factor affecting the
stress distribution and requires separate investigation.

Future research may focus on refining the neutral line position, accounting for strain hardening, variable friction,
and temperature gradients to improve predictive accuracy and optimize the asymmetric rolling process.
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Comparative Mechanical Performance of Cylindrical and Cuboid Pore Geometries in
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Abstract. Synthetic bone scaffold must possess a good balance of porosity and mechanical strength for success of the
tissue engineering process. With availability of additive manufacturing (AM) technology, it is possible to fabricate porous
scaffolds with customised porosity, pore shape and size; which was rather difficult for the traditional processes. This
paper presents design, analysis and additive manufacturing of ABS porous bone scaffolds. It also compares mechanical
behaviour of the porous scaffolds with different pore geometry. Initially, two CAD models with same porosity but
different pore geometry were created in Solidworks®2016. Then, finite element analysis (FEA) of both the scaffolds was
conducted in ANSYS® Workbench for von-Mises stress, elastic strain and total deformation by applying a compressive
load of S00N. On comparing, stress-strain curve of scaffold with cylindrical channels found to be steeper than scaffold
with cuboid channels. Moreover, Young’s modulus of scaffold with cylindrical channels (2587 MPa) was found greater
than the scaffold with cuboid channels (2512 MPa). Stress-strain curve obtained via physical testing of specimens also
found to follow similar tends. This result leads to conclude that scaffolds with cylindrical channels can withstand more
loads in comparison with scaffolds with cuboid channels for the same porosity.

Keywords: additive manufacturing; compressive strength; finite element analysis; porosity; porous bone scaffold; fuse
deposition modelling.

Introduction

Additive Manufacturing (AM), originally introduced in 1980s with the name rapid prototyping, is an umbrella
term for a host of manufacturing processes, which can fabricate physical part directly from a CAD model in additive
manner [1]. ASTM International has classified AM technologies into seven major categories; namely, vat photo-
polymerisation, material extrusion, binder jetting, material jetting, powder bed fusion, sheet lamination and directed
energy deposition [2]. AM has been maturing day by day for more than past 35 years and today with increased
technological knowhow and range of materials, it has become capable of producing even end-use functional components
in metal, polymer and ceramics [3-5]. One of the key advantages of AM is the ability to produce complex shapes and
geometries such as pre-designed lattice structures to reduce weight, that are very difficult or even impossible for other
manufacturing processes [6-8]. To fabricate a part via AM process, initially, one need to have a CAD model in STL
(STereoLithography or Standard Triangulation Language) format, which is then converted into sliced model and finally
one slice at a time is sent to the AM machine, where part gets fabricated in layer by layer manner [9, 10].

Bone tissue engineering (BTE) is one of the fastest growing technologies, which is capable of developing
implantable bone substitutes for large sized bone defects that cannot heal on their own [11-12]. The success of BTE
depends on a supporting structure known as scaffold. This scaffold is expected to possess adequate porosity so that new
tissues can grow properly and nutrients can flow inside it without any obstruction [13]. Moreover, it should also possess
adequate mechanical strength so that it can withstand the pressure exerted by the growing tissues (for in vitro applications)
as well as skeletal pressure in case of in vivo applications [14-16]. In addition to existing auto and allograft procedures,
surgeons have been trying synthetic bone grafts for past few years. Synthetic bone graft employs a porous scaffold to
seed, proliferate and mature the stem cells. Traditional scaffold making methods such as salt leaching, freeze drying,
electro spinning suffer by several limitations, like difficulty in creating customised porosity, pore size, shape etc. [17-18].
In recent years, AM has emerged as a promising alternative to traditional methods for fabricating such customised
scaffolds for BTE applications. A synthetic scaffold must have a good balance of porosity and mechanical strength so
that it can allow free flow of nutrients and oxygen through proliferating stem cells as well as withstand the pressure
exerted by the sprouting cells. Customized porosity, pore size and shape in scaffold can be designed during CAD model
development. The objective of this study is to evaluate and compare the mechanical properties of acrylonitrile butadiene
styrene (ABS) porous scaffolds with different pore geometry but same porosity by simulating their behaviour under
compressive loading via FEA and physical testing of the additively manufactured specimens.
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2.Material and Methods

2.1 Material

Acrylonitrile butadiene styrene (ABS) is one of the biocompatible materials processed by different AM processes [19]. It
is an impact resistant thermoplastic polymer of three different monomers. Polymerization of different monomers imparts
excellent physical, mechanical, chemical and electrical properties to ABS. It has been employed for making of variety of
items such as pipe, telephone bodies, kitchen appliances, automotive components, wheel cover, helmet, toys, show-pieces
etc. for past several years [20]. In recent years, it has been used in medical field also. Apart from manufacturing
respiratory, auto-injection and infusion devices, it has also been applied to print miniature prosthetic implants, such as
middle ear prostheses [21-23]. However, ABS can be used in medical applications when supplied in certified medical-
grade formulations. These grades comply with ISO 10993 and often meet USP Class VI requirements, including
cytotoxicity, sensitization, and irritation testing. These grades are suitable for non-implantable components such as device
housings and surgical instrument handles. Regulatory acceptance typically requires compliance with agencies, such as
U.S. Food and Drug Administration or EU MDR guidelines, along with material traceability and risk assessment. Standard
ABS is generally not recommended for long-term implantable applications due to limited long-term bio-stability and
potential additive leaching.

2.2 Methodology

Methodology adopted to conduct this study is presented in Figure 1. Initially, a suitable specimen shape and size
was chosen for ABS material. The dimensions of the specimen were chosen according to ISO-604 standard. Then, CAD
models with two different pore geometries were created with almost same porosities by hit and trial method. Then the
CAD model was imported into ANSYS® Workbench to perform static structural analysis and compare von-Mises stress,
elastic strain and total deformation using finite element method. After that, porous specimens were additively
manufactured via fused deposition modelling (FDM) technology. Finally, results obtained via FEA and physical test were
compared for both the pore geometries.

'3 ™
Design and create CAD models with

different pore geometry but similar

porosity in Solidworks®
. >,

& ~
Convert and import CAD model into
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both the models
\\ J

¥

§ N
Perform additive manufacturing of
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test results
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[ Draw conclusions }

Fig. 1. - Methodology

2.3 CAD Modelling

A cuboid shaped specimen (25.4 mm x 12.7 mm X 12.7 mm), according to ISO 604 standard for compression
testing was chosen for this study [24]. Two different CAD models of porous scaffolds were prepared with cuboid and
cylindrical shaped pore channels using Solidworks®2016 software. Initially, several designs were prepared with slightly
different sized channels to obtain the equal porosity. Initial designs were investigated with increasing number of channels
(from 1, 2, 4, 8, 9 and 18) in three mutually perpendicular directions. Figures 2(a) and 2(b) show the CAD model of the
porous scaffolds with cuboid and cylindrical channels.
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Table 1. Specifications of CAD models of porous scaffolds

Characteristics Cuboid channel Cylindrical Channel
CAD model dimensions (mm) (LxBxH) 254x12.7x12.7 254x12.7x12.7
Cross section of channel (mm) 0.73x0.73 @ 0.83
No. of channels along x,y and z-axis 18x9x9 18x9x9
Vol. of solid CAD model (mm?) 4096.77 4096.77
Volume of porous CAD model (mm?) 1941.97 1936.22
Porosity (%) 52.60 52.74

Fig. 2. - CAD model of porous scaffolds with (a) cuboid channels, (b) cylindrical channels

2.4 Finite Element Analysis

The behaviour of both the porous scaffold models under compressive loading has been simulated via finite element
analysis using ANSYS® Workbench. The material properties of ABS plastic were used from the software itself (Poisson
ratio = 0.35, Young’s modulus = 2000 MPa). Initially, the model from Solidworks®2016 was imported in ANSYS®
Workbench. For applying boundary conditions, one side (square face i.e. 12.7 mmx 12.7 mm) of the scaffold model was
fixed and compressive load of 500 N was applied on other side of the scaffold. The load was applied along the length of
model. The model was compressed at about 5% of its height and 1s time period at an increment of 0.01s was set. Then,
static structural analysis under compression loading was performed on both CAD models. The results for von-Mises
stress, elastic strain and total deformation were recorded. Simulated results were rendered in different colours to indicate
the safety level of the models. The values of equivalent stress and strain were recorded to plot the stress-strain curve and
calculate the Young’s modulus for both the structures.

2.5 Additive Manufacturing

Porous specimens used in this study were printed using FDM process. In FDM process, a solid wire filament is
passed through a heated extruder head, wherein it gets melted, extruded and finally deposited onto a substrate in layer by
layer manner [25]. The extruder head is moved in xy-plane according to data obtained from the sliced model. Data of one
slice is sent at a time to printer, which results in one layer. The substrate moves down by one layer thickness after printing
each layer. Printing continues until full part is printed. Pratham 6.0, an FDM printer, shown in Figure 3(a), has been used
to print the porous specimens. It is a heavy duty, industrial grade printer with a build volume of 600 mm x 600 mm x 600
mm. The specimens were printed on the following parameters, layer thickness: 0.2 mm and printing speed: 20 mm/sec.
Three specimens of each type were printed. Photographs of the printed specimens are shown in Figure 3(b) and 3(c).
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Fig. 3. - Photograps of a) FDM printer Pratham 6.0, b) scaffolds with cylindrical channels, c) scaffolds with cuboid channels

2.6 Testing of Compressive Strength
Compressive strength of printed porous specimens was tested on Tinius Olsen HSKL, a computerized compression
testing machine with 5 kN load-cell and a cross-head loading rate of 2 mm per minute.

3. Result and Discussions

The simulated results for both the scaffold structures i.e. cuboid and cylindrical channels were obtained using
ANSYS® Workbench. The rendered images with colour coded scale of both the structures for von-Mises stress, elastic
strain and total deformation are shown in Figures 4, 5 and 6 respectively. In all the cases, load is applied on the top surface
and bottom surface is fixed. The area where maximum and minimum stress and strain developed is shown in Figures 4
and 5 respectively.

11.138
93157
7493

5.6702
3.8475
2.0248
0.20206 Min

Fig. 4. - ANSYS results for von Mises stress of scaffolds with (a) cylindrical channels (b) cuboid channels

0.0025213
0.0018397
0.0011582
0.0004766 Min

0.0011551
0.0002885 Min

Fig. 5. - ANSYS results for equivalent elastic strain of scaffolds with (a) cylindrical channels (b) cuboid channels
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Similarly, the amount of deformation can be seen with the help of rendered image and corresponding scale in Figure 6.
Maximum deformation occurs at the face where compressive load is applied; which gradually decreases towards the fixed
end and becomes the minimum at the fixed surface.

- 0.10367 Max 0.1077 Max

0.092148 0.095734
0.080629 0.083768
0.069111 0.071801
0.057592 0.059834
0.046074 0.047867
0.034555 0.0359

0.023037 0.023934
0.011518 0.011967
0 Min 0 Min

Fig. 6. - ANSYS results for total deformation of scaffolds with (a) cylindrical channels (b) cuboid channels

In Figure 7, stress-strain diagram obtained from linear static simulation for both the structures is shown. It can be
seen that stress-strain curve of scaffold with cylindrical channels is steeper than the cuboid channels. This indicates that
more force is required to compress the cylindrical channels than cuboid channels. The cylindrical channel consistently
exhibits higher stress values at the same strain levels, demonstrating superior structural stiffness. From the slope of the
curves, the effective elastic modulus of the cylindrical channel is approximately 25-30% higher than that of the cuboid
channel. The cuboid channels consist of sharp edges, where stress concentration occurs that is responsible for lower elastic
modulus. Therefore, it can be concluded that structure with cylindrical channels offers better elastic modulus and stiffness
in comparison with cuboid channels.

—@—  Cylindrical Channel
—#—  (Cuboid Channel

10

Stress (MPa)

0
0.000 0.001 0.002 0.003 0.004 0.005 0.006 0.007

Strain (mm/mm)

Fig. 7. - Stress-Strain curve for scaffolds with cylindrical and cuboid channels via FEA

Figure 8, presents a comparison of Young’s modulus of scaffolds with both the structures. Young’s modulus of
scaffold with cylindrical channels is 2587 MPa, which is greater than the scaffold with cuboid channels (2512 MPa). This
is because the strut region of the cylindrical channels is larger than the cuboid channels and offers more resistance.
Moreover, sharp edges present in cuboid structure also make it slightly weaker. There is a difference in total deformation
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of both the structures as well, as can be seen from the Figure 9. For cylindrical structure, it is 0.1036 mm; whereas for
cuboid structure, it is 0.1077 mm. This also indicates that cylindrical structure possesses better compressive strength.
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Fig. 8. - Young's modulus of scaffolds with cylindrical and cuboid channels
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Fig. 9. - Total deformation of scaffolds with cylindrical and cuboid channels

The stress-strain curves obtained via compressive testing of physical specimens are shown in the Figure 10. It is
clear from the Figure that scaffolds with cylindrical channels exhibit better mechanical performance in comparison with
scaffold with cuboid channels.

On comparing Figure 7 and Figure 10, it can be observed that physical testing confirms results of FEA to some
extent. The simulated and actual stress-strain curves show similar trend in elastic region. However, slight difference in
stress and strain values in simulated and actual results may be due to the fact that Figure 7 represents an ideal linear static
simulation, where the material and geometry are assumed to be perfectly elastic and free from imperfections. In contrast,
Figure 10 is based on experimental results, where factors such as machine compliance, specimen alignment, surface
contact effects, and minor geometric imperfections slightly reduce the initial stiffness, causing small deviations from
perfect linearity. Moreover, slight variation in structural details between CAD model and actual fabricated specimens
may also be responsible for introducing slight variation in results.
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Fig. 10. - Stress-strain curves of porous scaffolds via physical testing
Conclusions

This study investigated the design, modeling, finite element analysis (FEA), and 3D printing of two distinct porous
bone scaffolds, one featuring cylindrical channels and the other with cuboid channels. The CAD models for both scaffolds
were created using SolidWorks® 2016 software, and their porosity was kept identical to ensure a fair comparison of their
mechanical performance. The mechanical properties of the scaffolds were initially assessed using FEA in ANSYS®
Workbench, where both scaffolds were subjected to a 500 N compressive load. The FEA results were carefully analyzed,
focusing on total deformation, equivalent stress, and strain, which were then validated through experimental compression
testing of the additively manufactured specimens. The stress-strain curves obtained from the experimental data were found
to be consistent with the FEA predictions, further validating the computational approach. Notably, the scaffold with
cylindrical channels exhibited superior strength under the same porosity compared to the cuboid-channel scaffold,
highlighting its potential as a more robust design for bone tissue engineering applications. These findings provide valuable
insights for researchers in the field, suggesting that cylindrical-channel scaffolds may offer enhanced mechanical
properties.

Furthermore, this study paves the way for future research, with opportunities to explore a broader range of
structural designs, varying pore shapes, porosity levels, and materials to optimize scaffolds for diverse bone regeneration
applications [26-27]. From a BTE perspective, such geometrical optimization becomes particularly relevant when applied
to widely used biodegradable materials such as polycaprolactone (PCL) and polylactic acid (PLA), which are extensively
employed in additively manufactured scaffolds due to their biocompatibility and tunable degradation behaviour [28].
Therefore, cylindrical-channel architectures fabricated using PCL or PLA may offer improved mechanical reliability for
load-bearing bone regeneration applications.
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Abstract. This paper deals with the dynamic study of a machine unit with the mechanism of the seed shaft of a linter
machine designed for cleaning cotton fibre from seed residues. Taking into account that the working bodies of the
machine operate under variable loads, the authors carry out a comprehensive analysis of the influence of inertial, elastic
and dissipative properties of the system on the transient and steady-state modes of its operation. Particular attention is
paid to moments of inertia, resistance of the technological environment and the influence of belt transmission
parameters. The mathematical model is formulated on the basis of Lagrangian equations of the second kind taking into
account the moments of resistance arising in the process of linting. The drive is investigated as a two-mass system, and
the model also takes into account the oscillations of the process resistance moment described by a sinusoidal function.

For numerical solution of the system of nonlinear differential equations the Runge-Kutta method in Mathcad
environment is applied. Calculations at different values of stiffness, viscous friction and resistance amplitude
coefficients determining the dynamic behaviour of the system have been carried out. Graphs of change of torque,
angular velocity of rotor and seed shaft, as well as dependence of start-up time on the level of technological resistance
were obtained. It is established that the increase of the moment of technological resistance leads to the decrease of the
torsional oscillation range, but increases the angular velocity of the motor, contributing to the reduction of the steady-
state time. The results of the research allow optimising the parameters of the machine unit, increasing the stability of its
operation and energy efficiency. The work is of interest to developers and researchers of machines in the cotton
processing industry, as well as specialists in the field of applied mechanics.

Key words: linear machine, seed shaft, dynamics of machine unit, transition mode, belt transmission, torque
fluctuations, angular velocity, asynchronous electric motor, modelling, Mathcad, technological resistance, torsional
vibrations, stability of mechanical system, cotton processing equipment.

Introduction.

Currently, about 100 cotton processing enterprises operate in Uzbekistan. The enterprises are working on
modernizing machines and equipment. The main goal of modernizing the factories is to increase machine productivity
and produce high-quality products, including lint, that meet the requirements of the global market [1, 2]. The cotton
ginning industry produces three types of lint. The first type of lint contains fibres with a masslength of 13/14 mm or
more, the second type - from 7-8 to 12-13 mm, and the third type - 6-7 mm or less. In addition, the lint is also
characterised by its grade, which is determined according to the grade of the seeds to be processed [3-5]. The process
of linting of cotton seeds originated as a preparatory process necessary to maximise the compression of oil from the
cotton seeds. The resulting lint had no industrial value. Seed linting was performed on lintering machines developed
similar to saw gins in the United States of America [6, 7]. In the creation of machines for cotton ginning industry with
high parameters can be realised only on the basis of deep knowledge of physical processes occurring in machines in
different loading modes and development of new, more perfect methods of calculation of acting loads, which are the
basis for calculation of machine parts and units for strength and endurance. Especially urgent are the issues of
development and refinement of methods of calculation of drives and shafts of machines of large capacity or importance
for production. This would make it possible to carry out production tests to refine the adopted parameters. One such
machine in the cotton processing industry is the linter machine. The lintering process is carried out on linter machines,
where the main working organ is the saw cylinder. It is the drive of the saw cylinder of linter machines 18.5 kW that
consumes a significant amount of power in the machine.

In the majority of production processes, including lintering process, the load on the motor of machine units is
variable. As it is known, the main structural elements of machine units used in technology for driving the working organ
are: engine; clutch; gearbox or gearbox (or variator); working organ drive mechanism (belt gears). It has been found
that due to varying loads, many machine units operate at varying energy inputs to the engine and varying engine speeds
[8].

Usually, the working shafts of machine units in the cotton industry are affected by the parameters (weight,
moisture, etc.) of the processed raw material (raw cotton, fibre, seeds) [9]. In [10] it is noted that the maximum load
modes in the drive of cotton processing machines are characteristic in the acceleration mode, which is performed either
by changing the operating mode of the machine unit at a constant speed of movement, or by changing the speed of the
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machine unit without changing the operating mode. At the same time, the dynamics of the machine unit at each stage of
its movement (acceleration, steady-state movement, gear shifts, stops) have peculiarities in the load modes of both the
electric motor and the drive.

In order to overcome such a load without a significant drop in the average speed of operation, it is necessary to
use motors with a higher power than would be required if only the external load and the given time of its execution were
taken into account, without taking into account the work required for transients in the motor and for the recovery of the
kinetic energy of the moving masses of the machine unit lost in the drop in speed after overcoming each recurring peak
of the variable load. The greater the frequency and amplitude of load variation and the higher the required average
operating speed, the greater the motor power required and the greater the proportion of its work lost to transients. And
so, in the process of linting effective work of the seed shaft depends mainly on the dynamic parameters of the machine
unit, including the moments of inertia of the masses, elastic, dissipative properties of the belt transmission and the nature
of technological loads from raw cotton. To substantiate these parameters it is necessary to investigate the dynamics of
transient and steady-state modes of operation of the machine unit of the seed shaft of the seed shaft of the linter machine
[11].

During the operation of the linter machine drive, the inertial characteristics of the working bodies of the machine
unit change within wide limits. Since the drive includes elements with belt and chain transmissions, as well as variators
of unequal angular velocities with non-linear characteristics [12].

1. Main theoretical part

In this case, the nonlinear dynamic model of the drive is represented by the coupling of the moments of inertia
of centred masses (Ji ) and stiffnesses (C). The dynamic model of the machine unit with the seed shaft mechanism of
the seed shaft of the linter machine is presented in Fig. 1. In this case, the machine unit is a two-mass system, the first
mass - the rotor of the electric motor, the second mass - the mass of the seed shaft - the masses of discs and bars of the
seed shaft. All discs and slats are counted as one mass.

N, M,

g <

Mec

g =N
Hyy.

(/‘,g ? '/g (/-) 2 - .,]"I

Fig. 1. - Dynamic model of a machine unit with the mechanism of the seed shaft mechanism of the linter machine seed shaft.

The dynamic study of the machine unit with the mechanism of the seed shaft of the linter seed shaft will be
considered in the following modes of motion - the transitional mode of the system start; - the established mode of operation
of the system. At the same time, the fluctuations of the angular velocity of the seed shaft and the load on the drive are
mainly considered.

At researches the asynchronous motor was considered in the form of dynamic mechanical characteristic, offered
by 1.S.Pinchuk [13,14,16]

Mg = 2 My w. — 2My p ¢pg — W, Sy Mg 1)

where My, My - driving and critical moments of the motor;
.- angular frequency of the network;
¢4- angular displacement of the motor rotor;
Sk~ critical slip of the motor.
We will use the Lagrange equation of the second kind [15-17] to formulate the differential equations of motion of
this linter machine system:

d [or T | om | 9D
E@]—@‘F@*'E—Mi(d’i) @
where, T - kinetic energy of the system;

IT - potential energy of the system;

@ - dissipative Rayleigh function;
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@i - generalised coordinate;
¢, - generalised velocity;
M;(¢;) - generalised force.
The seed shaft drive consists of an electric motor and a belt transmission, by means of which the movement is
transmitted to the working shaft. The following kinematic relations are valid for this drive system:

g
U = = 3
1o =5 3)
where, (ﬁg, ¢, - angular velocities of the motor rotor, seed shaft, s/;
U,- transmission ratio of the belt transmission.
For generalised coordinates we take angular displacements of rotating masses of the machine unit, ¢g, ¢, . The
kinetic energy of the considered system has the form:

52 52
T= a2 @

The potential energy of the system is a homogeneous quadratic form of the generalised coordinates and is written
in the following form:

1= i[c : (d)g — Uz ¢2)2] &)

The dissipative Rayleigh function for this system is expressed as:
1 . . \2
©=2[b-(hg— Uz $2)°] ©)

Next, we define the terms of the Lagrangian equations:
(a) derivatives of the kinetic energy of the machine unit

% (;T-;) = ]gd;g; % (:sz) = ]2d52 (7

b) partial derivatives on displacements from potential energy

o1

T =c- (¢ — Ui292); (®

¢) partial derivatives on velocities from the dissipative function

%zB'(ég_Ulz‘éz)i %=_BU12'(¢g_U12'¢32) )

e) generalised forces (moments):

M(¢g) = Mg M(¢py) = Mc — My,; (10)
where Mc- is the moment of resistance from the cotton on the seed shaft, Nm; M,,;-is the moment of resistance from the
rest of the drive, Nm.

Putting in (2) certain terms of Lagrangian equations, we obtain the differential equations of motion of the
machine unit of the seed shaft of the seed shaft of the linter machine:

Mg = 2Myw. — 2Mypdg — 0 S Mg; (11)
!gd;g = Mg - C(¢g - U12¢2) —B (¢g - U}2<f>2) - Mpri
L2¢, = U1zc(¢g - U12¢2) + U12b(¢g - U12¢2) —Mc - Mpri

2. Main practical part

The resulting system of nonlinear differential equations (11) is difficult to solve analytically, so the solution of
system (11) is performed on a PC. The Runge-Kutta method was chosen as the numerical method, in which the function
is calculated sequentially by incrementing the argument under given initial conditions. The mathematical program
"MathCad" was used. To do this, the following transformations need to be performed:
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g(&) =1(8); () =1(t)
8(£) = 2(); o(t) = 2(2) = 3(8); g(t) = 3(2);
2(6) = a(t); 2(t) = 4(t) = 5(8); 2() = s5(t) = 6(t);

After transformations using the mathematical software "MathCad" and taking into account the accepted
designations, the mathematical model of the machine unit with the seed shaft
mechanism of the linter machine will be presented as follows:

y=(0 0000 0)
[ MG A WL =Py} — WoSpyy ]
¥a
[¥4— C{ys = Uy} = b{vy =Uiz¥s) — Moy
: 2~ Uiy : L e
Dit.v) = Vi
C!‘-:—t:lzf-'_._ b ‘\3—{..11&:_‘ - i
% i N s
Vi Yo TR
I3

(a3

To obtain the solution, it is necessary to set the initial conditions and initial parameters of the system.
to=0; =2=0;5=2=0;Mg=M; = Mo

Drive of the executive body of the mechanism of the accelerator mechanism of the raw material roller of the saw

gin is carried out by the asynchronous electric motor with squirrel-cage rotor of mark 4A90L4U3 [18] are given on
Table 1.

Table 1. Parameters of the asynchronous elecric motor
Parameter Value
rated motor power N=11 kW

nominal number of rotor revolutions of the motor rotor

. n=960 min’!
per minute

critical (maximum) torque on the engine rotor shaft Mk=Mn-2=218.8 Nm

nominal moment on a shaft of a rotor of the motor Mn=9550-(N/n)=9550-(11/960)=109.4 Nm

mains frequency fe=50 Hz
number of pole pairs P=2

Calculation of necessary parameters and motor coefficients was made as follows [18] (Table 2).

To determine the influence of dynamic parameters of the machine unit with the seed shaft and to find the
relationship between other parameters of the system and modes of its motion, we give the following variations:

- coefficient of stiffness dissipation of elastic element from technological resistance of the system c¢=100+1000
Nms/rad;

- coefficient of dissipation or viscous friction b=0,5+5 Nms/rad. This range of variation, established by the results
of experiments for the elastic element;

- moment of resistance from technological load (seed shaft) on the seed shaft M(C at angular speed
n=300;350;400;450;500 min~', which corresponds to MC = 260; 245,9; 218,5; 197,5; 178,9 Nm
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Table 2. Calculation of necessary parameters and motor coefficients was made
Circular frequency of the network ws=2nfs=314 rad/sec.

INominal angular speed of the motor rotor on=1n/30=3,14-960/30=100,5 rad/s.
IAngular velocity of ideal idling of the electric motor rotor

wo=2nfs/P=2-3,14-50/2=157 rad/s.

IMoment of inertia of the electric motor rotor Je= GD*/4g=0,24/4-9,81=0,061 Nms?
Nominal slip value Sn= (wo- wn) / ®(0) =(157-100,5)/157=0,36

; 1
Critical value of slip Se=A1-Sy|1 1+ |1—- 2 = 1,34

Consideration of technological loads on the working body is explained by the fact that this parameter will not
mediate on the load of the drive. From the known method [10] approximate function of mathematical expectation of the
moment of technological resistance force from the material has the form M]=Mc+M(0) (Sinaz) where, M(- amplitude
of fluctuations of the moment of resistance.

The range of variation of the values of the stiffness and dissipation coefficients is established by the calculation
data for V-belt gears of types A and B [18-22].

The technological resistance acting on the seed roll seed shaft during linting varies widely depending on the seed
shaft rotation speed as well as on the seed roll density (Table 3) [23].

Table 3. The technological resistance

n (seed shaft) ., (min™") 300 350 400 450 500
MC (N m) 260 245.9 218.5 197.5 178.9
m, (kg) 51 46 42 39 36
3. Analysis of results

As a result of realisation of the mathematical model of the machine unit, graphical dependences (laws of
motion of the system) are obtained, which are shown in Fig. 2.

From Fig. 2. it can be seen that taking into account the amplitude of oscillation of the resistance moment from
the seeds, the torque and angular velocity of the electric motor shaft, as well as the seed shaft changes. To determine
the rational dynamic parameters carried out possible variations that are summarised in Table 4, which shows the effect
of changing M(- the amplitude of the oscillation of the drag torque, stiffness coefficient and dissipation of the elastic
transmission on the value of motor torque Mg and its angular velocity ¢g, as well as on the angular velocity of the seed
shaft and ¢(g).

M, Nm, o, sec™! M ; M,
> M, Nm, @, sec !

: b‘\//—&

1‘7 Fo |

g T

Pl - ot s ‘ =

2

T 7

5
a) bites d

a) graphs of change of Mg and ¢g, ¢(thief), without taking into account the amplitude of oscillations of the seed
resistance moment; b) graphs of change of Mg and ¢g, ¢thief, at M1=Mc+M0Sina; Mc=100; M0=10; a=m/6

Fig. 2. - Graphs of change of driving torque of induction motor and angular velocities of drive shafts
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Table 4. The rational dunamic parameters

Mo =5 Mo =15
C 50 100 150 500 50 100 150 500
Ve 220 220 220 220 37 | 37 237 237
202 202 202 202 185 185 185 185
84 84 84 84 90 9 90 90
i 78 78 78 78 7 7 7 7
» 35 35 35 35 37 37 37 37
32 32 32 3 30 30 30 30
Mo = 10 M0 =20
228 228 228 228 245 245 245 245
’ 194 194 194 194 177 177 177 177
87 87 87 87 23 923 93 93
ve 75 75 75 75 69 69 69 69
» 36 36 36 36 39 39 39 39
31 31 31 31 28 28 28 28

The analysis of the obtained data characterising the operation of the machine unit in different technological modes
and at different system parameters leads to functional dependences of the range of oscillations of angular velocity 4¢g,
torque 4Mg on the electric motor shaft. Which are presented in Fig.3. they show that at increase of technological resistance
Mc from 103,4 Nm to 115 Nm the range of motor torque AMg oscillations decreases from 96,04 Nm to 76,24 N-m
accordingly. A similar increase in Ms affects the angular velocity spread of the engine shaft of the machine unit Apg
positively, that is, the spread A@g also increases from 6.8 rad/s.to 13.4 rad/s.

From the tabulated data, it can be seen that the values of Mg, ¢g and o, at increasing the amplitude of oscillation

of the resistance torque M( from 5 to 20 decrease respectively M(g) from 202 Nm to 177 Nm, ¢(g)from 78 rad/s to 69
rad/s and @thief from 32 rad/s to 28 rad/s.

AM; dog

104 106 108 110 112 14 116

+ AM; -+ Jog Me, Nm

Fig. 3. - Effects of process resistance Mc on the variation of torque (Mg) and angular velocity ¢(g)
ofthe motor of the machine unit with linter machine seed shaft mechanisms

Consequently, the effects of drag torque M 1=Mc+M,Sina will affect the dynamic loads of the machine. We can

also consider the effects of the oscillation frequency of the drag torque . As the oscillation frequency increases, changes
in Mg, and ¢(2) are observed which are shown in Fig. 4.
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Fig. 4. - Variation of Md and ¢ of the seed shaft as a function of oscillation frequency a: Mc=100; M0=10; C=50; b=2

By solving the mathematical model of the machine unit, taking into account the seed shaft of the seed shaft, it is
possible to determine the main stage of the machine unit operation, i.e. the "start-up" period.

It is known that any machine unit operates in the following stages: "Start"-entry into the established mode;
"Mode"-established mode; "Stop"-from the established mode to a complete stop, which are shown in Fig. 5 [23-26].

A

Nm

Start Mode Stop t

Fig. 5. - Operating modes of the machine unit

It is clear that the painless passage of the "start-up" mode directly affects the operation of the machine unit
Therefore, we were interested in the question of the "start-up" time. The analysis of the data obtained when solving the
problem of dynamics of the machine unit of the linter machine with a seed shaft of the seed shaft shows that when the
force of technological resistance from the matershaft shaftial M1 increases from 103 to 115 Nm the time of "start" szart

95



Material and Mechanical Engineering Technology, Nel, 2026

are different. This can be seen in fig. 6. are curves where it can be clearly seen that the difference between the process
resistances M] affects the "start up" time. At values of technological resistance M from 103 Nm to 115 Nm, the start-
up time for the motor shaft is from 1.7 sec. to 1.5 sec. respectively for the seed from 1.5 sec. to 1.3 sec. This is due to
the fact that the mass of the seed shaft dampens the peak stage of the start-up mode and thus the transition to the set
mode takes place.

t, sec

1,7
1,6
1,5
1,4

1,3

ﬂ
1,2 4 - ; , ; : Y

102 104 106 108 110 112 114 116

.A’IC, Nm
e AM - @2

Fig. 6. - Changes in the start-up time of the seed shaft machine depending on the technological resistance

Conclusion

It is revealed that with the increase of the moment of technological resistance affects the range of torque
fluctuations (decreases) and the range of angular velocity (increases).

This indicates that the moment of technological resistance affects the process of "start-up" of the system. The
difference between peak and nominal values is reduced, and the decrease in the start-up time confirms this.

If we take into account that the moment of technological resistance overestimate from the angular speed of the
seed shaft of the seed shaft of the linter machine, we can conclude that the growth of the angular speed of the seed shaft
leads to a faster start-up process, which is important in the operation of the machine unit.
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Abstract. To achieve precise feeding, this study coupled a Discrete Element Method (DEM)-based virtual test platform
with the Response Surface Method (RSM) to quantitatively evaluate and optimize the effects of traveling speed (X),
scraper rotation speed (X2), and conveyor belt speed (X3) on unit feeding amount (Y1) and feeding uniformity (Y2). A
simplified core model of the feeding device was established in EDEM, and the cohesive characteristics of Total Mixed
Ration (TMR) were characterized using the Hertz—Mindlin with JKR Cohesion contact model. A three-factor, three-level
Box—Behnken experimental design was employed to fit quadratic regression models for Y: and Y2. The results indicated
that both models were statistically significant (P < 0.0001). The significant influencing factors for Y1 were ranked as Xi >
X2 > X3, while those for Y2 were ranked as X> > X5 > Xi. Based on the analysis of interaction effects among parameters
and multi-objective desirability optimization (targeting Y: = 10—12 kg-m™" and maximizing Y-), the optimal combination
was determined as Xi1 =3.05 km-h™', X2=84.9 rrmin', and X5 =326.5 r-min~". After rounding for engineering application,
Xi=3km-'h?, Xo =85 rmin’, and X5 = 330 rrmin" yielded verification results of Y1 = 11.49 kg'm™ and Y. = 91.54%,
with prediction deviations below 5%. Within the studied geometric and parameter ranges, the material flow remained
continuous and stable, without persistent arching or blockage. Therefore, the analysis primarily focused on uniformity
and throughput. This study provides executable operational parameters and a transferable parameter design approach
applicable to cohesive feed systems.

Keywords: discrete element method, EDEM, response surface method, feeding uniformity, unit feeding amount, Total
Mixed Ration (TMR)

Introduction

In large-scale sheep farming, the structure and control method of the feeding device are directly related to feed
distribution uniformity and feeding cost [1]. At present, various mechanical feeding systems are employed in sheep houses,
including belt conveyors, chain/scraper conveyors, screw augers, throwing-type distributors, and multi-mechanism
composite systems [2]. These devices have been widely applied in practical production. Over the past decade, the Discrete
Element Method (DEM) has gradually become one of the mainstream approaches for analyzing the flow and discharge
behavior of bulk feed materials [3]. Compared with purely empirical or fully physical experiments, DEM offers
advantages such as lower computational cost, the ability to observe force and velocity fields at the particle scale [4], and
efficient investigation of multi-factor combinations. It is particularly suitable for materials like Total Mixed Ration (TMR),
which exhibit cohesiveness and morphological diversity [5].

To achieve high-quality feeding performance, it is essential to optimize both the structural and operational
parameters of the device, including the matching of scraper/chain speed and belt speed, vehicle traveling speed, feed-
retaining mechanism parameters, as well as material moisture content and adhesion characteristics. DEM provides a
controllable “virtual test platform” for this purpose: by configuring contact models and material parameters, it enables
simulation of the coupled processes of feeding, conveying, and discharging under various operating conditions. This
allows for quantitative analysis of the relationships between unit feeding amount and spatial uniformity, and facilitates
parameter screening at lower risk and cost [6]. Among available models, the Hertz—Mindlin with JKR Cohesion contact
model has been proven effective in characterizing the cohesive behavior of moist silage, alfalfa stems, and powder-granule
mixtures, making it suitable for simulation of feeding processes in sheep houses.

Previous studies have investigated key influencing factors of feeding systems from various perspectives. For
instance, the scraper (or chain plate) speed determines the advancement rhythm of the lower material layer; the belt speed,
together with the outlet geometry, jointly affects the instantaneous flow rate and the spatial distribution of deposited feed
strips; while the traveling speed influences the temporal window of material discharge per unit length. Some research has
also focused on the structure of the feed bin and anti-arching mechanisms to reduce blockage risk and improve system
stability. However, most of these studies have adopted single-factor or empirical approaches, or have used dry granular
materials as substitutes for cohesive TMR, lacking quantitative coupling and systematic optimization of three factors
under adhesive model constraints. Moreover, the matching mechanism among the scraper, belt, and traveling speed, the
forms of their interaction terms, and their combined effects on feeding uniformity remain without a reproducible
framework for statistical modeling and validation [7].
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Therefore, this study aims to develop a DEM-based virtual simulation platform for a sheep feeding device to
systematically quantify the effects of Xi, X5, and X3 on Y and Y». Furthermore, it seeks to obtain an optimal, engineering-
applicable combination of operating parameters via statistical modeling and multi-objective optimization, thereby
providing methodological and data support for the structural design and operational calibration of cohesive TMR feeding
systems.

To achieve these objectives, this study first develops a simplified device model in SolidWorks and imports it into
EDEM. The Hertz—Mindlin with JKR Cohesion contact model is selected to characterize the adhesion properties of TMR.
Building on this, the research investigates the effects of the three key operating parameters (X1, X», and X3) on Y and Y>.
To obtain engineering-applicable parameter combinations, this study establishes a quadratic regression model using the
Box—Behnken design (BBD) and conducts analysis of variance (ANOVA) and residual diagnostics. Finally, the multi-
objective desirability function is employed to solve for the optimal parameters under given constraints, which are then
validated using rounded values for practical engineering application.

1. Materials and methods

To investigate the effects of different combinations of traveling speed, scraper speed, and conveyor belt speed on
feeding performance, a simplified computational domain of the feeding device was established in EDEM. Only the lower
structures related to material discharge were retained, including the lower cavity of the feed hopper, the scraper conveying
channel, the rotating feed-retaining roller, and the tail-end belt conveyor unit. The vehicle’s traveling motion was
represented by a constant speed V, implemented through a moving coordinate system to simulate the relative uniform
motion of the discharge outlet with respect to the ground. Gravitational acceleration was set to 9.81 m-s2. All walls and
metallic components were modeled as rigid boundaries, and the contact interactions between the device and the material
were defined as “steel - material” contacts.

The motion boundaries and operating conditions were configured as follows: the scraper, feed-retaining roller, and
belt were driven as rigid bodies with prescribed rotational speeds. The level ranges of the three factors were determined
based on the adjustable ranges observed in field conditions and verified through preliminary simulations. Specifically, Xi
(traveling speed), Xz (scraper rotational speed), and Xs (belt rotational speed) were set within 3—7 km-h!, 65-85 rmin?,
and 200—400 r-min?, respectively. The total simulation duration was 10 s, during which 0-2 s corresponded to the particle
generation and natural accumulation stage, while 2—10 s represented the steady operating stage. The uniform simulation
time step was set to 5x107¢ s, and the steady-state analysis window was defined within 3.5-10 s.

pra—

1.Stock bin 2.Material stick 3.Discharge port

Fig.1 - Sketch of EDEM feeding unit

To accurately characterize the adhesion effects among moist organic feed particles and effectively capture the
cohesive behavior of the silage and alfalfa particle system, this study employed the Hertz—Mindlin with JKR Cohesion
contact model to develop the Discrete Element Method (DEM) simulation framework [8]. To reduce the computational
load and enhance simulation efficiency, the actual materials were simplified into equivalent spherical particles with a 5
mm radius, guided by similarity theory[9]. The surface energy parameter of the JKR model was set to 0.27 J/m? to reflect
the actual adhesion level of the wet TMR [10]. Three representative particle types were constructed based on a mass ratio
of 10:5:1 for silage, alfalfa stems, and corn flour, respectively. Their geometries are illustrated in Figure 2. The physical
properties of each component are presented in Table 1 [11,12], and the inter-material contact parameters, obtained through
literature review and experimental calibration, are listed in Table 2.

ceeeece v

Alfalfa stem particles Silage particles Corn meal particles
Fig.2. - Material discrete element model
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Table 1. Simulated material characteristics

Material properties . Material type
Silage Comn Alfalfa
Density(kg/m?) 195.67 230.23 655.00
Shear modulus(Pa) 7.78x108 2.71x109 1.37x108
Poisson’s ratio 0.27 0.23 0.40

Table 2. Contact parameters of materials used in the DEM simulation

Number
Contact pair Static frlf:tlon Rolling ﬁilCthIl Restitution coefficient
coefficient coefficient

Silage—Silage 0.77 0.14 0.13
Silage—Alfalfa stem 0.52 0.15 0.36
Silage—Corn meal 0.63 0.15 0.12
Silage—Steel 0.58 0.09 0.62
Silage—Ground 0.13 0.01 0.07
Alfalfa stem—Corn particle 0.42 0.19 0.32
Alfalfa stem—Steel 0.41 0.04 0.34
Alfalfa stem—Alfalfa stem 0.37 0.06 0.28
Alfalfa stem—Ground 0.15 0.02 0.10
Corn particle—Corn particle 0.62 0.08 0.11
Corn particle—Steel 0.42 0.05 0.21
Corn particle—Ground 0.10 0.01 0.10

To quantitatively evaluate the effects of the three factors on feeding performance under reproducible conditions
and to obtain an engineering-applicable optimal combination, a unified experimental scheme was adopted in this study.
First, along the traveling direction, the mass of deposited material on the ground or trough surface was spatially sampled
at 1 m intervals . Within the steady-state time window [5, 10, 13] s, the two response indicators, Y1 and Y», were
statistically analyzed. Here, Y, is defined as the ratio of the total discharged mass during the steady-state stage to the
traveling distance, while Y is calculated according to Equations (1) and (2).

Z;q:l(m,—r;)z
\/ - (D

C, = —
g m
M=1-C, 2

where C, denotes the coefficient of variation;

m; represents the mass of the i-th sample (kg);

m; is the average sample mass (kg);

M refers to the feeding uniformity.

Each operating condition was independently repeated three times. To separately investigate the effects of different
values of X, X, and X30n Y and Y; and to narrow the parameter ranges, single-factor experiments were first conducted
by varying one factor while keeping the other two fixed. Subsequently, a three-factor, three-level Box—Behnken Design
(BBD) was established to perform combination experiments. The number of center points was set to five or more to
estimate pure error, and the experimental sequence was randomized to minimize systematic bias. Each factor was coded
as [—1, 0, 1]. Quadratic polynomial models, as expressed in Equation (3), were fitted separately for Y and Y». Analysis
of variance (ANOVA), lack-of-fit tests, and residual diagnostics were then performed to identify significant factors
affecting Y, and Y,. Based on the constraints of experimental parameters, optimization analysis was conducted to
determine the optimal combination of parameters. Verification experiments were subsequently performed, and the relative
errors were calculated to evaluate the feasibility and robustness of the optimized results.

3 3
Y:ﬁO+,ZiBiXi+.Zlﬂiin'2 +.Z,'Bl'l'Xl‘Xj (3)
i= i= i<j

2. Results and their discussions

The results of the single-factor experiments for X, X5, and X3 are shown in the following figures.

Since the time interval between 7-8 s corresponded to a stable feeding stage during the simulations, multiple
sampling points within this interval were selected to calculate feeding uniformity.
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Fig.3. - Effect of X;on the feeding volume(Left)and feeding uniformity(Right)when X, and X5 are held constant.

As shown in Fig 3, under constant X5 and X3, variation in X; affected the length of the feeding strip per unit time.
The simulations indicated that as the traveling speed increased from 3—7 km-h, the fluctuation of the discharged material
intensified and the feeding amount per unit distance decreased. This occurs because particles retained their tangential
velocity component from the belt when landing, resulting in greater longitudinal displacement and lateral slip, which in
turn reduced feeding uniformity. When the traveling speed exceeded 5 km-h™!, both the unit feeding amount and
uniformity fell below acceptable standards. Therefore, the traveling speed range of 3-5 km-h™' was selected for
subsequent experiments.
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Fig.4. - Effect of X, on the feeding volume(Left)and feeding uniformity(Right)when X, and X5 are held constant.

As shown in Fig 4, X, (scraper rotational speed) determines the total feeding duration and influences the
longitudinal distribution pattern, exhibiting a similar effect to that of X;. At 85 and 75 r-min’, significant fluctuations
occurred between 6-8 s, whereas the unit feeding amount at 75—80 r'min™! was more consistent, resulting in improved
overall uniformity. Considering the operational requirements of sheep housing, scraper speeds between 75—85 r-min™!
were found to be suitable; therefore, this range was selected for subsequent tests.
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Fig.5. - Material quality chart for different scraper speeds

101



Material and Mechanical Engineering Technology, Nel, 2026

As shown in Fig 5, X3 (belt rotational speed) primarily controls the throwing distance of the discharged material.
Increasing the belt speed provides particles with higher initial velocity, which enhances landing dispersion and collision,
thereby widening the feeding band and breaking up agglomerated particles—ultimately improving feeding uniformity.
However, at 400 r'min’!, the throwing distance exceeded the desired range, resulting in material waste, while speeds
below 250 r'min! yielded a unit feeding amount of less than 10 kg-m™. Consequently, the belt speed range was set
between 250-350 r'min".

Interaction Effects and Optimization Analysis of Parameters

To further analyze the interactions among multiple factors, a Box—Behnken design (BBD) experiment was
conducted as shown in Table 3.

Table 3. Feeding device test program and results

Number X1 /(km/h) X,/(rpm) X3/ (rpm) Y;/(kg/m) Y5/(%)
1 -1 -1 0 9.92 76.1
2 1 0 1 7.36 86.4
3 1 1 0 7.58 86.2
4 -1 1 0 12.79 93.7
5 0 1 -1 4.86 81.5
6 1 0 -1 342 89.9
7 0 1 1 7.09 80.1
8 0 -1 1 3.47 62.4
9 0 0 0 9.05 85.8
10 1 -1 0 5.82 79.8
11 0 0 0 9.46 86.5
12 -1 0 -1 12.20 93.4
13 0 -1 -1 4.10 69.1
14 0 0 0 9.31 85.4
15 0 0 0 9.46 86.9
16 -1 0 1 9.70 88
17 0 0 0 9.27 86.8

To analyze the influence of experimental factors on the unit feeding amount Y|, a quadratic regression model of
Y with respect to X;, X, and X3 was established using Design-Expert software. The results showed that the model
exhibited a high goodness of fit (R?>=0.98) and was statistically significant (P<0.0001). Regression analysis indicated that
X1, Xa, X3, X1X3, and X2, X»? ,and X3? had highly significant effects on Y!, while X2X; was significant and X;X, was
not significant and therefore removed from the model. The final regression equation is shown in Equation (4). The order
of factor influence on Y| was X;>X,>X3.

Table 4. Analysis of regression equations for unit feeding quantity

Term \?:l?rr;ze Sum of squares Degrees of freedom Mean square F P
Model 127.93 9 14.21 186.53 < 0.0001
Xi 52.17 1 52.17 684.53 < 0.0001
X 10.14 1 10.14 133.11 <0.0001
X3 1.15 1 1.15 15.13 0.0060
X1X2 0.3123 1 0.3123 4.10 0.0826
X1.X5 10.35 1 10.35 135.76 <0.0001
Y1 XX 2.04 1 2.04 26.83 0.0013
X\’ 9.53 1 9.53 125.03 < 0.0001
X7 13.42 1 13.42 176.04 <0.0001
X3 29.43 1 29.43 386.20 < 0.0001
Residual 0.5334 7 0.0762
Lack of fit 0.4203 3 0.1401 4.95 0.0782
Pure error 0.1132 4 0.0283
Y, =931-255X,+1.13X,+038X;+1.61X,X; (4)

+0.72X,X,+1.50X; —1.78X; —2.64X;

The analysis results of the interaction effects among the experimental parameters are shown in the following figure.
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Fig.6. - Response surface curves for the interaction of factors on Y1

The two response surfaces show that when X5 is at its central level (left plot), Y decreases with increasing traveling
speed X, with a steeper drop at lower levels, and first increases then decreases with belt speed X3, rising faster at low
levels. At the central level, the effect of X; on Y| is stronger than that of X3. This occurs because a higher X; shortens the
feeding duration, reducing the unit feeding amount, while excessive X3 causes material to be thrown beyond the trough.
When X is fixed at its center (right plot), both scraper speed X, and belt speed X3 show an “increase—then—decrease”
trend, with X, having a more pronounced effect due to excessive shear within the material layer leading to arching and
flow interruption. Overall, X, has a suppressive effect on Y, while X, and X3 exhibit inverted U-shaped influences, with
X, being dominant.

Similarly, a quadratic regression model of Y, with respect to X, X, and X3 was constructed using Design-Expert.
The model demonstrated excellent goodness of fit (R?>=0.99) and was highly significant (P<0.0001). Regression analysis
revealed that X5, X3, XiX», and the quadratic terms X;2,X,?, X532 had extremely significant effects on feeding uniformity
(Y?), while X! and X2X3 were significant. The non-significant term X;X3was removed, and the final coded equation model
is presented in Equation (5). The order of factor influence on Y, was: scraper speed (Xz) > belt speed (X3) > traveling
speed (X1).

Table 5. Analysis of regression equations for unit feeding quantity

Term Vsagilitze Sum of squares Degrees of freedom Mean square F P
Model 1049.11 9 116.57 122.69 <0.0001
Xi 9.90 1 9.90 10.42 0.0145
X2 365.85 1 365.85 385.08 <0.0001
X3 36.13 1 36.13 38.02 0.0005
X1.X0 31.36 1 31.36 33.01 0.0007
XXz 0.9025 1 0.9025 0.9499 0.3622
Y XoX3 7.02 1 7.02 7.39 0.0298
X 201.04 1 201.04 211.61 <0.0001
X 359.48 1 359.48 378.38 <0.0001
X3’ 59.69 1 59.69 62.82 <0.0001
Residual 6.65 7 0.9501
Lack of fit 4.94 3 1.65 3.86 0.1125
Pure error 1.71 4 0.4270

103




Material and Mechanical Engineering Technology, Nel, 2026

Y,=8628-1.11X,+6.76X,—2.13X,-2.80X,X,
+1.32X,X,+691X; —9.24X; -3.77X;

The analysis results of the interactive effects among experimental parameters are presented in the following figure.

Y2 (%)

B: X2 (rpm)

Response surface for the interaction between Xi and Xz on Y2 Response surface for the interaction between X- and Xs on Y-

Fig.7. - Response surface curves for the interaction of factors on Y2

The two response surfaces indicate that when X3 is at its central level (left figure), Y, (feeding uniformity) exhibits
a “decrease—increase” trend with respect to the travel speed X, where the decline at lower levels is steeper than the
subsequent rise. Its variation with scraper speed X, depends on X;: when X; is low, Y increases monotonically with X,
with a faster rise at lower levels; when X, is high, Y first increases and then decreases. When X is fixed at the center
(right figure), both X, and conveyor speed X3 show a “rise—fall” effect on Y», featuring a faster increase at low levels and
a slower decline at high levels. Mechanistically, low levels of X, X5, and X3 result in insufficient conveying and shearing,
causing feed agglomeration and reduced uniformity. As X, or X3 increase, the enhanced linear velocity and shear promote
material dispersion through brushing and belt movement, thereby improving uniformity. However, excessive X, shortens
operation time, overly high X, leads to material accumulation and re-agglomeration on the belt, and high X3 induces
similar effects, all of which ultimately reduce feeding uniformity.

Based on practical requirements, the unit feeding rate Y,€[10,12] kg'm™!, while feeding uniformity Y is set as
the maximization objective. The decision variables are bounded as follows: travel speed X;=3 —5 km- h™!, scraper speed
X,=75-85 rpm, and conveyor speed X3=250 — 350 rpm. On this basis, a constrained optimization model was formulated
and Design-Expert’s Numerical optimization was employed to obtain the optimal Y; and Y>, as specified below.

3<X,<5

75 <X, <85
250 < X3 <350 (6)
10<Y; <12

max¥, (X1, Xo» X35 X4)

The optimization results indicate that the optimal feeding performance is achieved when the travel speed is 3.05
km h™', scraper speed 84.9 r min™', and conveyor speed 326.5 r min™?, corresponding to a unit feeding rate of 11.85 kg m™
and a feeding uniformity of 93.71%. For practical engineering application, the parameters were rounded to 3 km h™', 85
rmin~', and 330 r min', respectively. The control system was then initiated for three validation trials, and the results are
summarized in Table 6.

Table 6. Comparison between model optimization value and verification test value

Item . . Evaluation Metrics . . .
Unit feeding amount (kg-m™) Feeding uniformity (%)
Model-optimized value 11.85 93.71
Validation (experimental) value 11.49 91.54
Relative error (%) 3.04 2.89
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Conclusion

This study successfully combined the Discrete Element Method (DEM) with the Response Surface Method (RSM)
to systematically optimize the operating parameters of a sheep house Total Mixed Ration (TMR) feeding device. Through
single-factor simulation tests, the effective ranges of the key parameters were first determined: X: at 3—5 km/h, X at 75—
85 r/min, and X3 at 250-350 r/min. Based on this, a Box—Behnken design was employed to establish quadratic regression
models for Y: and Y. Analysis of variance (ANOVA) confirmed that both models were highly significant (P < 0.001),
with goodness-of-fit (R?) values of 0.98 and 0.99, respectively, indicating high accuracy and strong predictive power.
Model analysis quantified the hierarchical order of factor influence: for Y1, the significance order was Xi > X2 > X,
whereas for Y2, the order was X2 > X5 > Xi. The study further revealed that X had a significant inhibitory effect on Y1,
while both X and X3 exhibited an inverted U-shaped influence on Y-. With the optimization objectives set to maintain Y
within 10-12 kg-m™ and maximize Y-, the optimal parameter combination was determined to be Xi =3.05 km-h™, Xo =
84.9 rrmin!, and X5 = 326.5 rrmin!. Under these conditions, the predicted Y: and Y2 were 11.85 kg'm™ and 93.71%,
respectively. For practical engineering application, these parameters were rounded to Xi =3 km-h™!, X> =85 r'min™!, and
X3=330 r'-min'. Subsequent validation experiments yielded a Y1 of 11.49 kg'm™" and a Y2 0of 91.54%. The relative errors
between the experimental and model-predicted values were both below 5%, fully verifying the model's accuracy and the
reliability of the optimization. This optimal combination also ensured stable material flow without blockage. This research
not only provides executable operational parameters for cohesive feed systems like TMR but also establishes a
transferable framework for parameter design and calibration. Future work will focus on investigating the system's
adaptability under different operational conditions, such as varying feed formulations or moisture contents, and further
enhancing its comprehensive performance.
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Abstract. The objective of this study is to develop a methodology for controlling the technological process of rail joint
welding at rail welding facilities, ensuring the reliability of welded joints. Based on the data obtained from rail welding
enterprises, an improved methodology was developed for assessing the stability of the technological process used in the
production of welded rail joints, as well as the overall quality level of welding operations at rail welding facilities (RWFs).
It has been established that the continuous increase in train weight and speed imposes strict requirements on the quality
of rails in operation. The developed methodology makes it possible to identify a key cause of premature rail failure -
manufacturing defects, particularly welding defects arising during the production of long welded rails, as well as during
the repair and welding of used rails.

Keywords: railway rails, welded rails, continuously welded rails, rail welding facilities, train traffic safety.

Introduction

The introduction of long freight trains with increased axle loads has significantly heightened the demand for
smooth and stable rail track geometry. A key requirement for meeting this demand is maintaining the proper condition of
rail ends and extending the length of continuously welded rail (CWR) tracks.

During railway operation, defects and damage inevitably develop in rails due to the influence of rolling stock,
environmental conditions, and other factors - posing varying degrees of risk to train traffic safety. Common issues include
increased head wear and bending deformations. The service life of new rail ends may range from several months to several
years, depending on traffic intensity, axle loads, and the quality of routine track maintenance.

Rails represent the most critical and expensive component of the railway superstructure. Consequently, when
surface defects occur, the restoration of rail ends using welding (build-up welding) is widely employed. The restoration
of rail ends and CWR sections via build-up welding, followed by hardening, has become a standard and widely applied
method to extend the service life of rails and other metallic track elements.

However, build-up welding is not always an economically effective solution. The deposited metal layer may
delaminate from the base metal even before the end of its service life, especially on track sections with deteriorated
sleepers or fastening assemblies, or where rail joints have excessive gaps.

Currently, in JSC "NC "Kazakhstan Temir Zholy" (KTZ), the monitoring and inspection of restored rail ends
and CWRs is carried out by the "Track Diagnostics Center," a subsidiary of KTZ. The center utilizes non-destructive
testing methods, primarily ultrasonic testing (UT), to detect internal rail flaws. Portable inspection equipment includes
flaw detection trolleys such as the "KSPRUT," "Avikon-31," and "RDM-22" models. Mobile inspection systems include
a flaw detection railcar and a mobile diagnostic complex equipped with track geometry, ultrasonic, and video inspection
technologies integrated into a single railcar unit.

However, in areas where welding procedures were not properly followed, ultrasonic testing becomes less
effective. Signal attenuation occurs in the build-up welded zone due to differences in grain structure between the deposited
and base metals. This can hinder the timely detection of critical defects in rails that pose serious risks to train operations
[1].

Strict adherence to the rail welding process is essential, and all restoration work must be performed by certified
specialists who have undergone specialized training. Furthermore, welding repairs are only permitted when ambient
temperatures are above +5 °C and in the absence of adverse weather conditions (rain, snow, fog, etc.). If blind gaps are
present in rail joints, welding work is prohibited.

It is important to note that only rails of types R75, R65, and R50, categories T1, T2, and N, manufactured in
accordance with GOST R 51685-2000 or corresponding technical specifications, and installed in either jointed or
continuously welded tracks, may be repaired using build-up welding. These rails must have operational damage such as
head deformation, delamination, plastic flow, or vertical wear as classified under surface defect criteria located in the rail
head near joints.
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Welding of rails of category B (highest quality category), as defined by GOST R 51685-2000, is strictly
prohibited. Thus, the ability to detect critically defective rails in welded sections is primarily determined by the degree to
which restoration work has complied with approved technological procedures - followed only secondarily by the
qualifications of the specialist performing the monitoring.

Rails must meet the following requirements: they must be sufficiently strong, durable, and reliable in operation
- that is, wear-resistant, hard, and at the same time adequately tough (non-brittle), as they are subject to impact-dynamic
loads.

The main type of rail currently used in track infrastructure is the R65 rail and other rails with similar
characteristics, with a mass of no less than 60 kg per linear meter. Also in use are R75, R50, R43, and lighter rails. In this
study, R65 and similar rails, including R75, will be referred to as “rails with a mass of not less than 60 kg/m,” while R50
and similar types will be referred to as “rails with a mass of not less than 50 kg/m.”

Standard rail lengths are 25 and 12.5 meters; shortened rails may measure 24.92; 24.84; 12.46; 12.42; or 12.38
meters. The length of continuously welded rail strings is determined by project specifications based on local conditions.

Rails are installed with a standard inward cant of 1:20 (i.e., inclined toward the center of the track relative to the
sleeper surface) both on straight and curved sections. For wooden sleepers, this inclination is achieved using steel
baseplates; for reinforced concrete sleepers, the inclination is built into the rail seat design.

During comprehensive rail replacement projects on major railway lines, depending on traffic loads, two types of
new rails are primarily laid: R75 and R65, both conforming to ST RK GOST R 51685-2005 (Table 1). On the tracks of
industrial facilities, rails of types R50 (ST RK GOST R 51685-2005) and R43 (GOST 7173-54) are used. Railway
infrastructure also contains rails of the same types but installed in earlier years (see Table 2). Rails that are reused after
prior service are referred to as used rails (or second-use rails).
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Fig. 2. - Rail type R65 according to ST RK GOST R 51685-2005
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Table 1. Key Performance Characteristics of Rails

Parameter Value for Rail Type
Parameter Name

R43 R50 R65 R65K R75
Figure Number in the Document 5 4 3 2 1
Cross-sectional Area of the Rail, cm? 57,0 65,99 82,65 82,38 95,037
Distance from the Center of Gravity, mm
to the bottom of the foot 68,5 70,50 81,30 80,60 88,20
to the top of the head 71,5 81,50 98,70 100,40 103,8
Distance from the Center of Twist, mm
to the bottom of the foot - 40,10 39,40 38,20 45,80
to the top of the head - 111,90 140,60 141,80 146,20
Moment of Inertia of the Rail About the Vertical Axis, cm*
of the entire rail - 375 564 557 665
head - 91 106 103 143
foot 278 445 439 508
Moment of Inertia of the Rail About the Horizontal Axis, cm*
of the entire rail 1489 2011 3540 3495 4491
head - 986 1728 1698 2198
foot - 915 1539 1532 2005
Moment of resistance (section modulus), cm?
along the bottom of the flange wnu at the bottom of the flange | 217 285 435 434 509
along the top of the head nnm at the top of the head 208 245 358 348 432
along the side face of the flange 45 55 75 73 89
Torsional moment of inertia of the rail, cm* - 201 288 285 401
'Warping moment of inertia, cm® - 1,0x10* | 1,9x10* | 1,84 x 10*| 2,6 x 10*
Flexural rigidity of the rail cross-section, kN/cm?
under pure torsion - |163,2x 10%233,5 x 10%229,4 x 109 325,0 x 10°
runder constrained torsion - |144,0 x 10°180,0 x 109177,0 x 106 234.,0 x 10°
Theoretical linear mass per meter
of the rail (at a steel density of 7850 kg/m?), kg Ak >1.80 04,88 64,67 7460
Area of the rail cross-section elements, % of the total area
Head 42,8 38,12 34,11 33,52 37,42
Web 21,3 24,46 28,52 28,78 26,54
Base 359 37,42 37,37 37,70 36,04
Coefficient of linear thermal expansion of steel, a-107¢ °C™* 11,8
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Fig. 4. - Rail type R50 according to ST RK GOST R 51685-2005
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Table 2. Some characteristics of rails that are no longer produced but still used in track

R75 R65 R50 R43
Parameter GOST GOST GOST GOST GOST |GOST 7173-
16210-77 | 8161-63 |8161-75| 7174-65 | 7174-75 54

[Figure number in the document 6 7 8 9 10 11
Mass of 1 meter of rail, kg 74,4 64,64 64,72 51,63 51,8 43,61
Rail height, mm, including: 192 180 180 152 152 140
Head height 55,3 45 45 42 42 42
Web height 104,4 105 105 83 83 71
Base height 32,3 30 30 27 27 27
Rail head width, mm

at the top 72 72,8 73 70 70 70

at the bottom 75,0 75,0 75,0 71,9 72 70
Rail base width, mm 150 150 150 132 132 114
IRail web thickness at midsection, mm 20 18 18 16 15,5 13,5
Cross-sectional area, cm? 95,04 82,6 82,9 65,9 65,8 55,7
Metal distribution over the profile, %

Head 37,42 342 34,11 38,2 38,12 42,83
Web 26,54 28,4 28,52 24,4 24,46 21,31
Base 36,04 37,4 37,37 374 37,42 36,86
Moment of inertia about the axes, cm*:

about the horizontal axis 4491 3548 3540 2018 2037 1472

about the vertical axis 665 569 564 375 377 257
Section modulus, cm?:

at the bottom of the base 509 436 435 286 287 214

at the top of the head 432 359 358 248 251 206
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Fig. 6. - Rail type R75 according to GOST 16210-77. Figure 7. Rail type R65 according to GOST 8161-63
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Fig. 9. - Rail type R50 according to GOST 7174-75. Fig. 10. - Rail type R43 according to GOST 7173-54.

Predominantly, interdendritic chemical inhomogeneity develops in weld seams. Zonal segregation is
significantly less pronounced and manifests as slight enrichment in sulfur and certain other elements at the weld surface
- under a wide penetration profile - and along the weld axis - under a narrow penetration profile. The degree of
interdendritic inhomogeneity and zonal segregation largely depends on the cooling (solidification) conditions of the weld
metal and its chemical composition.

Diffusion processes occurring in the fusion zone have a considerable influence on the quality of the welded joint.
Due to the different solubilities of chemical elements in the liquid and solid phases, the chemical compositions of the
boundary region of the base metal and the adjacent region of the weld metal differ substantially.

In some cases, a significant variation in chemical composition is observed along the weld length and at specific
sections, i.e., macroscopic inhomogeneity of the weld. This variation is usually caused by fluctuations in the welding
regime, changes in the composition of welding materials, and other technological factors.

The physical inhomogeneity observed in the weld metal is associated with the formation of so-called secondary
boundaries, which occur in regions where imperfections in the metal’s crystal lattice are concentrated. Physical
inhomogeneity noticeably affects the weld’s resistance to brittle transition, intergranular corrosion, and other mechanical
and chemical properties.
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1. Analysis of Statistical Data on Welded Rail Joints Quality

In accordance with the guidelines provided in the technical materials “Classification of Rail Defects CP-
NTD/45-03”, “Catalogue of Rail Defects CP-NTD/46-03”, and “Indicators of Defective and Critically Defective Rails
CP-NTD/47-03” [1,2], rails in which at least one defect is detected in a welded joint are classified as critically defective
and are subject to immediate replacement.

To identify welding defects, all welded joints at rail welding enterprises (RWE) are subjected to visual inspection
and ultrasonic testing in accordance with ST AO 39745182-044-2010 and ST AO 39745182-045-2010, following the
Ultrasonic Testing Instruction for Welded Rail Joints at RWEs [4].

According to inspection data, each welded joint is evaluated using a qualitative (binary) criterion: acceptable or
defective. The primary causes of defects in welded rail joints are generally attributed to malfunctions of the rail welding
machines and inadequate preparation of the rail ends to be welded.

Welded joints in which defects are detected during inspection at the rail welding enterprise undergo repair;
therefore, they are considered as in-plant rejects rather than finished product defects. The rail welding technological
process includes: preparation of rail ends for welding, the welding itself performed according to the appropriate
operational mode of a rail welding machine, and non-destructive testing of the welded joints, all carried out according to
unified methodological guidelines [3].

Changes in the technological process are the prevailing factors in the formation of welding defects, as well as
in the overlooking of such defects during inspection [4]. In this regard, it was necessary to improve the methodology for
monitoring the rail joint welding process at JSC “NC “KTZh” RK, ensuring the reliability and durability of welded joints
[5]

Since the introduction of ultrasonic testing at rail welding enterprises, the accumulation and consolidation of
welded joint inspection data have been carried out. Analysis of these data has shown that, thanks to the automated welding
process, the average percentage of in-plant rejects at various RWEs of JSC “NC “KTZh” over any given period is
insignificant. However, it was found that in-plant rejects due to random deviations in the technological process do occur.

To promptly eliminate deviations in the technological process that lead to welding defects, it was advisable to
improve the methodology for monitoring the rail joint welding process at JSC “NC “KTZh” RK, ensuring the reliability
and durability of welded joints.

For this purpose, it was necessary to improve the monitoring of this process at rail welding enterprises, based on
the statistical analysis of visual inspection and ultrasonic testing data. The control procedure involves calculating the
average value of in-plant rejects R, over a specified preceding period for each k-th RWE, for example, over a year, and
comparing this value with the average value of in-plant rejects p; or the current period (month), as shown in Table 3.

For ease of comparison, rail welding control charts at RWEs are used (Figure 11), which indicate the average
value over the preceding period and the control limits - upper K, and lower K, - within which changes in the current
in-plant reject value are not considered indicative of deviations in the technological process. If in any month (for example,
July) the in-plant reject value R; exceeds the upper control limit K, this indicates that deviations have occurred in the
technological process, leading to an increase in the number of defective joints.

Table 3. Average in-plant rejects over a year

Parameters Month
I 11 I v A% VI

Number of inspected joints ni 1900 2060 2210 2050 2060 1912
Number of rejected joints mi 9 1 2 1 4 1
Reject rate pi = mi /ni, % 0,05 0,10 0,05 0,20 0,20 0,05
Parameters Month

VII VIII IX X XI XII
Number of inspected joints ni 1500 1900 1620 1900 2030 2020
Number of rejected joints mi 10 5 3 2 3 4
Reject rate pi = mi/ni, % 0,55 0,20 0,15 0,10 0,15 0,20
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Fig. 11. — Rail Welding Control Chart at RWEs

Thus, exceeding the upper control limit indicates a deviation in the stability of the technological process and
serves as a signal for intervention in the rail welding process, while falling below the lower control limit may indicate
either an increase in the stability of the technological process or a possible oversight of defects, serving as a signal for an
inspection of the non-destructive testing of welded joints.

If control charts allow the assessment of the stability of the rail welding process within each RWE, then

comparing the average in-plant reject values for a given RWE P, with those of the other RWEs enables the evaluation

of the technological level of the welding process at RWE « Considering that practically identical rail welding machines,
ultrasonic testing devices, and welding and inspection technologies are used across all RWEs, it is necessary, for the
purpose of assessing the technological level of the welding process, to use charts similar to the aforementioned control
charts, which should display:

- average in-plant reject values for all k-th RWEs, where ﬁx k-Xx where k = I+ kg over the preceding period, e.g.,

12 months;

- Py Average in-plant reject value across all RWEs over the preceding 12 months:

Py

3P,
— 1

Ko M

Upper K, and lower K, control limits, the exceeding of which indicates possible deviations in the welding
technology or in the non-destructive testing process at the given RWE.
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Fig. 12. — Example of a chart of average in-plant rejects for 2020 by RWEs

In addition to the annual average reject charts for all RWEs, information on the distribution of defects along the
rail cross-section and by defect type over a sufficiently long period, e.g., one year, is highly useful for assessing the level
of the technological process, both for individual RWEs and collectively for all RWEs, as shown in Figure 12.

The assessment of the stability of rail welding technological processes should be conducted independently at
each RWE, whereas the evaluation of the technological process level should be centralized. Data collection for assessing
the level of rail welding processes is carried out through Defective Joint Reports and Cards, which must be submitted
quarterly to the designated data processing center.

Data accumulation and processing are performed using computers according to a specialized software program.
To prevent disclosure of average in-plant reject values by RWE, each RWE is assigned a new index during data
processing.

The implementation of this methodology for assessing the stability and level of the welded joint manufacturing
process will contribute to improving the quality of rail welds, thereby reducing repair costs for rejected joints and
minimizing the likelihood of installing welded rails with defective joints in the track.
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1 — for all rail welding enterprises (RWEs); 2 — for a single RWE; r, — porosity, overburn; g, — gas bubble
s — silicate inclusion; sb — gray silicate inclusion; t — crack; sh — slag; — lack of fusion
K, — crater shrinkage; M, — matte spot; XN — defect type not specified

Fig. 13. - Example of defect distribution for a total of M = 1000 units, detected at RWEs, by rail cross-section zones (a)
and by defect types (b). Note — Each RWE is assigned a numerical code as an index
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To determine weldability, methods simulating the welding process are used. For example, base metal plates are
subjected to heat treatment that reproduces the changes the metal undergoes during welding.

The quality of welding is greatly influenced by the quality of welding materials. The primary type of welding
materials used in assembly are electrodes for manual welding. Electrodes are delivered to construction and assembly sites
by their manufacturers. Each batch of electrodes must have a certificate indicating the manufacturer, date of production,
batch number and mass, standard, diameter, type and grade of electrodes, mechanical properties of the deposited metal,
allowable sulfur and phosphorus content, recommended welding parameters, and drying conditions. In addition, each
pack of electrodes has a label, which depending on the packaging method is either attached outside or inserted inside. The
label specifies the intended use of the electrodes, their diameter, grade and type, recommended welding and drying
parameters, manufacturer, production date, and batch number.

The quality of welding is also significantly influenced by the wire used in mechanized welding and as filler in
gas welding. Wire is supplied in coils, equipped with metal tags indicating the standard designation, melt number, and
manufacturer. The manufacturer and its quality control department also stamp the tag. Each batch of wire must be
accompanied by a certificate specifying its grade and diameter, chemical composition, melt number, standard, batch mass,
and the manufacturer’s name.

If the strength of the welded joint is lower than that of the base metal, it is permissible to use flat and round
specimens with identical cross-sections for testing. The length of the gripping part of such specimens may be chosen
according to the design of the testing machine, while any changes to other dimensions are not allowed.

For testing welded joint sections, round specimens with a working part diameter of 3—10 mm are used. These
specimens are cut along the weld axis in the corresponding zone of the joint for multilayer welding.

2. Improved Methodology for Assessing the Stability of the Rail Welded Joint Manufacturing Process

The assessment of the stability of the technological process is carried out at RWEs using control charts, which
are prepared annually in the format shown in Figure 13(a). Based on the calculation data, the control chart displays lines
corresponding to the average in-plant reject rate (in percent) and the control limits K,and K,

To calculate the average reject rate R(%), it is necessary to count the number of inspected joints Nand the number
of rejected joints M for the preceding year, and then compute their ratio.

- M
P=—100
N ®)
Control limits:
K,=P+3 PA=p)
N/12 (3)
k,=p-3/P0=D)
N/12 4)

To assess the level of the rail welding technological process for the current month, the in-plant reject rate p; for
this month is calculated and compared with the average in-plant reject rate.

The in-plant reject rate p;(%) for the current i-th month is calculated as the ratio of the number of rejected joints
m;during the given month to the number of inspected joints n;for that month:

m.
. =—100
Pi " 5)

1

It is recommended that control data and in-plant reject rates for each month be recorded in the table presented
above (Table 3):

1. The calculated value of p;is marked on the control chart with a point. If the plotted point falls outside the upper
control limit K,,, this indicates that deviations may have occurred in the technological process, causing an increase in the
number of defective joints;

2. The broken line obtained by connecting the plotted points on the chart illustrates the pattern of changes in the
rail welded joint manufacturing process at the RWE;

3. Filling in the table and the control chart can be performed by defect inspectors based on the data from the
inspection log.

116



Material and Mechanical Engineering Technology, Nel, 2026

3. Dynamic testing

Dynamic tests include impact bending and fatigue (endurance) tests.

Impact bending tests involve determining the impact toughness of the welded joint at normal, reduced, and
elevated temperatures corresponding to service conditions. The tests are conducted on specially prepared specimens with
a notch, which may be located along the weld axis, the fusion line, or in the heat-affected zone on the side of the weld
opening. The location of the notch depends on the purpose of the test. When testing weld metal or base metal, the notch
can be made on either side of the specimen.

Tests are performed using pendulum impact testers with different maximum energy capacities. For use in
laboratories of construction and assembly organizations, the MK-30A pendulum tester is recommended, which has 15
energy reserve steps and a total technical service life of 17,500 hours. After testing a welded joint, the fracture structure
is examined to identify defects. Impact toughness is determined as the ratio of the work expended to fracture the specimen
to the cross-sectional area at the notch prior to testing.

Fatigue (endurance) tests determine the metal’s resistance to cyclic loads under bending, tension, and torsion.
Variable loads are applied using symmetric, asymmetric, and pulsating loading cycles.

Axially loaded tests are conducted on cylindrical or flat specimens of special shape and specified dimensions,
cut transverse to the welded joint. These tests determine the endurance limit of the specimen. A quantitative measure of
fatigue strength is the number of cycles the welded specimen withstands before failure.

4. Hardness measurement

To evaluate changes in the weld metal and heat-affected zone, as well as to assess the degree of hardening in the
welded joint zones and heterogeneity of mechanical properties, the hardness of welded joints is measured. Typically,
hardness is determined on metallographic sections using three methods:

1. Indentation with a hardened steel ball of 1.568 mm diameter or a diamond cone with a 120° apex angle
(Rockwell method);

2. Indentation with a square-based diamond pyramid with an angle of 136° between opposite faces
(Vickers method);.

3. Indentation with a standard hardened steel ball of specified diameter (Brinell method).

Hardness measurements across the cross-section of a butt weld are carried out in two directions: along the
longitudinal axis of the weld and from the center toward the base metal. Specimens are prepared to include all zones of
the welded joint: base metal, weld metal, and heat-affected zones, with hardness measured in each of these three regions.

4. Improved Methodology for Assessing the Level of the Rail Welding Technological Process at RWEs

The improved assessment of the level of the rail welding technological process at RWE:s is carried out centrally at
the Central Track Laboratory using technological process level charts (hereinafter referred to as level charts).

Level charts are prepared twice a year, covering the preceding 12 months, in the format shown in Figure 13(b).

Based on the calculation data, lines corresponding to the average in-plant reject rate across all RWEs and the
control limits K,,and K, are plotted on the level chart.

The average in-plant reject rate is determined using formula (6).

Ko
> P
PZ — k=1
K, (6)
where R,is the average in-plant reject rate at the k-th RWE for the studied period (12 months);

k — the RWE number;
ko — the total number of RWEs under investigation.
Note: The values are determined based on data received from RWEs.
The control limits are determined using the following formulas:

K, =Py +3yPs(1-P5)/12; -

K, =Ps —3\Ps(1- P5)/12. ®

To assess the level of the rail welding technological process at a given k-th RWE for the studied period, the value
for this RWE is compared with the value for all RWEs.

If the value exceeds K, this indicates that the RWE has potential for improving the level of the rail welding
technological process.

If the value falls below K,,, this indicates that the RWE has achieved a high level of welding quality or that there
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may be deviations in the non-destructive testing procedures of welded rail joints at the RWE.

The improvement of the rail welded joint technology involves analyzing the condition of welded rail joints
installed in the track during the studied period, which are subjected to two-stage ultrasonic testing by distance inspectors.

Additional information on the level of the rail welding technological process is presented in the form of defect
distributions in the welded joints. These distributions are calculated and plotted based on the inspection data of welded
joints produced during the period for which the level charts were prepared.

Macrostructural analysis is used as a preliminary method to assess the quality of welded joints obtained by different
welding methods. The macrostructure of welded joints is examined either with the naked eye or at 30x magnification on
the surfaces of macrosections cut from these joints. Macrostructure can also be studied on fracture surfaces of welded
specimens after mechanical testing.

Macrostructural investigation allows determination of the weld shape and size, its internal structure, and the
presence of various defects in the weld metal and base metal, such as lack of fusion, cracks, slag inclusions, pores, and
others.

When examining the macrostructure of welded joints, templates are cut from the inspected joint in the plane of the
weld cross-section to prepare sections. Sometimes, to determine the weld crystallization pattern in the welding bath, a
section is prepared from a template cut along the longitudinal axis of the weld.

The section surface must include the full cross-section of the weld. To eliminate areas corresponding to unstable
welding conditions, samples for sections are cut 20-30 mm away from the start or end of the weld.

For etching in microstructural studies of aluminum alloy welds, a 0.5% aqueous solution of hydrofluoric acid is
used as a reagent.

For preparation of microsections of corrosion-resistant steels, electrolytic etching is used, which provides a
significantly more uniform microstructure reveal than conventional etching. Electrolytic etching is also suitable for low-
and medium-alloy steels. It is especially effective when high-quality surface preparation is required (for electron
microscopy studies) and when work-hardening effects in the surface layer need to be removed.

The study of a microsection typically proceeds as follows. After polishing (before etching), the section is examined
under a microscope at 100-500% magnification to detect pores, oxide films, and microcracks in the weld. Non-metallic
inclusions appear as dark spots against the bright background of the microsection. Microcracks appear as thin, black,
wavy lines. After etching, the microsection is examined under a microscope to determine the weld structure across the
entire cross-section, including the types and proportions of structural components and the presence and distribution of
carbides, nitrides, sulfide, and oxide inclusions.

When the study is not performed immediately after microsection preparation or is conducted multiple times with
intervals, proper storage of the sections is necessary. Since the surface must be protected from oxidation during storage,
a passivating solution is applied during polishing and rinsing, followed by careful washing with alcohol and drying.

Conclusion

1. To ensure the timely elimination of deviations in the technological process that lead to defects in welded
rail joints, it is advisable to implement process control at rail welding enterprises based on statistical analysis of visual
inspection and ultrasonic testing data.

2. Based on the obtained data, an improved methodology has been developed at rail welding enterprises
for assessing the stability and level of the rail welded joint manufacturing process at RWEs. The application of this
improved methodology will contribute to enhancing the quality of rail welds, thereby reducing repair costs for rejected
joints and minimizing the likelihood of laying welded rails with defective joints in the track.

3. The statistical analysis of visual inspection and ultrasonic testing data involves monitoring and
calculating the average in-plant reject rate for a specified preceding period for each RWE, for example, one year, and
comparing this value with the average in-plant reject rate for the current period (month). It has been established that the
main causes of defects in welded rail joints are malfunctions of rail welding machines and poor preparation of the rail
ends to be welded.

4. To calculate the potential for improving the level of the rail welding technological process, the formulas
for determining the average reject rate R(%) should be applied. This requires counting the number of inspected joints
Nand the number of rejected joints Mfor the preceding year and then computing their ratio.
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The Effect of Laser Post-Processing on NiCrMoSiBFeCuC Thermally Sprayed Coatings
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AbstractDuring the study, a nickel-chromium-based coating was formed on structural steel S235 using flame spraying
technology. A NiCrMoSiBFeCuC powder mixture with the following composition was used for coating formation: ~67%
Ni; 0.45% C; 4.11% Si; 3.92% B; 2.72% Fe; 15.7% Cr; 1.94% Cu; 4.69% Mo. The sprayed coatings were remelted using
a gas torch at a temperature of 1100 °C in air. At the next stage of coating formation, the samples were processed with a
fiber laser under four processing speed modes - without beam oscillation and with oscillation amplitudes of | mm and 3
mm. The aim of this study was to investigate the effect of laser processing on NiCrMoSiBFeCuC coatings formed by
spraying followed by gas torch remelting. The shape and geometry of the laser-remelted tracks, microhardness of the
samples, as well as tribological properties and wear resistance were investigated. The combined method of coating
formation, including spraying followed by laser treatment, allows the formation of a continuous or localized
NiCrMoSiBFeCuC coating layer with increased microhardness and wear resistance on the surface of the component.

Keywords: thermal spray, NiCrMoSiBFeCuC coating, laser post-processing, hardness, tribology

Introduction

The application of sprayed coatings in industry makes it possible to improve the surface properties of components
both during manufacturing and repair. Thermally sprayed coatings based on nickel-chromium-molybdenum-silicon-boron
(NiCrMoSiB) are one of the most popular classes of protective coatings, widely used in mechanical engineering, energy,
oil and gas, and chemical industries. Their popularity is due to the combination of high wear resistance, corrosion
resistance, and the ability to operate at elevated temperatures and in aggressive environments [1].

These coatings are based on a nickel matrix alloyed with chromium, molybdenum, silicon, and boron. Chromium
provides high corrosion and oxidation resistance, molybdenum improves mechanical strength and wear resistance, while
boron and silicon contribute to the formation of a eutectic structure and reduce the melting temperature of the alloy. This
is especially important for subsequent remelting of the coating, which makes it possible to obtain a dense, low-porosity
structure with good adhesion to the substrate [2].

The most common methods for producing NiCrMoSiB coatings include flame spraying, plasma spraying, and high-
velocity oxy-fuel (HVOF) spraying [3—4]. After spraying, the coatings are often subjected to remelting (e.g., flame or
laser remelting), which reduces porosity, eliminates interparticle bonding defects, and results in a more homogeneous
structure. As a result, the mechanical and operational properties of the coating are significantly improved [5-6].
NiCrMoSiB coatings are widely used for components operating under friction and wear conditions, such as shafts,
bushings, pump elements, valves, as well as components exposed to corrosive environments. Their application is
particularly effective in the restoration of worn surfaces, allowing the service life of expensive components to be extended
and reducing maintenance and replacement costs.

One of the key directions of modern research is the use of laser processing of sprayed coatings. Laser remelting
enables localized treatment of the surface, providing high energy density and precise control of process parameters. This
promotes the formation of a fine-grained microstructure, increases microhardness, and improves tribological properties.
However, certain challenges arise, such as crack formation due to high thermal gradients, which requires optimization of
processing parameters [7].

The prospects for the development of NiCrMoSiB coatings are associated with the improvement of deposition
technologies and subsequent processing methods. Particular attention is given to combined approaches, including
spraying followed by laser or electron beam remelting. In addition, modification of powder compositions through the
introduction of reinforcing phases (carbides, borides) is actively investigated, which allows further enhancement of wear
resistance and thermal stability of the coatings [8—13].

Thus, NiCrMoSiB-based coatings have significant potential for further application and development. Their unique
combination of properties makes them promising for use under conditions of intensive wear, corrosion, and high
temperatures. Further research aimed at optimizing composition, structure, and processing technologies will enable an
even broader range of applications and improved efficiency of engineering systems.

1. Methodology of experimental investigation
The coatings were formed on low-carbon structural steel S235 (according to EN 10027-1) plates. The dimensions
of the cut plates were 100 x 100 x 10 mm. The S235 steel plates were coated with nickel-chromium-based powders, the
chemical composition of which is presented in Table 1. This coating is used in applications where corrosion and wear
resistance are required.
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Table 1. Chemical composition of NiCrMoSiBFeCuC powder, %
Ni—Cr—Co-Si—B—Fe—Cu—C composition
Ni Cr Mo Si B Fe Cu C

Bal. 15,7 % 4,69 % 4,11 % 3,92 % 2,72 % 1,94 % 0,45 %

Before thermal spraying, the plate surfaces were prepared by chemical and mechanical cleaning. Prior to the
coating process, in order to improve coating formation conditions, the plate surfaces were preheated with a neutral
acetylene—oxygen flame to a temperature of 250 °C.

A two-stage technology was used for the production of sprayed and remelted coatings: powder deposition
followed by remelting of the deposited coating using a flame. In this study, spraying parameters were selected according
to the equipment manufacturer’s recommendations and further refined during trial spraying (Table 2). The final thickness
of the sprayed coating was ensured by selecting an appropriate number of deposited layers. To ensure the stability of the
technological process parameters during the experiment, an industrial robotic manipulator Motoman 100 MH6 was used.

Table 2. Main parameters of coating formation processes
Substrate preheating Neutral flame C,H,/O, ~250°C
Neutral flame
0,07 MPa C;H,/ 0,4 MPa bar O,

Thermal spray flame

Spraying distance 170 mm
Spray speed/step/layer 250 mm/s /5 mm / 8 layers
As-sprayed layer thickness 1,2— 1,4 mm

Neutral flame

Remelted flame 0,035 MPa C,H»/ 0.4 MPa O,

Remelted temperature 1100°C
Cooling In air, at a temperature of 22°C
As-sprayed and flame remelted layer thickness 0,940-1,010 mm

For laser treatment of the flame-sprayed and remelted coating samples, a 1500 W FANUCI PRO laser with a
continuous-wave fiber laser source and beam oscillation function was used. The laser beam wavelength was 1070 nm.
The main parameters were as follows: laser power — 375 W; oscillation — sinusoidal with a frequency of 110 Hz; laser
beam diameter — 1 mm; laser processing speed varied from 500 to 1250 mm/min; oscillation amplitude — 0, 1, and 3 mm;
shielding gas — argon; shielding gas flow rate — 15 L/min. The laser processing parameters of the flame-sprayed and
remelted coatings are presented in Table 3.

Table 3. The main parameters of laser processing of samples

Laser processed speed, Laser beam oscillation, mm
mm/s 0 1 3
500 X X X
750 X X X
1000 X X X
1250 X X X

The morphology and geometry of the tracks of the sprayed, flame-remelted, and laser-processed coatings were
investigated using optical macroscopy. For this purpose, the samples were sectioned and metallographic cross-sections
were prepared. The samples were ground using abrasive papers of different grit sizes from P240 to P2500. After grinding
with P2500 paper, the surfaces were polished using polishing pastes with particle sizes ranging from 3 to 0,2 pm. After
polishing, the samples were cleaned in an ultrasonic bath using an acetone solution and then dried with a stream of hot
air.

The microhardness of the investigated samples was measured on polished cross-sections using a Mitutoyo HV-
100 automated microhardness tester. The maximum measurement error was 1%. Measurements were performed using
the Vickers microhardness method with a load of 200 g and a dwell time of 15 s. The optical magnification of the obtained
microhardness indentations was 50X. The average microhardness of the samples was calculated from ten measurements,
excluding the minimum and maximum values.

The tribological properties (coefficient of friction) and wear resistance of the investigated samples were
evaluated using a dry sliding test with a Microtest tribometer. The tests were carried out using the “ball-on-disc”
configuration. The following experimental parameters were used: test temperature — 21 °C, load — 30 N, sliding distance
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— 100 m, rotational speed — 200 rpm, and track radius — 1 mm. A 6 mm diameter hardened AISI 52100 steel ball was used
as the indenter.

The wear resistance of the samples was evaluated by comparing the mass changes before and after the wear tests.
The wear resistance was calculated based on the results of two tests. To reduce inaccuracies in the friction coefficient
measurements, the initial stage of the test (the first 20 m) was excluded from the analysis. The wear rate of the samples
was determined using the weighing method with an analytical precision balance RADWAG AS60/220.R2, with an
accuracy of £0.01 mg.

2. Results and Discussions

To evaluate the effect of laser treatment and its parameters on the remelting process of the NiCrMoSiBFeCuC
coating, a macroscopic analysis of the processed samples was performed during the experimental investigation.
Metallographic cross-sections of the processed coatings were prepared for the study. The sample cross-sections were
ground, polished, and cleaned in an ultrasonic bath.

The macroscopic analysis of the remelted coating structure showed that the depth and width of the remelted layer
depend on the laser processing speed and the beam oscillation amplitude. The lower the laser processing speed, the deeper
the coating is remelted (Fig. 1). This occurs due to a higher energy input into the coating surface during laser treatment.
Increasing the laser processing speed of NiCrMoSiBFeCuC coatings from 500 to 1250 mm/s reduces the depth of the
formed track in the central region by 1,24-2,0 times, depending on the laser beam oscillation (Fig. 2). The most significant
reduction in remelted depth was observed when using beam oscillation amplitudes of 1 mm and 3 mm (1,85 and 2,0 times,
respectively).

. 4 -

M-3-1000

Fig. 1. - Cross-sectional micrographs of molten pools processed with 1000 mm/min laser speed and a varying oscillated amplitude between 0 and 3
mm (M-0-1000 - no oscillation; M-1-1000 - oscillation amplitude 1mm; M-3-1000 - oscillation amplitude 3 mm)

During the macroscopic analysis of laser-treated NiCrMoSiBFeCuC coatings, it was observed that when applying a
laser processing mode without beam oscillation (0 mm oscillation), the shape of the remelted track is parabolic. In
contrast, with beam oscillation amplitudes of 1 mm and 3 mm, the remelted track exhibits a non-uniform depth,
characterized by a flatter central region of the melt pool and deeper sides following a Gaussian-type profile. It was also
observed that during laser processing with beam oscillation, the depth of the remelted track in the central region is smaller
than at the edges of the track (Fig. 1). This can be explained by the non-uniform distribution of laser energy on the coating
surface when using processing modes with beam oscillation.
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Fig. 2. - The relationship between the depth of molten pools and laser processing speed, applied oscillation amplitude (0 mm - no oscillation; 1mm -
oscillation amplitude 1 mm; 3 mm - oscillation amplitude 3 mm)

During remelting of coatings both without and with beam oscillation, the width of the remelted tracks depends
on the laser processing speed and the beam oscillation amplitude. Increasing the laser processing speed from 500 to 1250
mm/min reduces the width of the remelted tracks by approximately 1,06-1,88 times (Fig. 3). The most significant
reduction (about 1,88 times) is observed when processing the coatings without beam oscillation (0 mm oscillation).

When beam oscillation amplitudes of 1 mm and 3 mm are applied during laser processing, the width of the
remelted tracks increases by approximately 1,7-1,9 and 2,9-5,1 times, respectively, depending on the laser processing
speed. The largest increase in track width (about 5,1 times) was observed when using a 3 mm beam oscillation at a laser
processing speed of 1250 mm/min.

To evaluate the effect of laser processing on the mechanical properties of NiCrMoSiBFeCuC sprayed coatings,
the microhardness of the substrate, the as-sprayed and remelted coating, and the laser-processed coating was measured
using the Vickers method. The microhardness results showed that, during remelting of the coatings both with and without
beam oscillation, the microhardness of the remelted track metal depends on the laser processing speed. Increasing the
laser processing speed from 500 to 1250 mm/min increases the microhardness of the remelted tracks by 1,19 to 1,62
times, depending on the beam oscillation amplitude (Fig. 4).

The increase in microhardness of the laser-processed coating metal may be attributed to faster cooling rates,
more intensive melt crystallization, a potentially finer microstructure of the remelted layer, and the formation of dispersed
phases. The highest increase in microhardness of the remelted coating metal (about 38%) was observed when laser
processing the NiCrMoSiBFeCuC sprayed coating without beam oscillation (Fig. 4).
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Fig. 3 - The relationship between the width of molten pool and laser operating speed, applied oscillation amplitude (0 mm - no oscillation; 1mm -
oscillation amplitude 1 mm; 3 mm - oscillation amplitude 3 mm)
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Analysis of the microhardness results showed that the microhardness of the as-sprayed and remelted coating is
approximately four times higher than that of the S235 substrate (about 141 HV0.2). During laser processing of the
NiCrMoSiBFeCuC sprayed coating, higher processing speeds and lower beam oscillation amplitudes result in higher
microhardness of the remelted coating metal. The highest microhardness of the treated coating was achieved at a laser
processing speed of 1250 mm/min and a beam oscillation amplitude of 1 mm, reaching 1057 HV0.2. This value is
approximately 7,5 times higher than that of the substrate and about 1,9 times higher than that of the as-sprayed and
remelted (non-laser-processed) coating (approximately 566 HV0.2).
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Fig. 4. - The relationship between the hardness of the coating processed at different parameters and laser operating speed, applied oscillation
amplitude (0 mm - no oscillation; 1 mm - oscillation amplitude 1mm; 3 mm - oscillation amplitude 3 mm)

One of the most effective methods for evaluating the performance characteristics of a metallic surface operating
under frictional conditions is wear resistance testing. To assess the tribological properties and dry sliding wear resistance
of the NiCrMoSiBFeCuC sprayed coating after laser processing, a “ball-on-disc” wear test was selected. The results of
the tribological and wear tests of the investigated samples are presented in Table 4.

Analysis of the tribological test results showed that the average coefficient of friction of the as-sprayed and
remelted (non-laser-processed) coating is approximately 1,5 times higher than that of the substrate. Laser treatment of the
coating reduced the average coefficient of friction by about 16%; however, it still remained about 1,27 times higher than
that of the substrate. The lower friction coefficient values of the substrate can be explained by the lower strength and
hardness of S235 steel. During wear, the softer substrate material promotes better running-in of the tribological contact
surfaces.

The wear test results showed that the wear resistance of the as-sprayed and remelted NiCrMoSiBFeCuC coating is
approximately 2,65 times higher than that of S235 steel, while the laser-processed coating exhibits about 8,43 times higher
wear resistance compared to the substrate. Laser treatment increased the wear resistance of the remelted coating by
approximately 318 %. These results indicate that laser processing of NiCrMoSiBFeCuC sprayed coatings significantly
improves their operational performance.
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Table 4. Resullts of the tribological tests

Average coefficient of Sample mass loss Sample Abrasion
Sample friction (slip distance (slip distance 100 abrasion rate, | resistance of the
20-100 m) m), ug ug/m specimen, m/mg
Steel S 235 0,3315 1180 118 84,7
As-sprayed and ﬂame- 0.4990 445 44,5 2247
remelted coating
Laser processed coating 0,4205 140 14 7142
Conclusions
The results obtained allow us to draw the following main conclusions:
I. During laser remelting of NiCrMoSiBFeCuC sprayed and flame-remelted coatings with and without

beam oscillation, the width and depth of the remelted tracks depend on the laser processing speed and the beam oscillation
amplitude. Increasing the laser processing speed leads to a decrease in both the width and depth of the remelted tracks.
Introducing beam oscillations of 1 mm and 3 mm increased the track width by approximately 1,7-2,7 and 2,9-5,1 times,
respectively, while the maximum remelted depth decreased by approximately 1,5-1,9 and 2,3-2,5 times, depending on
the laser processing speed.

2. Macroscopic analysis of the laser-processed coatings showed that, without beam oscillation, the
remelted track has a parabolic shape. When beam oscillation amplitudes of 1 mm and 3 mm are applied, the remelted
track exhibits a non-uniform depth, with a flat central melt pool region and deeper sides following a Gaussian-type profile.

3. During laser remelting at processing speeds of 500—1250 mm/min without preheating, cracks formed in
all samples. The introduction of beam oscillation during processing increased the number of cracks.
4, Microhardness measurements showed that the microhardness of the remelted tracks depends on the laser

processing speed, both with and without beam oscillation. Increasing the laser processing speed from 500 to 1250 mm/min
increased the microhardness of the remelted coating by 1,19 to 1,62 times, depending on the beam oscillation amplitude,
due to faster cooling of the coating material. The highest microhardness of the treated coating (1057 HV0.2) was achieved
at a laser processing speed of 1250 mm/min and a beam oscillation amplitude of 1 mm. This value is approximately 7,5
times higher than that of the substrate and about 1,9 times higher than that of the as-sprayed and remelted coating.

5. Analysis of the tribological test results showed that the average coefficient of friction of both as-sprayed
and laser-processed coatings is higher than that of the substrate by approximately 1,5 and 1,27 times, respectively. The
lower friction coefficient of the substrate can be explained by the fact that the softer substrate material promotes better
running-in of the tribological contact surfaces during wear.

6. The wear test results showed that the wear resistance of the as-sprayed and remelted NiCrMoSiBFeCuC
coating is approximately 2,65 times higher than that of S235 steel, while the laser-processed coating exhibits about 8,43
times higher wear resistance than the substrate. It can be concluded that laser treatment increases the wear resistance of
the remelted coating and improves its service performance.
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