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Abstract. The hardness and microstructure of the High chromium cast irons (HCCIs) grades 280Cr29Ni and 

330Cr17, which are predominantly utilized in the production of components for mining and metallurgical equipment 

subject to wear conditions, have been thoroughly investigated. A thermodynamic analysis of multicomponent Fe-

2.6C-Cr-alloying elements (a.e.), was conducted to investigate the crystallization processes of alloys, the 

development of their metallic matrix structure, and the formation and transformation of carbide phases. Based on the 

analysis, the optimal quantity and ratio of alloying elements (Cr, Mn, Si, and Ti) in the Fe-2.6C-Cr-a.e., system 

required for the formation of a metallic matrix and carbide phases that maximize the hardness of the alloy were 

determined. State diagrams were constructed for ternary, quaternary, and multicomponent systems, including Fe-C-

Cr, Fe-C-Ni, Fe-C-Mn, Fe-C-V, Fe-C-Mo, Fe-C-Co, Fe-C-Cr-Ni, Fe-C-Cr-Mn, and Fe-C-Cr-Mn. These diagrams, 

along with their isothermal (at 200 °C) and polythermal sections, enriched the theory of phase diagrams, which form 

the foundation of HCCIs. The analysis covered a range of chromium concentrations (16-34%), nickel (0.4-3%), 

manganese (0.4-2%), carbon (2.4-4%), silicon (0.3-2%), titanium (0.4-5%), molybdenum (0.2-3%), and vanadium 

(0.01-2%). Phase equilibrium points were determined, encompassing an alloyed solid solution based on iron, 

multicomponent carbides, and a mixture of phases consisting of a solid solution of iron and carbides. An economical 

grade of HCCIs has been developed with the following composition: carbon 3.2-3.4%, manganese 0.4-0.6%, 

chromium 16-18%, silicon 0.4-0.6%, nickel 0.4-0.6%, molybdenum up to 0.4-0.5%, with the balance being iron. 

 

Key words: high chromium cast iron,  thermodynamic analysis, matrix, multicomponent systems, microhardness, 

hardness, microstructure, structure, alloying elements, phase diagrams, phase equilibrium, carbide phase.  

 
Introduction 

High chromium cast irons (HCCIs) represent a distinct class of materials characterized by an ongoing process 

of research and development, driven by continuous updates to their chemical compositions and structural 

configurations, which directly influence their operational properties. This dynamic nature underscores their unique 

position in materials science, where systematic investigations into alloy formulations, microstructural modifications, 

and corresponding performance enhancements are pivotal. Thus, the evolution of HCCIs remains a scientifically 

driven endeavor, perpetually refining and adapting to meet diverse industrial demands and technological 

advancements. [1-4]. In the realm of materials science, the evolution of HCCIs exemplifies a progressive trend 

marked by escalating production volumes and an expanding array of applications. This growth underscores a critical 

imperative within sectors such as mining and metallurgy: to enhance the economic efficiency of components crafted 

from HCCIs through advancements that amplify their operational performance and elevate mechanical properties. 

This imperative drives ongoing research and innovation aimed at refining the alloy compositions, optimizing 

manufacturing processes, and augmenting the structural integrity of HCCIs components. As a result, the scientific 

pursuit focuses on achieving superior durability, enhanced wear resistance, and heightened mechanical reliability, 

thereby meeting the burgeoning demands of industrial applications with improved efficacy and longevity. [5-8]. 

At the Navoi Machine-Building Plant in Uzbekistan, the utilization of HCCIs grade 280Cr29Ni is integral to 

the fabrication of components designed to endure challenging operational environments characterized by abrasive 

wear and impact loads. These specific cast iron alloys are selected based on their tailored properties to withstand the 

combined effects of abrasion and impact, reflecting a strategic approach in material selection for industrial 

applications. This strategic deployment underscores the plant's commitment to optimizing component longevity and 

reliability under demanding working conditions, aligning with stringent performance criteria essential for enhancing 

operational efficiency and sustaining productivity in critical sectors such as machine-building and heavy industry. 

The primary focus of investigation revolves around the essential quality parameters of hardness and wear resistance 

in HCCIs alloy 280Cr29Ni and 330Cr17. Despite exhibiting similar high levels of hardness, these alloys 

demonstrate varied service lives when subjected to identical operating conditions [9-13]. This discrepancy, likely 

attributed to differences in their chemical compositions, underscores the pivotal role of alloy structure in influencing 

durability and performance. The central aim of this study is to elucidate the underlying factors contributing to this 

observed variability, thereby providing insights into optimizing the structural integrity of these alloys for enhanced 

longevity and reliability in practical applications. Furthermore, in the context of alloy preparation practices, there is 

a pressing imperative to minimize the degree of alloying in these HCCIs. Previous research has explored the 

profound impact of alloying elements on the structural characteristics and functional properties of HCCIs. This 

ongoing scientific inquiry aims to refine alloy formulations with the goal of achieving optimal performance 
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efficiencies while reducing alloying costs and enhancing manufacturing feasibility. Thus, the study not only seeks to 

unravel the structural basis for performance disparities but also strives to advance practical methodologies for alloy 

optimization in industrial settings [14-18]. Currently, the establishment of definitive compositional guidelines to 

achieve an optimal structure that guarantees maximum hardness in HCCIs remains elusive. This unresolved 

challenge underscores the relevance and significance of the present study and its formulated objectives. Specifically, 

within the foundry operations of the Navoi Machine-Building Plant, the production volume exceeds 200 tons per 

month of castings made from HCCIs. The critical need to enhance understanding of alloy composition's impact on 

structural properties is paramount, aiming to unlock methodologies that can reliably optimize alloy formulations. By 

addressing this gap in knowledge, the study endeavors to pioneer insights into refining casting practices, thereby 

bolstering the plant's capability to consistently deliver components with superior hardness and enhanced 

performance characteristics. Consequently, the research not only aims to advance scientific understanding but also 

holds practical implications for optimizing industrial processes and maximizing the utility of HCCIs in demanding 

operational environments. The operational demands placed on machinery functioning in abrasive and waterjet 

environments are progressively intensifying each year. Consequently, there is a corresponding escalation in the 

standards for materials used in the fabrication of cast components for such machines and mechanisms [19-23]. This 

ongoing evolution highlights the unresolved challenge surrounding the selection of optimal materials for 

manufacturing cast parts essential to various industrial equipment. These components include centrifugal crushers, 

wheels, covers, and housings of dredges, sand, and slurry pumps, impellers of flotation machines, and various parts 

utilized in concentrating factories, grinding ball mills, and shot blasting machines. 

The criticality of material selection is underscored by the need to meet stringent performance criteria in these 

aggressive operational settings. The quest for suitable materials is driven by the imperative to enhance durability, 

extend service life, and elevate operational efficiency of machinery subjected to abrasive wear and high-pressure 

waterjet environments. Addressing this multifaceted challenge involves advancing scientific understanding of 

material properties, refining alloy compositions, and developing robust manufacturing techniques. By doing so, the 

aim is to deliver cast components that not only withstand harsh operating conditions but also contribute to 

optimizing performance and reliability across diverse industrial applications. Thus, the ongoing pursuit of material 

innovation remains pivotal in meeting the evolving demands of modern industrial sectors. 

To achieve the main goal of this study, the following tasks are delineated: 

- based on an analysis of the chemical composition, structure and properties of the alloys used, simplify their 

composition and increase mechanical and performance properties; 

- simplification of the chemical composition of three-, four- and multicomponent phase diagrams by 

analyzing the phase composition, equilibrium and their structure during crystallization; 

- by analyzing the chemical composition, structure and properties of model alloys, simplifying the chemical 

composition of practically used malleable white cast irons and improving their mechanical and performance 

properties. 

 

1. Methods and materials  
Wear-resistant white cast irons 280Cr29Ni and 330Cr17 were chosen as the material under study, the 

chemical composition of which is given in Table 1. 

 
Table 1. Compositions of the studied cast irons 

Cast iron grade Content of chemical elements,% by weight 

С Si Cr Mo Ni P S 

280Cr29Ni 2,55 ≤ 1,5 28,0 - 0,6 ≤ 0,01 ≤ 0,01 

330Cr17 3,40 0,6 16,5 0,5 0,6 ≤ 0,01 ≤ 0,01 

 

Cast irons according to table 1 are used for castings of mining and processing equipment operating under 

conditions of intense abrasive wear, namely: feeding disks, substrates, plates for crushers, etc. 

The thermodynamic state diagrams of the Fe-2.6C-Cr-Ni, Fe-2.6C-Cr-Mn, Fe-2.6C-Cr-Si and Fe-2.6C-Cr-Ti 

systems for four components were calculated using Thermo-Calc program [24-26]. 

To reveal the structure, the samples were etched with a reagent of the following composition: 15 ml of nitric 

acid, 15 ml of hydrochloric acid and 15 ml of glycerol. Etching time is 10 seconds, at a reagent temperature of 60˚C. 

Microsections were prepared on a NERIS grinding and polishing machine.  

To measure hardness according to HRCe, a TK-2M hardness meter was used, and to measure hardness 

according to HV50, a PMT-3M hardness meter was used. 

The chemical composition of the castings was determined by the emission spectral method using a Spectro-

Lab –M device.  

The structures of the alloys were studied on a TESCAN VEGA4 SEM scanning electron microscope at 

different magnifications. 
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2. Results and discussion 

The hardness of the samples was determined on the surface and in the core, at least at 5 points with 
three duplicates. The average test results are given in table. 2. 

 
Table 2. Hardness of prototypes 

Cast iron grade 330Сr17 280Cr29Ni 

Surface hardness in cast state HRC 57-62 46-47 

Hardness in the core in the cast state HRС 47-48 40-41 

 
Based on the data presented in the table, it is evident that the HCCIs of the 280Cr29Ni grade exhibits a lower 

hardness compared to the 330Cr17 grade. This observation suggests that, in scenarios where abrasive wear is the 

sole mode of degradation without the presence of concurrent shock loads, the 280Cr29Ni HCCIs is likely to have a 

reduced service life. Furthermore, it is important to highlight that the 280Cr29Ni alloy is 1.5 times more expensive 

than the 330Cr17 alloy, primarily due to its alloying with costly nickel. Consequently, the use of the 280Cr29Ni 

alloy is economically unjustifiable for components subjected exclusively to abrasive wear conditions. 

The microstructure of HCCIs 280Cr29Ni and 330Cr17 was meticulously examined under 
magnifications of 500, 1000, 2000, and 5000 times. This detailed analysis allowed for an in-depth 
investigation of the microstructural features, providing critical insights into the phase distributions, grain 
boundaries, and the morphology of the carbides and matrix. Such high-resolution studies are essential for 
understanding the intrinsic material properties and their implications on the mechanical performance and 
wear resistance of these alloys. 

Figure 1 illustrates the microstructure of the white cast iron alloy 280Cr29Ni. The matrix of this alloy 
is composed predominantly of pearlite and austenite. Within this matrix, the structure features carbides of 
types M3C and, to a lesser extent, M7C3. The carbide phase is characterized by an average size ranging from 15 
to 20 microns. This microstructural configuration is crucial for understanding the alloy's mechanical 
properties, wear resistance, and overall performance in various applications. 
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Fig. 1. Structural HCCIs brand 280Cr29Ni: a) x2000, b) x5000 

Figure 2 depicts the microstructure of the HCCI grade 330Cr17. The matrix is primarily composed of 
austenite. The carbide phase within this matrix is represented by two distinct types of carbides: M7C3 and 
M23C6. The average size of these carbide particles ranges between 8 and 13 microns. This detailed structural 
composition is pivotal for comprehending the material's mechanical attributes and its suitability for various 
industrial applications, particularly those requiring enhanced wear resistance. 
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Fig. 2. Structural HCCIs brand 330Cr17: а) х2000, b) х5000 
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A comprehensive comparison of the structural characteristics, specifically the nature of the matrix and 
the carbide phase, alongside the varying dispersion of the carbide phase, elucidates the differences in 
hardness observed in the studied alloys. The distinct composition and distribution of the matrix - whether it 
is predominantly pearlite, austenite, or a combination thereof - along with the specific types and average 
sizes of carbides such as M3C, M7C3, and M23C6, play critical roles in defining the hardness of each alloy. These 
microstructural variations are fundamental in understanding the mechanical performance and wear 
resistance of the 280Cr29Ni and 330Cr17 HCCIs. 

To elucidate the influence of various alloying elements on the processes of structure formation and the 
development of the carbide phase, a thermodynamic analysis was conducted utilizing the Thermo-Calc 
software. This advanced computational tool enables a detailed examination of the phase equilibria and 
transformations occurring within the alloy system, providing valuable insights into how different alloying 
elements contribute to the microstructural evolution and the stabilization of specific carbide phases. Such 
analysis is instrumental in optimizing the alloy design for improved mechanical properties and performance. 

An isothermal section of the phase diagram for the four-component system Fe-2.6C-Cr-Ni at a 
temperature of 200 °C was constructed. This phase diagram elucidates the phase equilibria and stability 
regions for the various phases within this alloy system at the specified temperature. At 200 °C, multiple 
phases are observed to form, including distinct carbide phases and metallic matrices. The detailed depiction 
of these phases within the Fe-2.6C-Cr-Ni system provides critical insights into the microstructural evolution 
and phase transformations that occur during the alloying process, contributing to a deeper understanding of 
the material properties and their potential industrial applications. At a nickel content of 1.2% and chromium 
content of 16%, the alloy's microstructure includes free graphite, ferritic and austenitic structures, and M3C2 
carbide phases. When the chromium content is increased to 16-25% and the nickel content exceeds 1.1%, the 
microstructure of the alloy fully develops into austenite and ferrite, with the formation of carbide phases 
M3C2 and M7C3 also becoming apparent. These compositional adjustments significantly influence the phase 
composition and distribution within the alloy, thereby affecting its overall mechanical properties and 
performance characteristics. It is important to note that when the chromium content reaches 26%, the 
metallic matrix of the alloy comprises both austenite and ferrite, while the carbide phase is exclusively 
represented by M7C3 carbides. This specific compositional threshold marks a significant shift in the 
microstructural configuration, influencing the alloy's mechanical properties and behavior under various 
operating conditions. The exclusive presence of M7C3 carbides at this chromium level highlights the critical 
role of chromium in stabilizing particular carbide phases and modifying the alloy's overall performance. 

When the chromium content in the alloy exceeds 16% and the nickel content is increased to 1%, the 
microstructure predominantly exhibits a ferritic phase, with fully formed M7C3 type carbides (Fig. 3).  

 

 
 

Fig. 3. Phase diagram of Fe-2.6C-Cr-Ni, T-200 0C 

 
This compositional adjustment is crucial as it enhances the formation and stabilization of M7C3 

carbides, significantly influencing the alloy's mechanical properties and wear resistance. The presence of 
these well-defined carbides within a ferritic matrix underscores the impact of chromium and nickel in 
determining the alloy's structural characteristics and overall performane. When the chromium content in the 
alloy exceeds 16% and the nickel content is increased to 1%, a microstructure characterized by a ferritic 
matrix and fully developed M7C3 type carbides is observed. This composition facilitates the stable formation 
of M7C3 carbides within the ferritic structure, influencing the alloy's mechanical properties, particularly its 
hardness and wear resistance. Upon further increasing the chromium content to 26% and maintaining the 
nickel content at 1%, the alloy's microstructure transitions to include both ferritic and austenitic phases. 
Additionally, this composition promotes the formation of carbides of both M7C3 and M23C6 types within the 
alloy's structure. This dual-phase microstructural configuration, comprising both ferrite and austenite along 
with distinct carbide phases, enhances the alloy's mechanical strength, corrosion resistance, and suitability 
for applications requiring robust performance under demanding conditions [27].  
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In the analysis of the Fe-2.6C-Cr-Mn system, alloys containing chromium levels up to 45% and 
manganese levels up to 9% exhibit a fully developed matrix structure. This structure encompasses phases 
such as ferrite and austenite, accompanied by the formation of carbide phases including M3C2, M7C3, and 
M23C6. These carbides play a critical role in determining the alloy's mechanical properties, including hardness 
and wear resistance. However, as the manganese content surpasses 9%, a notable transformation occurs in 
the alloy's microstructure. Specifically, the presence of free graphite becomes evident alongside the metallic 
phases. This change is indicative of manganese's influence in promoting graphite formation, altering the 
alloy's characteristics and potentially impacting its suitability for specific applications where graphite 
presence may affect performance parameters such as strength and machinability.  

At manganese contents ranging from 3-4%, the alloy exhibits a fully developed ferritic structure 
accompanied by the formation of carbide phases M7C3 and M23C6. This composition supports the stable 
presence of both carbide types within the ferritic matrix, influencing the alloy's mechanical properties, 
particularly its hardness and wear resistance (Fig. 4).  

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 

Fig. 4. Phase diagram of Fe-2.6C-Cr-Mn, Т-200 0С 

 
In contrast, at lower manganese contents of 0.7-0.8% and chromium levels spanning 16-45%, the 

alloy's microstructure predominantly consists of a ferritic matrix. Despite the reduced manganese content, 
the formation of M7C3 carbides is observed. This suggests that chromium plays a crucial role in facilitating the 
formation and stability of M7C3 carbides even in the absence of higher manganese levels. Such 
microstructural configurations are pivotal in determining the alloy’s suitability for applications requiring 
specific mechanical and wear-resistant properties. 

High manganese content in white cast iron promotes the formation of graphite within the alloy’s 
structure. This phenomenon occurs due to manganese’s tendency to favor graphite precipitation over carbide 
formation. Consequently, the microstructure of the alloy is characterized by the presence of ferrite, graphite, 
and brittle carbide phases of the M3C2 type. This combination of phases contributes to reduced mechanical 
properties, as the presence of graphite and brittle carbides diminishes the alloy’s strength and toughness. 
Therefore, manganese’s influence in promoting graphite formation and impeding carbide development 
significantly impacts the alloy's suitability for applications requiring high mechanical performance and wear 
resistance. 

Based on the thermodynamic state diagram of white cast iron 280Cr29Ni of the Fe-2.6C-Cr-Mn system, 
it was determined that the optimal amount of manganese is 0.4-0.6%, and the optimal amount of chromium is 
at least 16.5%. 

Thermodynamic analysis of the Fe-2.6C-Cr-Si system indicates that at silicon concentrations exceeding 
4.5%, the alloy structure comprises ferrite along with free graphite. Silicon's presence promotes the 
formation of free graphite, which can impact the alloy's mechanical properties due to graphite's tendency to 
act as a stress concentration site, potentially reducing strength and ductility. 

In contrast, when the chromium content exceeds 25-26%, a transformation occurs where free graphite 
transitions into a bound form within the alloy structure. This transformation suggests that chromium plays a 
crucial role in stabilizing graphite in a manner that mitigates its detrimental effects on mechanical properties. 
Bound graphite typically exhibits a more distributed and interconnected structure, which can enhance the 
alloy's mechanical strength and mitigate potential weaknesses associated with free graphite. 
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These thermodynamic insights are essential for understanding how variations in silicon and chromium 
content influence the microstructural evolution and mechanical behavior of Fe-2.6C-Cr-Si alloys, guiding their 
application in different industrial contexts where specific mechanical properties are required (Fig. 5). 

In the phase diagram of the Fe-2.6C-Cr-Si system, the presence of silicon and chromium influences 
the formation of various phases, including carbides such as M3C2, M7C3, and M23C6. Additionally, chromium 
silicide (Cr3Si) forms under certain silicon and chromium concentrations. Chromium silicide is undesirable in 
this context due to its brittle nature, which can adversely affect the alloy's mechanical properties, particularly 
its toughness and ductility. The formation of chromium silicide alongside carbide phases underscores the 
complex interplay between alloying elements and phase stability within the Fe-2.6C-Cr-Si system. 

 

 
Fig. 5. Phase diagram of Fe-2.6C-Cr-Si, T-200 0C 

 
Understanding these phase relationships is crucial for optimizing alloy compositions to minimize the 

formation of brittle phases like chromium silicide, thereby enhancing the alloy’s suitability for applications 
requiring superior mechanical performance and durability. 

Thus, the optimal amount of silicon in white cast iron is no more than 1%, which ensures good casting 
properties. The thermodynamic state diagram of the four-component Fe-2.6C-Cr-Ti alloy at 200 0C consists of 
several phases. Chromium content up to 16% and titanium up to 10% leads to the formation of a ferritic-
austenitic structure, as well as the presence of free graphite. The carbide phase is represented by M3C2 type 
carbide. 

When the chromium content falls within the range of 16-26% in the Fe-2.6C-Cr-Si system, the alloy 
structure does not exhibit free graphite. Instead, the carbide phase is characterized by the presence of two 
types of carbides: M3C2 and M7C3. (Fig. 6). 

 

 
 

Fig. 6. Phase diagram of Fe-2.6C-Cr-Ti, T-200 0C 
 

This compositional range supports the stable formation of these carbide phases, which play crucial 
roles in enhancing the alloy's hardness, wear resistance, and overall mechanical properties. The absence of 
free graphite is significant as it helps maintain the alloy's structural integrity and mitigates potential 
weaknesses associated with graphite formation, thereby optimizing its performance in demanding industrial 
applications. When the chromium content in the alloy is 26-42%, the structure of the alloy is represented by a 
ferritic-austenitic matrix, the carbide phase is represented by M7C3 and M23C6. Only when the chromium 
content in the alloy is more than 42%, only one type of carbides is present in the alloy structure - M23C6. 
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Conclusions 
The hardness and microstructure of high-chromium cast irons (HCCIs) grades 280Cr29Ni and 330Cr17, 

which are commonly used in wear-resistant components for mining and metallurgical equipment, have been 

thoroughly studied. The investigation showed that the alloy’s performance is closely linked to its metallic matrix 

structure and the formation of carbide phases, which are influenced by the specific alloying elements used. 

A comprehensive thermodynamic analysis of the multicomponent Fe-2.6C-Cr-alloying elements system was 

performed to understand crystallization processes. The analysis identified the optimal ratio of alloying elements 

such as Cr, Mn, Si, and Ti, which are critical for the development of a metallic matrix and carbide phases that 

enhance the hardness of the alloy. 

Ternary, quaternary, and multicomponent phase diagrams, including systems like Fe-C-Cr, Fe-C-Ni, Fe-C-

Mn, and Fe-C-Cr-Ni, were developed. The resulting iso- and polythermal sections (at 200 °C) enriched the 

theoretical understanding of phase equilibria in high-chromium cast irons. These phase diagrams are essential for 

guiding the design of cast irons with tailored properties. 

The research determined that the composition of 3.2-3.4% carbon, 0.4-0.6% manganese, 16-18% chromium, 

0.4-0.6% silicon, 0.4-0.6% nickel, and 0.4-0.5% molybdenum (with the remainder being iron) represents an 

economical and high-performing grade of HCCIs. This optimized alloy composition not only improved the 

mechanical properties but also resulted in significant cost savings in the alloying process, particularly in reducing 

the consumption of ferrochrome, nickel, and other elements. 

The optimized chemical composition and the use of advanced casting and heat treatment processes led to an 

extension of component life by at least 20% and a reduction in production costs by 30%, making the alloy highly 

suitable for industrial applications requiring enhanced wear resistance. 
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Abstract. The development of coal seams located in complex mining and geological conditions presents significant 

technical and economic challenges when using traditional high-performance mechanized complexes. In such 

environments, it is practical to create and employ cost-effective, yet mobile and maneuverable robotic technologies, 

such as mining manipulators, automated support systems, and robotic mining complexes. this paper provides a brief 

analysis of the mining and geological conditions of coal seams in the karaganda basin and the current state of 

robotics development for coal mines. historically, the annual coal production from 27 seam layers in the karaganda 

basin suitable for selective extraction was about 15 million tons. However, losses of coal in these reserves due to 

traditional technology, which involves leaving coal pillars, reached approximately 9 million tons in 1998. The paper 

proposes a robotic technological complex for the selective extraction of coal seams under complex conditions. 

 
Keywords: coal seam, complex mining and geological conditions, robotic mining complex, selective extraction, mining face, 

remote mining 

 

Introduction  
It is known that the Karaganda Basin is characterized by complex mining-geological conditions for the 

occurrence of coal seams and a high intensity of geological disturbances. The predominant form of discontinuous 

geological disturbances in the basin is faulting, which accounts for about 70% of all disturbances. The most 

common are tectonic disturbances with amplitudes ranging from 0.1 to 3.0 meters. Seam disturbances cause 

significant difficulties. About 20% of equipment relocations occur due to geological disturbances. Transition 

through these disturbances is associated with complications related to the need for stripping of surrounding rocks. 

As a result, the coal becomes contaminated with rock, and the mining machines are forced to operate under 

conditions that are not typical for them. 

The main coal extraction in the basin is focused on flat and gently inclined seams with dip angles up to 18°, 

while extraction from steeply inclined and very steep seams, as well as from seams with complicated geological 

conditions, constitutes no more than 7%, even though their reserves exceed 30-40%. The difficulties in working 

these seams arise from the lack of effective technological schemes and extraction equipment. This situation leads to 

the detrimental practice of selectively mining the most favorable seams. As a result, not only are pillars left to 

support workings and in geological disturbance zones, but also significant reserves remain in localized areas 

characterized by various complex geological conditions. Therefore, the problem of developing localized areas with 

complex mining-geological conditions, including selective extraction of structurally complex and closely spaced 

thin seams, has been, and continues to be, particularly relevant [2, 3]. 

The development of unconventional technologies and specialized tools for working with various local 

geological formations (including formations with diverse purposes, layers exhibiting complex geometrics, zones 

intersected by geological faults, etc.), as well as for handling complex-structured and closely spaced thin layers, has 

been an ongoing focus. This is particularly relevant to the selective extraction of complex-structured layers (such as 

k1, k, k10, k12, k13, etc.) and closely spaced thin layers separated by thin interbedded rock strata (e.g., d7-d8) [1, 

2]. 

In the Karaganda Basin, during a certain period, the annual coal production from coal seams suitable for 

selective extraction reached 15 million tons using traditional technology. However, significant coal losses in the 

reserves, with coal packs left in place, amounted to approximately 9 million tons in 1998 [2]. 

It is important to note that employing the costly traditional technology using a shearer-loader within a 

mechanized complex was highly uneconomical under conditions that did not meet their technical specifications and 

performance criteria (i.e., unfavorable conditions). Serial mechanized complexes are designed based on technical 

parameters for operation in extended mining pillars with long mining faces. Shearers with standard screw heights 

are intended for complete seam extraction at a specified height, dealing with relatively soft coal masses and 

transporting homogeneous rock (coal) via conveyor. Selective extraction mainly targets complex-structured or 

closely spaced thin seams separated by thin rock interbeds. The extraction process was carried out as follows: first, 

the upper seam or coal pack was removed, followed by the rock interbed, and finally, the lower seam or coal pack 

was extracted. This selective extraction technology significantly reduces the productivity and reliability of the 

mining equipment, often rendering it economically unviable. 

Due to the complexity of the mining conditions, there was no need to create large mining fields, which would 

have made the use of mechanized complexes and shearers economically unfeasible. In selective extraction 
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conditions, shearers were required to extract coal from closely spaced seams in two or even three passes, 

necessitating the undercutting of strong rock interbeds. In practice, selective extraction could also be carried out 

when encountering minor geological disruptions. 

 

1. Paths to Solve the Problem 
One approach to enhancing and advancing coal mining technology in complex mining-geological and 

mining-engineering conditions is the development of modern mechanization, automation, and robotics for extraction 

and tunneling operations. 

Previous analysis of research and developments by leading scientists and specialists in the mining industry on 

robotics for coal mines indicates that the mining industry is among the foremost non-machinery sectors where the 

creation and implementation of industrial robots is of significant importance [3 - 5].  

The primary justification for such decisions is that working conditions in mines are considered extreme for 

humans. As mining operations progress deeper, the number of injuries and underground explosions due to rock 

pressure increases. The frequency of accidents for underground workers is 4 to 5 times higher, and 8 to 9 times 

higher in deep mines, compared to surface operations. The complexity of mining-geological factors exacerbates the 

already challenging conditions of underground production. In coal mines in Russia, Ukraine, and Kazakhstan, the 

level of mechanization for extraction and tunneling processes is about 40%, while for auxiliary processes it is 10-

15%. Given this situation, the development of mechanization and automation for various auxiliary technological 

operations, as well as mobile universal tools for working in localized sections of coal seams with complex 

geological conditions, is viewed as an alternative to specialized mechanization equipment [5 - 6]. 

The principles and concepts of industrial robotics and flexible automated manufacturing systems were 

established and began to be implemented in the former USSR and Kazakhstan by the early 1980s. During this 

period, the Karaganda Polytechnic Institute, under the guidance of Academician A.S. Saginov of the National 

Academy of Sciences of the Republic of Kazakhstan and Professor T.E. Ermekov, initiated work on developing the 

scientific and technical foundations and technological parameters of unconventional technology and methods for 

flank-front mining of seams with complex mining-geological conditions. Subsequently, these efforts focused on 

creating and refining the technology for seam extraction using short mining faces without the need for preparatory 

development works, thus reducing assembly and disassembly operations and ensuring effective extraction of 

localized areas and seams with challenging mining conditions. The following practical results were achieved [1 - 3]: 

- parameters for technological schemes of frontal-flank selective mining using extraction manipulators—

precursors to robotic technology systems - were developed and studied. These systems facilitate the effective 

extraction of localized areas and seams with complex geological conditions. 

- a methodology was developed for selecting and justifying methods for selective face treatment and 

determining their advancement rates. 

- various technology options were developed for transitioning geological disturbances such as normal and 

reverse faults with amplitudes up to 2 meters. 

- technical specifications were developed for the creation and implementation of a robotic complex for 

selective extraction (KRS) and the "Tentekski" extraction complex with bidirectional movement of the KT-D. 

In the 1990s, work on mining robotics using manipulators began in the United Kingdom, Japan, the United 

States, Germany, and the Czech Republic. Carnegie Mellon University (Pittsburgh, USA) developed and tested a 

model of an underground robot at a mine in Pennsylvania. In 1995, the United States began widely using robotic 

manipulators for drilling blastholes (by Fanuc) and installing concrete segmental lining in tunnels (by Daewoo). In 

the United Kingdom, mining robotics is being pursued as part of a government program. In Australia, a two-phase 

program for mining process automation was developed, consisting of: 

- remote automated control of mining equipment with manipulators; 

- transition to comprehensive automation of mining systems using robotic manipulators. 

Existing mining and tunneling equipment cannot fully eliminate manual labor during technological 

operations. Several approaches could address this issue. One approach is to ensure that advanced technological 

schemes and corresponding equipment integrate interconnected technological operations comprehensively. 

However, many operations are performed discretely over time, and the overall reliability of the technological 

scheme is a significant factor. Another direction is the creation and implementation of equipment complexes in 

mining faces that mechanize and partially automate both primary and auxiliary processes. However, experience with 

automated mining face equipment has shown that the labor intensity of manual operations does not significantly 

change as a result of automation. Consequently, a new direction is emerging: a higher level of comprehensive 

mechanization and automation of underground operations through the application of robotics. This approach should 

enable manipulation operations using automated manipulators, information collection (via visual, acoustic, and other 

sensors) in the immediate work zone, and the creation of conditions that allow for the removal of human operators 

from these zones. 

The future of underground mineral extraction is linked to the development and implementation of technology 

for unmanned mining, which is currently advancing in three main directions [3]: 

- coal mining without the continuous presence of humans in the mining face, which involves only brief 

human visits to the face for equipment maintenance and inspection. 
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- coal mining using methods and tools that eliminate the need for human presence in the mining area. 

- underground coal mining (or geotechnology) without human presence, involving the management of the 

entire process from the surface. 

The first direction is based on the development of integrated and unit-based mining using microprocessor 

technology in long mining faces (primarily for thin and medium-thickness seams) with coal extraction by shearers or 

plows. Significant experience has been accumulated in this area. 

The second direction focuses on creating remotely controlled units with programmable control for short 

mining faces (including the use of hydraulic mining) and developing technical and technological solutions using 

unconventional methods. 

The third direction relies on technology and equipment that allows for the execution of the entire set of 

operations from the surface after the preliminary alteration of the coal’s physical state. 

To remove humans from complex mechanized mining faces during extraction, it is necessary to address the 

automation of core processes. For reliable operation of the equipment without constant human presence in the 

mining face, an automation system must be created, which includes subsystems for: drive control, roof support 

equipment and seam geometrics, hydraulic system control and monitoring, as well as data collection and processing 

about the condition of machines and equipment. 

New sensors and hydraulic and optical systems have been developed and tested in mines. However, even 

with the creation of reliable control systems, it remains challenging to fully eliminate human presence from the 

mining face due to the imperfections of technology and unaccounted disturbances from the mining environment. As 

long as humans are responsible for monitoring equipment operation, environmental conditions, process adjustments 

for auxiliary operations, and resolving extreme situations in the mining face, the task of removing human operators 

remains difficult [3 - 5]. 

For complex mechanized mining faces, the problem of unmanned mining should be addressed in two stages. 

The goal of the first stage is to eliminate manual labor, which can be achieved by integrating a range of machines 

and mechanisms into the complex to perform individual work processes and auxiliary operations instead of humans. 

This may involve using teleoperated robotic manipulators equipped with universal manipulators, various sensor 

systems, and mechanisms for moving through mining faces. Only after this can the technological process be 

implemented without human presence in the mining faces, for which a necessary base of robotics and automation 

must be created. 

Mining face equipment represents a higher level of development in mining technology compared to 

complexes, and the task of eliminating manual labor is primarily defined by technical solutions related to 

technology, equipment, and automation systems. Naturally, alongside traditional technical solutions, various types 

of robotic manipulators, such as informational and copying robots, may be used. 

One of the conditions for the successful operation of underground manipulator robots is effective 

informational awareness of the working environment and the robot itself. This role is played by the robot’s sensory 

system, which includes tactile (mandatory), visual, and other sensors. It is well known that through visual channels, 

humans receive 80-90% of all information about the environment. Therefore, a significant portion of the information 

needed for effective manipulation and movement of underground robots will come from visual sensors (video 

sensors). Since biotechnical robots controlled remotely are considered most promising for underground conditions 

and the final recipient of information is the human operator, the system involves "operator-visual sensor-

manipulator-environment." 

The use of visual sensors as informational devices, especially in non-standard underground equipment, opens 

up fundamentally new possibilities for assessing the state and relative positioning of objects in three-dimensional 

space for manipulation purposes. It allows for increased recognition and interpretation of observed objects, 

including tasks such as determining the boundaries of "rock-coal," diagnosing faults and hazardous conditions, and 

more. This should lead to improvements in traditional automation systems and the creation of robotic manipulative 

complexes. 

The anticipated technical and economic benefits of robotizing production processes in mines include 

reducing manual labor and the labor intensity of operations, freeing up and more rationally utilizing workforce, 

creating conditions for increased productivity and machine operating time of mining and tunneling equipment, 

reducing injury rates by removing humans from the work zone, and relieving people from working in hazardous or 

hard-to-reach areas. 

 

2. Robotic Complex for Selective Mining (KRS): Composition and Design Requirements 

The KRS complex is designed for the selective (separate) extraction of coal and rock in seams located in 

complex mining-geological conditions, without the need for constant human presence in the mining face, while 

leaving rock in the mine [3 - 6]. The complex is intended for use in single seams with interburden or closely spaced 

coal seams with thicknesses ranging from 2.0 to 7.0 meters, with dip angles up to 55°, seam cutting resistance up to 

400 kN/m, and strength of interburden layers up to 6 (according to Prof. M.M. Protodjakonov’s classification). The 

thickness of interburden layers ranges from 0.4 to 1.5 meters. The system is designed to handle seams with hard 

inclusions and geological faults with amplitudes up to 1 - 2 meters. 

Application Area of the KRS Complex [3]: 
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- development of flat, inclined, and steeply inclined seams with complex mining-geological conditions (e.g., 

complex seam geometrics, presence of hard inclusions, interburden layers, boulders, risk of outbursts, roof and floor 

instability, etc.); 

- separate extraction of coal and rock; 

- exploitation of blocks for various purposes; 

- reworking of decommissioned reserves. 

Applied Mining Systems: Pillar mining with lengths of 60 - 100 meters and short pillars with lengths of 25 - 

60 meters without the creation of development workings. Roof Control: Complete collapse of the main part of the 

longwall and partial backfilling of the worked-out space along the conveyor drift (heading). 

Complex KRS: The KRS complex consists of a screw backfilling device based on the "Start" drilling rig, the 

"Titan" backfilling complex, and hydro-electrical equipment with control systems and microcomputers utilizing 

microprocessors, specifying the quantity (set) and designation of its components (Table 1). 

 
Table 1. Composition of the KRS Complex 

№ Equipment Name Designation Quantity 

1 Excavation Machine-Manipulator VMF-5 2 

2 Mechanized (Automated) Support (three sizes) Based on AK-2, KPK-1 

(“Pioma 25/45-03” or 

“Fazos 24/53”) 

1 

(for 60-100 meters) 

3 Sections of Mechanized Support (four sizes) Based on M130* 5 - 10 

4 Upper Junction Support (with ventilation drift) Т6К 1 

5 Lower Junction Support (with conveyor drift) M81SK 1 

6 Face Conveyor SKU 1 

7 Screw-Feed Device “Titan” 1 

5 Reversible Drift Conveyor SP87P 1 

9 Pumping Station Group SNU-5 2 

10 Electrical Equipment - 1 

11 Automatic Control System with Microprocessor 

Devices and Microcomputers 

- 1 

* Supports, depending on technical conditions, may also be from other manufacturers. 

 

The primary criterion for the operation of mechanized support for mining a particular seam is the 

correspondence of the geological conditions of the seam to its technical specifications. Key geological conditions 

include: the thickness of the seam being mined, the dip angle of the seam, the load-bearing capacity of the roof and 

floor of the seam, and the stability of the roof. 

The support for the main part of the longwall, AK-2 or KPK-1, is designed to support the roof in the 

immediate face area, protect the working zone from roof collapse, and manage the roof of the main part of the 

longwall. 

The support sections for the backfill area of the longwall, M130, are intended to support the roof in the 

immediate face area, protect the working zone from roof collapse in the backfill section, and for the suspension of 

backfill pipelines and ensuring the placement of waste rock in the worked-out space behind the support sections. 

The junction supports T6K and M81SK are designed to secure and support the upper and lower junctions of 

the longwall with adjacent workings and to prevent sliding of the linear sections of the supports. Junction supports 

must ensure the compact arrangement of face equipment in the end parts of the longwall. Specific design 

modifications for the lower junction supports will be finalized during development. 

The face conveyors SKU ensure the delivery of broken coal and rock. The conveyor SKU-45 includes a drive 

head with an electric motor, shaker sections, a chain with cantilever folding scrapers, troughs for the track chain, and 

hydraulic and electrical communications for control. The face conveyor on the side of the longwall's caved section 

must be raised relative to the seam floor to ensure the section support base fits by 130 mm with a depth of 430 mm. 

The length of the linear conveyor sections is 1100 mm. The spacing of the cantilever scrapers should be 1000 mm. 

The load on the traction chain during the transportation of coal and rock should not exceed 843 kN. 

The reversible drift conveyor based on the conveyor SP87P is intended for transporting coal to subsequent 

drift conveyors and for loading the broken rock into the reception hopper of the backfill device during reverse 

operation. 

The KRS complex consists of a mining manipulator VMF-5, VMF-6 with mechanized support and conveyor, 

electro-hydraulic equipment, and adaptive-program control equipment with diagnostic capabilities. 

The application of the KRS complex allows:  

– significantly reducing mineral losses during the operation of coal mines;  

– mining closely spaced coal seams with a distance of (0.5 - 2 m) and a dip angle up to 55° using selective 

mining technology, leaving rock in the mine;  

– decommissioning and mining technogenic reserves of mineral deposits, as well as developing blocks of 

various purposes in ore and non-ore deposits under complex geological conditions. 
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Figure 1 shows the general view of the complex with a single automatic mining manipulator in the longwall. 

 

 
 

1) linear support sections AK-2, KPK-1; 2) mining manipulator VMF; 3)  face conveyor SKU;  4) screw backfill 

machine "Titan"; 5) support sections M-130 with backfill device;  6) drift conveyor SP87P; 7) reclaimer; 8) support 

device 

 
Fig. 1. -  KRS Complex for Waste-Free Selective Mining (with one manipulator operating in the longwall) 

 

According to the Figure, the KRS complex with a single mining unit includes linear sections of mechanized 

support 1, a mining machine in the form of a mining automatic mining manipulator 2, located on a base and 

supported by skis on the guide rails of the transporting conveyor 3, and a backfilling machine 4, support sections 

with a backfilling device 5, a drift conveyor 6, a loader 7, and a rib support device 8. 

Based on the results from reviewing the indicators on the technical level and product quality card for the 

selective mining complex, the KRS complex should ensure full automation of clearing operations in panels with 

separate extraction of coal and rock without the constant presence of people in the mining face, while leaving the 

extracted rock in the mine for backfilling. 

When developing a steeply inclined seam, a special transport base with speed dampers for coal fragmented 

by manipulators is used. 

A brief summary of the KRS complex characteristics is presented in Table 2. 
 

Table 2. Brief Characteristics of the KRS Complex 

Indicator Value 

Productivity of one manipulator with automatic control, 

t/min 

2,5 

Number of manipulators per unit, pcs 10 

Power of one manipulator's electric motor, kW 22 

Number of degrees of freedom of the manipulator 5 

Total power of the complex's electric motors, kW 240 

Specific energy consumption of the unit, kWh/t 0,4 

Weight of one manipulator, t Up to 5.0 

Total weight of the support complex for a face length up to 

60 m, t 

About 150 

Mining system Pillars along the strike 

Roof control Complete collapse 

Soil types Any type of support with a bearing capacity of not 

less than 1.0 MPa (10 kg/cm²) 

Mine gas category Exceedingly high category 

Extractable seam thickness, m 2,0-7,0 

Seam dip angle, degrees Up to 55 

Face length, m Up to 60-100 

Daily load on the complex, t/day Up to 5000 

Type of support for the support complex AK-2, KPK-1 

Type of conveyor for seam dip up to 35 degrees SKU-45 
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3. Description of the KRS Complex and Operating Principle 

The KRS complex, consisting of several mining units, includes mechanized support (possibly of the AK-2 or 

KPK-1 type), M130 support sections in the backfilling part of the panel, a face conveyor SKU or a guiding 

transporting device, and the working organs of manipulators. 

The working organs are designed as automatic manipulators, movably installed every 10 - 12 support 

sections, with four legs. The guides are made with movable curved sections located on the transporting device and 

on the base of the mechanized support sections. These curved sections are paired and connected by hydraulic 

cylinders, whose cavities are parallelly connected through pipelines to a distributor. The handle is positioned to 

interact with a cam, which is pivotally mounted on the base of the manipulator and to which the ski grips are also 

pivotally attached. The hydraulic cylinders are connected to the hydraulic distributor via pipelines and a check 

valve. At the ends of the panel, the guides have a pair of curved sections II: both on the base of the support section 

and in the face area, meaning that the terminal ends of the guides have a T-shaped design. 

To ensure precise positioning of the manipulator under the support section at the ends of the guides installed 

on the base of the support section, stops are provided. 

To concentrate clearing and preparatory work, the end parts of the guides are T-shaped with movable curved 

sections. 

Figure 2a shows the general view of the KRS complex; Figure 2b shows the general plan view of the 

complex; Figure 3a illustrates the structural scheme of the guides and their control system; Figure 3b shows view A; 

Figure 4 shows the flow technology of coal extraction using several mining manipulators VMF-5, VMF-6; Figure 5 

shows the control block of the KRS complex. 

The KRS complex (Figures 2 and 3) includes mechanized support sections with a base 2 and a cover 1, a 

mining machine in the form of a manipulator 4 located on the base 5, supported by skis 6 on the guides 7 of the 

transporting device 8. The guides have straight sections 9, 10 located on the transporting device and movable curved 

sections 11 located on the base of the support sections 2. The curved and straight sections have guides 28 that 

interact with the grips 29 and 30 (Figure 3), controlled by hydraulic cylinders 31 and 32 (Figure 2). 

On the base of the manipulator 5, control equipment 33 is installed. The hydraulic control system consists of 

a control hydraulic block 34 for the boom and head of the manipulator 4, pumps, a current regulator, a distributor 

interacting with cam-operated check valves of the lifting-lowering hydraulic cylinders, rotation, hydraulic 

distributor, and grip cylinders. The control hydraulic block 34 includes a pressure relief valve, a section for 

controlling the lifting-lowering hydraulic cylinders, and a section for controlling the rotation of the manipulator 

boom. 

 

 
 

 
 

 
Fig. 2. – Section of mechanized support with VMF-5 manipulator: (a) general view of the KRS complex; (b) top view 

 

The conveyor or transporting device 8 is connected to the base of the support section 2 via a hydraulic 

cylinder 56 (Figure 2). Fixed stops 57 are installed on the base of the support section 2. The stop 57 restricts the 
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manipulator's movement towards the collapse, regardless of the position of the support section, helps in accurately 

positioning the manipulator in the initial position, and protects the handle 25 of the distributor 24 from excessive 

force impacts. When positioning the manipulator in the initial position, the curved sections of the guides are 

automatically moved to the working position by the cam 26 of the distributor 24 through the handle 25 (Figure 3). A 

support-rotating device carries out the rotation of the working organ (manipulator boom) in the horizontal plane with 

rotation hydraulic jacks 30. 

The robotic complex operates as follows. In the initial position, the manipulators are located under the 

support section. The handle 27 (Figure 3) is rotated to the required position, for example, for movement to the right, 

position “P”. In this position, the cam 26, acting on the handle 25 of the distributor 24, directs the working fluid 

through pipeline 22 to the hydraulic cylinders 20 and 21. Under the action of the moving pistons of these hydraulic 

cylinders, the movable curved sections of the guides 11, 12, and 13 are tightly pressed against the straight sections 

of the guides 9 and 10, allowing the manipulators to move to the right, as shown in the figure. 

Simultaneously, the right grips 30 are brought into the working position. For this, working fluid is supplied 

from the control section through pipelines via the distributor and check valve to the hydraulic cylinders 31 and 32, 

thus bringing the grips 30 into the working position while retracting the grips 29. At the same time, working fluid is 

supplied through the pipeline via the check valve to the rotation hydraulic cylinder, setting the required angle for the 

rotation of the manipulator boom 4 towards the face. The manipulator boom is mounted on the upper support-

rotating platform, which is connected to the lower platform via hydraulic jacks for platform extension. 

The preparation of manipulators I, II, III, and IV for mining operations is now complete. All preparatory 

work is conducted from adjacent workings: a command is given to one of the end manipulators, and the others 

repeat this command, as they all perform the same operation, which simplifies automation significantly. 

 

 

 
a) 

 

 
b) 
 

Fig. 3. - Controlled curved sections of the manipulator base: (a) structural diagram of the guides and their control system; (b) view A 

 

Next, all manipulators gradually move onto the straight sections of the guides and start cutting. When on the 

straight section of the guides, each manipulator performs the excavation of valuable minerals in its section (Figure 
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4). After finishing the processing of their sections, manipulators I, II, and III return to the initial position under the 

nearest support section, the conveyor and mechanized support are moved towards the face, and manipulator IV, 

moving along the curved section to the guide located in the working area, performs excavation to prepare this 

working area to a depth equal to the unit's movement step, as shown in the figure, and then also returns to the initial 

position. 

Excavation work in the opposite direction is performed similarly to the previous operation. In this case, the 

handle 27 is set to the left position “L” (Figure 2b), and working fluid is supplied through pipeline 23 to hydraulic 

cylinders 20 and 21. As a result, the piston of hydraulic cylinder 21 moves upward, retracting the movable curved 

guides 12 and 13 from the working position. These guides are moved at an angle to the straight sections of the 

guides, aided by the positioning of the eyelet 16 in the guiding grooves 18. At the same time, the movable curved 

guides 14 and 15 are brought into the working position, moving towards the positioning of the eyelet 17 in the 

guiding groove 19, and the curved guide II is positioned in the working state by rotating around its axis. 

The grip 29 is moved to the working position by supplying working fluid through pipeline 45 (Figure 3), 

while grip 30 is retracted from the working position, and the manipulator boom is rotated to the opposite direction, 

as shown in Figure 4d. The movement of grips 29 and 30 from one position to another is necessary to ensure the 

stability of the manipulator base. The grips are moved in such a way that the grips on the collapse side, in this case, 

grips 29, are active. 

If any manipulator fails, for example, the nearest manipulators that have the same movement direction, as 

shown in Figure 4 process manipulator 1, its section. 

Upon completion of the excavation work, the transporting device is moved forward, the mechanized supports 

and manipulators are returned to their initial positions, and the manipulator that has entered the working area 

performs preparatory work (deepening the working area). 

 

 
Fig. 4. – Continuous Coal Extraction Technology VMF-5, VMF-6 

 

The continuous coal extraction technology is implemented using VMF-5 and VMF-6 manipulators. The 

average value of the expected current for the actuator during operation is 10 - 30 A for 6 seconds, with a variance of 

4 seconds, then decreasing to 20 A and 2 A respectively, while the electric motor is loaded at 60 – 65% of its 

capacity. 

Simultaneously, repair of the failed manipulator III is carried out, provided it does not involve accessing the 

electrical components, and preparation for the next cycle is undertaken (Figure 4, d). 

The main advantage of the proposed unit is the ability to concentrate mining and preparatory operations 

within the extraction field, which provides a significant economic benefit by combining extraction and preparatory 

processes. 

Unlike known complexes of this type, there are no issues with boom rotation, and the automation of the 

extraction process is facilitated since all manipulators can work simultaneously performing the same operations. The 

process of switching curved guide sections from one position to another is automatically handled when the machines 

are positioned under the support sections. If any manipulator fails, the two adjacent manipulators can replace it. 

During excavation work at one end, the end section of the face conveyor, conveyor line, and support sections are 

moved at the other end, along with other auxiliary tasks. The failed manipulator can be repaired under the support 

without stopping the extraction work, provided it does not involve accessing the electrical components. 

Using identical manipulators for preparatory and extraction work allows mining workers to gain practical 

a) 

b) 

c) 

d) 

e) 

f) 
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skills in their operation more quickly. The number of curved guides exceeds the number of manipulators per unit, 

and these (curved guides) are spaced evenly along the length of the face. 

 

4. Control Equipment for the Robotic Complex for Selective Extraction of Coal Seams 

The creation of effective control systems for mining complexes aimed at ensuring safe working conditions 

requires the transition to microprocessor-based technology. The control equipment for the automated complex for 

selective coal seam extraction should provide a combination of manual, local, and automatic control of mechanized 

supports, mining manipulators, and conveyors according to a programmed schedule. Remote and automatic control 

of the complex for selective extraction allows for the removal of personnel from the mining face, thus increasing the 

productivity of both the complex and the operating staff. 

At the interface preparation stage, the driver loads a microprogram (communication module) into the 

interface's RAM, which manages the conversion of data from the working format to a format suitable for 

transmission to the software module. An example of connecting the VMF-5 via the CAN bus is shown in Figure 5. 

The control equipment and hydraulic drives must ensure the effective operation of the KPC complex with the 

help of [3 - 4]: 

- boundary control sensor “Coal-Rock”: according to Figure 5 (Developer - Department of Physics, KarTU); 

- DMMK Sensor: A sensor for locating manipulators that operate on steeply inclined seams (used in seam 

development under particularly challenging conditions); 

- end position sensors for combines (manipulators): Sensors for position control of the standardized DPU 

series. The standardized series of magneto-reed position sensors, DPU (DPU1-40, DPU2-40, DPU1-100, DPU2-

100), are intended for monitoring the position of moving parts and mechanisms during various technological 

processes; 

- upgraded sensors of the DPU series: DPG1-40, DPMG2-40, DPMG2-100, DPMG1-100, DPMG1-200, 

DPMG2-200 sensors are intended for controlling the movement of the monitored object (screen) perpendicular to or 

parallel to the working side. 

- end position sensors for support sections: DPU sensors for tracking the position of the support sections 

during movement. The DPU-6 sensor monitors one of the end positions of the support sections; the DPU-7 sensor 

monitors the front position of the support sections and the stationary zone, which is equal to 60 minutes. 

 

 
 

Fig. 5. - Control Block of the KPC Complex with Connection to VMF-5 via CAN Bus through "HS+Interface" 
 

Conclusions 

Based on previously conducted research and development work, a new direction for designing robotic systems 

and equipment using microprocessor technology for coal seam development under complex mining and geological 

conditions has been established. New technical solutions for creating mining complexes and equipment for the 

extraction of complex and closely spaced thin seams using selective mining technology are presented. These 

solutions are unified by the concept of using controlled mechanized supports and automated mining manipulators 

equipped with boundary tracking subsystems for "coal-rock" separation [7 - 10]. 

For the robotic complex for selective extraction (KRS), maximum use is made of standardized products based 

on mechanized mining supports of supporting and supporting-guard types and the actuator of the selective-action 

mining manipulator from serial tunneling machines. The applicability coefficient of the mining robotic complex is 

up to 85%. 
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According to the requirements for the technological and metrological support of design, production, and 

operation, the readiness coefficient of the KRS complex can be up to 0.8, while that of the VMF mining manipulator 

is up to 0.92. The service life of the SKU conveyor until the first major overhaul is 500,000 tons of transported coal. 
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Abstract. Heat sinks are essential elements that disperse thermal energy from systems operating at high 

temperatures, including aerospace vehicles, semiconductor chips, and turbine engines. Over the last several decades, 

significant research has been focused on heat sinks to improve heat dissipation, reduce hot spot area temperatures, 

and lower components' temperature in the hot section. The enhancement of heat sink thermal performance faces 

several obstacles and requires the adoption of novel designs, materials, and adaptable production techniques. This 

study aims to provide a comprehensive review of the previous research on enhancing the thermal efficacy of heat 

sinks, the effect of fins arrangements on the final heat transfer efficiency and identify the improvement in the 

heating transfer. The effect of natural and forced convection on the heating transfer efficiency in heat sinks has been 

investigated in the current review with a focus on the utilization of different heat sink types of applications and uses 

along with the benefits and drawbacks of each type. 

 

Keywords: heat sink, heat transfer, natural convection, forced convection, fins efficiency, fins shapes, fins 

arrangement. 

 

Introduction 

The temperature (Temp) rise has a detrimental impact on the functioning of several devices. For instance, a 

literature survey found that 55% of electronical component failures are resulting by over-temp [1], as depicted in 

Fig. 1. These components' failure rate doubles when the temperature rises by 10 °C. Conversely, a temperature 

duction of 1 degree Celsius can result in a 4% decrease in the failure rate. Moreover, the performance of solar 

modules is directly influenced by the temperature of the cells [2]. It is significant to observe that only 20% of the 

sun rays received are transformed into electricity. The remaining surplus energy must be removed since any increase 

in temperature may have a detrimental influence on the system's performance. A temperature rise of 1 degree 

Celsius may decrease the electrical conversion efficacy of crystalline silicon cells by 0.5%. Similarly, for amorphous 

silicon cells, the efficacy drop is 0.25%. In general, a temperature rise of 1 degree Celsius may reduce power 

production by around 0.4 - 0.5% [3]. 

 

 
 

Fig. 1. The significant reasons for most electronic devices' failure [4].  

 

Based on this data, it is evident that excessive heat or temperature rise poses a genuine issue that needs to be 

addressed. It is crucial to maintain the temp of various systems in the suggested limits set by producer and achieve 

the required performance [5]. In the last decades, there has been a dramatic transformation in microelectronic, 

computer, and smartphone technology, leading to their rapid dominance in the global industry [6]. The electronic 

business is being driven by consumer demands, leading to significant developments in device design and 

manufacture. In response to this need, the industry is innovating by producing more powerful and quicker goods 

than traditional equipment, which is considered outmoded [7]. The societal need for more advanced and efficient 

gadgets and the growing tendency in the electronics industry to make devices smaller but more powerful has driven 

significant technical progress in the engineering and design of portable electronics [8]. Tremendous progress in the 

thermal management of portable electronics has occurred alongside refining their power and size. Thermal 

management refers to the technique involved in generating, controlling, and dissipating the heat generated by 

electrical equipment. Insufficient thermal management may negatively impact an electronic device's reliability, 

performance, and power. Heat is an unavoidable consequence of all electronic devices, and due to its propensity to 
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negatively impact the dependability of these devices, it has become a crucial factor for designers to consider while 

creating advanced technology [9,10]. 

 

1. Background on Heat Sink 

 
1.1. Fundamentals of Heat Sink 

A heat sink is utilized to exchange heat and facilitate the passage of heat from a heat-producing equipment or source 

to a surrounding fluid. The fluid used is often air. However, it may also be any non-conductive fluid for heating 

transfer. The Heating sinks may be cooled passively via natural or forced convection involving a fan. Heat sinks are 

often fabricated using aluminum or copper [11]. A heat sink is specifically designed to efficiently disperse excess 

heat generated by the functioning of mechanical or electrical apparatus. If the waste heating is not effectively 

dissipated from the component, it might accumulate and lead to device malfunctions or decreased performance. A 

heat sink utilizes the principles of radiation, convective, and conductive transfer of heating to transfer heat from a 

higher-source temp to a lower-fluid temp [12]. Thermal energy is transferred from this source to the sink by 

conduction. Heat sinks are fabricated using materials with high heat capacity, meaning they can retain more heat per 

unit mass. Radiation and convection transfer heating from the sink to the neighboring fluid [13,14]. Increasing the 

surface area in contact with the heating exchange fluid enhances the heat transmission rate. Adding fins to the heat 

sink base material may significantly enhance the surface area. A heat sink might be either passive or active. An 

active heat sink utilizes forced convection generated by a fan or pump to efficiently move heat from the device, 

whereas a passive heat sink relies on natural convection [15]. 

A passive heat exchanger, a heat sink transfers thermal energy from an electrical or mechanical equipment to air or a 

liquid coolant [16]. This method disperses heat from the device, allowing temperature control. Computers utilize 

heat sinks to disperse heat from central processing units (CPUs), GPUs, chipsets, and RAM modules [17]. High-

power semiconductor devices like power transistors and optoelectronics like lasers and light-emitting diodes (LEDs) 

need heat sinks when their natural heat dissipation capability is insufficient to maintain their temperature. Every heat 

sink is needed in changing applications [18].  Heat sinks are widely used for thermal management in several 

domains, including technology, industry, and natural systems. These components are so widespread that they may 

be easily disregarded, even by those knowledgeable about the technology [19]. A heat sink is specifically engineered 

to maximize the contact area between its surface and the surrounding cooling medium, including air, in order to 

enhance its cooling efficiency. The effectiveness of a heat sink is impacted by factors including airflow speed, 

choice of materials, design of protrusions, and treatment of the surface. The temp of integrated circuits is influenced 

by heat sink conduction mechanisms and thermal interface materials. Thermal paste or glue improves the efficiency 

of the heat sink by filling up any gaps between the heat sink and the heat spreader on the apparatus. In several 

engineering applications, a heat sink is often fabricated utilizing either aluminum or copper [16]. 

This review paper identifies and highlights the heat sinks from different perspectives including design, 

manufacturing, optimization, and applications. Also, the geometries and characteristics of heat sinks in previous 

studies are reviewed classified and summarized. It is focused on geometry design features to strengthen the impact 

of heating transfer and pressure drop. The correlation between geometric characteristics and heating transfer is also 

presented, and future research orientations are discussed.  Furthermore, it provides and offers a clear vision of the 

majority of recent resources and contributions for many researchers in this direction and involves many analyses and 

evaluations about the methods of heat transfer techniques with some classification and how to conduct these 

techniques to be more useful and efficient. It also focuses on the methods of the design optimization process. 

 

1.2. Temperature and Reliability 

A heat sink represents a specialized apparatus that enhances the heating transfer process from a high-

temperature surface, created by an electronic component, to a lower-temperature environment [13]. A fluid medium, 

such as oil, refrigerants, water, or surrounding air, might provide a colder atmosphere [20–23]. Cold plates, as 

referred to by Lee (2022), are heat sinks that use water as their fluid medium. Heat sinks primarily serve to augment 

the surface area of an electrical component that directly interfaces with a coolant. This design enhances the process 

of effectively dispersing heat, leading to a reduction in the operational temp of the device. The dependability of 

temp may greatly influence components such as steady-state temperature during continuous operation and 

temperature cycling. Within the temperature range relevant to electronical tool, it is well recognized that the 

dependability of electronics is significantly influenced by the temperature of their components, with a strong 

negative relationship that approaches exponential dependence. For every 2 degrees Celsius increase in temp, the 

dependability of a silicon chip decreases by around (10 percent) [24]. The standard temperature threshold for a 

silicon chip is 125 degrees Celsius. Nevertheless, there is sometimes a strong preference for a far lower design 

threshold to maintain an acceptable level of dependability, particularly in military goods. The failure rate of the 

component is also influenced by temperature cycling. Research funded by the U.S. Navy [25] found that equipment 

exposed to intentional temperature cycling of over 20 degrees Celsius had a failure rate that was eight times higher 

than usual. 
Reliability may be assessed by examining the likelihood that a device can successfully carry out its 

designated tasks under specified circumstances for a particular duration. Product dependability is often regarded as 
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the paramount component in establishing the quality and excellence of a gadget within the industry. To guarantee 
the reliability of electrical equipment, it is essential to have sufficient thermal management in place [26]. Using a 
heat sink is the primary method of regulating thermal management in a tiny device.  
 
2. Heating Transfer Technology 
The thermal designs of electronic equipment have incorporated all three transfer of heating modes (radiation, 
convection, and conduction), as well as phase changes like boiling, condensation, melting, and solidification. 
Nevertheless, it is essential to note that electronic systems have no one-size-fits-all design approach. Several 
research [27–30] have reported a comprehensive overview of the advancements in the transfer of heating technology 
for the thermal control of electronic equipment since 1977. However, most selected techniques are based on 
Conduction, Convection, and Radiation. Numerous heat transfer methods are used across diverse applications. 
Several heat transfer methods are widely used in various applications as shown in Fig. 2 [31–36].  

 heat exchangers are apparatuses that facilitate the transmission of thermal energy between two fluids. They 
are extensively utilized in many domains, including air conditioning systems, power generation facilities, and 
chemical processing plants.  

 heat pipes are mechanisms for transporting heat via evaporation and condensation. These components are 
often used in electrical devices for heat dissipation. 

 phase change materials are materials that are subject to a phase transition (changing from solid to gas or 
liquid) at a specific temperature. Thermal storage, cryogenics, and heat insulation are among the several applications 
they find useful. 

 microfluidic heat transfer is a technological approach that employs diminutive channels to transmit heat. It 
is used in several fields, such as lab-on-a-chip technologies and medical implants. 

 

 
                                                                                            а) 

  
b) 

 
c) 

Fig. 2. - Heat transfer applications: a) heat exchanger; b) heat pipes; c) Microfluidic [37–39] 

 

2.1.1. Principle of Heating Transfer via Heat Sink 

A heat sink enables the transfer of thermal energy from a high-temperature device to a lower-temperature 

fluid medium. The frequently utilized fluid medium is air, however it can additionally include oil, refrigerants, or 

water. Once water is employed as the fluid medium, the heat sink is frequently referred to as a cold plate. In the field 

of thermodynamics, a heat sink refers to a reservoir that has the ability to absorb an unlimited amount of heat 

without experiencing a significant change in temp [40]. To efficiently conduct, radiation, and convection, heat sinks 

for electronic devices must maintain a temp higher than that of the surrounding environment. Electronic power 

supplies exhibit low efficacy, generating excess heat that may impair the device's functionality. 

Consequently, the design incorporates a heat sink to dissipate heat. Utilizing the average air temperature 

represents an acceptable expectation for heat sinks of relatively limited duration. The logarithmic average air 

temperature calculates compact heat exchangers [41]. Based on Fourier's law of heat conduction, heating will flow 

from a location with a higher-temp to a region with a lower-temp once there is a temp difference in a system. The 

rate of heat conduction is directly related to the temp difference and the cross-sectional area in which heat is 

transmitted [42].  
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2.1.2. Natural and Forced Convection 

Natural convection systems provide significant benefits in several disciplines and engineering scenarios 

because of their simplicity, low energy use, dependability, quietness, economy, and ease of maintenance. The items 

mentioned include heating systems, cooling systems, heat exchangers, radiators, heaters, photovoltaic panels, solar 

cells, condensers, evaporators, power stations, food businesses, and nuclear reactors [43]. 

A significant drawback of an essential natural convection system is its relatively poor transfer of heating rate 

compared to forced convection [44,45]. A widely used technique to enhance natural convection was to improve the 

transfer of the heating surface since this helps maintain relatively constant ambient temp and coefficients of thermal 

convection in most scenarios. Extended surfaces may be created by connecting or appending additional surfaces 

using components called "fins." Using fins in systems has become a prevalent technological and industrial 

convention. A multitude of research was performed on the transfer of heating using fins, demonstrating their 

significant efficacy in enhancing heat transmission [46]. 

Nevertheless, including a substantial quantity of comparatively large fins is likely not the favored approach 

owing to constraints on space efficacy and financial concerns. Furthermore, the fins' geometric characteristics will 

impact their transmission effectiveness favorably or unfavorably [47,48]. Hence, the fins' morphology, quantity, 

arrangement, altitude, and alignment are crucial factors in the study and must be considered to enhance thermal 

efficacy [49–52]. 

Over time, the designs of fins have developed to enhance the heat transmission rate within the limited area 

enclosed by the fins. Various considerations, including weight, construction material, and ease of manufacturing, 

have been considered design constraints. The fins may have a basic form, such as rectangular, triangular, elliptical, 

or pin-shaped, or a complicated design, such as corrugated or spiral, according to the requirements. Nevertheless, 

the tilt orientation has significance and warrants consideration for at least two causes. Firstly, the surface requiring 

cooling might not be in a vertical or horizontal position [53,54]. Secondly, a heat sink that is initially vertical or 

horizontal might tilt during operation. 

Forced convection is a heat transmission process where the movement of external factors, including pumps, 

fans, suction devices, and others, influences the movement of the fluid, which is valuable for creating fluid motion 

as shown in Fig. 2. 

 
 

Fig. 3. - Forced and Natural convection [55]. 

 

This approach is critical due to its excellent transfer of heating capabilities from a heated item. Notable 

instances of this technique involve turbines, steam air conditioning, and so on [54]. Once analyzed, the forced 

convection process exhibits a more intricate mechanism than natural convection because, in this approach, we need 

to control two parameters: heat conduction and fluid velocity. These two aspects are closely linked since fluid 

motion could enhance heat transmission. 

 

2.1.3. Heat Sinks Materials 

Manufacturers generally use aluminum as their preferred metal since its great heat conductivity, around 235 

W/(m/K). Another determinant of its appeal is its cost-effectiveness in production and exceptionally lightweight 

nature, which minimizes the strain exerted on a computer's motherboard. Copper is often considered optimal for 

creating highly efficient heat sinks due to its high thermal conductivity of around 400 W/(m/K), surpassing all other 

naturally occurring metals. Despite its superior heat transmission capabilities, copper is less favored by 

manufacturers because of its higher cost and weight than aluminum [56]. 

Some contemporary and practical heat sink designs are now exploring combining aluminum and copper in 

constructing a heat plate. This approach combines aluminum's lightweight characteristics with copper's superior 

thermal conductivity. The designs will combine the components mainly composed of aluminum, chosen for its 

reduced cost, and encased by a copper plate, selected for its excellent heat conductivity. Conceptually, these designs 

present a dynamic resolution to each of the metals' potential issues. Nevertheless, if the copper fails to form a 
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sufficiently strong bond with the aluminum (a common occurrence with low-cost heat sinks), the inclusion of a. In 

that case, copper plate can have a detrimental effect on the heat sink rather than a beneficial one [57]. 

Graphite composite materials were suggested as an alternative to copper and aluminum. However, their 

thermal conductivity is lower than that of copper, measuring 370W/(m/K). Graphite materials provide a significant 

advantage in their exceptionally lightweight nature, 70% lighter than aluminum [58]. An established principle 

followed by electronic designers in the industry is that the lower the cost of a heat sink, the higher the long-term 

expenses would be due to the need to replace components and conduct repairs. Cost-effective heat sinks often use 

elements like sleeve bearings in their construction, which are prone to rapid deterioration and may lead to 

lubrication issues. Heat sinks with ball bearings may have a higher initial cost, but they will undeniably have a 

longer lifespan, resulting in lower long-term expenses for the user. 

 

2.1.4. Significance of thermal conductivity 

Heat sinks are often constructed from metal because of their great thermal conductivity, enabling them to 

dissipate heats from the CPU and prevent overheating efficiently. Various metals may be used to construct a heat 

sink, each possessing distinct thermal conductivity properties [59]. The thermal conductivity of a substance may be 

precisely described as its capacity to transmit heat through it. Materials with greater thermal conductivity facilitate 

expedited and more effective heat transmission, whereas materials with lower thermal conductivity function as 

insulators by impeding the heat flow. Copper and aluminum are frequently utilized metals for constructing heat 

sinks since their exceptional thermal conductivity features. 

 

2.1.5. Interface Thermal Resistances 

Heat conduction is the main mechanism of heat transmission inside a component, which commonly 

necessitates transmitting thermal energy via several materials and surfaces that are layered, fastened, and joined 

together [60]. Using heat sinks, brackets, and circuit boards to mount components cooled using conduction is a 

widely used approach. A temperature gradient arises when heat is transferred across these contacts because only a 

small portion of points are touching each other for any two surfaces that are supposed to be flat, as seen in Fig. 3. 

 

 
Fig. 4. - Heat flows between two faces [61].  

 

The thermal interface resistance is a multifaceted function that depends on several aspects. The key 

parameters that influence thermal contact resistance are the surface qualities (such as roughness and flatness), filler 

materials, contact pressure, and the mechanical and thermal features of the contact solids, including hardness and 

thermal conductivity [62]. 

Several methods can be employed to reduce thermal contact resistance. These include using thermal grease, 

inserting a soft foil, coating surfaces with a soft metal’s coating, by a low melting temp alloy between surfaces, or 

using the capillary actions of a filled liquid by microscopic reentrant cavities at the interface [63]. The primary 

factor that significantly influences the thermal contacting resistance is the filler's hardness, with a lower hardness 

being more favorable. It is important to emphasize that adding a filler that is harder comparison with the base 

substances are often increase the total contacting resistance, independent of the thickness or filler substances’ 

thermal conductivity. Every approach to decrease contact resistance contact resistance has advantages, which vary 

based on varying specifies. Thermal grease, for instance, is the most affordable option. However, it presents 

challenges in achieving uniform application over a wide surface area and tends to evaporate in low-pressure 

environments and spread to neighboring surfaces. In order to be successful, metallic foils must have a thin and 

pliable nature, making them challenging to manipulate for practical purposes. In contrast, soft metallic coatings 

exhibit no wrinkling or folding and demonstrate exceptional stability, even under vacuum conditions. 

Nevertheless, this strategy may incur significant costs. Molten materials' limitations in increasing interface 

resistance are due to their inability to hold the molten alloy at the interface and the subsequent separation of portions 

upon cooling. Using liquid-filled tiny holes may be impractical due to their inherent complexity. 
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3. Various Heat Sink Types 

 
3.1. The generated heat source 

The source in question may include any system that generates heat and necessitates removing it for proper 

operation. Examples include friction, nuclear, solar, chemical, electrical, and mechanical systems. 

 

3.2. Transfer of heating 

Heat pipes may also aid in facilitating this process. When the heat sink and the heat source are in direct 

contact, heat is transported from the source to the heat sink by natural conduction. The heat sink material's thermal 

conductivity directly affects this process. Copper and aluminum are frequently utilized in the production of heat 

sinks because of their exceptional thermal conductivity. 

 

3.3. Heat distribution throughout the heat sink 

Heat is transferred via the heat sink by conduction, moving from a location with higher temp to a region with 

lower temp along the thermal gradient. As a result, it is necessary for the thermal profile of the heat sink to be more 

uniform. Heat sinks typically display elevated temps in proximity to the heating source and decreasing temps 

towards the outside borders of the sink. 
 

Table 1. Summary of different heat sink information. 

T
y
p

e Ref. 

Description Applications Performance Pros Cons 
Photo 

E
x
tr

u
d

ed
 

[64–

67] 
Applicable in 

most situations; 

easy to automate 

production after 

the design is 

completed. 

Many Differs Cheap  

Limited to 

dimensions of 

extruded 

aluminum 

 

S
ta

m
p

ed
 

[68–

70] 

Stamped from a 

single piece of 

metal, it is easy to 

automate 

production. 

Low-power Low Cheap 
Poor 

performance 

 

B
o
n

d
ed

 F
in

 

[71,7

2] 

Produced by 

bonding 

individual fins to 

a base, 

manufacturing 

can be easy. 

 Uninterruptible power 

supplies (UPS) 

 Variable speed motor 

controls 

 Welding units 

 Power rectification 

equipment 

 Laser power supplies 

 Traction drives 

Medium 

Existing 

in large 

sizes 

Expensive 

 

F
o
ld

ed
 F

in
 

[73,7

4] 

The fin pitch is 

optimized for 

airflow; it may be 

plastic. 

Ducted air Exceptional 

High heat-

flux 

density 

Expensive; 

ducting 

necessary 

 

A
ct

iv
e 

[75–

77] 

It includes a 

powered fan or 

blower for air 

movement; 

however, this is 

not a viable long-

term solution, as 

the moving parts 

wear out and 

break down. 

Emergency or quick-fix 

situations 

Used in cooling high-end 

graphics processors 

(GPUs) on graphics 

boards. 

High 

Simple, 

“Band-

aid” 

solution 

Poor 

reliability; 

high cost; 

recirculation 

of warm air 
 

F
o

rg
ed

 

[78,7

9] 

It is manufactured 

by compressing 

aluminum or 

copper. 

 Cooling solutions for 

electric vehicle 

controllers. 

 Battery pack cooling 

solution. 

 Motor housing cooling. 

 Inverter cooling. 

 IT telecommunication 

Medium Cheap 
Limited 

design 
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cooling. 

 
S

w
a
g
ed

 

[80–

82] 

Like forged heat 

sinks, they are 

manufactured by 

forming metal 

into a die. 

 Telecommunications 

 Computing 

 LED Lighting 

 Automotive and 

Transportation 

 Medical Devices 

 Aerospace and Defense 

Medium 

Ideal for 

power 

devices 

Heavy and 

unwieldy; 

poor flow 

management 

 

S
in

g
le

 F
in

 

[83,8

4] 

Versatile devices 

designed to be 

employed in tight 

spaces. 

Versatile for all 

applications. Their 

performance can scale 

from low to high 

performing. 

Varies 

Lightweig

ht, low-

profile 

Expensive 

 

S
k

iv
ed

 

[85,8

6] 

Fins are cut 

(skived) from a 

single metal block 

(usually copper). 

 Computers and 

electronic 

components. 

 Telecommunication 

equipment. 

Medium-High 
High fin 

density 

Thick base 

and high 

weight; 

directionally 

sensitive 
 

 

4. Fin Efficiency 

The efficiency of the fins represents one of the elements that contribute to the significance of a material with 

greater thermal conductivity. A heat sink fin could be a flat plate with heat flowing in one end and dissipating into 

the fluid around it as it goes to the other end [87]. In the transfer of heating via the fin, the temp of the fin and, 

consequently, the transfer of heating to the fluid will drop from the base to the end of the fin, which is because the 

heat sink's thermal resistance impedes the flow of heat, and the heat lost due to convection will cause the temp of the 

fin to fall. The term "fin efficiency" refers to the ratio of the heat transmitted by the fin to the transfer of heating that 

would occur if the fin were isothermal (that is, if the fin had an infinite thermal conductivity). 

Due to the requirements for aviation, cryogenic auxiliaries, air conditioning, gas turbines, and aerospace, 

there has been a particular focus on the compactness of the heat exchanger surface. This is especially true for 

surfaces that cause modest variations in pressure in the fluids that are cycled via them. Some of these are seen in 

Fig. 4. Within the context of heat exchangers, compactness is defined as the ratio of the transfer of the heating 

surface to the exchanger volume. 

An early definition of a compact exchanger element was created by [88], who said it was defined as an 

element that included more than 245 square meters of exchanger per cubic meter. On the other hand, traditional heat 

exchangers with tubes ranging from 5/8 inches to 1 inch have a capacity of 65 to 130 square meters per cubic meter. 

In contrast, compact exchanger components have a capacity of approximately 4100 square meters per cubic meter. 

Many pieces that make up compact heat exchangers comprise main surface plates or tubes separated by spines, bars, 

or plates that also function as fins. By the illustration in Fig. 4d, every fin might be considered a single fin, with the 

fin height equal to half of the spacing between the separation plates and the separation plate serving as the primary 

surface. As a result, the compact heat exchanger is regarded as an additional kind of extended surface. 

 

  

a) b) 

  

c) d) 

 
Fig. 5. - Regular instances of compact heat exchanger surfaces: (a) cylindrical tube; (b) cylindrical tube with radial fins; (c) flat tube 

with continuous fins; (d) plate fin. 
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It is easy to demonstrate that once a fin and its prime surface are subjected to a uniform thermal environment, 

a unit of fin surface will be less efficient than a unit of prime surface, which can be shown relatively easily. Please 

consider the plate in Fig. 5, which has a longitudinal fin with a rectangular cross-section. The internal plate surface 

should be able to extract heat from a source that has a uniform coefficient of transfer of heating and temp T1. In 

contrast, the outside plate and fin surfaces should be able to reject heat to cooler surrounds with a coefficient of 

uniform transfer of heating and temp Ts. The plate's cooler surface is at a temp somewhere in the middle, denoted 

by Tp, and the heat that originates from the source exits the plate due to the temp potential, which is Tp minus Ts. A 

similar situation occurs when the surface of the fin is at a certain temp, denoted by T, and the heat escapes the fin 

due to the temp potential, denoted by T-Ts. The heat can reach the fin through its base, which meets the plate and 

passes through it continuously through the conduction process. The temp at the base of the fin will usually be 

extremely close to an identical magnitude to that of Tp. When there is a temp differential inside the fin, such that Tp 

is more significant than T, can heat that the fin has absorbed via its base move toward its tip? Because of this 

circumstance, the temp T will be different from the base to the tip of the fin, which means that the temp potential T-

Ts will be lower than the temp potential Tp-Ts. Additionally, a unit of fin surface will have a lower efficacy than a 

unit of plate or prime surface. 

When compared with a unit of prime surface, the inefficacy of the fin is equivalent to the unavoidable loss of 

performance that occurs when a unit of fin surface is utilized. The fin efficacy is the proportion of a fin's actual heat 

dissipation to its ideal dissipation if the whole fin was at the same temp as its base. This definition is maintained 

throughout the entirety of this book. Other performance indices are utilized, including the fins' efficacy, the fins' 

weighted efficacy, the overall passage efficacy, the fins' resistance, and the fins' input admittance. Most of these 

topics are covered in subsequent chapters. Fins of a specific size, shape, and material can have varying degrees of 

efficacy. The efficacy of any fin will vary depending on its thermal conductivity and the manner of heat 

transmission to its surroundings. 

 

 
 

Fig. 6. Temp potential variations in fins. 

 
5. Identify the coefficient of heating transfer  

The coefficient of heating transfer needed is dependent on the flow patterns present and the velocity, V, 

which is utilized to calculate the Reynolds number. The evaluation of ℎ𝑓 for the surface of plate fins involves the use 

of a formula for the Nusselt number, which describes the heat transfer for developing flow between isothermal 

parallel plates [89]: 

 

                                                                                𝑁𝑢 = 7.55 +
0.024𝜒−1.14

1+0.0358𝜒−0.64𝑃𝑟0.17
                                          (1) 

 

Whereas 𝜒 =
𝑥

𝐷𝑐⋅ Re.Pr 
 and 𝐷𝑐 = 2Δ for parallel fins plate, and ℎ𝑓 has been gained from formula (2): 

 

                                                                                               𝑁𝑢 =
ℎ𝑓𝐷𝑐

𝐾air 
                                                       (2) 

 

5.1. Overall Surface Efficiency 

The efficacy of the fin and surface area based on fin geometry. Supposing that the shape of the fin is 

rectangular, the single fin efficacy could be stated as: 

 

                                                                   𝜂𝑓 =
tanh (𝑚𝐿)

𝑚𝐿
                                   (3) 
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Whereas 𝐿 refers to the length of fin, 𝜂𝑓 is the efficacy of fin, and: 

 

                                                                         𝑚 = √
2ℎ

𝑘𝑓𝑡𝑓
                              (4) 

 

Whereas tf and  kf refer to fins’ thickness and conductivity, respectively. 

The efficiency of fin 𝜂f measures the performance of an individual fin, whereas the overall surface efficacy 

𝜂0 describes the performance of a group of fins and the surface they are connected  [90]: 

 

                                                                                          𝜂o = 1 −
NAf

𝐴t
(1 − 𝜂f)                                 (5) 

 

Whereas 𝑁 refers to the fins’ number in array and each surface area 𝐴𝑓. 

 

5.2. Identify the rate of heating transfer 

The rate of heating transfer has been identified as following [91]: 

 

                                                                     𝑄 = 𝑚𝑓𝐶𝑝(𝑇out − 𝑇in )                               (6) 

 

Whereas 𝑚𝑓 was the rate of air flow mass, 𝐶𝑝 provided the air-specific heating capacity, 𝑇in refers to the inlet temp, 

and 𝑇out  refers to the outlet temp. 

 

The coefficient of heating transfer was presented as following: 

 

                                                                          ℎ = 𝑄/(𝐴Δ𝑇𝑡𝑚)                                     
(7) 

 

In formula 7, 𝐴 was the heating exchange surface area: 

 

                                                                            Δ𝑇𝑡𝑚 =
((𝑇toull −𝑇in )−(𝑇wall −𝑇out ))

𝐿𝑛(
(𝑇wall −𝑇in )

(𝑇wall −𝑇out }
)

                                   (8) 

Whereas 𝑇wall provided the outer wall fins’ temp. 

 

                                                            𝑅𝑒 = 𝜌𝑈𝑚𝐷/𝜇                                (9) 

 

whereas 𝜌 and 𝑈𝑚 were the air density and fluid velocity at the min section of the tube row, respectively [92,93]. 

 

                         
              𝑁𝑢 = ℎ𝐷ℎ/𝜆

                                                       𝑓 = 2Δp/(𝜌𝑈𝑚
2 )

                                                              (10) 

 

The factors of heating transfer 𝑗 and London goodness (JF) have been identified as following [30]: 

 

𝑗 =
𝑁𝑢⋅𝑃𝑟

−1/3

Re

                                                                   𝐽𝐹 = 𝑗/𝑓 =
𝑁𝑢⋅𝜌⋅𝑈𝑚⋅𝑝r

−1/3

2Δp⋅𝑅𝑒

                                          (11) 

 

5.3.  Fins Arrangement 

A heat sink called a pin-fin heat sink has pins that grow outward from its base. The pins can be square, 

elliptical, or cylindrical. Pin heat sinks are among the most prevalent heat sinks now accessible in the market. The 

straight fin is the second form of heat-sink fin configuration that may be achieved. Throughout the whole of the heat 

sink, they are continuous. The cross-cut heat sink is a variant of the often- utilized straight-fin heat sink. Cuts are 

made at predetermined intervals on a heat sink with a straight fin-the flow of free convection around a heat sink with 

a pin face. In a broad sense, the larger the surface area of a heat sink, the more effectively it functions. 

On the other hand, this is only sometimes the case. When designing a pin-fin heat sink, the goal is to reduce 

the amount of surface area contained inside a particular volume as much as feasible. In addition, it functions 

effectively in any orientation. Kordyban has compared the performance of a straight-fin heat sink and a pin-fin heat 

sink with comparable dimensions.  

The temp difference between the straight-fin's heat-sink base and the ambient air was 44 degrees Celsius, 6 

degrees Celsius higher than the temp difference for the pin-fin, which comes even though the straight-fin has 58 

square centimeters of surface area. In contrast, the pin-fin is 194 square centimeters. Then, utilized in the application 

for which they were designed, the performance of pin-fin heat sinks is much superior to that of straight fins because 
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the fluid travels axially along the pins rather than simply tangentially across the pins. There is also the flared-fin heat 

sink, which has a different design. The fins of this heat sink are not parallel to each other. The flow resistance is 

reduced when the fins are flared, allowing more air to travel through the heat-sink fin channel. More air would pass 

through the channel if the fins were not flared. Changing the angle of the fins results in longer fins while 

maintaining the same overall proportions. They concluded that the thermal performance is at least twenty percent 

superior to straight-fin heat sinks when the air approach velocity is modest, generally about one meter per second. 

Additionally, they discovered that the flared heat sink worked better than the other heat sinks evaluated for the 

bypass configurations they studied. 

Bochicchio et al., and Giorgi et al., [94,95] have conducted considerable research on the model, which has 

been detailed by [96,97]. Nguyen and Aziz [97] presented a novel indicator for the efficiency of longitudinal, 

convicting–radiating fins to dissipate heat. This new indication assesses the dissipation, by entropy rates, of the 

steady state of the fin in comparison to the same dissipation of an ideal fin with the highest dissipation possible. 

Based on [98], there is no doubt that the efficiency of the matching fin will be greater if it is closer to the ideal fin 

than the actual fin. Additionally, a comparison is made about the traditional concept of efficiency for the fins, which 

is additionally examined. When the temp is in a steady state, the temp distribution along the fin is associated with 

the function that describes the profile of the longitudinal fin. The impact of altering the fin profile may result in 

drastically diverse temp distributions, even when the boundary conditions remain the same. 

Consequently, the efficiency magnitudes are determined by the temp distributions and the boundary 

conditions individually, which is an old problem that has been considered by many researchers from a variety of 

perspectives (see, for example, [96–101]). The issue is about how the difference in the temp, the boundary 

conditions, and the many thermodynamic parameters that describe the system affect the efficiency magnitudes. 

Within this article, we offer an investigation of the concept of entropy presented in [102] and an examination of the 

fin profile's function in selecting an efficient method of heat dissipation. It is common knowledge that various fin 

profiles correlate to varied levels of efficiency in terms of the fin's ability to remove heat. Within the context of [96], 

it provides the efficiency of longitudinal fins simultaneously corresponding to rectangular, triangular, and parabolic 

profiles. 

Additionally, these profiles were researched and examined in Gardner [101]. Since then, many publications 

have been published about the effectiveness of fins that have appropriate profiles. The performance of fins with 

rectangular, triangular, trapezoidal, and parabolic shapes was investigated by Nguyen and Aziz [97] to determine 

how well they performed at varying levels of the [103] conducted a mathematical analysis of the issue by placing 

limitations on the volume or perimeter of the fin and obtaining non-existent conclusions for both problems., which 

was done to determine whether the problem existed. The review by [104] provides an overview of the performance 

of finned tubes with fins with varying profiles. Another review is provided by [105], which focuses on the impact 

that geometrical dimensions, dimensionless numbers, and fin position play in determining the performance of the 

fin, particularly when it is utilized in latent heat thermal energy storage systems. Based on their findings, [106] 

conduct a numerical analysis of radiation's impact in conjunction with the appropriate fin profile. 

 
Table 2. The impact of fins arrangement on the heat transfer efficiency. 

Ref. Main methodology  Images Findings 

[107] An oblique array of flat-

plate fin heat sinks has 

been tested to prevent 

flow resistance from 

improving as the 

number of fins is 

increased to enhance the 

surface area for heat 

transfer. 

 

 Their suggested heat-sink design outperformed 

the one with vertical plate fins because of the 

increased surface area and faster flow between the 

fins.  

 By adding oblique fins, the additional cooling 

impact might result in a 6 oC drop in CPU case temp 

at high flow rates.  

 Their innovative design outperformed the 

conventional one regarding heat-dissipation 

performance at low flow rates. 

[108] A stationary heat sink 

with a spinning air jet 

impingement under 

turbulent flow 

conditions has been 

studied.  

 

 They discovered that the Nu number rose with 

the Re number for a stationary heat sink. In a 

rotating heat sink with jet impingement, the average 

Nu number was more affected by the Re number for 

small Re than for stationary heat sink; however, this 

influence diminished as Re increased. They claimed 

that altering the fins' shape could maximize the heat-

sink's hydrothermal performance. 
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[109] The impact of the 

orientation on the 

natural convection and 

radiation for a 

cylindrical heat-sink 

utilized to cool an LED 

light bulb 
  

 As the inclination angle grew, stagnation sites 

and flow separation developed.  

 The drag coefficient grew as Nu dropped.  

 The drag coefficient rose dramatically with the 

orientation angle as the fin length or number of fins 

increased, intensifying the orientation impact. 

[110] Improved the thermal 

performance of the 

heat-sink for a LED 

lamp operating under 

natural convection 

conditions.   

 According to reports, registering the goal core 

temp of 65 oC included decreased fin thickness and 

increased fin number and height.  

 These geometric parameters may result in a 

significant drop in temp but an increase in the heat 

sink mass of around 24% of the starting mass. 

[111] The thermal 

performance of a heat-

sink having fins 

branched in the 

direction average to 

water flow. 

 

 It was shown that the optimized branched-fin 

heatsink's Rth dropped by as much as 30% compared 

to a normal heatsink. By reducing the heatsink's 

length and raising the pumping power, the Rth was 

reduced even further. 

[112–

114] 

The fin widths and 

heights have been 

adjusted to enhance the 

heat-sink design. 

  

 

 Both numerically and empirically, the Rth 

dropped 3.10%. Furthermore, the magnitude of Nu 

rose by 3.20% compared to the initial heat-sink.   

[115] The effectiveness of the 

perforated pin-fins heat 

sink in enhancing heat 

transmission was 

established. 
 

 The study showed that the staggered 

configurations of strip fins exhibited superior 

performance compared to the in-line configurations. 

Using perforated fins can enhance heat transmission 

while mitigating pressure loss and reducing heat sink 

bulk. Fig. 1 depicts a line of perforated fins arranged 

in an in-line configuration.  

[116] The thermal efficacy of 

pinfin heat sinks with 

rectangular slotted or 

notched perforations 

was computationally 

evaluated.  

 

 The researchers observed a positive correlation 

between the size of the rectangular hole, the heat 

transfer rate, and the pressure reduction. The study 

achieved an ideal heat transfer augmentation of 10%, 

with a maximum decrease in fan power consumption 

of 30%. 

[117] Improved the cooling 

efficacy of the micro 

square pin-fin heat sink 

by manipulating the 

porosity of the pinfin 

and the angle at which 

the pinfin is positioned.  
 

 An ideal porosity was achieved, and an angle was 

determined to optimize thermal performance. 

 

Conclusions  

To satisfy the criteria for power system design, heat-sink optimization will help determine the dimensions, 

weight, and thermal performance. Finding the ideal number of fins is the most important step when determining the 

optimum solution for the temperature at the sink's base.  

This endeavor aims to ascertain the ideal number of fins to gain maximum heat transmission. The thickness 

of the fins is the most critical metric for optimal heat-sink performance. Although smaller fins increase the optimal 

number of fins, they decrease the heat sink's weight and enhance its thermal performance. 

Optimized heat-sink design and airflow provide a more compact cooling system with excellent heat 

extraction. A small power converter with high power density and a heat sink with good cooling may increase system 

power density. 
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Research is required to improve heat sink natural convection heat transmission. Agitation or pulsation flow 

may increase heat sink heat dissipation. Heat sink thermal design may be optimized by considering fin number, fin 

shape, channel form, channel aspect ratio, grooved channel, inlet/outlet location, and ribs and turbulators between 

channels. There is little data on enhancing spinning heat sink thermal efficiency. Filling the substrate base changed 

the heat sink's thermal design. 
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Abstract. The practical implementation of methodological approaches to the creation of nanocomposite materials 

for various functional purposes based on industrial thermoplastics is considered. The concept of energy and 

technological compliance of components is proposed, which makes it possible to provide synergistic effects in 

improving the parameters of the performance characteristics of nanocomposites based on thermoplastic matrices. An 

algorithm for the formation of a multilevel optimized structure of nanocomposites based on thermoplastics with high 

melt viscosity has been developed. Compositions of functional nanocomposites for the manufacture of elements 

with high parameters of service characteristics, the priority and novelty of which are protected by patents for 

inventions, are presented. 

 

Keywords: nanocomposite materials, nanomodifier content, formation algorithm, multilevel structure, concept of 

energy and technological compliance, compatibilization. 

 

Introduction 

A defining feature of the development of modern mechanical engineering, chemical industry, construction 

industry and power engineering is wide application of composites based on high-molecular matrices as structural, 

tribological and sealing materials. The range of polymer functional engineering composite materials is extremely 

broad and permanently expanding due to the emergence of industrial products synthesized from macromolecular 

compounds with enhanced performance characteristics, the development of highly effective technologies for 

targeted filler modification, and the creation of new types of modifiers and fillers. A special place among 

engineering materials based on polymer binders is occupied by a new class of composite materials, in the 

composition of which particles with the maximum size not more than 100 nm are introduced as a functional 

component. Such materials are commonly referred to as nanocomposite materials and distinguish them from 

traditional engineering materials due to their special properties caused by the active action of a low-dimensional 

modifier on the structure of the polymer matrix [1-5].  

The properties of polymer nanocomposite materials depend on the composition of the components and the 

technology used to form the material and its product. Material science and technology of polymer nanocomposite 

materials are largely based on traditional approaches that take into account classical ideas about the mechanisms and 

kinetics of interphase processes in the system “matrix-functional filler”. However, in some cases experimental data 

cannot be described by such approaches, which do not take into account the special energy state and morphology of 

nanoscale particles. In this regard, comprehensive research on the physicochemical, materials science, and 

technological aspects of the formation and processing of composite materials with low-dimensional modifiers is 

necessary to develop the foundations for creating unified methodological approaches that can reliably predict the 

parameters of their performance characteristics, as discussed in our previous study [6].  

The aim of this research is the practical implementation of methodological approaches to the creation of 

nanocomposite materials for various functional applications based on industrial thermoplastics. 

 

1. Research methodology 

Thermoplastic polymers and oligomers, the most common in materials science and technology of polymeric 

materials, were used as components for obtaining composite materials for various purposes: aliphatic polyamides 

(PA6 and PA6.6, produced by Branch “Khimvolokno Plant” of JSC “Grodno Azot”, Belarus; PA11 (Rilsan), 

produced by Arkema, France), polyolefins (PP, LDPE, HDPE, produced by JSC “Polimir”, Belarus), fluorine-

containing compounds (polytetrafluoroethylene (PTFE) F4 and F4-M (JSC “Halogen”, Russia), products of 

thermogasodynamic synthesis of PTFE (ultradisperse polytetrafluoroethylene UPTFE), produced by Institute of 

Chemistry of the Far East Branch of the Russian Academy of Sciences, Russia. 

Dispersed, including nanoscale, particles of carbon-containing (carbon nanotubes (CNT), carbon fibers (CF), 

ultradisperse diamonds (UDA), technical carbon (TC), silicon-containing (clays) and metal-containing (Cu 

formates) compounds obtained by technological effects on natural and synthetic semi-finished products produced at 

industrial enterprises of Belarus and the Russian Federation were used to control the structure parameters and 

performance characteristics of composites and products made of them. 
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The parameters of the stress-strain characteristics of the developed materials were evaluated on standard 

samples according to the relevant Russian standards. Tribological characteristics were determined on universal or 

original friction machines according to the schemes "indenter – disk", "shaft – partial liner". Assessment of the 

performance of products made of developed nanomaterials in the structures of automotive units for various purposes 

and technological equipment was carried out on stands and in the process of virtual tests using the SKIF 

supercomputer and full-scale tests. 

 

2. Results and discussion 

When choosing modifiers for the production of nanocomposite materials with optimized structure that 

determine the expediency and efficiency of their use in systems for a given functional purpose, the principle of 

energy and technological compliance of components was used, taking into account the concept of reasonable 

sufficiency and technological, environmental and economic aspects. The practical implementation of the developed 

methodological approaches ensures the achievement of technically significant effects of increasing the parameters of 

stress-strain, adhesive, tribological characteristics of composites based on industrial matrices both at the doping 

content (0.001–1.0 wt. %) of modifiers and at their content of 20–40 wt. %. At the same time, depending on the 

features of the composition, structure, dispersion and shape of the modifying particles, different levels of structural 

organization are realized. For highly dispersed particles at a doping content (0.001–1.0 wt. %) the structure is 

mainly optimized at the supramolecular and intermolecular levels [7–10]; when modifying matrices with active 

micrometer fragments (80–150 μm) of high-modulus fibers (carbon, oxaloon, glass) at a content of 5–40 wt. % the 

prevailing role is played by the interfacial level [11, 12]. At the same time, modifiers can save the stability of the 

initial parameters of characteristics in the process of composite formation and operation of the product or metal-

polymer system, or show lability due to transformation under the influence of physical and chemical processes, 

changing the initial structural parameters of the composite. 

The mechanism of structuring action of nanosized particles (NSP) in polymer and oligomeric matrices of 

various structures is investigated. Based on the developed model, which assumes the formation of spherical 

supramolecular structures under the action of the active centers of the nanoparticle, an analytical expression was 

obtained to calculate the concentration of the modifier sufficient to transfer the entire matrix to an ordered state. As 

follows from [13, 14], the matrix will be completely modified provided that the modifier particle is active in the 

boundary layer with a thickness of L = r [1 + (ρн/ρn)] ((1/Cн) – 1)1/3, where r is particle size; ρн, ρn are density of 

filler and polymer; Cн is filler content. 

From this expression, it follows that the L is linearly related to the size of the nanoparticle and is practically 

independent of the ratio ρн / ρn, that suggests similar mechanisms of modifying action in particles of different 

composition and production technology. Even with doping content (0.001–1.0 wt.%) the ratio of 1/Cн >> 1 and the 

structuring effect of the nanoparticle on 2–3 adjacent layers of macromolecules provides a significant modification 

effect. Experimental studies have confirmed the adequacy of this conclusion (Fig. 1). 

It has been established that the effectiveness of the modifying effect of a nanosized particle (NSP) is 

influenced not only by its size, composition and structure, but also by its shape. From an analytical expression that 

defines the size parameter of a nanoparticle characterized by a special energy state that affects the efficiency of the 

modifying action [15], Ln = h 3 ·θD
–1/2 / kme2 , where h, k are Planck and Boltzmann constants, respectively, me 

is mass of electron, θD is Debye temperature, follows its dependence on the crystal-chemical direction. Therefore, 

using modifier particles with relatively large sizes, the surface layer of which contains nanoscale components that 

meet the calculated value of Ln, it is possible to achieve technically significant modifying effects using available 

technologies for obtaining and processing polymer composites. 

 

  
Fig. 1. – Tensile strength parameter σt for HDPE (I, II), PTFE (III, IV), PA 6 (V, VI, VII) initial (I, III, V) and modified by 0,05 wt. % UDD (II, VII), 

Cu (VI) and 0,5 wt. % UPTFE (IV) 
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Model concepts of the mechanisms of modification of high-molecular matrices by nanosized particles of 

various shapes have been developed. It is shown that when using particles of lamellar (scaly), whisker (fiber-like) 

and spherical shape, the degree of modification of the matrix M changes, determined by the ratio of the total 

modified volume to the total volume of the composite. Taking into account the different energy state of the NSP 

determined by the Ln parameter, and taking into account the anisotropic nature of the Debye temperature θD, the  

ratio of the degree of modification by scaly (Msc), whisker (Mwh) and spherical (Msph) particles with the same content 

in the composite was obtained: Мsc : Мwh : Мsph = 1 : 0,4 : 0,8. 

It follows from the obtained expression that when creating poorly filled nanocomposites based on polymer 

matrices, it is preferable to use layered modifiers, which include natural silicates, such as clays, micas, talc, which, 

under certain conditions, are able to disperse to form nanosized particles of a lamellar form [7–10]. 

The conducted experimental and theoretical studies are based on the assumption of invariability of the 

structure, composition and shape of the NSP introduced into the polymer matrix. At the same time, there are classes 

of NSP (metallic, oxide, metal-containing), which are able to transform as a result of physical and chemical 

processes occurring in the boundary layers of composites under the action of operational factors (thermal, 

mechanical, mechanochemical, etc.) with the formation of products of a different composition and structure and 

with a different mechanism of structurizing effect on the matrix polymer. Therefore, the justified choice of NSP and 

technologies for their production for the targeted modification of a polymer or oligomeric matrix involves a system 

analysis of structural-phase transformations, taking into account the energy and physicochemical aspects of the 

formation and functioning of a metal-polymer system within the framework of the concept of synergistic structuring 

based on the proposed methodological principles for the implementation of the nanostate phenomenon. The 

developed model concepts on the effect of energy and structural parameters of NSP on the efficiency of polymer 

matrix modification  [7–15] made it possible to determine technological approaches to obtaining effective 

nanomodifiers using available semi-finished products in the form of layered minerals (clay, talc, mica, tripoli, etc.), 

as well as technological waste from chemical industries (products of refining vegetable oils, phosphogypsum, 

products of metallurgical production). The essence of the developed methods for obtaining silicate-containing NSP 

consists in the thermal effect on the dispersed particles of the semi-finished product obtained by dispersion in impact 

devices (grinders) with a temperature gradient of 800–1000 K in an air medium or an oxidation-free gas flow with a 

density 3∙106–8∙107 W/m2. Implementation of the developed methods for modification of polymer matrices of NSP 

in the amount of 0.1–10.0 wt. % or diffusion treatment of products made of polymer composites based on industrial 

thermoplastics (aliphatic polyamides PA6, PA6.6, PA11, polyolefins PP, HDPE) or their blends makes it possible to 

increase the strength parameters by 1.1–1.3 times, wear resistance by 1.5–2.0 times, as well as resistance to thermal-

oxidative environments due to multi-level modification. 

The developed principles of multi-level inoculation of composite materials, the formation of an integrated 

supramolecular structure by modifying the matrix by a set of nanosized particles through catalysis of interfacial 

interaction make it possible to implement the concept of synergistic structuring in the production of nanocomposites 

based on thermoplastics, including those high melt viscosity (PTFE, UHMWPE). An algorithm has been developed 

for the formation of compositions of high-strength wear-resistant composites based on high melt viscosity matrices 

(PTFE, UHMWPE), methods of their manufacture, which provides an increase in the parameters of stress-strain 

characteristics in comparison with analogues (Fig. 2). 

 

 
 

Fig. 2. – Algorithm for the formation of a multilevel optimized structure of composite materials based on thermoplastic matrices with high melt 
viscosity 

 

When using nanoscale modifiers (carbon black, UPTFE, clay, talc), it is advisable to activate the components 

at the stages of preparation and combination using energy influences (thermal, laser). This approach has been tested 

in the development of technologies for the production of low-fill (0.5–5.0 wt%) nanocomposites using a 

combination of NSP (UPTFE, carbon black) and products of activation of layered minerals by thermal action in the 

temperature range 473–1373 К. 

Control of the parameters of the energy characteristics of components and the 

structure of composite materials based on high melt viscosity matrices 
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For the development of low-fill composites based on high-viscosity matrices (UHMWPE, PTFE), options for 

implementing the principle of multilevel modification based on a combination of components with different 

resistance to transformation under the influence of technological factors are proposed. Within the framework of the 

current technological paradigm of fluorocomposites, an imperfect structure is formed due to the absence of a 

pronounced viscous-fluid state of PTFE, which prevents the processes of monolithization and interfacial interaction. 

The proposed combination of carbon-containing particles (CNT, carbon black) and UPTFE provides a reduction in 

structural heterogeneity due to the polymer-oligomeric structure and special rheological characteristics, which has a 

favorable effect on the performance characteristics of composite (Fig. 3). When used as modifiers of dispersed 

particles of thermoplastics (polyamides, polyolefins, polysulfone) under the influence of molding temperatures 

(573–623 K) for 8–24 hours, conditions are created for the formation of carbon-containing components with high 

thermodynamic compatibility with PTFE, with a shape adapted to interparticle defects, and high parameters of 

stress-strain characteristics (σt = 85–90 MPa). As a result of the transformation of the initial structure of the 

modifier, a composite is formed with a range of characteristics close to the characteristics of composites containing 

carbon fiber (CF) [16]. 

An effective modifier of the transformable type is the dispersed particles of oligomers selected from the 

oligoimide group (oligomaleidoaminophenylene, oligomaleidohydroxyphenylene, tetramaleimide, N, N'-bis-

maleimides of unsaturated dicarboxylic acids, etc.). Carbonization processes under the influence of technological 

factors lead to the formation of carbon-containing particles with a nanoscale relief of the surface layer and increased 

activity in the processes of interfacial interaction, as a result of which structures with high parameters of stress-strain 

(σt = 36–46 MPa) and tribological (I×107 = 0,5–2,0 mm3/N·m) characteristics are formed.  

 

 
Fig. 3. – Dependence of tensile strength σt (1, 2) and wear intensity I (1', 2') of composite materials based on polytetrafluoroethylene modified 
with ultrafine polytetrafluoroethylene (UPTFE) on the content of dispersed particles of carbon black TU P324 (1, 1') and TU P803 (2, 2'). The 

content of UPTFE in composites is 2.0 wt. % 
 

When developing composites with a filler with a size range of 50–150 μm and a content of 10–35 wt. % 

nanostate phenomenon can be realized within the framework of the concept of energy and technological compliance 

of components using mechanochemical activation. 

Using the ideas about the mechanisms of structure formation of fluorocomposites formed using mechanically 

activated components developed by the scientific school of Prof. Okhlopkova A.A., methodological principles of 

fluorocomposite technology are proposed, in which fragments of carbon fiber (CF) are used as a modifier (Fig. 4). 

Activation of components of composites based on PTFE, UHMWPE at the stage of forming blanks in 

accordance with patented technologies using common equipment for cold formation (LTF) with subsequent 

sintering made it possible to increase the tensile strength parameter for materials with a hydrocarbon content of 1–20 

wt. % from 17–18 MPa to 20–35 MPa due to mechanochemical interaction at the filler-matrix interface in view of 

differences in thermal expansion coefficients. 
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Fig. 4. – Methodological principles of technology of highly filled fluorocomposites with high performance parameters [17] 

 

The proposed methods for achieving the nanostate of components using mechanical activation at the stages 

of combination (MA), high-temperature formation (HTF) and low-temperature formation (LTF) made it possible to 

develop a range of fluorocomposites with high performance parameters for the manufacture of elements of metal-

polymer systems operated under the influence of elevated temperatures, absence or limitation of lubrication, reverse 

movement, exposure to active media, protected by patents of the Republic of Belarus for inventions. The 

combination of MA and HTF, MA and LTF technologies provides an opportunity to reduce the negative impact of 

the structural paradox noted in the works of A.K. Pugachev and Y.K. Mashkov (Fig. 5). The parameters of the 

characteristics of fluorocomposites obtained according to the proposed methodological principles in comparison 

with analogues are presented in [18–23]. As follows from Table 1, the developed composite compositions are 

superior in the main parameters of characteristics to the domestic and foreign analogues used (F4K20, Fluvis, 

Flubon) due to the implementation of the synergistic structuring effect, which made it possible to increase the 

carbon fiber content to 40–45 wt. % to increase the load characteristics of products made of such fluorocomposites. 

 
Table 1. Comparative performance parameters of PTFE-based composite materials 

Characteristic 

Parameter value for composite 

Flubon Fluvis Superfluvis 

Composites obtained using developed 

technologies 

Patent 

BY 9396 

Patent 

BY 8480 

Patent 

BY 9819 

Tensile stress, MPa 9 14 17* 18 27* 22–33 32–35 18–30 

Wear intensity at friction without lubrication, 

I×10–7, mm3/(N·m) 
5.0 5.0 3.5* 4.5 1.5* 1.5–2.3 1.3–2.0 1.7–1.9 

Filler content, wt. % 30 30 20* 30 20* 20 20–40 20–45 

*Data of regulatory technical documentation for materials "Fluvis", "Superfluvis" 

 

 
Fig. 5. – Dependence of tensile strength of PTFE-based composite materials on carbon fiber (CF) content in mechanical combination of 

components (1), in mechanochemical activation of components (MA) and formation in the free state (LTF) (2) and high-temperature formation 
(HTF) under conditions of triaxial compression (3) 

Optimization of 

parameter technology 

for preparation and 

combination of 

components 

Optimization of the 

energy parameters of 

the components 

Implementation of the 

principle of multi-level 

modification of matrix 

Optimization of 

parameter of composite 

formation technology 

Concept of energy and 

technological 

compliance of 

components 

Modification of the matrix by a combination of 

components of different dispersion, habit and 

energy state 

Modification of components with fluoro-

containing high-molecular compounds under 

energy action 

Joint mechanochemical activation of components 

at the combination stage (MA technology) 

Thermomechanical activation of components at 

the stage of high-temperature formation (HTF 

technology) 

Mechanochemical activation of components at 

the stage of low-temperature formation of the 

composite (LTF technology) 
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Methodological principles for controlling the processes of structure formation of polymer matrices through 

the use of crystal-chemical parameters of nanosized particles of modifiers, the formation of an integrative 

supramolecular structure by modifying it with a set of nanoparticles of the same or different composition or shape 

are implemented in the development of composite materials based on industrial thermoplastics of the polyamide and 

polyolefin class. 

The priority area of research was the development of composites for the manufacture of structural elements 

and the formation of multifunctional coatings used in the structures of automotive and tractor units (cardan shafts, 

brake chambers, shock absorbers) and technological equipment (belt conveyors) (Table 2). 

The introduction of polyamide 11 into polyamide 6 in the presence of layered silicate nanoparticles provides 

an increase in adhesion and tribological characteristics [24]. The presence of nano-sized metal particles has a 

complex effect on the structure parameters, increasing the resistance of coatings to thermal-oxidative environments. 

The combined content of nanosized carbon-containing particles and fluorine-containing compounds contributes to 

the achievement of an optimal combination of adhesion, tribological characteristics and hydrophobicity of coatings, 

the parameters of which are considered in [25]. 

In the development of compositions of nanocomposite materials based on mixtures of polyamides, 

polyolefins (PA6, PA6.6, PA11, PP, HDPE, copolymer EVA), differing in thermodynamic compatibility, the 

established effect of physical compatibilization was used, due to the ability of nanosized particles to form 

intermolecular physical bonds of the adsorption type, experimentally confirmed by EPR spectroscopy and 

rheological studies. 

 

Table 2. Comparative characteristics of polyamide-based composite materials 

 

The compatibilizing effect of nanoparticles in the thermomechanical combination of components in a viscous 

state contributes to the formation of supramolecular and intermolecular hybrid structures. The function of a physical 

compatibilizer is characteristic of nano-sized particles of various composition, structure and production technology 

(clay, CNT, ultra-dispersed diamonds (UDD), Cu, etc.). This aspect made it possible to develop composite materials 

based on thermomechanically combined blends of polyamides and polyolefins with characteristics superior to 

analogues [26, 27]. 

Composites based on combined regenerated thermoplastic components are a full-fledged alternative to 

primary thermoplastics in the manufacture of engineering products for the construction industry (fasteners, metal-

polymer rollers), including road construction (identification and restrictive elements for designating underground 

communications) in accordance with the developed regulatory and technical documentation – technical 

specifications TS BY 500037559.004-2021, TS BY 500037559.005-2021, TS BY 500037559.006-2021. 

Comprehensive studies of the areas of practical implementation of the phenomenon of nanostate in materials 

science and technology of nanocomposites based on industrial thermoplastics have confirmed their validity and 

adequacy to the functioning industrial complex. 

 

Conclusion 

Based on the research, the following main results were obtained: 

1)   Methodological principles for the implementation of the nanostate phenomenon in materials science and 

technology of functional nanocomposites based on industrial thermoplastics of the polyolefin, polyamide, 

fluoroplastic class have been developed by optimizing the structure at the intermolecular, supramolecular and 

interfacial levels, ensuring the achievement of a synergistic combination of performance parameters. These 

principles are based on: 

–   established crystal-chemical prerequisites for the selection of natural and synthetic carbon-containing, 

metal-containing and silicon-containing semi-finished products for the directed formation of active nanosized 

particles with specified structural, morphological and energy parameters under optimal technological action 

(mechanochemical, thermal, laser); 

Characteristic 

Parameter values for compositions 

PA6* 

Composite material 

Patent 

BY 9397 
Patent BY 10898 

Patent 

BY 17434 

Patent 

BY 21059 

Tensile stress, MPa:      

– original 56–60 65–67 65–68 70–73 72–76 

– after 1,000 h of thermal oxidation at 423 K in air 18–30 – 58–62 43–45 – 

Adhesive strength (Falling indenter method), cm, 

not less 
10–15 >50 

45–51 MPa (Normal 

tear-off method) 
28–30 50 

Friction coefficient without lubrication at loads of 

5–10 MPa, v = 0,5 m/s 
0.5–0.6 0.10–0.12 – 0,08–0,11 0,08–0,09 

Влагопоглощение, мас. % 9–10 – – 3.0–3.5 2.0–3.0 

*PA6 produced by JSC "Grodno Azot" 
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–   implementation of the conditions for the energy compliance of nanomodifiers to the prevailing mechanism 

for the formation of the optimal structure of polymer, oligomeric and combined matrices at various levels of 

organization (molecular, supramolecular and interfacial); 

–   providing conditions for the manifestation of the preferred mechanisms of interfacial physicochemical 

interactions of components with the formation of boundary layers of optimal structure, which determine the 

mechanisms of destruction of nanocomposites under the influence of various operational factors. 

2)   Based on the concepts of condensed matter physics using the wave functions of the barrier model and the 

Debye-Waller factor, a theoretical analysis of the prerequisites for the formation of the nanostate of material objects 

in the form of dispersed particles and substrates in the process of their dispersion and technological impact on semi-

finished products of various composition and structure is carried out. The mechanisms of formation of dispersed 

particles in the active state and charge mosaic on the surface of substrates under mechanical, mechanochemical and 

energy effects on semi-finished products are substantiated. An analytical substantiation of the change in the 

parameters of energy characteristics with a decrease in the geometric dimensions of a material object is given, 

confirming the hypothesis of the energy equivalent. 

3)   Physicochemical aspects of the modifying effect of nanoparticles of various composition and structure in 

thermoplastic matrices are considered. Characteristic features have been established that determine the activity of 

low-dimensional particles in the processes of transformation of the structure of the binder composite material at the 

molecular, intermolecular and supramolecular levels, consisting in their special energy state due to habit, size, factor 

and production technology. Using the proposed analytical expression, the analysis of the dimensional factor that 

determines the nanostate of the NSP of mono- and polyatomic substances, which determine their transition to a 

nanostate with high modifying activity in relation to high-molecular matrices, is carried out. 

4)   Features of the mechanism of modifying action of nanoparticles of various production technologies, 

composition and structure are considered. It is shown that the most important criterion of activity in the processes of 

adsorption interaction of a nanoparticle with macromolecules of a polymer or oligomeric matrix is its energy state, 

characterized by the presence of an uncompensated charge with a long relaxation time. 

5)   The methodological principle of multi-level modification is implemented in the creation of a range of 

nanocomposite functional materials based on industrial thermoplastics of the polyamide, polyolefin, fluoroplastic 

class with the introduction of a combination of components of different composition and dispersion with high 

energy characteristics. It is shown that the developed compositions based on aliphatic polyamides and polyolefins 

(PP, HDPE, LDPE) and their mixtures are superior to the base materials and their analogues by at least 1.2–1.5 

times in terms of strength, wear resistance and adhesive characteristics. Fluorine-containing nanocomposites, semi-

finished products and products made of them, formed on the basis of the developed technological paradigm that 

ensures the formation of a low-defect structure due to the activation of interfacial interaction processes at the stages 

of combining components, pressing and formation, realize the synergistic effect of high parameters of stress-strain 

and tribological characteristics (σt, I) at least 1.5–2.6 times compared to domestic and foreign analogues formed 

using traditional technology. 

6)   Technologies for the implementation of the phenomenon of nanostate in the production of functional 

nanocomposite materials based on industrial thermoplastics and products from them for use in the structures of 

machines, mechanisms, technological equipment have been developed, providing the formation of an optimal multi-

level structure to increase the service life. The technologies are based on the use of common equipment and are 

intended for sale at specialized enterprises for the industrial production of products from polymer and composite 

materials based on primary and regenerated raw materials. 
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Evaluation of Dry Sliding Wear Characteristics in Al5052/TiB2/ZrO2 Composites Against 

EN-31 Steel Counterbody 
Agarwal S.*, Singh S. 
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Abstract. The current study inspected the dry sliding wear characteristics of composites with Al5052 matrix. The 

composites were stir-casted with nano-TiB2 and nano-ZrO2 as reinforcements. The test specimens were examined 

using a pin-on-disc device with an EN-31 steel disc under multiple loads (10 N, 20 N, and 30 N) and speeds (0.94 

m/s, 1.57 m/s and 2.20 m/s). To inspect the worn surfaces, scanning electron microscopy is utilized. The wear rate 

increased with the load, reaching a maximum value at 30 N. The resistance to wear for Al5052-based composite 

with 1% TiB2 and 1% ZrO2 was found to be best. The wear rate was observed to increase initially at 1.57 m/s and 

then decrease when the speed was increased to 2.20 m/s. SEM micrographs revealed abrasion and delamination of 

the worn-out surfaces.  

 

Keywords: aluminium matrix composites, titanium diboride, zirconia, stir casting, dry sliding wear.  

 

Introduction 

Aluminium matrix composites (AMCs) are evolving as a significant class of materials for advanced technical 

applications due to improved properties like enhanced specific strength, improved stiffness, and greater resistance to 

wear when compared to unreinforced Aluminium alloys [1, 2]. The applications include the components for the 

aerospace, automobile, marine and transportation industries [3–5]. AMCs consist of Aluminium alloy matrices 

reinforced with ceramic materials like Silicon carbide (SiC), Alumina (Al2O3), Silicon Nitride (Si3N4), Titanium 

carbide (TiC), Graphene, Titanium diboride (TiB2), Carbon Nanotube (CNT) and Zirconia (ZrO2) [6].  

The wear characteristics of AMCs are critical for many load-bearing applications. Enhancing the wear 

resistance can extend the service life of components exposed to repetitive sliding conditions [7]. Factors like 

reinforcement content, size and distribution of particles affect the hardness and wear characteristics of AMCs [8]. 

The lowest wear rate was found in Al7075-AMC reinforced with 2 weight% Al2O3 by Baradeswaran and Perumal 

[9]. Shanmugaselvam et al. [10] conducted the wear test on AMCs reinforced with SiC, B4C and graphite. 

Composite with 13 wt% SiC, 13 wt% B4C and 10 wt% graphite had the lowest wear rate. 

Studies have shown that factors like load, sliding speed, and distance influence the rate of wear in 

Aluminium-based composites [11–13]. However, there is limited understanding of the combined effects of these 

factors, along with the reinforcement amount, on the wear characteristics of nanoparticle-reinforced AMCs using 

Al5052 as matrix material. Al5052, an aluminium-magnesium alloy, provides a stable and ductile matrix for the 

reinforcement materials. Its combination of moderate strength, good corrosion resistance, and excellent formability 

makes it an ideal choice for marine, fuel tanks, automotive and aerospace applications [14–16]. 

The current research examines the wear attributes of Al5052-based AMCs with varying compositions of 

nanosized TiB2 and ZrO2 reinforcements, taking into account wear between cylinder liners and piston rings in 

automobiles and also between brake pads and discs for automobile and marine vessels. The wear characteristics will 

be evaluated under different loads and speeds at room temperature. The assessment of stir-cast TiB2 and ZrO2 

nanoparticles in Al5052 alloy AMCs—a combination that is rarely studied—is what makes this research study 

novel. 

 

1. Materials and Methods 

 

1.1 Materials 

A commercially available Al5052 alloy served as the matrix for this study. Table 1 shows the chemical 

content of Al5052 as determined by spectro analysis of the sample. TiB2 nanoparticles of average particle size 

(APS) of a maximum of 80 nm size and 99.9% purity were procured from Intelligent Materials Pvt. Ltd., Punjab; 

whereas, ZrO2 nanoparticles of 30-50 nm APS and 99.9% purity were obtained from Nano Research Lab, 

Jamshedpur. 
 
 

Table 1. Chemical content (weight %) of Al5052 

Elements Si Fe Cu Mn Mg Cr Zn Al 

Composition 0.122 0.230 0.024 0.071 2.233 0.154 0.072 Remainder 

 

The EDX mapping of TiB2 and ZrO2 powders are shown in Figs. 1a) and 1b) respectively. 
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Fig. 1 - a) EDX mapping of TiB2 and b) EDX mapping of ZrO2 

 

1.2 Composite fabrication 

Al5052-based composite test specimens were fabricated by stir casting. In a muffle furnace, the TiB2 and 

ZrO2 nanoparticles were first preheated to 350°C for 1 hour. This preheating step assisted in removing any moisture 

or gases that had been adsorbed on the nanoparticles [17]. 

Meanwhile, approximately 800 grams of Al5052 alloy were added to a furnace preheated to 700°C. At this 

temperature, the Al5052 alloy melted into a liquid state. Once the metal was fully molten, the preheated TiB2 and 

ZrO2 nanoparticles were introduced slowly into the melt. Potassium Hexafluorotitanate Powder and Mg were added 

to improve the wettability. The ceramic nanoparticles were distributed evenly throughout the molten aluminum alloy 

by agitating the composite slurry for 10 minutes with a mechanical stirrer containing high-strength steel impellers 

rotating within the furnace [18, 19].  

Following that, the heated steel mould was filled with the composite melt and was allowed to harden into the 

required shape. Table 2 shows the composition of the test specimens prepared for this study. 

 
Table 2. Specimen composition for the Al5052 composites 

Specimen 
Weight % 

Al5052 TiB2 ZrO2 

S1 99 1 0 

S2 99 0 1 

S3 98 1 1 

 
2. Wear Experiment 

The DUCOM pin-on-disc machine served as the primary instrument for evaluating the dry wear 

characteristics of Al5052-based composite samples, adhering to the ASTM G99 standard for specimen preparation. 

The samples, shaped as square pins, measured 25 mm in height and 10 mm in width. To evaluate the wear 

specimens, an EN-31 steel disc with a 200 mm diameter and a hardness of 62 HRC is employed on a pin-on-disc 

device. Emery sheets of grit sizes 220, 400, 600, 1000, 1500, and 2000 were employed to polish the surfaces of test 

specimens. The evaluations took place at 60 mm track diameter for time period of 15 minutes [20, 21]. The 

specimen weights were recorded using an electronic weighing machine with a resolution of 0.001 g. A scanning 

electron microscope analysis concluded the study, examining the worn-out surfaces of the samples. Before and after 

the experiment, the rotating disc and pin samples were wiped with tissue and acetone.  

A total of 27 experiments were performed, with each sample subjected to nine sets of investigations. The 

experiments were repeated 3 times and the average wear rate was calculated. Table 3 contains the test parameters.  



Material and Mechanical Engineering Technology, №4, 2024 

46 
 

Table 3. Test parameters along with their respective levels 

Parameters Level 1 Level 2 Level 3 

Load (N) 10 20 30 

Sliding speed (m/s) 0.94 1.57 2.20 

Sample S1 S2 S3 

 
3. Result and Discussion 

 

3.1 Wear result 

The wear attribute of the AMCs was determined using the pin-on-disc examination by finding the mass loss 

and calculating the specific wear rate (SWR) [22] from the Eq. 1 and Eq. 2: 

 

SWR=
Mass loss

Density×Sliding Distance×Load
 mm3/N-m (1) 

 

Sliding Distance (m) =Sliding speed ×time 
(2) 

 

Wear testing is conducted on composites to evaluate their resistance to wear and understand the underlying 

wear mechanisms. These tests help in comparing the different material compositions, predict component lifespans, 

and optimize material design. By simulating real-world conditions, wear tests provide crucial data for selecting 

appropriate materials for specific applications and ensuring manufacturing consistency.  

The changes in the wear rate with respect to different loads (10N, 20N and 30N) and sliding speeds (0.94m/s, 

1.57 m/s and 2.2 m/s) are shown in Figs. 2 – 5. The effect of load and sliding speed on SWR is discussed below.  

 

3.1.1 Effect of load on wear rate of Al5052 composite 

A general trend was observed from these figures that there was increase in SWR with increasing load up to 30 

N which implies that wear resistance decrease with the load [23]. Minimum SWR at 0.94 m/s and 1.57 m/s was 

shown by S3 samples at a load of 10 N (refer to Fig. 2 and Fig.3). Low amount of SWR in any specimen means that 

its resistance to wear is high. The wear rate for S3 specimen spiked to 1.482 × 10−4 mm3/Nm when the load was 

increased to 30 N at 0.94 m/s (refer to Fig. 2). It was also observed that the wear rate for S3 (1.316 × 10−4 mm3/
Nm) was higher than that of S2 (1.007 × 10−4 mm3/Nm) when tested at 2.2 m/s under a 10 N load (refer to Fig. 4). 

This happened as a result of presence of void and pores (or agglomeration) within the specimens tested under those 

conditions. 

 

3.1.2 Effect of sliding speed on wear rate of Al5052 composite 

From the Fig. 5 it is evident that the SWR increases initially with the sliding speed at 30 N applied load but as 

the speed increased from 1.57 m/s to 2.2 m/s the SWR was reduced [24]. Similar trend was observed by Alidokht et. 

al [25], where the wear resistance of hybrid metal matrix composites was improved at higher sliding speed and 

sliding distance. At lower sliding speeds, adhesive wear dominates, resulting in an initial rise in wear rate. The wear 

mechanism changed to abrasive wear as the speed increased, resulting in a drop-in wear rate. The SWR was found 

minimum for sliding speed of 0.94 m/s. 

The minimum SWR of 0.303 mm3/N-m was observed when Al6061 alloy was reinforced with 3% graphene 

nanoplatelets (GNPs) and 3% CeO2 [20]. Mahmut et al. [22] tested Al/GNP composite for wear attribute at 10 N to 

40 N load. The lowest SWR noted at 10 N and 40 N were 1.2×10
-4

 mm3/N-m and 1.8×10
-4

 mm3/N-m respectively. 

Sharma et al. [23] performed dry sliding wear test on Al6101/graphite composite and found the minimum SWR of 

2×10
-4

 mm3/N-m at 4% graphite. 

 

 
 

Fig. 2 - Change in SWR with load at 0.94 m/s 
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Fig. 3. - Change in SWR with load at 1.57 m/s 
 

 
 

Fig. 4. - Change in SWR with load at 2.2 m/s 
 

 
 

Fig. 5. - Change in SWR with speed at 30 N load with change in sliding speed (m/s) 

 

3.2 SEM analysis of wear surfaces 

The worn surfaces of Al5052-based AMCs after wear experiments were examined through SEM. The wear 

debris that is being formed between pin and disc were wiped off using clean cloth [26]. Fig. 6 (a-d) depict the 

microscopic study of the worn-out surfaces. 
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a) b) 

 

  
c) d) 

 
Fig. 6. - SEM images of worn surfaces at 30N load: a) S1 sample at 0.94 m/s, b) and c) S2 sample at 1.57 m/s, d) S3 sample at 1.57 m/s 

 

In the wear test, when the composite surface touches the rotating disc, wear occurs through grooving. A lot of 

scratches and cracks were identified on the worn surfaces indicating abrasive wear mechanism [27]. These grooves 

happened because the material got pushed around by the ploughing action (refer to Fig. 6a). Delamination wear was 

also noticed in the composite. On the surface, the cavities and grooves are caused by delaminating and breaking of 

surface layer [28]. The crater formation was observed in Fig. 6b and 6c. The mild patches formed indicates towards 

the adhesive wear phenomena. The chipping off of the material can also be seen from the morphology. Fig. 6d 

shows the formation of grooves by plastic deformation.  

 
 

a) b) 
Fig. 7. - a) Morphology of S3 sample at 2.20 m/s and b) Elemental mapping of S3 sample 
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Oxidation formation (refer to Fig. 7a) is seen at high loads and high sliding speed [29]. The higher wear 

strength of S3 sample was observed as the surface was smoother compared to S1 and S2. Fig. 7b shows the element 

mapping of S3 sample and the existence of Al, Zr, Ti, B and O is observed. 

The hybrid composite S3 specimen had the lowest SWR, while the S1 specimen had the highest SWR. The 

higher wear strength in S3 sample was evident as a result of adding 1% Tib2 and 1% ZrO2 to the matrix. The wear 

resistance also improved due to formation of oxides because of high temperatures during sliding. Fig. 8 displays the 

EDS (Energy-Dispersive X-ray Spectroscopy) examination of the S3 sample. 

 

 
Fig. 8. - EDS analysis of S3 sample 

 
Conclusions  

The wear behaviour of Al5052-based AMCs, which were fabricated by stir casting technique, was observed 

using pin-on-disc device with an EN-31 steel disc at normal room condition. The investigation of experiment 

outcomes led to the following conclusions: 

1. When Al5052-based AMCs were tested for dry sliding behavior at different loads and sliding speed. 

2. The wear rate was found to be influenced by load and speed.  

3. The lowest wear rate was observed for a load of 10 N and at a sliding speed of 0.94 m/s. 

4. The S3 specimen exhibited good wear resistance under varying loads and speeds.  

5. SEM micrographs of worn-out surfaces revealed surface faults such as ploughing, wear debris, cracks, and 

mild patches after dry sliding wear testing.  

6. The SEM investigation revealed that some mild patches were identified as a result of material loss, as well 

as some places with delamination. These defects are formed as a result of the material's abrasion and adhesion 

during the wear test. 

7. Oxidation was observed at high loads and speeds. 
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Abstract. The paper studies the stress-strain state of a rod with variable bending rigidity, compressed by an axial 

concentrated force in the presence of initial deflections along its axis. The initial differential equation of longitudinal 

bending is solved by the numerical finite difference method with the number of divisions along the axis equal to 

eight. Two problems are solved simultaneously: bending strength and stability under central compression. The 

calculated deflection diagrams are given depending on the change in the axial load value, taken as a fraction of the 

critical force, as well as depending on the conditions of fixing the ends of the rod. The results of the study are the 

formation of 7th order resolution matrices for the numerical calculation of longitudinal-transverse bending of the 

rod. Critical forces for various boundary conditions at the ends of the rod, and the values of the resulting deflections 

are determined. 

 

Keywords: rod, bending, stability, finite difference method, deflection. 
 

Introduction 

   The rod elements of various designs of transport systems, mechanisms, mobile transport [6], buildings, 

structures, as well as aircraft and shipbuilding structures have manufacturing and operating defects in the form of 

initial cambers along their longitudinal axes (transverse to the axes of linear deformations). 

        In these cases, the structures (technical systems) under consideration operate under conditions of the complex 

stress state (with flat transverse bending). 

        Load-bearing elements of mechanical engineering structures are in the same conditions, which require strength 

analysis within the limits of long-term operation [1-2]. 

        In the process of their designing, it is necessary to identify the stress-strain state (determining linear and 

angular deformations, displacements, internal axial forces and bending moments in the corresponding bending 

plane) based on the values of which cross sections are selected according to the conditions of strength and rigidity, 

ensuring safe (reliable) operation of the considered systems. 

For example, the study of the stress-strain state, longitudinal vibrations of rods of variable cross-section are 

considered in articles [7, 8, 11, 12]. In addition, impact [9, 10, 13], combined loading, dynamic stability [14, 15] of 

rods under various boundary conditions are often studied. 

The purpose of the article is to study the stress-strain state of a complex rod system with a variable cross-sectional 

thickness along the length in the presence of constructive and acquired during operation " cambers " based on the 

numerical finite difference method taking into account longitudinal transverse bending with the determination of the 

resulting deflections and the value of the critical forces of central compression. 

        Let us consider a rod of variable bending rigidity (variable thickness) compressed by the “P” force, taking into 

account the given initial cambers 𝑓0(𝑥)  along the longitudinal axis with random boundary conditions at its ends 

(Figure 1). Here: y=y(x) is a function of the desired cambers along the longitudinal axis of the rod, 𝑓0 = 𝑓0(𝑥) is a 

known function of initial cambers (linear displacements along the “y” axis); 𝐽𝑖 = 𝐽(𝑥)is a variable axial moment of 

inertia of the cross section. 

 
Fig. 1 – Design diagram of the rod under study 
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1. Methods and solutions 

The initial differential equation describing the mechanical operation of the structure under study (Figure 1) 

has the form [1, 2, 5]: 

 

(𝐸𝐽𝑌𝐼𝑉 + 𝐸𝐽𝐼𝐼𝑌𝐼𝐼)+2E𝐽𝐼𝑌𝐼𝐼𝐼 + 𝑃𝑌𝐼𝐼=P𝑓0
𝐼𝐼(𝑥).                                                 (1) 

 

        Both parts of equation (1) are divided by the value 𝐸𝐽0 (the conditional (scale) bending rigidity of the rod], and 

the notation is introduced in the form of (𝐾 =
𝑃

𝐸𝐽0
) 

as the axial load parameter. 

        Then, taking into account “K”, instead of equation (1), there is obtained the following equation: 

 
𝐸𝐽

𝐸𝐽0
𝑌𝐼𝑉 +

𝐸𝐽𝐼𝐼

𝐸𝐽0
𝑌𝐼𝐼 +

2𝐸𝐽𝐼

𝐸𝐽0
𝑌𝐼𝐼𝐼 + 𝐾𝑌𝐼𝐼 = −𝐾𝑓0

(𝐼)
(𝑥).                                          (2) 

 

Equation (2) is implemented using the finite difference method (FDM) with a linear grid with a density equal to the 

“n” value; a fragment of such a grid is shown in Figure 2. 

  

 
Fig. 2 – A fragment of a regular “linear grid”  

 

 

Let’s write equation (2) in general form for the i-th grid node (Figure 2), using the FDM parameters known 

from [3÷5], taking this into account: 

𝐾∗ = 𝑘𝜆2 =
𝑃

𝐸𝐽0
𝜆2                                                                                (3)  

𝐾∗  is the grid parameter of the axial load. 
𝛼𝑖(𝑦𝑡 − 4𝑦𝑙 + 6𝑦𝑖 − 4𝑦𝑘 + 𝑦𝑠)

𝜆4
+

(𝛼𝑙 − 2𝛼𝑖 + 𝛼𝑘)(𝑦𝑙 − 2𝑦𝑖 + 𝑦𝑘)

𝜆4
+ 

+
0,5

𝜆4
(𝛼𝑙 − 𝜆𝑘)[𝑦𝑡 − 2(𝑦𝑙 − 𝑦𝑘) − 𝑦𝑠] +

𝑘∗

𝜆4
(𝑦𝑙 − 2𝑦𝑖 + 𝑦𝑘)= 

= −k∗(f0,l − 2f0,i + f0,k), or 

𝑦𝑡[𝛼𝑖 + 0,5 (𝛼𝑙 − 𝛼𝑘)] + 𝑦𝑙[−4𝛼𝑖 + (𝛼𝑙 − 2𝛼𝑖 + 𝛼𝑘) − (𝛼𝑙 − 𝛼𝑘) + 𝑘∗] +  +𝑦𝑖[6𝛼𝑖 − 2(𝛼𝑙 − 2𝛼𝑖 + 𝛼𝑘) − 2𝑘∗] +
𝑦𝑘[−4𝛼𝑖 + (𝛼𝑙 − 2𝛼𝑖 + 𝛼𝑘) + +(𝛼𝑙 − 𝛼𝑘) + 𝑘∗] + 𝑦𝑠[𝛼𝑖 − 0,5 (𝛼𝑙 − 𝛼𝑘)] = −k∗(f0,l − 2f0,i + f0,k)  

       

Then, after reducing similar terms, there is obtained the following: 

𝑦𝑡[𝛼𝑖 + 0,5 (𝛼𝑙 − 𝛼𝑘)] + 𝑦𝑙(−6𝛼𝑖 + 2𝛼𝑘 + 𝑘∗) +𝑦𝑖[10𝛼𝑖 − 2(𝛼𝑙 + 𝛼𝑘) − 2𝑘∗] + 𝑦𝑘(−6𝛼𝑖 + 2𝛼𝑙 + 𝑘∗) +

𝑦𝑠[𝛼𝑖 − 0,5 (𝛼𝑙 − 𝛼𝑘)] = −k∗(f0,l − 2f0,i + f0,k) ;                                   (4) 

         Let’s write expression (4) in the reduced form: 

𝑦𝑡 ∙ 𝜑𝑡 + 𝑦𝑙 ∙ 𝜑𝑙 + 𝑦𝑖 ∙ 𝜑𝑖 + 𝑦𝑘 ∙ 𝜑𝑘 + 𝑦𝑠 ∙ 𝜑𝑠 = −𝛾𝑘∗(f0,l − 2f0,i + f0,k)             (5) 

where 

𝑦𝑡 = 𝛼𝑖 + 0,5 (𝛼𝑙 − 𝛼𝑘) ; 𝜑𝑙 = −6𝛼𝑖 + 2𝛼𝑘 + 𝑘∗𝛾 ; 

𝜑𝑖 = 10𝛼𝑖 − 2(𝛼𝑙 + 𝛼𝑘) − 2𝑘∗𝛾 ; 𝜑𝑘 = −6𝛼𝑖 + 2𝛼𝑙 + 𝑘∗𝛾 ;                             (6) 

𝜑𝑠 = 𝛼𝑖 − 0,5 (𝛼𝑙 − 𝛼𝑘)  . 
 

        Let's divide the length of a given rod "l" into 8 equal parts (the grid density n=8) and number the calculated 

nodes of the linear grid m=1, 2..., 7 (Figure 1). 

       Let’s write finite-difference equations according to formula (5) for the design nodes, excluding the deflections 

of the contour nodes 8, 9 using the boundary conditions at the ends of the rod, i.e. 

𝑦8=𝛽1𝑦1; 𝑦9=𝛽2𝑦7,                                                                       (7)    

  

where ( 𝛽1, 𝛽2)=+1 with the fixed end of the rod, 

           ( 𝛽1, 𝛽2)=-1 with the hinged end. 

1) Node “1” (𝒊 = 𝟏):  
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𝛽1 ∙ 𝑦1[𝛼1 + 0,5(𝛼𝐴 − 𝛼2)] + 𝑦1[10𝛼1 − 2(𝛼2 + 𝛼𝐴) − 2𝑘∗ ∙ 𝛾] + +𝑦2(−6𝛼1 + 2𝛼𝐴 + 𝑘∗ ∙ 𝛾) + 𝑦3[𝛼1 −
0,5(𝛼𝐴 − 𝛼2)] = −𝛾 ∙ 𝑘∗(𝑓0,2 − 2𝑓0,1),  
or 

𝑦1[−1,5𝛼𝐴 + (10 + 𝛽1)𝛼1 − 2,5𝛼2 − 2𝑘∗ ∙ 𝛾] + 𝑦2(2𝛼𝐴 − 6𝛼1 + 𝑘∗ ∙ 𝛾) + +𝑦3(−0,5𝛼𝐴 + 𝛼1 + 0,5𝛼2) =
−𝛾𝑘∗(𝑓0,2 − 2𝑓0,1)                                               (8) 

2) Node “2” (𝒊 = 𝟐) 

𝑦1(−6𝛼2 + 2𝛼3 + 𝑘∗ ∙ 𝛾) + 𝑦2[10𝛼2 − 2(𝛼𝐴 + 𝛼3) − 2𝑘∗ ∙ 𝛾] + 𝑦3(−6𝛼2 + +2𝛼1 + 𝑘∗ ∙ 𝛾) + 𝑦4[𝛼2 −
0,5(𝛼1 − 𝛼3)] = −𝑘∗ ∙ 𝛾(𝑓0,1 − 2𝑓0,2 + 𝑓0,3)  

or 

𝑦1(−6𝛼2 + 2𝛼3 + 𝑘∗ ∙ 𝛾) + 𝑦2(−2𝛼𝐴 + 10𝛼2 − 2𝛼3 − 2𝑘∗ ∙ 𝛾) + 𝑦3(2𝛼1 − −6𝛼2 + 𝑘∗ ∙ 𝛾) + 𝑦4(−0,5𝛼1 + 𝛼2 +
0,5𝛼3) = −𝑘∗ ∙ 𝛾(𝑓0,1 − 2𝑓0,2 + 𝑓0,3)  

3) Node “3” (𝒊 = 𝟑) 

𝑦1[𝛼3 + 0,5(𝛼2 − 𝛼4)] + 𝑦2(−6𝛼3 + 2𝛼4 + 𝑘∗ ∙ 𝛾) + 𝑦3[10𝛼3 − 2(𝛼2 + 𝛼4) − 2𝑘∗ ∙ 𝛾] + 

 

+𝑦4(−6𝛼3 + 2𝛼2 + 𝑘∗ ∙ 𝛾) + 𝑦5[𝛼3 − 0,5(𝛼2 − 𝛼4)] = −𝑘∗ ∙ 𝛾(𝑓0,2 − −2𝑓0,3 + 𝑓0,4)                 (9) 

or 

𝑦1(0,5𝛼2 + 𝛼3 − 0,5𝛼4) + 𝑦2(−6𝛼3 + 2𝛼4 + 𝑘∗ ∙ 𝛾) + 𝑦3(−2𝛼2 + 10𝛼3 − 2𝛼4 − 2𝑘∗ ∙ 𝛾) + 𝑦4(2𝛼2 − 6𝛼3 + 𝑘∗ ∙
𝛾) + 𝑦5(−0,5𝛼2 + 𝛼3 + 0,5𝛼4) = −𝑘∗ ∙ 𝛾  

(𝑓0,2 − 2𝑓0,3 + 𝑓0,4)                                                                       (10) 

4) Node “4” (𝒊 = 𝟒) 

𝑦2[𝛼4 + 0,5(𝛼3 − 𝛼5)] + 𝑦3(−6𝛼4 + 2𝛼5 + 𝑘∗ ∙ 𝛾) + 𝑦4[10𝛼4 − 2(𝛼3 + 𝛼5) − 2𝑘∗ ∙ 𝛾] + 𝑦5(−6𝛼4 + 2𝛼3 + 𝑘∗ ∙
𝛾) + 𝑦6[𝛼4 − 0,5(𝛼3 − 𝛼5)] = −𝑘∗ ∙ 𝛾(𝑓0,3 − 2𝑓0,4 + 𝑓0,5) ,  

or 

𝑦2(0,5𝛼3 + 𝛼4 − 0,5𝛼5) + 𝑦3(−6𝛼4 + 2𝛼5 + 𝑘∗ ∙ 𝛾) + 𝑦4(−2𝛼3 + 10𝛼4 − 2𝛼5 − 2𝑘∗ ∙ 𝛾) + 
 

+𝑦5(2𝛼3 − 6𝛼4 + 𝑘∗ ∙ 𝛾) + 𝑦6(−0,5𝛼3 + 𝛼4 + 0,5𝛼5) = −𝑘∗ ∙ 𝛾(𝑓0,3 − 2𝑓0,4 + 𝑓0,5)                      (11) 

 

5) Node “5” (𝒊 = 𝟓) 

𝑦3[𝛼5 + 0,5(𝛼4 − 𝛼6)] + 𝑦4(−6𝛼5 + 2𝛼6 + 𝑘∗ ∙ 𝛾) + 𝑦5[10𝛼5 − 2(𝛼4 + 𝛼6) − 2𝑘∗ ∙ 𝛾] + 𝑦6(−6𝛼5 + 2𝛼4 + 𝑘∗ ∙
𝛾) + 𝑦7[𝛼5 − 0,5(𝛼4 − 𝛼6)] = −𝑘∗ ∙ 𝛾(𝑓0,4 − −2𝑓0,5 + 𝑓0,6) , 

or 

𝑦3(0,5𝛼4 + 𝛼5 − 0,5𝛼6) + 𝑦4(−6𝛼5 + 2𝛼6 + 𝑘∗ ∙ 𝛾) + 𝑦5(−2𝛼4 + 10𝛼5 − 2𝛼6 − 2𝑘∗ ∙ 𝛾) + 
 

+𝑦6(2𝛼4 − 6𝛼5 + 𝑘∗ ∙ 𝛾) + 𝑦7(−0,5𝛼4 + 𝛼5 + 0,5𝛼6) = −𝑘∗ ∙ 𝛾(𝑓0,4 − 2𝑓0,5 + 𝑓0,6)                             (12) 

6) Node “6” (𝒊 = 𝟔) 

𝑦4[𝛼6 + 0,5(𝛼5 − 𝛼7)] + 𝑦5(−6𝛼6 + 2𝛼7 + 𝑘∗ ∙ 𝛾) + 𝑦6[10𝛼6 − 2(𝛼5 + 𝛼7) − 2𝑘∗ ∙ 𝛾] + 𝑦7(−6𝛼6 + 2𝛼5 + 𝑘∗ ∙
𝛾) = −𝑘∗ ∙ 𝛾(𝑓0,5 − 2𝑓0,6 + 𝑓0,7) , 

or 

𝑦4(0,5𝛼5 + 𝛼6 − 0,5𝛼7) + 𝑦5(−6𝛼6 + 2𝛼7 + 𝑘∗ ∙ 𝛾) + 𝑦6(−2𝛼5 + 10𝛼6 − 2𝛼7 − 2𝑘∗ ∙ 𝛾) + 

+𝑦7(2𝛼5 − 6𝛼6 + 𝑘∗ ∙ 𝛾) = −𝑘∗ ∙ 𝛾(𝑓0,5 − 2𝑓0,6 + 𝑓0,7)                                    (13) 

7) Node “7” (𝒊 = 𝟕) 

𝑦5[𝛼7 + 0,5(𝛼6 − 𝛼𝛽)] + 𝑦6(−6𝛼7 + 2𝛼𝛽 + 𝑘∗ ∙ 𝛾) + 𝑦7[10𝛼7 − 2(𝛼6 + 𝛼𝛽) − 2𝑘∗ ∙ 𝛾] + 𝛽2𝑦7[𝛼7 − 0,5(𝛼6 −

𝛼𝛽)] = 𝑘∗𝛾(𝑓0,6 − 2𝑓0,7) , 

or 

𝑦5(−0,5𝛼𝛽 + 0,5𝛼6 + 𝛼7) + 𝑦6(2𝛼𝛽 − 6𝛼7 + 𝑘∗ ∙ 𝛾) + 

+𝑦7[𝛼𝛽(−2 + 0,5𝛽2) − 𝛼6(2 + 0,5𝛽2) + 𝛼7(10 + 𝛽2) − 2𝑘∗ ∙ 𝛾] = −𝑘∗ ∙ 𝛾(𝑓0,6 − 2𝑓0,7).                   (14) 

 

Let’s reduce equations (8-14) into a single system of linear algebraic equations (SLAE) of the 7th order 

(Table 1). By changing the initial parameters of a given rod (Figure 1), it is possible to solve various problems 

regarding the strength of compressed rods with different boundary conditions with variable bending rigidity in the 

presence of initial cambers (𝑓0,𝑥). 

After solving the 7th order SLAE (the rigidity structure is shown in Table 1), their transverse displacements 

(deflections) along the axes of the rods at the calculated grid nodes (Figure 1) are determined: 𝑦1, 𝑦2, … , 𝑦7. Based 

on the values of these deflections, the values of bending moments at the i-th grid nodes are determined (according to 

the template in Figure 2): 

 

𝑀𝑥𝑖
= −𝐸𝐽𝑖

𝑑2𝑦𝑖

𝑑𝑥2 = −
64

𝑙2
(𝑦𝑘 − 2𝑦𝑖 + 𝑦𝑙).                                                    (15) 

 

In Table 1, variable alphabetic symbols (Figure 1) mean the following: 
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(𝛼А, 𝛼В, 𝛼1 ÷ 𝛼7) is the variability of the structure thickness along the length of the rod in design nodes A, 1, 2, ...7, 

B according to the law of their changing (in particular, it can be accepted according to the law of a square parabola); 

(𝛼А, 𝛼В, 𝛼1 ÷ 𝛼7) are the value of the initial losses at nodes 1, 2, …, 7 (considered known before the start of 

calculations); 

𝛽1, 𝛽2 are coefficients for specifying boundary conditions at the ends of the rod (nodes A, B); they are taken equal to 

“+1” when supports “A” or “B” are rigidly fixed; “-1” when they are hinged (Table 1). 

 
Table 1.  Resolving finite-difference equations 

No. 𝑦1 𝑦2 𝑦3 𝑦4 𝑦5 𝑦6 𝑦7 Right part 

1 (0,5𝛽1

− 2)𝛼𝐴

+ (10
+ 𝛽1)𝛼1

− (0,5𝛽1

+ 2)𝛼2

+ 2𝑘∗ ∙ 𝛾 

2𝛼𝐴 − 6𝛼1

+ 𝑘∗𝛾 

-0,5𝛼𝐴 +
𝛼1 +0,5𝛼2 

    -𝛾1𝑘∗(𝑓0,2 −

2𝑓0,1) 

2 -6𝛼2 +
2𝛼3 +
𝑘∗𝛾 

-2𝛼𝐴 +
10𝛼2 −
2𝛼3 −
2𝑘∗𝛾 

-2𝛼1 −
6𝛼2 + 𝑘∗𝛾 

-0,5𝛼1 𝛼2 +
0,5𝛼3 

   -𝛾1𝑘∗(𝑓0,1 −
2𝑓0,2 + 𝑓0,3) 

3 0,5𝛼2

+ 𝛼3

− 0,5𝛼4 

-6𝛼3 +
2𝛼4 + 𝑘∗𝛾 

-2𝛼2 +
10𝛼3 −
2𝛼4 − 2𝑘∗𝛾 

2𝛼2 − 6𝛼3 +
𝑘∗𝛾 

−0,5𝛼2

+ 𝛼3

+ 0,5𝛼4 

  -𝛾1𝑘∗(𝑓0,2 −
2𝑓0,3 + 𝑓0,4) 

4  0,5𝛼3

+ 𝛼4

− 0,5𝛼5 

-6𝛼4 +
2𝛼5 + 𝑘∗𝛾 

-2𝛼3 +
10𝛼4 −
2𝛼5 − 2𝑘∗𝛾 

2𝛼3

− 6𝛼4

+ 𝑘∗𝛾 

−0,5𝛼3

+ 𝛼4

+ 0,5𝛼5 

 -𝛾1𝑘∗(𝑓0,3 −

2𝑓0,4 + 𝑓0,5) 

5   0,5𝛼4 + 𝛼5

− 0,5𝛼6 

-6𝛼5 + 2𝛼6 +
𝑘∗𝛾 

-2𝛼4 +
10𝛼5 −
2𝛼6 −
2𝑘∗𝛾 

2𝛼4

− 6𝛼5

+ 𝑘∗𝛾 

0,5𝛼4 + 𝛼5

+ 0,5𝛼6 

-𝛾1𝑘∗(𝑓0,4 −
2𝑓0,5 + 𝑓0,6) 

6    0,5𝛼5 + 𝛼6

− 0,5𝛼7 

-6𝛼6 +
2𝛼7 +
𝑘∗𝛾 

−2𝛼5

+ 10𝛼6

− 2𝛼7

− 2𝑘∗𝛾 

2𝛼5 − 6𝛼6

+ 𝑘∗𝛾 

-𝛾1𝑘∗(𝑓0,5 −

2𝑓0,6 + 𝑓0,7) 

7     0,5𝛼6

+ 𝛼7

− 0,5𝛼8 

2𝛼6

− 6𝛼7

+ 𝑘∗𝛾 

𝛼6(0,5𝛽2

− 2)
+ (10
+ 𝛽2)𝛼7

− 𝛼6(0,5𝛽2

+ 2) − 2𝑘∗

∙ 𝛾 

-𝛾1𝑘∗(𝑓0,6 −

2𝑓0,2) 

 

 

 

The calculation using the proposed numerical model is carried out in the form of the following two sequential 

algorithms: 

1. Calculating stability of variable thickness rods without initial cambers (𝑓1, = 𝑓2 = ⋯ = 𝑓7 = 0,0) with 

various boundary conditions, under which the parameters of the critical force 𝑘𝑚𝑖𝑛 are determined; the critical force 

in these cases is determined from formula (3): 

 

𝑃кр = 64𝐾𝑚𝑖𝑛(
𝐸𝐽0

𝑙2 ).                                                                          (16) 

 

2. Taking into account the obtained values of “𝑘𝑚𝑖𝑛”, the calculations are performed for rods of variable 

bending rigidity (thickness) under various boundary conditions (a combination of hinged or rigid supports “A” and 

“B”) in the absence and presence of initial cambers 𝑓1, 𝑓2, … , 𝑓7;  these calculations examine the strength of 

compressed-bent rods when varying the ratios (P/Pcr) that are specified by the coefficients 𝛾, 𝛾1 varying in the range 

from 0.1 to 0.9 with a step of 0.1, while linear displacements along the axes of the rods are determined (deflections  

𝑦1, 𝑦2, … , 𝑦7), the bending moments (according to formula 15). 

Then, based on the data in Table 1, the following results were obtained: 

1) The calculation of a compressed rod for stability: 

a) a rod of variable thickness that changes according to the law of a sinusoid: t=𝑦0sin (
𝜋𝑥

𝑙
)  with three options 

of boundary conditions (Figure 1): 

 - option “I” - hinges on supports “A” and “B”; 

 - option “II” - rigid sealing on supports “A” and “B”; 

 - option “III” - hinge in support “A”, seal in support “B”; in this case, the thickness coefficients at the grid 

nodes (Figure 1) 𝛼А = 𝛼В = 0.31; 𝛼1 = 𝛼7 = 0.588; 𝛼2 = 𝛼6 = 0.81; 𝛼3 = 𝛼5 = 0.952; 𝛼4 = 1.0.  
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The results are the values of the critical load parameter “K” (in formula 2) (Table 2). 

 
Table 2. "𝐾" values depending on the boundary conditions at the variable thickness rod ends 

Option of boundary conditions I II III 

"𝐾" values (variable thickness rod) 0.078 0.135 0.106 

“𝐾" values (constant thickness rod) 0.152 0.586 0.306 

 

According to Table 2, the graphs of changing the critical load parameter “K” are plotted (Figure 3). 

 
Fig. 3 – “К” dependence on the boundary conditions 

 

2. Calculation of compressed rod strength 

 - rod thickness is constant (𝛼𝑖 = 𝑐𝑜𝑛𝑠𝑡 =1.0); 

 - the initial losses, specified according to the sinusoid law, change: 

f(x) = 𝑓0sin (
𝜋𝑥

𝑙
) (𝑓0 = 1 cm); 

 - initial load step: 

Р𝑖 = 𝛾 ∙ 𝐾𝑖 (𝐾𝑖→according to Table 2; γ=0.1;0.2;0.4;0.6;0.8;0.9 ). 

Table 3 shows the values of deflections 𝑦𝑖(𝑖 ==1, 2, 3, ... 7) for three options of boundary conditions: I, II, 

III (rod of constant thickness). Figure 4 shows the graphical dependences of the deflections 𝑦𝑖 (𝑖 =1.2,...7) in the 

design nodes of rods of constant thickness at γ=0.1;0.2;0.4;0.6;0.8 ;0.9 for three variants of boundary conditions I, 

II, III (according to Table 3). 

 

 

 
 

 
Fig. 4 – Diagrams of deflections of compressed rods of constant thickness in the presence  

of initial deflections for three variants of boundary conditions: 
a) options I, II; b) option III 

 
 
 

 

а) b) 

Options of the boundary 

conditions 

Variable thickness 

Constant thickness 
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Table 3.  Deflection values in the constant thickness rod 

  
  
  

γ 
v
al

u
e 

𝑦𝑖 value 

I II III 

𝑦1 𝑦2 𝑦3 𝑦4 𝑦5 𝑦6 𝑦7 𝑦1 𝑦2 𝑦3 𝑦4 𝑦5  𝑦6 𝑦7 𝑦1 𝑦2 𝑦3 𝑦4 𝑦5 𝑦6 𝑦7 
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Conclusions  

1. In this work, a study was carried out of the stress-strain state (SSS) of rods of variable bending stiffness 

(variable thickness along the length of the rod) with various boundary conditions [a combination of hinge and 

pinching at the ends of the rods] in the absence and presence of initial cambers identified in the course of 

manufacturing or operation process. 

2. The resulting calculation method was chosen to be the numerical finite difference method (FDM) using a 

regular linear grid of density n=8; The study is based on a double calculation algorithm: calculations of rods for 

stability in the absence of initial failures; strength calculations in the presence of initial failures of compressed-bent 

rods under the action of axial load (Р Р𝑐𝑟
⁄ ) in the 0.1; 0.2; …; 0.9 ratios. 

3. In the stability calculation algorithm, the critical force Ркр is determined; strength of linear displacements 

and bending moments at design nodes 1, 2, …, 7 (Figure 1). 

4. A number of research tasks were completed: 

a) stability of compressed rods of constant and variable thickness along their length (Table 2, Figure 3); 

b) strength of compressed rods of constant thickness in the presence of initial cambers varying along the 

length of the rod according to the sinusoidal law with increasing the axial load from 10 to 90% of the value of the 

corresponding critical force (Table 3, Figure 4); 

5. When analyzing the results of the above studies, the following was established: 

a) the value of the critical forces for all three considered options of boundary conditions I, II, III for variable 

thickness rods is smaller than that for the same rods of constant thickness (Figure 3); 

b) deflections in the calculated grid nodes 𝑦𝑖  (𝑖=1, 2, …, 7)  in the presence of initial cambers, with 

increasing the value of the corresponding load (𝑃𝑖 = 𝛾𝑖 . 𝑃кр) also increase monotonically; at the same time, for rods 

with hinged supports at the “A” and “B” nodes, option I (Figure 1), the absolute values of deflections are greater 

than for the other options of boundary conditions II, III (Figure 4, a, b). 

6. The theoretical principles and applied results presented in this work can be used in studying the mechanics 

of rod systems, as well as in designing real structures used in various branches of technology. 
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Abstract. Research is related to ultrasonic purification of exhaust gases of internal combustion engines of vehicles. 

The hypothesis of using ultrasonic radiation for purification of exhaust gases from harmful impurities and solid 

particles is proposed. The scheme of the ultrasonic muffler developed by the authors is presented. A mathematical 

model of the coagulation of exhaust gas particles in an ultrasonic muffler has been developed. Theoretical 

dependencies of coagulation coefficient are obtained. An experimental stand has been developed that models an 

ultrasonic muffler. The results of experimental studies proving possibility and efficiency of using the process of 

ultrasonic purification from harmful impurities and solid particles are presented. The dependencies of the content of 

harmful impurities in the exhaust gases were obtained, without exposure and under the influence of ultrasound at 

different engine revolutions. Experimental relationships of changes in toxic impurities and solid particles (exhaust 

carbon) are used in the calculation and design method when creating the design of an ultrasonic muffler. 

 

Keywords:  automobile, coagulation, exhaust gases, internal combustion engine, ultrasonic muffler.  

 

Introduction 

One of the main causes of air pollution is the operation of internal combustion engines of cars. The exhaust 

gas contains about 160 hydrocarbon derivatives, exhaust carbon and other harmful substances, which, together with 

salts of heavy metals, poison the atmosphere. An increase in the concentration of exhaust gases by harmful 

substances leads to an increase in diseases of the cardiovascular system and lungs. In this regard, the reduction of 

harmful emissions of exhaust gases is an important task in solving the environmental problem of pollution of the 

environment and modern cities [1-8].  

At present time, revolutionary directions of green transport are being developed actively: electric vehicles, 

hydrogen fuel, etc. However, it will take a long time to completely replace internal combustion engines. Therefore, 

it is proposed the modernization of purification systems to reduce the harm of exhaust gases, based on ultrasonic 

exposure in an automobile muffler [9-19]. 

The exhaust gases of internal combustion engines are an aerodispersed system that is very sensitive to 

acoustic and electromagnetic effects. As early as the second half of the 19th century, a German physicist A. Kundt 

discovered that intense acoustic waves affect fine particles in gases. A visual illustration of this effect is the famous 

"Kundt tube" [20-22]. 

In 1938 the first experiments of ultrasonic purification of industrial gases were conducted by the scientist 

Giz, who used ultrasonic whistles and magnetostrictive emitters. At the end of the fifties of the last century 

“Ultrasonic Corporation” (USA) created gas purification installations with powerful ultrasonic sirens. Since this 

time, scientific research has been carried out on the coagulation of industrial dust in a number of countries, such as 

the USSR, France, Japan, Poland, etc. [23-28]. 

The reduction of toxic emissions of cars is carried out by installing in their mufflers various purification 

systems (devices), which are called neutralizers. The most common liquid, catalytic and thermal converters. These 

devices operate respectively on absorption, thermocatalytic and thermal afterburning methods. 

Although these methods successfully perform their functions of purifying exhaust gases from nitrogen 

oxides, sulfur oxide, exhaust carbon and other harmful substances, they suffer from a number of disadvantages. The 

main disadvantages are: the high cost of chemical reagents; complexity in servicing the device; insensitivity to 

neutralization of carbon monoxide; difficulties at negative ambient temperatures; additional fuel consumption, etc. 

[29-30]. 

The ultrasonic method of purification is based on the ability of ultrasonic waves, a certain frequency and 

intensity, to accelerate the processes of coagulation and sedimentation of finely-dispersed particles. Coagulation is 

the physical- chemical process of adhering small particles of disperse systems to larger ones under the influence of 

coupling forces to form coagulation structures. There are orthokinetic and hydrodynamic coagulation of particles 

under the influence of ultrasound. Orthokinetic coagulation occurs as a result of the mutual collision of randomly 

moving particles. Hydrodynamic coagulation occurs as a result of mutual attraction of particles pulsating in the 

ultrasonic field, due to the Bjerknes force between them [31-33]. 

Ultrasonic purification may complement or replace the conventional methods described above. Ultrasound is 

widely used in geophysics, medicine, paint production, sonication, cleaning hard surfaces from paints and rust of 

pipes, baths, etc. Research was carried out and results were obtained on the speed of motion of ultrasonic waves in 

various media, the operation of standing waves and the process of reflection of waves. The works on purification air 

from suspension from fine particles are of particular interest due to their coagulation under the influence of 
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ultrasound. The principle of operation of the ultrasonic purification device is based on the ability of ultrasonic waves 

to intensify coagulation processes of fine solid particles of exhaust gas. Solid particles of exhaust gases enlarged as a 

result of coagulation processes settle at the place of intended collection and after a certain time interval are extracted 

and disposed. 

The advantage of the ultrasonic method is that chemicals, additional equipment are not needed, as well as the 

ability to deposit solid exhaust gas particles at a certain place, which can then be extracted and used as recyclables. 

This makes it possible to use the ultrasonic method in special exhaust gas utilization systems. The disadvantage of 

the ultrasonic method of purification is its harmful effect on a person and the need to use special ultrasonic 

insulation. 

A patent is known for purification exhaust gases when ultrasonic waves occur in a quarter wave resonator, 

but without generating waves. The disadvantage of the design is chaotic waves, with an uncontrolled frequency and 

amplitude [34-37]. 

A device for ultrasonic purification of exhaust gases is proposed, in which an emitter or several ultrasound 

emitters are mounted inside the muffler (Fig. 1) [36].  

 

 
1 – inlet nozzle; 2 – outlet pipe; 3 – case; 4 – first coagulation cell; 5 – second coagulation cell; 6 – ultrasonic oscillation 

emitters; 7 – ultrasonic converters; 8 – upper reflectors; 9 - lower reflectors; 10 – holes; 11 – first storage tank; 12 – second 
storage vessel; 13 – holes with plug; 14 – filtration nets. 

 
Fig. 1. – Device for ultrasonic purification of exhaust gases  

 

The device (Fig. 1) is installed in the vehicle by mounting into a muffler or elsewhere in the exhaust system. 

During operation of the engine, exhaust gases enter the exhaust system, where they pass through the inlet 1 through 

the first 4 and second 5 coagulation cells. In upper parts of coagulation cells emitters of ultrasonic oscillations are 

installed 6, which are mechanically and acoustically connected to ultrasonic converters 7. Upper 8 and lower 

reflectors 9 of ultrasonic oscillations are also installed in coagulation cells, which make it possible to create 

ultrasonic fields in cells with resonance propagation of ultrasonic oscillations. 

Purification of exhaust gases from solid particles is carried out due to created ultrasonic fields in coagulation 

cells. Oscillations in ultrasonic fields affect solid particles, which begin to move actively, collide and stick together 

(ultrasonic coagulation occurs). To contain coagulated particles, filtration nets 14 are installed at the outlets of the 

cells, which are also purified using ultrasonic fields. Removal of coagulated particles is carried out through holes 10 

in lower reflectors. The particles settle in the collecting vessels 11 and 12, where some of the gases condense and 

merge through the holes with the plug 13. The purified gases are discharged from the nozzle 2. 

Thus, the ultrasonic muffler apparatus of the present invention improves the environmental safety of vehicles 

when operating internal combustion engines. In addition, it has a significant advantage: it can be equipped with both 

new and used cars, as well as other vehicles. Patent has been obtained for the device [36]. 

The solutions proposed in patents have not been theoretically analyzed and have not been experimentally 

confirmed. Analysis of studies on the effects of ultrasound on various media gives a rich material, but cannot be 

applied without clarification to describe the process of operation of the ultrasonic muffler. 

The importance of the environmental problem of air purification, insufficient results of theoretical and 

experimental studies on ultrasonic effects on gas media, a limited level of technical solutions and patents make it 

possible to consider the task of creating ultrasonic mufflers relevant. 

The research was carried out in the laboratory of the Department of Transport Technology and Logistics 

Systems at the Karaganda Technical University (Karaganda, Kazakhstan) from 11/05/2020 to 30/04/2024. 
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2. Materials and Methods 

 

A hypothesis was put forward about the possibility of reducing the toxicity of exhaust gases in an ultrasonic 

muffler and increasing the deposition of coagulated particles (soot) to the bottom of the muffler due to the influence 

of ultrasonic waves [38]. 

The exhaust gases in the muffler are coagulated continuously. Coagulation is accelerated by exposure to 

ultrasound, which has a dispersing effect on emulsions and liquid sols, and on aerosols (smoke, mist, dust) has a 

coagulating effect. This is due to the fact that in gases only longitudinal waves causing compression are possible. 

Transverse waves cause deformation shifts. In the longitudinal wave, the medium particles oscillate relative to their 

average position in the direction parallel to the wave propagation. 

The efficiency of the coagulation process increases when a standing wave occurs. Standing waves are a 

special case of interference. They occur when the reflector (the boundary of two media) is hit and two identical 

waves propagate in opposite directions, since the medium and the reflector have different acoustic resistances. In 

this case, a standing wave zone is formed, in which coagulation occurs intensively. The gas particles, including 

those enlarged in size, are shifted towards the exhaust pipe at a certain speed. Coagulating particles are deposited at 

the bottom of the muffler, most likely closer to the exhaust hole [39-42]. 

The standing sound wave force 
aF


 is determined by the following relationship: 

  

,cos 







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n
tbFa 

                                                              

(1) 

 

where  cArb 2 ;  

r - particle radius;  
A    - amplitude of ultrasonic oscillations;  

 - gas particle density;  

с –is the speed of sound in the gas medium;  

t – time;  

n – is the phase rate;  

f – oscillation frequency. 
For gas particles of different sizes, a certain oscillation frequency occurs. Initially, the particles follow the 

movement of gas between the beams and nodes, while sticking together and increasing in size. After that, the 

particles increase due to chaotic fluctuations. Exhaust gas consists of particles of different sizes. Depending on their 

magnitude and frequency of oscillation, particles can follow sound oscillations and coagulate. 

This process occurs at low oscillation frequencies. With an increase in oscillation frequency, there is an 

optimal frequency segment at which particles of different sizes have a different amplitude, collide with each other 

and coagulate. This kind of coagulation is called orthokinetic. When the frequency increases above 15000 Hz, 

coagulation becomes hydrodynamic and it is carried out due to friction. This process is described by hydrodynamic 

friction force that is the Bjerknes force
GF


: 

 

dt

dx
rFG 6 ,                                                             (2) 

 

where   
– dynamic viscosity of the gas particles;  

r – the average radius of the particle; 

dtdx  – derivative of the difference in the speed of movement of particles during a collision. 

The aim of the study was to obtain theoretical and experimental dependencies describing the process of 

coagulation and purification from harmful impurities in a developed ultrasonic muffler. To achieve the goal, the 

following objectives were achieved: 

- the speeds of movement of the coagulated particle are theoretically determined when moving in a muffler; 

- theoretically established the mass of precipitated exhaust carbon particles and coagulation coefficient in the 

muffler; 

- an experimental stand has been developed and tests have been carried out to reduce toxicity and establish 

the mass of precipitated particles; 

- comparisons of theoretical and experimental results were made. 

Thus, our research methods were both theoretical and experimental. The solution of the first problem 

consisted in modeling the movement of a gas particle 
1m  under the influence of forces acting on it during its 

coagulation with another particle 
2m  and the formation of a larger particle under the influence of ultrasound (Fig. 
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2). This problem is based on solving the differential equation of motion of a gas particle in a muffler under the 

action of forces acting on this particle. In the first approximation, a one-dimensional problem was considered. To 

simplify the model, one longitudinal ultrasonic emitter 3 was used (Fig. 2). 

Two coagulated particles
1m  and 

2m are subjected to mass and pressure force from the engine exhaust 

collector
DF


, which is considered constant, the Bjerknes force
GF


, reflected alternating force of standing sound 

wave
aF


  and gravity (Fig. 2). As a result of friction, a particle mass m is formed, moving under the pressure of the 

mentioned forces. 

 

 
1 - exhaust gas inlet pipe; 2 - muffler case; 3 - ultrasonic emitter; 4 - outlet pipe; 5 - wave reflector; 6 and 7 - straight wave and 
reflected wave respectively; L and D - length and height of the muffler; d - diameter of the inlet and outlet branch pipe. 

 

Fig. 2. – Scheme of forces acting on the coagulated gas particles 
 

The equation of motion of the particle m  along the axis Ox has the form: 

 

GaD FFFxm  .                                                                (3) 

 

Taking into account expressions (1), (2) and conversions: 

 



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n
tbFxrxm D  cos6  .                                                     (4) 

The initial conditions will be as follows: 

 

000 ,0 vxx   ,                                                                          (5) 

 

where 
000 ,0 vxx    – the initial position and initial speed of the particle at the entrance to the muffler. The 

solution of equation (4) with initial conditions (5) is given in the section “Results and discussion”. These solutions 

allow you to determine the speed of movement of gas particles, which are necessary for the theoretical 

determination of the coagulation coefficient. 

 It is important to establish the value of the coagulation coefficient and the regularity of its change. The 

coagulation coefficient K is meant as a change in the mass of precipitated particles per unit time. The coagulation 

coefficient in its physical essence determines the magnitude of the speed of this process and has a the dimension  с-1. 

It is assumed that the law of exhaust carbon mass change is similar to the law of particle concentration in gas: 

 

),exp(
0

Ktnn                           (6) 

 

where n  and 
0

n  – counting concentrations of gas particles in the current and initial phase, respectively. Then it turns 

out: 

 

),exp(0 Ktmm                                          (7) 

 

where m
 
and 

0m  – the mass of exhaust carbon obtained when exposed to ultrasound and the mass of exhaust 

carbon without ultrasound effect, respectively. 

It is necessary to determine the parameters on which the coagulation coefficient depends. For these purposes, 

experimental studies were carried out. The purpose of the experiment is to obtain dependencies determining 

coagulation parameters: the mass of precipitated exhaust carbon, the coagulation coefficient and its speed. As well 

as testing the hypothesis of purification exhaust gases from harmful impurities such as CO and СН [9-12]. 
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A full-size experimental stand was made for the full-scale experiment (Figures 3–5). The scheme of the 

experimental ultrasonic stand (muffler) is shown in Figure 4. 

The experimental ultrasonic muffler (Figures 3–5) consists of a polypropylene pipe with a diameter D=110 

mm and a length L=3000 mm. The following equipment is installed in the muffler case: ultrasonic generator 9; two 

ultrasonic emitters 4; ultrasonic wave reflector 15; digital USB-microscope MIKMED 3 with an increase coefficient 

from 20 to 200 with the possibility of photo and video fixation at a resolution 1920 × 1080 pixels; temperature 

sensor 5 and hygrometer 6 transmitting information to thermometer-hygrometer 13; electronic pressure gauge 7. 

To determine the qualitative and quantitative composition of the exhaust gas mixture, “Meta Avtotest 01.03” 

gas analyzer (Russia) was used. An ultrasonic generator was used by the manufacturer "TOCOOL" (China). Input 

voltage of AC current 220V, with power of emitters – 50W, frequency of ultrasonic waves generation – 40 kHz. To 

study the internal processes of the ultrasonic muffler, a USB-microscope “MIKMED 2.0” was installed into the 

case, designed to check the quality and testing of industrial facilities.  

 

 

 
 

Fig. 3. – Experimental ultrasonic stand 
 

 

 
1 – inlet nozzle; 2 – muffler case; 3 – electronic microscope MIKMED 2.0; 4 – ultrasonic emitter; 5 – temperature sensor; 6 – 

moisture meter; 7 – electronic pressure gauge; 8 – area of impact of longitudinal ultrasonic waves; 9 – ultrasonic generator; 10 – 
pipe connection coupling; 11 – outlet pipe; 12 – place of soot collection; 13 – thermometer-hygrometer; 14 – the area of impact 

of transverse ultrasonic waves; 15 – reflector. 
 

Fig. 4. – Scheme of experimental ultrasonic stand 
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1– ultrasonic muffler case, 2 – ultrasonic radiator, 3 – digital USB microscope, 4 – reflector. 

 
Fig. 5. – Internal design of ultrasonic muffler 

 

During the experiment, at the first stage, the degree of purification of the exhaust gas from CO and CH was 

determined. At the second stage, graphs of the mass of the sediment exhaust carbon versus the length of the muffler 

L were established. 

The experimental study was conducted as follows: 

      – tests were carried out without switching on and with switching on the ultrasonic equipment for 5 minutes each; 

      – the study was carried out at the engine crankshaft speed at idle (1000 rpm) and at 1250 rpm. 

     Volkswagen Passat B3 of 1991 release was used, engine capacity 1800 cc. see, fuel injection - mono engine, 

engine power 90 kW, fuel grade - gasoline AI-92. 

To collect the settled soot, the lower part of the device was lined with five numbered sheets of paper measured 

100 × 100 mm, with a total length of 500 mm, the mass of which was determined before testing by high-precision 

jewelry scales "MN-500" (Russia). 

Exhaust gas from the vehicle was supplied to the ultrasonic muffler (see Fig. 4) through the inlet pipe 1 under 

the pressure depending on the speed of rotation of the crankshaft of the vehicle. In the muffler, when ultrasonic 

equipment was turned on, the exhaust gas was exposed to ultrasonic waves in the transverse and longitudinal 

direction. In the muffler, ultrasonic intensification of coagulation processes and purification of exhaust gases 

occurred due to sedimentation of enlarged exhaust gas particles at the exhaust carbon collection point 12. The 

purified exhaust gas was discharged through outlet 11. 

During the operation of the ultrasound muffler, the readings of the gas analyzer, monometer, thermometer-

hygrometer were taken. Photo and video recording were performed inside the ultrasonic muffler using a digital 

microscope 3. Photos are not presented due to a fuzzy image during transfer. 

After each test, the numbered paper with settled soot particles was carefully removed and weighed again. 

Based on the difference in mass readings before and after the test, the mass of settled soot particles was determined. 

The sediment distance of the soot particles was determined by the location of the paper sheets (Tables 2 and 3). 

Preliminary 5 repeated experiments were carried out. The coefficient of variation W  is determined: 

 

07.0
X

W
 ,                 (8) 

 

where   –  the standard deviation, X – the arithmetic mean of the results of five measurements (experiments). 

The minimum allowable value of repeated experiments with a confidence probability of 90% and a maximum 

relative error of the experiment of 9% was determined. The number of repeated experiments was determined from 

the expression:  
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where 
s

t
 
– the Student coefficient,   – the ultimate relative error of the experiment. The number of repeated 

experiments equal to 3 was obtained. 

 

3. Results and discussion 

The analytical solution of equation (4) with initial conditions (5), for the positive direction of the standing 

sound wave force
aF


, made it possible to determine the following dependencies of the particle speed 
xV  in the 

projections on the Ox axis of the muffler length: 
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where ra 6 is denoted and  cArb 2  is determined from expression (1). 

By logarithmizing expression (7) and performing the conversions, the dependence of the gas coagulation 

coefficient K on the initial concentration and time was obtained: 
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where t – the travel time of the gas particle through the muffler. 

Since the average travel time of the particle through the muffler: 

 

,
L

V
t x                                                          (12) 

 

then, for a specific muffler, an analytical expression was determined to determine the coagulation coefficient K: 
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where 
xV  is determined by expression (10). 

At the first stage of the experiment, the validity of the hypothesis about the possibility of purification exhaust 

gases with ultrasound in an automobile muffler was proved. Table 1 and Figures 6 and 7 show CH and CO 

concentrations in the muffler. 

 
Table 1. CH and CO concentration at 1000/1250 rpm 

 

 

Ultrasonic muffler operation 

 

CH (ppm/min) CO (%) 

Without ultrasound 50/27 1.2/0.62 

With ultrasound (1 transverse emitter) 31/14 1.2/0.76 

With ultrasound (2 emitters) 29/12 1.6/0.9 

With ultrasound (1 longitudinal emitter) 27/- 1.2/- 
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Fig. 6. – Diagram of CH and CO content in exhaust gas at 1000 rpm 
 

 
 

Fig. 7. – Diagram of CH and CO content in exhaust gas at 1250 rpm 
 

The hypothesis about the possibility of reducing the toxicity of exhaust gases in an ultrasonic muffler has 

been confirmed. Moreover, purification is most effective when installing a muffler in the longitudinal direction of 

gas movement, since the friction force of particles against each other (hydrodynamic coagulation) is supplemented 

by gravity (Figures 6 and 7). The decrease in CH concentration shows the effectiveness of the ultrasound in 

purification the exhaust gas. The change in CO indicates an increase in concentration due to the effect of ultrasonic 

waves. At the same time, the length L on which CO molecules were to be deposited is not enough. The volatility of 

CO is higher than CH. 
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Table 2. Mass of settled exhaust carbon at 1000/1250 rpm without ultrasound 

Time 

 

Thermom- 

eter readings 

at 1000/1250 

rpm 

Determination of exhaust carbon mass  

at 1000/1250 rpm 

Total 

time 

(min) 

 

Minute 

 

t (ºС) Distance 

(mm) 

Mass of 

paper 

(g) 

Mass of paper 

with exhaust 

carbon (g) 

 

Net mass of settled 

exhaust carbon (g) 

 

5 1 10.5/23.9 100 0.75/0.8 1.00/1.5 0.25/0.70 

2 11.7/26.0 200 0.84/0.79 1.00/1.18 0.16/0.39 

3 12.3/29.2 300 0.84/0.76 0.95/0.88 0.11/0.12 

4 18.5/31.7 400 0.87/0.73 0.92/1.35 0.05/0.62 

5 20.3/33.0 500 0.84/0.74 0.94/1.05 0.10/0.31 

                                                                                                      Totally: 0.67/2.14 

 

Table 3. Mass of settled exhaust carbon at 1000/1250 rpm with ultrasound with two emitters 

Time Thermometer 

readings 

at 1000/1250 

rpm 

Determination of carbon black mass at 1000/1250 rpm 

Total 

time 

(min) 

 

Minute 

 

t    (ºС) Distance 

 (mm) 

Mass of 

paper (g) 

Mass of paper 

with exhaust  

carbon (g) 

 

Net mass of settled 

exhaust  carbon (g)    

5 1 16.1/26.4 100 0.74/0.85 1.08/1.92 0.34/1.07 

2 18.8/28.8 200 0.77/0.77 0.98/1.86 0.21/1.09 

3 23.0/31.5 300 0.74/0.76 0.88/1.51 0.14/0.75 

4 26.3/33.3 400 0.75/0.78 1.20/1.62 0.45/0.84 

5 29.2/35.4 500 0.72/0.79 1.10/1.49 0.38/0.70 

                                                                                                   Totally: 1.52/4.45 

 

At the second stage of the experiment, the dependencies of the mass of settled exhaust carbon on the length of 

the settling (muffler) L were determined. Tables 2 and 3 provide the examples of the registration of experimental 

results. 

Tables 2 and 3 show the mass of settled exhaust carbon without ultrasound and ultrasound (with two 

emitters) at 1000/1250 engine crankshaft rpm. The net mass of exhaust carbon was determined by subtracting the 

mass of paper from that of exhaust  carbon. 

From the tables it follows that the efficiency of solid particle sedimentation with two emitters is more than 2 

times higher compared to the tests without exposure to ultrasound. Thus, gas coagulation is most effective in the 

longitudinal radiator, since the exposure to ultrasound extends over a longer length. Figures 8 and 9 show 

experimental graphs of the mass of settled soot versus the length L of the muffler. It was also established that the 

mass of coagulation increases significantly (2-2.5 times) with an increase in the number of engine speeds (Fig. 9). 

Figure 10 shows the resulting exhaust carbon from hydrodynamic coagulation. 
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Fig. 8. – Graph of the mass of settled exhaust carbon dependence on the settling distance 

 at 1000 rotations of the crankshaft per minute 
 

 
Fig. 9. – Graph of the mass of settled exhaust carbon dependence on the settling distance  

at 1250 rotations of the crankshaft per minute 
 

Having determined the difference in the exhaust carbon mass under the action of ultrasound and without it, 

the value of the exhaust carbon mass from hydrodynamic coagulation was found (Table 4). 

 

Table 4. Exhaust carbon mass from hydrodynamic coagulation at 1000/1250 rpm when exposed to 2 ultrasonic emitters 

 Determination of exhaust carbon mass 

Distance 

(mm) 

Mass of settled exhaust 

carbon when exposed to 

ultrasound (g) 

Mass of settled exhaust carbon 

without ultrasound (g) 

(effect of orthokinetic coagulation)  

Mass of settled exhaust carbon 

when exposed to hydrodynamic 

coagulation (g)  

100 0.34/1.07 0.25/0.70 0.9/0.37 

200 0.21/1.09 0.16/0.39 0.05/0.7 

300 0.14/0.75 0.11/0.12 0.03/0.63 

400 0.45/0.84 0.05/0.62 0.4/0.22 

500 0.38/0.70 0.10/0.31 0.28/0.39 

 

Table 4 shows the dimension data of orthokinetic and hydrodynamic coagulation. The obtained data made it 

possible to quantify the mass of hydrodynamic coagulation (Fig. 10). 
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Fig. 10. – Graph of exhaust carbon mass dependence at hydrodynamic coagulation on the sedimentation distance  
at 1000/1250 crankshaft rotations per minute for the variant with two ultrasonic emitters 

 

As it can be seen from the graphs, there is a local maximum of exhaust carbon deposition at the distance of 

400mm from the exhaust pipe. It is true quantifiably for the stand, but the qualitative dependence will be true for 

polypropylene mufflers as well.  

According to the formula (11), the coagulation speed coefficient K was determined for the version of 

operation with two ultrasound emitters in the muffler. The travel time of the gas particles through the muffler is 

equal to the operation time of the ultrasonic muffler t=300 seconds, the coagulation coefficient is obtained. 

      Since 5 sheets of paper measuring 100×100 mm were lined in the muffler, the total mass of the resulting 

exhaust carbon was calculated for all sheets of paper. According to Table 2, the sum of the obtained exhaust carbon 

without ultrasound at 1000/1250 rpm was 0.67/2.14 grams. 

      According to Table 3, the sum of the obtained exhaust carbon with ultrasound (2 emitters), at 1000/1250 rpm = 

1.52/4.45 grams. Then, substituting these values into the formula, the coagulation speed coefficient K was obtained 

(Table 5). 

 

Table 5. Coagulation Speed Coefficient 

 

Engine (rpm) 

 

Coagulation coefficient value, с-1 

With ultrasound  

(2 emitters) 

 

With ultrasound 

(1 transverse emitter) 

With ultrasound 

(1 longitudinal emitter) 

1000/1250 2.7×10-3/2.4×10-3 1.6×10-3/2.7×10-3 2.9×10-3/- 

 

       Having compared the obtained data of the coagulation speed coefficient, it can be concluded that the operation 

of the longitudinal emitter is maximally effective, since ultrasound had an effect on the entire path of the movement 

of exhaust carbon particles. 

 

Conclusions 

The assumption of reducing the toxicity of exhaust gases when exposed to ultrasound is experimentally 

confirmed. Moreover, in this case, the longitudinal emitter is more effective. The decrease in the concentration of 

CH and CO was from 40% to 50%. 

The hypothesis of increasing the particles of coagulated particles (exhaust carbon) to the bottom of the muffler 

due to the effect of ultrasonic waves on them has been proved. The physical process is explained by the increase in 

hydrodynamic coagulation of the gas medium, as proved by the experiment. The mass of settled exhaust carbon with 

ultrasonic exposure is significantly (4-5 times) higher than its mass without exposure to ultrasound. 

The efficiency of solid particles sedimentation at two (transverse and longitudinal) emitters is more than twice. 

Working with a longitudinal emitter is more efficient, since the ultrasonic wave moves towards the movement of the 

gas. 

The nature of the dependence graphs of the exhaust carbon mass on the distance from the collector shows that 

there is a local maximum (for these parameters) that equals to 400 mm. 
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On the basis of hypothesis on analogy of laws of concentration of particles in gas and distribution of mass by 

exponent, dependencies of coagulation concentration on initial mass and time of influence on medium are obtained 

and experimentally confirmed. 

For the first time, the obtained theoretical dependence of the coagulation coefficient (13) and experimental 

results, the practical significance of which is the possibility of calculating and designing mufflers. 
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Abstract. The particle size during the shredding process of electrical cables primarily affects the efficiency of 

copper separation from plastic and the energy consumption of the processes. This article aims to determine the 

particle fractions of plastic materials (cable sheathing) after the shredding and electrostatic separation processes. The 

size of these particles is significant for further material applications, such as being used as a filler in concrete instead 

of gravel (influencing mechanical properties). The tested granulate A was obtained during shredding in a machine 

equipped with a screen with 1.5 mm diameter openings, while granulate B was obtained during shredding with a 

machine equipped with a screen with 1 mm diameter openings. In the case of granulate A, originating from the 

shredding process with a 1.5 mm screen, the main fractions were: 65.5% above 1.4 mm, 27.4% between 1.4 mm and 

1 mm, and 7% below 1 mm. Granulate B, derived from the shredding process of electrical cables with a 1 mm 

screen, showed a more diverse fraction distribution than granulate A. The dominant fraction was between 1 mm and 

0.71 mm (34.1%), followed by 0.71 mm to 0.5 mm (28.2%), and 0.5 mm to 0.25 mm (28.8%). The extreme 

fractions - above 1 mm and below 0.25 mm - constituted 1.4% and 7.5%, respectively. A smaller screen (1 mm) 

leads to a more varied fraction distribution, with a higher proportion of smaller particles, resulting in higher bulk 

density and improved potential for applications such as concrete fillers. This knowledge can contribute to a better 

understanding of the mechanical properties of materials utilizing these granulates as fillers in their structure. 

 

Keywords: shredding electrical wires, sieve analysis of fractions, particle size, Polyethylene Terephthalate (PET), 

Polycarbonate (PC), Polyvinyl Chloride (PVC), High-Density Polyethylene (HDPE), High Impact Polystyrene 

(HIPS), concrete filler 

 

Introduction 

There is an increase in the production of plastic products worldwide [1]. Due to their extensive consumption, 

environmentally friendly methods for their reuse are being sought [2–4]. Currently, there are three main methods for 

disposing of plastic waste: incineration for energy recovery [5], recycling [6–8], and landfill disposal [9]. However, 

incineration is associated with the emission of heavy metal pollutants, which poses a direct threat to the environment 

[10]. Landfill disposal, in turn, leads to issues such as soil drainage blockages and water contamination [11]. For 

these reasons, the search continues for methods of recycling that are both environmentally safe and cost-effective. 

Electrical wires and cables are subject to recycling, where the plastic insulation is stripped from the copper or 

aluminum core and then shredded [12]. The recyclate obtained from cable insulation comprises various materials, 

including Polyethylene Terephthalate (PET), Polycarbonate (PC), Polyvinyl Chloride (PVC), High-Density 

Polyethylene (HDPE), and High Impact Polystyrene (HIPS) [13]. Due to the frequent mixing of recyclates from 

different cables, determining the exact composition of such agglomerates is often challenging. 

Due to the various material properties crucial for proper processing during extrusion or injection molding, 

recyclate is used as a filler in concrete. The use of plastic-derived fibers, such as Polyvinyl Alcohol (PVA) and 

Polypropylene (PP), as fillers in concrete mortar improves its strength properties and offers economic benefits [14]. 

Recycled fiberglass from water equipment can also be used as a filler in concrete. PVA and steel fibers (SE) have 

been incorporated into concrete mortar. These fibers act as both fillers and reinforcement for the concrete mix. They 

help reduce the formation of microcracks and enhance the strength properties of the material. 

Developing new composites based on waste materials represents a significant research direction [15]. Studies 

such as those by Borawski et al. (2024) [16] and Mancel et al. (2022) [17] highlight the broad potential of recycled 

materials. For example, flax fibers can be used to reinforce friction composites, while waste rubber can improve the 

fire resistance of wooden composites. Additionally, wood-plastic composites (WPCs) from recycled wood and 

plastic can be used for various outdoor applications [18]. Eco-efficiency analyses, such as those conducted by 

Joachimiak-Lechman et al. (2019) [19], demonstrate that innovative waste utilization can contribute to 

environmental protection and economic sustainability. In the context of waste processing technologies, new 

separation methods play a crucial role, such as tribo-electrostatic separation described by Łyskawiński et al. in 2021 

[20], or advanced plastic shredders that enable the production of granulate with specific particle size fractions. 

Shredding of materials is an energy-intensive process; however, it provides additional advantages by 

facilitating transport, processing [21,22], and storage [23–25].  

Depending on the type of recyclate material and, most importantly, its particle size, concrete with such filler 

will exhibit varying mechanical properties. For this reason, an important objective has been to study the particle size 

fractions of granulate obtained from the recycling of electrical cables. 
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1. Results and discussion 

The study focused on copper electrical wires from automotive harnesses (excluding fuse boxes, clamps, and 

plastics). The permissible range of wire diameters for shredding, determined by the design of the shredding 

mechanism and the limitations recommended by the shredder manufacturer, was 0.5 to 25 mm. The shredding 

process was carried out using a Stokkermill K750 electrical waste shredder (Udine, Italy) with a machine power of 

7.5 kW. The shredder has two types of mills, each featuring three rotating blades. Changing the screens in the 

machine enables the separation of two particle size fractions, which were analyzed in the study. The screen opening 

sizes used were 1.5 mm (granulate A) and 1 mm (granulate B). 

After the shredding process, a mixture of copper and plastic particles remains. To separate the copper from 

the wire insulation material, a HAMOS KWS 10-10 electrostatic separator (Penzberg, Germany) was used (Fig. 1). 

The requirements for the input material include the following: dust-free material, uniform dimensions of 0.1–8 mm, 

moisture content < 0.2%, free flow without sticking, a mixture of conductive and non-conductive material, and 

particles that are fully liberated—not adhering to each other or permanently bonded. The average throughput of the 

separator is 150–500 kg/h. 

The study analyzed the materials constituting the insulation of the electrical wires (Fig. 2) obtained from the 

separator, which processed the material prepared by the shredder using screens with openings of 1.5 mm (granulate 

A, Fig. 2a) and 1 mm (granulate B, Fig. 2b). 

 
Fig. 1. – The sampling point for testing during the electrostatic separation process 

 

 
Fig. 2. – Plastic granulate constituting the insulation of electrical wiring in automobiles:  

a) After the shredding process with a 1.5 mm screen; b) After the shredding process with a 1 mm scree 

 

Granulometric composition was analyzed using a laboratory sieve shaker (model LPzE-2e, manufactured by 

Multiserw-Morek, Brzeźnica, Poland) [26]. Initially, the test samples were placed in a 100 ml container, and their 

mass was measured using a precision laboratory scale with an accuracy of 0.01 g (model 572-35, manufactured by 
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Kern & Sohn GmbH, Frankfurt am Main, Germany). The samples were manually compacted to avoid a loose fill. 

The material density for the tested volume was determined by measuring the mass with a known volume. 

The material was then sieved through six sieves in the following sequence of mesh sizes: 2.5 mm, 1.4 mm, 

1.0 mm, 0.71 mm, 0.50 mm, and 0.25 mm. This process resulted in seven fractions: greater than 2.5 mm, between 

2.5 and 1.4 mm, between 1.4 mm and 1.0 mm, between 1.0 mm and 0.71 mm, between 0.71 mm and 0.50 mm, 

between 0.50 mm and 0.25 mm, and below 0.25 mm (Fig. 3). Each fraction was weighed after separation. 

A total of 12 samples were prepared using granulate with finer fragmentation, and another 12 samples with 

coarser fragmentation. In cases where only a small quantity of particles remained on the sieves during the tests, the 

results from selected sieves were combined due to difficulties in accurately measuring very small masses (Fig. 4). 

 

 
Fig. 3. – Laboratory Sieve Shaker LPzE-2e 

 

 
Fig. 4. – Distribution of fractions on sieves during testing 

 

2. Methodology 

The density analysis of granulate A (Fig. 5) and granulate B (Fig. 6) was conducted by measuring the mass of 

the granulate in a cylindrical container with a volume of 100 ml. Initially, the results were expressed in grams per 

100 ml, but for consistency with the International System of Units (SI), they were converted to kilograms per cubic 
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meter (kg/m³). The average density of granulate A was 444.7 kg/m³, while granulate B had an average density of 

545.3 kg/m³. 

 

The higher density of granulate B is understandable, as it consists of smaller particles that more effectively 

fill the available volume, reducing interparticle voids. Similar relationships between particle size and bulk density 

have been observed in studies on the properties of metallic powders. As noted by Otrębnik and Matula in 2010, 

smaller powder particles lead to higher bulk density due to better packing and reduced interparticle voids [27]. 

These findings align with our observations regarding granulates A and B, confirming that a reduction in particle size 

contributes to increased material bulk density. 

 
Fig. 5. – The density during the filling of the container with granulate A 

 
Fig. 6. – The density during the filling of the container with granulate B 

 

The percentage contribution of specific fractions in the tested volume can be determined by knowing the total 

mass of the tested samples from the previous study and measuring the mass of the fractions deposited on individual 

sieves. The results of these studies are presented in Fig. 7 for granulate A and Fig. 8 for granulate B. 

For granulate obtained from the shredding process using a machine with screens having a mesh size of 1.5 

mm, the primary fractions were as follows: 65.5% above 1.4 mm, 27.4% between 1.4 mm and 1.0 mm, and 7% 

below 1.0 mm. While a larger number of sieves with different gradations were used during the tests, as shown in 

Fig. 4, some sieves collected very small amounts, which made measurements difficult. Consequently, selected 

fractions were grouped to increase the described range. 

Granulate B, originating from the shredding process of electrical wires using a machine with a 1 mm mesh 

size, exhibited more dominant fractions than granulate A. The most prevalent fraction was between 1.0 mm and 0.71 

mm (34.1%), followed by 0.71 mm to 0.5 mm (28.2%), and 0.5 mm to 0.25 mm (28.8%). Extreme fractions above 1 

mm accounted for 1.4%, while those below 0.25 mm constituted 7.5%. 

Studies conducted by other researchers, without specifying the detailed settings of the shredding machines, 

indicate that 85% of particles resulting from the shredding process of electrical wires are larger than 0.5 mm [28]. 

This is closely aligned with the results presented in this article. Wędrychowicz et al. in 2023 discussed how the 

granulation process influences the liberation of metallic and plastic components, noting that optimal particle sizes 
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are critical for effective separation techniques, such as electrostatic and density-based methods. The average particle 

sizes during their studies ranged from 0.34 mm to 0.59 mm. After separating the plastic material, particle sizes 

ranged from 0.01 mm to 0.13 mm (for copper) and 0.25 mm to 0.33 mm (for plastic material) [29]. The particles in 

their study were within a similar size range as those observed in this research. 

 

 
Fig. 7. – Fraction content in granulate A 

 
 

  Fig. 8. – Fraction content in granulate B 

 

The concept of using granulate derived from the recycling of electrical cable insulation presents an 

alternative to components made of carbon fiber in applications where dynamic loads are not significant. An example 

of such an application is a wheelchair [30], where a composite frame made of carbon fiber and epoxy resin can be 

replaced with a composite in which the carbon fiber reinforcement is substituted with polymer fractions obtained 

from the shredding of cable insulation. In this context, the fraction size is crucial, as its dimensions directly 

influence the mechanical properties of the final product. The information about the granulate fraction size is also 

essential for assessing slip risk on surfaces in buildings [31]. This issue becomes particularly important in modern 

buildings, where construction materials, such as tiles containing recycled plastic granules, are used. The fraction size 

affects the texture and functional properties of the surface, which directly impacts user safety. Another example of 

the significance of fraction size information is its application as a component in wheelchair tires. The size of the 

fraction used affects the mechanical properties of the tire, including rolling resistance [32]. This information is 

essential during the design and optimization of drive systems and structural components, as highlighted in studies on 

drive systems [33]. 
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Conclusion 

The study on the particle size distribution of plastics derived from the recycling of electrical cable insulation 

revealed a significant impact of shredding parameters on the properties of the obtained granulate. It was found that 

using a screen with larger openings (1.5 mm) resulted in granulate A with a coarser particle structure, where 65.5% 

of the particles exceeded 1.4 mm in size. Conversely, a screen with smaller openings (1 mm) produced granulate B 

with a finer particle distribution, dominated by fractions ranging from 1.0 mm to 0.71 mm (34.1%). The bulk 

density analysis showed that granulate B exhibited a higher density (545.3 kg/m³) than granulate A (444.7 kg/m³), 

attributed to better packing efficiency due to smaller particles filling void spaces more effectively. These results 

highlight the importance of particle size distribution for potential applications of recyclates, particularly as fillers in 

concrete, where finer particles can improve the material's mechanical properties by enhancing integration and 

structural reinforcement. Moreover, using a smaller screen size increases the diversity of particle fractions and 

optimizes the separation of conductive (copper) and non-conductive (plastic) materials during electrostatic 

separation. From an environmental perspective, the study emphasizes the significance of tailoring recycling process 

parameters to improve efficiency and minimize environmental impact. The findings provide valuable insights for 

optimizing recycling processes, enhancing the quality of recyclates, and expanding their applications in developing 

sustainable materials. 
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Abstract: The automotive industry relies on a diverse array of engineering alloys to meet the rigorous demands of 

vehicle design and performance. This paper provides a comprehensive comparison of different types of engineering 

alloys suitable for the automotive industry. The alloys under consideration encompass a broad spectrum, including 

traditional materials such as steel and aluminum, as well as advanced options like titanium, magnesium, and 

composite materials. The comparison delves into key attributes such as strength, weight, corrosion resistance, and 

heat resistance, highlighting the advantages and applications of each alloy type. Additionally, the paper explores 

emerging trends and innovations in alloy development, emphasizing their implications for enhancing vehicle safety, 

fuel efficiency, and overall performance. By synthesizing information on the various engineering alloys, this study 

aims to offer valuable insights for engineers, researchers, and industry professionals involved in the design and 

manufacturing of automotive components. 
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 Introduction 

The automotive industry, at the forefront of technological advancements, continually seeks innovative 

materials to address the evolving challenges of modern vehicle design. A critical aspect of this pursuit is the 

selection of engineering alloys, which play a pivotal role in shaping the performance, durability, and efficiency of 

automotive components. This paper undertakes a comprehensive exploration and comparison of various engineering 

alloys tailored for the automotive industry. 

As the automotive landscape undergoes transformative shifts towards sustainability, safety, and enhanced 

performance, the demand for materials with specific properties becomes increasingly nuanced. The selection of an 

appropriate alloy involves a delicate balance of factors such as mechanical strength, weight considerations, 

corrosion resistance, and thermal stability. From the stalwart steel alloys to the lightweight and corrosion-resistant 

aluminum, the automotive engineer is presented with a diverse palette of materials to navigate. 

This comparative study not only dissects the fundamental attributes of traditional alloys like steel and 

aluminum but also delves into the potential of emerging materials such as titanium, magnesium, and advanced 

composites. Each alloy brings its unique set of advantages and challenges to the automotive manufacturing arena, 

influencing decisions in component design, structural integrity, and overall vehicle performance. 

Moreover, this investigation aims to provide insights into the applications of these alloys within the 

automotive sector, examining their roles in critical components like chassis, body panels, engine parts, and safety 

features. By understanding the strengths and limitations of each alloy type, engineers and researchers can make 

informed decisions that contribute to the development of vehicles with improved fuel efficiency, enhanced safety 

profiles, and reduced environmental impact. 

As we embark on this comparative journey across engineering alloys, the overarching goal is to offer a 

valuable resource for professionals and researchers engaged in the intricate task of selecting materials that drive the 

automotive industry towards a future characterized by innovation, efficiency, and sustainability. 

 

1. Literature Review 
The automotive industry is prioritizing the use of lightweight constructions and high strength materials, such 

as high strength steels and aluminum alloys, to meet customer demands and legal requirements, resulting in thinner 

sheets, reduced mass, lower consumption, and increased environmental protection. However, this can also decrease 

formability. This paper focuses on recent material developments in the automotive industry, specifically the use of 

high strength steels and aluminum alloys in sheet metal forming for body-in-white manufacturing [1].. 

 The study evaluates the corrosion performance of Al-Si automotive alloys in deep seawater using 

electrochemical impedance spectroscopy and potentiodynamic polarization techniques. Results show that corrosion 

resistance improves with increasing Si concentrations near the eutectic level, but deteriorates after. Higher Si 

concentrations show higher polarization resistance and open circuit potential, while corrosion current and rate values 

decrease. The study also reveals the presence of films after corrosion, including pits and pinholes [2]. 

 This paper highlights the potential of chemical engineers in non-traditional technical areas in the automotive 

industry, such as vehicle thermal management. Chemical engineers have made significant contributions in areas like 

fuels, lubricants, and emission control. However, stringent emissions and fuel economy improvements have made 

automotive thermal management more challenging. This requires temperature management of vehicle components, 

systems, materials, and fluids. Chemical engineering education often focuses on chemical process industries, but 
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real-life examples from automotive applications can help students understand the significance of these applications. 

Examples include vehicle instrumentation and testing, exhaust after-treatment systems, fuel system thermal 

management, and kinetics of material thermal degradation. The paper also discusses the importance of thermocouple 

dynamics and distillation problems in the automotive industry, such as estimating fuel temperature and fuel vapour 

emissions. The paper recommends developing an undergraduate course in automotive thermal management, offering 

elective options for senior undergraduate and graduate students [3]. 

 The study investigates the use of lightweight materials like aluminum in automotive suspension parts to 

achieve weight targets and reduce fuel consumption. The research uses computer-aided engineering methods, such 

as Abaqus and nCode, to analyze the strength and fatigue of the aluminum suspension bracket. The study also 

investigates the redesign of the front suspension bracket made of ductile cast iron in commercial vehicles, aiming to 

reduce weight and fuel consumption. The fatigue performance of the existing ductile cast iron front suspension 

bracket was examined using the finite element method. The design, computer analysis results, and low-pressure 

aluminum casting manufacturing process have been continuously improved, with a 30% weight reduction target 

achieved with material change [4]. 

Technological innovations are essential for progress in many areas, including uses of titanium alloy. 

Expanding the uses of titanium alloy requires new design and material applications. Biomedical devices employ 

metallic biomaterials such as cobalt-chromium alloys and 316L stainless steel, however the discharge of these 

materials from prosthetic implants might have harmful consequences. Titanium alloys provide superior corrosion 

resistance, a unique strength-to-weight ratio, and mechanical qualities at high temperatures. By improving the 

surface characteristics of titanium alloys, surface engineering techniques can reduce fuel consumption and CAFÉ 

penalties. Without causing surface deterioration, surface modification can raise the operating temperature [5]. 

Due to growing rivalry and environmental consciousness, the car industry is embracing lighter materials and 

energy-saving designs more and more. The low density, high strength, and corrosion resistance of aluminium alloys 

make them the preferable material due to their ease of recycling. This method lowers the weight, fuel consumption, 

and emissions of the vehicle, saving 5–10% of gasoline each km and cutting emissions. It is imperative for the 

environment that designs become lighter and use less energy [6]. 

Understanding organizational problems in the automotive industry and offering remedies for enhancements 

are the goals of this research project. The method collects qualitative data through semi-structured interviews and 

literature review. The results emphasise people skills, organizational culture, and communication and cooperation 

challenges. Model-Based Engineering approaches should be the main focus of future research to improve theory 

development and industry implementation [7]. 

 

2. Engineering Alloys classification on the basis of uses 

Cast aluminium alloys are becoming increasingly popular for use in electro automotive parts due to their 

unique properties, such as mechanical and thermophysical properties, dimensional stability, corrosion resistance, 

electromagnetic compatibility, and crashworthiness. The automotive industry is shifting towards electrification due 

to factors like the oil crisis, air pollution, and global warming. Cast aluminium alloys like EN AC-47000, EN AC-

44300, EN AC-43500, and EN AC-42100 are available for mass production using casting processes like HPDC, 

LPDC, and CPS. However, concerns about the addition of alloying elements and their impact on corrosion and cost 

may limit their use in electro automotive parts production [8]. 

 The comparison table above encapsulates a diverse array of engineering alloys and their applications within 

the automotive industry, shedding light on the multifaceted landscape of material selection. As the automotive sector 

undergoes profound shifts towards lightweight constructions, high-strength materials, and environmental 

sustainability, the choice of alloys becomes a critical factor influencing vehicle design, performance, and 

compliance with regulatory standards. 

 One prominent theme emerging from the comparison is the strategic utilization of high-strength steels and 

aluminium alloys in body-in-white manufacturing. The automotive industry, driven by customer demands for fuel-

efficient vehicles and regulatory requirements to curb carbon emissions, is increasingly favouring materials that 

offer a balance between strength and reduced mass. The use of high-strength steels and aluminium alloys allows for 

thinner sheets, contributing to lower vehicle weights and improved fuel consumption. However, the trade-off 

involves potential decreases in formability, a factor that demands careful consideration in the manufacturing 

process. 

 Corrosion resistance emerges as a pivotal aspect in the evaluation of Al-Si automotive alloys. The study on 

the corrosion performance of these alloys in deep seawater provides valuable insights into their behaviour under 

extreme conditions. The findings indicate a nuanced relationship between silicon concentrations and corrosion 

resistance, highlighting the intricate nature of alloy composition in influencing material properties. Such insights are 

crucial for manufacturers striving to enhance the durability and longevity of automotive components, especially 

those exposed to harsh environmental conditions. 

 The exploration of lightweight materials, specifically aluminium, in automotive suspension parts showcases 

a concerted effort to achieve weight reduction targets and mitigate fuel consumption. Computer-aided engineering 

methods, such as Abaqus and nCode, facilitate a meticulous analysis of the strength and fatigue of the aluminium 

suspension bracket. Additionally, the study extends to the redesign of front suspension brackets made of ductile cast 
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iron, exemplifying the industry's commitment to continuous improvement. The results demonstrate a significant 

achievement with a 30% weight reduction target through material changes, underscoring the potential for innovation 

in material selection to drive efficiency gains. 

Beyond traditional automotive applications, the table reveals the role of titanium alloys in biomedical 

devices. While these alloys present unique properties ideal for load-bearing applications in implants, there are 

concerns about their toxic effects due to the release of nickel, chromium, and cobalt. This highlights the delicate 

balance required in material selection, particularly in industries where biocompatibility is paramount. The 

automotive sector's exploration of alternative alloys and materials signifies a broader trend in industries seeking not 

only performance but also environmentally conscious and health-compatible solutions. 

The overarching trend in the automotive industry is a shift towards lighter materials and energy-saving 

designs, driven by both market competition and environmental consciousness. Aluminium alloys, with their low 

density, high strength, and recyclability, emerge as a preferred choice, resulting in significant fuel savings and 

reduced emissions. This shift aligns with global efforts to address environmental concerns and demonstrates the 

industry's commitment to sustainable practices. 

 The automotive industry is increasingly seeking materials to reduce energy consumption and air pollution. 

This paper discusses the application of magnesium and aluminium alloys in the automotive industry, focusing on 

material properties, machinability, and cost comparison. Magnesium alloys offer advantages over aluminium due to 

their mechanical and physical properties, making them suitable for various automotive components. The market for 

magnesium alloys is predicted to rise, with magnesium alloys showing potential for lightweight, environmentally 

friendly, safer, and cheaper cars. However, the application of magnesium profiles depends on whether established 

forming processes can be applied to magnesium. Further research is needed to improve processing, machinability, 

and mechanical properties, as magnesium has the potential to ignite if not handled properly. Cost-effective 

production and application technologies are crucial for making magnesium alloys an economically viable alternative 

to aluminium alloys [9]. 

 The increasing demands for fuel economy improvement and greenhouse gas emission control have led to the 

production of lightweight automobiles. This has led to the development of lightweight yet high-performance 

materials as alternative solutions for conventional automotive materials like cast iron and steel. A systematic review 

of available lightweight materials for next-generation automobiles is provided, including light alloys, high-strength 

steels, composites, and advanced materials. The review discusses the entire life cycle of automotive materials, their 

physical/mechanical properties, characterization, manufacturing techniques, and potential applications. The 

advantages and drawbacks of the reviewed materials are summarized, yielding appropriate application scenarios for 

different lightweight materials. The review also provides general guidelines for material selection in different 

components and offers effective strategies for enabling extensive usage of different lightweight materials in the 

automotive market [10]. 

 This study focuses on the use of a composite material with 4% WC particulates as reinforcement in an 

aluminium alloy matrix for a roll cage chassis of an off-road vehicle. The composite material showed improved 

impact resistance, high strength to weight ratio, and design safety compared to the conventional aluminium alloy. 

The composite material had no effect on heat treatment and showed proper distribution of WC particulates in the 

matrix. The CAE analysis of the composite and alloy chassis revealed that the composite material was a better 

choice for the roll cage chassis than the conventional A-356 alloy. The composite material also showed improved 

performance in front, roll over, and side impact [11]. 

 Solid crankshafts are in growing demand since diesel engines need to operate at higher outputs while using 

smaller dimensions. Manufacturers are working to enhance these crankshafts' fatigue strength, quality, and 

dependability. New fillet hardening techniques, steel-making methods, and materials with increased strength are 

some of the latest developments in crankshaft production. Continuous Grain Flow (CGF) forging serves as the 

foundation for the design of most crankshafts. The fillets, which are the most crucial components of a solid type 

crankshaft, have undergone several changes to achieve greater fatigue strengths. Until around 1960, carbon steels in 

the 450 MPa class were in use. Low-alloy steels (≤800 MPa) and super-high strength steels (950 MPa class) came 

next. The application of additional technologies to increase fatigue strength includes cold rolling, induction 

hardening, nitriding, and shot-peening. The upward strength trend [12]. 

 In order to choose and use materials in power transmission systems in the automotive industry more 

efficiently, researchers are developing material optimisation approaches. In order to guarantee ideal operating 

conditions during power transfer, engine shafts are essential. The study looks at the usage of three different types of 

materials: homogeneous, composite, and functionally graded materials (FGM), as well as their effects on crankshaft 

performance. According to research, FGM is the best material for best results. Functionally graded materials 

enhance the performance of stainless-steel crankshafts, according to the study, which used ANSYS to develop a 

finite element model of the crankshaft and perform modal and harmonic analysis. The paper proposes additional 

studies utilizing more traditional and functionally graded material types for modal and harmonic analysis of engine 

crankshafts [13]. 

 The crankshaft is a crucial component of an Internal Combustion (I.C.) engine, responsible for rotary motion 

and the primary operation in automobiles. The optimal design should have low Noise Vibration and Harshness 

levels, as these levels determine the quality of output and affect the environment and other components of the 
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automobile. This paper presents a methodology for determining the best material composition for a given 

crankshaft, which is essential for a structure's longevity. The methodology used is a good substitute for traditional 

experimental methods, as it reduces time and has good accuracy. Chemical tests were performed on Tata Nano and 

Mahindra Maxximo crankshafts, revealing that the Tata Nano crankshaft had a chemical composition of Carbon 

0.43%, Sulphur 0.024%, Phosphorous 0.021%, Manganese 1.66%, and Silicon 0.35%, while the Mahindra 

Maxximo crankshaft had a chemical composition of Carbon 0.38%, Sulphur 0.045%, Phosphorous 0.021%, 

Manganese 1.57%, and Silicon 0.60%. This methodology can be applied to design crankshafts according to specific 

applications, reducing time and expenses compared to traditional methods [14]. 

Environmental concerns have led to a rise in the need for weight reduction in crankshafts, an essential 

component of internal combustion engines. Existing techniques, including hot forging and drilling, have drawbacks 

in terms of product stiffness and manufacturing costs. It is now possible to reduce weight while maintaining enough 

stiffness thanks to innovative design and production techniques. In order to maintain stiffness while lowering 

weight, the new design has a thicker outer border and a narrower pin shoulder. The production process minimizes 

temperature variance during forging by increasing thickness with a bent section. Osaka Steel Works evaluated the 

procedure on a 5000-t press line to ensure the required stiffness and validate formability. 

 

Conclusion 

Automotive industry is looking for lightweight materials with low cost without affecting the performance 

requirement.  

This review paper discusses about various types of engineering alloys, high strength steels, Al-Si automotive 

steels, and lightweight materials in automotive suspension used in automotive industry. Table 1. discusses about 

various aspects of materials used in automotive industry. Aspects such as application area, performance criteria, 

challenges if material used, Evaluation techniques, analysis or evaluation methods etc. are discussed. 

 
Table 1.Comparison of materials with different aspects 

Aspect High Strength 

Steels 

aluminium 

Alloys 

Al-Si 

Automotive 

Alloys 

Chemical 

Engineers in 

Automotive 

Industry 

Lightweight 

Materials in 

Automotive 

Suspension 

Application Area Sheet metal 

forming for 

body-in-white 

manufacturing 

Sheet metal 

forming for 

body-in-white 

manufacturing 

Corrosion 

resistance in 

deep seawater 

Vehicle 

thermal 

management 

Automotive 

suspension parts 

Materials Discussed High strength 

steels 

aluminium 

alloys 

Al-Si 

automotive 

alloys 

Lightweight 

materials 

(e.g., 

aluminium) 

aluminium, 

ductile cast iron 

Performance Criteria Lightweight, 

high strength, 

environmental 

protection 

Lightweight, 

high strength, 

environmental 

protection 

Corrosion 

resistance, Si 

concentration 

effects 

Thermal 

management, 

fuels, 

lubricants, 

emission 

control 

Weight 

reduction, fuel 

consumption 

Challenges Decreased 

formability 

Corrosion, 

formability 

challenges 

after increased 

Si 

concentrations 

Corrosion, pit 

and pinhole 

formation 

Stringent 

emissions, 

fuel economy 

improvements 

Achieving 

weight targets, 

maintaining 

strength and 

fatigue 

performance 
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Aspect High Strength 

Steels 

aluminium 

Alloys 

Al-Si 

Automotive 

Alloys 

Chemical 

Engineers in 

Automotive 

Industry 

Lightweight 

Materials in 

Automotive 

Suspension 

Evaluation 

Techniques/Methods 

Not specified Electrochemic

al impedance 

spectroscopy, 

potentiodynam

ic polarization 

Electrochemic

al impedance 

spectroscopy, 

potentiodynam

ic polarization 

Not specified Computer-aided 

engineering 

(Abaqus, 

nCode), finite 

element method 

Recommendations/Solu

tions Proposed 

Recent material 

developments 

in high strength 

steels and 

aluminium 

alloys 

Optimal Si 

concentrations 

near eutectic 

level for 

improved 

corrosion 

resistance 

Developing an 

undergraduate 

course in 

automotive 

thermal 

management 

Real-life 

examples 

from 

automotive 

applications 

in chemical 

engineering 

education 

Material change 

to aluminium, 

continuous 

improvement in 

design and 

manufacturing 

process 

Targeted 

Goals/Achievements 

Thinner sheets, 

reduced mass, 

lower 

consumption, 

increased 

environmental 

protection 

Corrosion 

resistance 

improvement 

with optimal 

Si 

concentrations 

Advancements 

in chemical 

engineering 

education for 

automotive 

applications 

Improved 

understanding 

of automotive 

thermal 

management 

30% weight 

reduction 

achieved with 

material change 

Analysis/Methods Used 

for Evaluation 

Not specified Electrochemic

al impedance 

spectroscopy, 

potentiodynam

ic polarization 

Electrochemic

al impedance 

spectroscopy, 

potentiodynam

ic polarization 

Not specified Computer-aided 

engineering 

(Abaqus, 

nCode), finite 

element method 

Significant 

Findings/Results 

Not specified Corrosion 

resistance 

improves with 

increasing Si 

concentrations 

near eutectic 

level, 

deteriorates 

after 

Presence of 

films after 

corrosion, 

including pits 

and pinholes 

Significant 

contributions 

of chemical 

engineers in 

non-

traditional 

technical 

areas 

30% weight 

reduction 

achieved with 

material change, 

continuous 

improvement in 

design 

Key 

Takeaways/Contributio

ns to the Industry 

Advancements 

in lightweight 

constructions 

using high 

strength steels 

and aluminium 

alloys 

Corrosion 

performance 

insights for 

Al-Si alloys in 

deep seawater 

Importance of 

chemical 

engineers in 

automotive 

thermal 

management 

Application of 

chemical 

engineering 

education in 

automotive 

industry 

Use of 

lightweight 

materials (e.g., 

aluminium) in 

automotive 

suspension for 

weight reduction 

and fuel 

efficiency 

 

Use of light weight material assures over all weight reduction, less power consumption, more fuel efficiency. 

Use of computer aided analysis for analyzing the materials without using protypes, thus helps in predicting the 

possible failure mode and stress-strain analysis. This review concludes that use of light weight materials such as 

aluminium and others in suitable automotive components for weight reduction and fuel efficiency. 
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Abstract. Today's projects face rapid changes, tight deadlines, and high-quality requirements, emphasizing the 

importance of effective management and minimizing revisions to design documents. This article conducted a study 

on the impact of design documentation adjustments on the production process. It considers the main challenges 

arising from working with foreign design documentation and analyzes the time and resource costs associated with 

necessary adjustments. Based on data analysis, a mathematical model was developed that incorporates key factors 

such as the complexity of drawings and the experience level of employees, followed by an analysis of their 

influence. The results of the regression analysis can be utilized to enhance workflow and task planning within the 

design department. The article underscores the significance of employee experience and its effect on processing 

time, along with the necessity of considering task complexity levels. 

 

Keywords: cost analysis, typical errors, adjustments to design documentation. 

 

Introduction 

In the context of globalization and intensive technological development, many enterprises engaged in repair 

and maintenance are faced with the need to use foreign design documentation [1, 2]. This is caused by the operation 

of imported equipment and machines, for which the original design documents are provided by foreign 

manufacturers. However, differences in standards and designations can significantly complicate the understanding 

and effective use of this documentation in the field [3, 4]. In order to bring these documents into compliance with 

the Unified system of design documentation (ESKD) requirements, significant time is required to search for 

information and adapt. Therefore, designers are forced to spend more time processing drawings 

The aim of this study is to develop and validate a mathematical model that takes into account the degree of 

drawings complexity and the amount of adjustments to design documentation. 

Article [3] discusses the stages of processing and factors influencing the duration of registration in 

accordance with the Unified system of design documentation (ESKD) requirements [4]. The work examines the 

main factors [5] that influence the time spent on processing design documentation, such as the drawing complexity, 

the number of elements, format, employee experience [6], as well as borrowings from other languages. The works 

[7, 8, 9] present the adaptation of design documentation to the conditions of a specific serial production of the 

manufacturer. 

The study [10] focuses on managing changes in design documentation in engineering, procurement, and 

construction projects. The authors investigate the causes and consequences of such changes, including their impact 

on timelines, budgets, and overall work efficiency. Strategies for improvement are proposed, such as integrating 

project teams, involving contractors early, and enhancing collaboration. 

In article [11], engineering changes are considered as a crucial part of a product's life cycle. The significant 

impact of these changes on productivity, cost, and quality is highlighted. The authors categorize types of changes 

and discuss management methods to minimize process disruptions. Design changes can trigger a chain reaction of 

modifications in other aspects of a product or process. The importance of analyzing the propagation of such changes 

and their influence on design and production is addressed in [12]. 

Key aspects of managing engineering changes, including their causes, impact on cost and product quality, 

and risk minimization methods, are described in [13]. 

Considering modern design approaches in the context of Industry 4.0, including digital technologies, 

intelligent automation, and process integration, the authors emphasize the shifts in design strategies driven by the 

adoption of IoT and machine learning [14]. The impact of early versus late design decisions in system development 

is analyzed in [15], with particular attention to how early changes can reduce costs and time expenditures in the long 

term. 

As a rule, design documentation already takes into account the production technological capabilities of 

manufacturers, but the conditions of pilot and mass production have significant differences, which leads to the need 

for partial or even complete processing of design documentation. 
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1. Research methods 

The literature review examined existing studies concerning the impact of various parameters on information 

processing within the design department. Key works on optimizing process parameters and their influence on quality 

and productivity were reviewed. To study the impact of different parameters, an experimental plan was developed 

involving four samples at two different levels of each parameter. Each experiment was repeated three times to 

ensure result reliability and account for potential variations. A mathematical model based on the physical principles 

of the processing process was constructed for numerical analysis of parameter influences. This modeling allowed 

prediction of parameter changes on final outcomes and process optimization.  Collected data underwent statistical 

analysis, including variance analysis and correlation analysis. This approach assessed the statistical significance of 

each parameter's impact on the processing process and the reliability of the obtained results. 

 

2. Experimental studies  

To build a mathematical model from 02/01/2023 to 03/01/2023, design documentation (working drawings) 

received for repair by the design department of Barusan Makina LLP was selected. The conditional designations 

presented in the design documentation are illustrated in Figure 1.  
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Fig. 1. - The conditional designations in the design documentation 
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The independent variables influencing the amount of work performed (y) were selected:  

-  weighting factor z1, which takes into account the legend, dimensional lines, views and sections, etc.; 

- time, taking into account the search for information, hour (Table 1). 

 
Table 1. Initial data for experiment planning 

Experiment number Factors studied Experimental results 

z1 z2 y1 y2 y3 

1 0,35 0,189 2 3,2 4,5 

2 0,152 0,845 1,5 2,1 3 

3 0,218 0,517 1 1,4 2,3 

4 0,284 1,173 0,45 1,1 1,2 

 
z1- weight factor:  𝑧1

− = 0,152 , 𝑧1
+ = 0,35. 

z2- time taking into account information search, hour:  𝑧2
− = 0,189, 𝑧2

+ = 1,173. 

 
Table 2. Initial a full factorial experiment planning matrix 22 

Experiment number Factors studied Experimental results 

Z1 Z2 y1 y2 y3 

1 + - 2 3,2 4,5 

2 - + 1,5 2,1 3 

3 - - 1 1,4 2,3 

4 + + 0,45 1,1 1,2 

 

For each factor, we find the center, the range of variation, and the dependence of the encoded variable xi on 

the natural Zi according to formulas (1). We formalize the results in the form of a table 3. 

 

𝑥𝑖 =
𝑧𝑖−𝑧𝑖

0

𝜆𝑖
  ,                                                        (1) 

where zi
0 - is the center of the plan,  

i– the variation interval. 

 

When encoding, all new variables will take values from –1 to +1, т.е. 𝑥𝑖 ∈ [−1; +1], 𝑖 = 1, 𝑘̅̅ ̅̅̅. 

 
Table 3. Coding of factors 

Factors Upper level 

𝑧𝑖
+ 

Lower level 

𝑧𝑖
− 

Centre 

𝑧𝑖
0 

Variation interval 

i 

Dependence of the coded 

variable on the natural one 

Z1 0,35 0,152 0,251 0,099 
𝑥1 =

𝑧1 − 0,251

0,099
 

Z2 1,173 0,189 0,681 0,492 
𝑥2 =

𝑧2 − 0,681

0,492
 

 

Using formula (2), we calculate the average sample results for each experiment and enter the calculation 

results in Table 4: 

𝑦̅
𝑗

=
1

𝑚
∑ 𝑦

𝑖𝑗,      𝑗=1,𝑛.̅̅ ̅̅
𝑚
𝑖=1                                  (2) 

 
Table 4. Planning matrix for processing results 

Experimen

t number 

Factors Interactions Experimental results Average results 

value 

x1 x2 x1х2 y1 y2 y3 𝑦̅
𝑗
 

1 + 

- 

- 

+ 

- - 

- 

+ 

+ 

2 3,2 4,5 3,23 

2 + 1,5 2,1 3 2,2 

3 - 1 1,4 2,3 1,57 

4 + 0,45 1,1 1,2 0,92 

 

Calculate the coefficients of the regression equation: 

 

𝑏0 =
1

4
∑ 𝑦̅

𝑗
4
𝑖=1 ; 𝑏𝑗 =

1

4
∑ 𝑥𝑗𝑦̅𝑗

4
𝑖=1        (3) 
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Table 5. Coefficients of the regression equation 

b0 b1 b2 b1,2 

1,98 0,1 -0,42 0,74 

 

The reproducibility variance 𝑆{𝑦}
2  s determined by the formula (4):  

 

𝑆{𝑦}
2 =

1

𝑛
∑ 𝑆𝑗

2𝑛
𝑗=1 ,      (4) 

 

where  𝑆𝑗
2 - internal sums of sample variances of experimental results for the j-th experiment (j=1,…, n).  

Summing up all the elements, we get: 

∑ 𝑆𝑗
2

4

𝑗=1

= 2,74255 

From here: 

𝑆𝑐𝑜𝑒𝑓. = √
𝑆{𝑦}

2

𝑛∙𝑚
≈ 0,24       (5) 

 

From the Student's distribution tables [9] for the number of degrees of freedom 8 at the significance level α = 

0,05 we find tcr. = 2,31. Consequently, 𝑡𝑐𝑟. ∙ 𝑆𝑐𝑜𝑒𝑓. = 0,55. Comparing the obtained value of 0.55 with the 

coefficients of the regression equation, we see that all the coefficients except b1,b2 are greater in absolute value than 

0.55, we obtain the regression equation in the encoded variables: 

 

𝑦 = 1,98 + 0,74𝑥1,2          (6) 

 
The adequacy of the model is checked using the Fisher criterion. Table value of criterion Ftab .= 4,46. 

Calculated value of Fisher's criterion Fcalc. is determined by the formula (7): 

 

𝐹𝑐𝑎𝑙𝑐. =
𝑆ост.

2

𝑆{𝑦}
2         (7) 

 

Since  𝐹𝑐𝑎𝑙𝑐. = 1,61 < 𝐹𝑡𝑎𝑏. = 4,46 , the regression equation (6) is adequate. 

Let us interpret the resulting model (8): 

 

𝑦 = 1,98 + 0,74𝑥1,2         (8) 

 

Having transformed this equation, we finally obtain its form in natural variables: 

 

y =1,98+0,74z1z2 (9) 

 

3. Results and discussion  
The constant (1.98) is the basic value of the weighting coefficients and can be interpreted as the minimum 

time for processing drawings without taking into account the complexity and experience of employees. The 

coefficient before z1z2 (-0.74) shows how strongly the combination of the weighting factor and processing time 

affects. 

 

Conclusion 

The conducted study demonstrated that adjustments to design documentation significantly impact production 

processes, particularly when working with foreign documentation. Based on experimental data, a mathematical 

model was developed that considers key factors: the complexity of drawings and the experience level of employees. 

The obtained results confirm that: 

• employee experience plays a crucial role in reducing the time required to process complex drawings; 

• the complexity of design documentation, represented in the model by the weighting coefficient z1, directly 

increases the workload. However, this effect can be mitigated by improving employee qualifications; 

• the combination of factors (z1 and z2) highlighted the importance of the interaction between the complexity 

of drawings and the time spent searching for information, allowing for more accurate predictions of time 

expenditures. 

The practical significance of this study lies in the potential application of the developed model to optimize 

the processing of design documentation, including: 

1) Reducing the time required for drawing modifications; 
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2 Improving task planning in design departments; 

3) Enhancing the quality of work by accounting for the interrelation of key factors. 
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Abstract. High-temperature oxidation has been an important scientific and technological subject for many years 

since it is a life-limiting factor in most equipment operating at high temps. Turbine blades used in Iraqi electrical gas 

power stations frequently require expensive maintenance by traditional processes. These blades are made of nickel 

superalloys such as IN738LC, where this alloy was used as a substrate material in this research to repair its corroded 

surfaces. Currently, coatings used for high temps involve thermal barrier coatings (TBC), overlay, and diffusion. 

The protective properties of diffusion coatings are related to forming SiO2, Cr2O3, and Al2O3 scales on the silicide, 

chromite, or aluminide at high temperatures. Diffusion coatings were first created and are the most often utilized.  

  

Keywords: turbine oxidation, hot resistant against corrosion, superalloy. 

 

Introduction 

  Protective coatings are a surface layer of materials, either metallic or ceramic or combinations thereof, 

which can preclude or inhibit the direct interactions between a substrate and a possibly harmful environment [1–5]. 

Extreme environments may lead to a loss in the material due to the processes of oxidation/corrosion along with a 

reduction in mechanical characteristics of the substrate because of the deleterious elements that diffuse to the 

substrate at high-temp protective coatings interact with oxygen in the atmosphere to form dense, adherent oxide 

scales inhibiting diffusion of the damaging environmental species to the substrate [6]. Protective coatings are 

generally rich in elements, including Al and Cr, and act as reservoirs for these elements [7–11]. A new scale is 

formed from this reservoir when the scale is lost due to thermal or mechanical forces. The lifespan of a protective 

coating is regulated by the capability of the coating to form a protective scale and retain or replace this scale [12]. 

The efficiency of various alloys exposed to high temps depends on their mechanical resistance and the 

characteristics of the corrosion/oxidation [13]. The successful applications of those alloy kinds, which are usually 

referred to as superalloys, are a result of their high long-time creep strength and the stability at the increased temp 

degrees that are combined with their exceptional resistance against corrosion (which is usually with a protective 

coating) in an aggressive environment that is encountered throughout the service [14]. The turbine blades have been 

considered critical components in stationary and aeronautical gas turbines. The engine's efficiency has been tightly 

associated with the material's ability to withstand higher temperatures. Stimulated with civil air transportation and 

military aircraft demands after 1955, the cast super alloys substituted initial wrought superalloys. Nickel-base super 

alloys have matrix γ phase, with a face-centred cubic (FCC) structure, which contains a dispersion of the ordered 

inter-metallic precipitate particles of kind γ′-Ni3Al [14].  

This review comprehensively evaluates advancements in nickel-based superalloys and coating technologies 

designed to enhance oxidation resistance, hot corrosion resistance, and mechanical performance in high-temperature 

turbine applications. By addressing the degradation challenges faced by turbine components in aggressive 

environments, the review identifies effective protective coatings and strategies to mitigate these issues. The primary 

aim of this review is to critically analyze existing literature on the development and application of nickel-based 

superalloys and associated protective coatings. The review focuses on understanding the mechanisms that improve 

oxidation and hot corrosion resistance while highlighting gaps in the research. It seeks to propose potential avenues 

for future investigations and provides recommendations to improve turbine component performance and durability 

under extreme operating conditions. 

 

1. Superalloys 

Superalloys have advanced mechanical characteristics at higher temperature degrees that approach melting 

point and good resistance to high-temperature corrosion. They represent the main material class utilized for high-

temperature components. In fact, they are the only materials that are commercially available and retain their 

corrosion/oxidation-resistant and mechanical characteristics at high temperatures [15]. 

Superalloys, particularly Nickel-base superalloys, are a metallic material class commonly utilized as 

technologically significant materials in a variety of industry sectors, such as electric power generation equipment, 

high-temp chemical vessels, gas turbines, nuclear reactors, and thermal capacitors for the automotive industries 

[16,17]. 
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Nickel-based superalloys are utilized as materials for the hot components of aero-engines, marine, and land-

based gas turbines. Those superalloys have good mechanical characteristics but low resistance to oxidation at high 

temperatures and aggressive gas environments. To improve their lifetime, the superalloys must be protected from 

oxidation, heat, and corrosion degradation. An aluminide coating deposited on the Ni-based superalloy provides 

good corrosion and oxidation resistance to the elements [18]. 

The term super alloys covers a set of Co-, Ni-, and Fe-based alloys mainly designed for operating in a 500o—

1100oC temp range in land-based gas turbines and jet engines. Those alloys are multi-component complex alloys, 

which, besides Fe, Co, or Ni, include a variety of the W, Nb, Al, Cr, Mo, Ta, Ti, Zr, B, Re, Hf, and C amounts for 

obtaining the required strength, besides corrosion and oxidation resistance [19].  

The present study is fundamentally focused on corrosion and oxidation resistance topics. Serious results drive 

coating technology development through corrosion and oxidation and the way mechanisms by which they happen. 

Hot gas turbine components operating in aggressive environments have undergone attack modes collectively called 

high-temp corrosion, including sulphidising, oxidation, chlorination, carburizing, erosion, and hot corrosion induced 

by the molten salts. Protective coating was one remedy for the lack of high-temp surface stability for metals and 

alloys in harsh environments [20].  

There are three basic superalloy classes: Ni-base, Co–base, and Fe-base. Superalloys are utilized in numerous 

high-temp fields, from the gas turbines used in aircraft to industrial and marine applications. Today, the largest 

consumer of superalloys is aircraft in the gas turbine engine industry [21,22]. 

 

1.1. Nickel Base Super Alloy 

Ni-base superalloys have excellent efficiency, typically combining ductility, high melting point, high strength 

(creep, fatigue, and tensile strength), toughness, and resistance against corrosion at greater temperatures. One of the 

significant applications of Nickel-base superalloys is producing blades and vanes in gas turbines [23]. Figure 1 

illustrates a Ni-base superalloy chart that contains different Ni and Fe amounts. The contents of the Chromium are 

constant at about 18-20 % [24].  

 

 
 

Fig.7. - Chart of Nickel-base super alloy [24]. 

 

Ni-base alloys range from simple two-component (i.e., binary) alloy systems to very complicated alloys 

containing up to 12 alloying elements. The main elements that are related to Ni in commercial alloys consist of Fe, 

Cr, Mo, and Co; however, as it has been inferred earlier, several other elements have been included in alloy kinds 

for imparting specific properties, such as required strength, resistant against corrosion, and ductility. For instance, Al 

added to the Ni alloys introduces the hardening of the precipitation through forming AlNi3, or γ′ phase (Figure 2). 

Additions of Ti and Nb also create the hardening precipitates and inter-metallic. Even non-metallic materials are 

sometimes added to the Ni alloys. For instance, some of the powder metallurgy alloys can be strengthened through 

dispersing inert particles like yttria, which are sometimes coupled with precipitation of γ′. The γ phase dissolves up 

to 4wt. % Al below 400oC. Solubility is increased by increasing temp. However, γ′ phase has a narrower phase field, 

meaning that composition does not significantly depart from the AlNi3. ß field is quite broad, indicating that 

Aluminum concentration may widely depart from the stoichiometric composition AlNi in this phase. In addition, ß 

phase's melting point is considerably higher than pure Nickel's. Those ß phase properties are highly preferable in 

coatings at high temps. The high aluminium concentration helps provide a large aluminium reservoir for protection 

from oxidation by forming and replenishing the Al2O3 scale [15,25,26]. 
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Fig. 8. - Nickel-Aluminum Phase Diagram [27]. 

 
1.2. Nickel-Cobalt Base Super Alloy 

It can be defined as a unique complex alloy class based on Nickel and Cobalt, exhibiting exceptionally high 

strength and maintaining strength across a wide range of elevated temps called the ‘super  alloys.' Some alloy kinds 

are utilized at over 80% of the melting point in load-bearing applications. Both metals are attractive since their 

crystal structures and high melting points are amenable to extensive alloying. While Nickel shows an FCC crystal 

structure, Cobalt is a hexagonal close-packed (HCP) crystal at room temperature. The addition of an alloying 

element is generally utilized to stabilize the Cobalt in FCC form. Several strengthening mechanisms have produced 

practical alloys with Nickel and Cobalt [28].  

 

1.3. Nickel–Iron Alloys 

     Which can be defined as an alloy class (Muzyka & Brown, 1987) that contains 25-60% Ni and 15-60% Fe 

with austenite FCC structure as a matrix and strengthened with the precipitates with extra advantages from the 

strengthening of the grain boundary and the solid solution. Those alloys cost less compared to the Nickel and Cobalt 

base superalloys. Nickel–Iron alloys  may be classified into five groups: 

 The first group is relatively Iron-rich, with 25-35% Nickel and < 2% Titanium. The strengthening phase is 

the coherent FCC (the gamma prime) precipitates. Using temp has been limited to 650oC (i.e. 1200oF).  

 The second group is rich in Nickel, with more than 40% with an increased contribution from solid solution. 

The strengths of that alloy group exceed the ones of the affluent group. The commercial members of this alloy group 

are the Inco X750 and Inconel 901. 

 Third group: abundant in Nickel and owes strength to the coherent BCT (i.e., the body-centered tetragonal) 

(referred to as the double prime gamma) precipitates. Inco706 and Inco718 are examples of this group, with Inco718 

representing one of that class's most utilized alloys. Those alloys' temp capability ranges from cryogenic to 650oC 

(1200 F).  

 Fourth group: an iron-rich Fe–Ni-Co alloy with low thermal expansion accomplished by removing Mo and 

Cr, stabilizing the ferrite in structure. The strength of this group of alloys is derived primarily from the coherent 

FCC precipitates. Commercial members of this class are Inco 903 and 909, with temp capability limited to 650 oC. 

Eliminating Cr makes the alloys more susceptible to oxidation and corrosion [24,26,29]. 

 Fifth group: The distinctive characteristic of this Nickel-rich group is the absence of coherent precipitates. 

Some group members derive strength from nitrides, carbides, and carbonitrides precipitates. Others (such as N-155 

and Hastelloy X) have strengthened their solid-solution capabilities. The latter's application temp for the non-

stressed application has been limited to 1093oC [24].  

 

1.4. (Ni-Cr) Phase Diagram 

        Ni–Cr alloys grew in importance in the 1930s because of the cost of gold. Nickel-chromium alloys have 

sufficient characteristics to be used with ceramics. The elastic modulus and hardness of Nickel-Chromium alloys 

provide the ability to utilize a thinner material's cross-section, which provides more space for the porcelain 

veneering while remaining to offer good resistance. An additional benefit is their linear thermal expansion 

coefficient, like veneering porcelain. Thermal expansion similarity reduces risks of fractures and cracks throughout 

the processing. The sensitivity of the Ni could be a concern with those alloys (Figure 3). When choosing those 

alloys, a patient's sensitivity to Ni must be evaluated thoroughly and carefully. Binary Ni–Cr alloys were recognized 

early as having high-temperature oxidation resistance. It should be mentioned that a higher Cr is required for a 

temperature increase. The commercial alloys mainly include 20–30% Cr for the stabilization of a protective Cr scale 

and always include several minor additions for improving their chemical and mechanical characteristics: typical 
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'Nichrome' (UNS N-06003, EN/DIN 2.4869) includes 1% Silicon and 0.01–0.04 reactive element. In comparison, 

the Nimonic 75 includes 0.50% Titanium [30]. 

 
 

Fig. 9. Ni-Cr Phase Diagram [30]. 

 
2. Gas Turbines 

     Gas turbine blades must satisfy a lifetime of as high as 25000 h. Moreover, super or high-efficiency alloys 

are utilized to make them because they must withstand various degradation types (like thermo-mechanical fatigue, 

creep, corrosion, and oxidation) that occur throughout service exposure to aggressive environments. Gas turbine 

blades for land-based power plants are composed fundamentally of Nickel-base superalloys because Ni can retain 

the highest retainers at high temperatures compared to others [26,29].  

    The gas turbine comprises three main sections: the compressor, combustor, and turbine (even though, from 

the viewpoint of the material, the other main groups of components– i.e., casing, rotor, and auxiliaries – are essential 

as well). The combustor, turbine, and compressor sections have been represented in Figure 4. The ambient air enters 

the gas turbine at the inlet of the compressor. While air passes through sequential compression stages (alternating 

static airfoil rows referred to as the stators or the compressor vanes and rotating airfoils referred to as the 

compressor blades), temp and pressure increase. At the same time, the work is carried out to decrease the air 

volume. Then, compressed air passes to the combustion section, where air is heated further by introducing and 

burning the fuel. In a combustor, there is a volume increase. However, the pressure stays almost constant. Gas 

produced throughout the combustion expands through the turbine section (a turbine is like a compressor, which 

includes alternating rotating blades and static vane rows). The expanding gas performs the work because it results in 

the rotation of turbine blades. This rotation is driving an external generator and the compressor [31]. 

 

 
 

a)                                     b) 

 
Fig. 10. - a) Turbocharger; b) Path of Exhaust Gases in Turbocharge [29,31]. 

 

 Ultimately, combusted gas exits the turbine via the exhaust duct. The pressure-volume diagram in Figure 5 

characterizes this cycle. 
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Fig.11. - Schematic pressure-volume diagram for industrial gas turbines utilized with Permission from Siemens Energy [26,29]. 

 

     In general, the gas turbines use large excess air amounts for the combustion (a large air fraction is utilized 

as well for cooling combustor), with a typical ratio of air/fuel from approximately 40 to 1 (throughout the take-off) 

to 100 to 1 (at a speed of cruising) for the aircraft gas turbine engines. Those air-to-fuel ratios correspond to 

approximately (0.12 to 0.18) mole oxygen fractions in the combustion zone, which is why the gas atmosphere of the 

combustion is very oxidizing. Sulfur partial pressure in the atmosphere might be shallow, ranging between (10−40) 

atm and (10−26) atm over a range between (330 to 1230) oC (620 to 2240) oF. Those partial sulfur pressures are well 

below those required for forming the chromium sulfides, often noticed in the alloys that suffer hot corrosion attacks 

[32,33]. 

 

2.1. Gas Turbines Components 

     Demanding operating conditions for the gas turbine engines resulted in various coatings designed to 

protect the superalloy turbine's components from corrosion, resulting from fuel impurities, atmospheric 

contaminants, and increased temps. To achieve the high-temperature mechanical characteristics that are needed by 

the modern technology of the gas turbine, superalloys had to sacrifice hot resistance against corrosion and oxidation, 

which was inherent in the previously utilized heat resistance alloys with higher Chromium contents. As a result, the 

coatings are dependent upon for protecting the components of the superalloy, like the vanes and turbine blades, from 

environmental attacks. Developing and applying high-temp coatings enhanced efficiency and fuel economy in 

marine, aircraft, and land-based industrial turbines [34–36]. 

Throughout the 1st quarter of the 20th century, Chromium has been added to Co, Ni, and Fe in various 

amounts. The resultant products had remarkable resistance to the atmospheric (i.e., the moisture) environments and 

to oxidation at high degrees. By World War II, some of those alloys, which include other alloying elements, became 

used for applications like dental prostheses, resistance wires, cutlery, and steam turbine and furnace components. 

With the development of gas turbine engines throughout WWII, the need for materials resistant to corrosion to 

operate in the demanding conditions of the mechanical load at high temps has become apparent. At this point, the 

fledgling superalloy industry had begun expanding. Through the modification of stainless steels, higher levels of 

strength have been accomplished without a need for the particular strengthening phases at high temps. Phases like ƞ 

(a Ni-Ti compound) or γ (a Ni-Al compound) were presented to Ni–Cr alloy families right before the war for 

producing high strength at high degrees. Increased temp degrees have forced the alloy developers to include those 

phases (γ & ƞ) in Fe-base alloys to take properties of high-temp strength beyond the ones of modified stainless steels 

like the 19-9-DL. Alloys were first produced in Germany, and, following the modification, they reached the US as 

A286 or V57 and have remained used until now [37]. 

    Nevertheless, the need for creep-rupture strength is continuously increasing. A part of this need has been 

met in the early years through the adaptation of Co-base corrosion-resistant alloy (i.e., the Vitallium) to be used in 

the superchargers of aircraft engines and, after that, in airfoils in hot sections of the gas turbines. Similar co-based 

superalloys remain used today. Nonetheless, the requirements of the creep-rupture for the applications of the aircraft 

gas turbines soon out-stripped the ones of Fe-Ni-base superalloys and Co-base superalloys, which is why Ni-base 

superalloys, which have been modified to provide more hardening phase γ, has become increasingly utilized [37]. 

 

2.2. Superalloys Used for Gas Turbine 

    The successful utilization of Ni-based superalloys in both the land-based and aero-gas turbine industries is 

a testament to the possible commercialization of new materials, mainly intermetallic. Power generation and air 

travel would not be possible as we know them if not for the superalloys developed during the last 60 years [38]. 

 Inconel alloy 706 can be defined as a precipitation-hardenable alloy with properties like alloy 718, except 

that it has highly enhanced machinability. It has a sufficient level of resistance to corrosion and oxidation over a 

wide variety of temperature degrees and environments. Like alloy 718, 706 has excellent resistance to post-weld 
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strain-age cracking. Applications often include gas turbine components and other parts, which must have high 

strength, good weldability, and machinability. 

 Inconel 718 is a high-strength, age-hardenable alloy that is proper for the service at temp degrees from 

253oC (i.e., 423oF) to 704oC (i.e., 1300oF). Inconel 718 has high fatigue strength and shows a high stress-rupture 

strength up to a temp of 704oC (1300oF) and oxidation resistance of as high as 982oC (i.e., 1800oF). It also offers 

good resistance against corrosion in many different environments. The exceptional property of the Inconel 718 is 

that it has a slow response to age hardening, which allows the material to be annealed and welded without any 

spontaneous hardening unless it has slowly cooled. The Inconel 718 may as well be repair-welded in entirely aged 

conditions. The typical applications represent jet engine components, pump parts and bodies, thrust reversers and 

rocket motors, and spacecraft [39]. 

 Inconel X750 is an age-hardenable Ni–Cr–Fe alloy utilized because of its oxidation, resistance against 

corrosion, and high creep-rupture strength of 816oC (i.e., 1500oF). This alloy has been made age-hardenable by 

adding Al, Nb, and Ti, combined with the Ni, throughout the suitable heat treatment for forming the inter-metallic 

compound Ni3(Al, Ti). X750, developed for jet engines and gas turbines, was adopted for many other utilizations 

due to its favorable characteristics. The exceptional relaxation resistance has made Inconel X750 suitable for springs 

operating at temps that might reach as high as 649oC (i.e., 1200oF). In addition, this material shows good ductility 

and strength at temps as low as 253oC (423oF). Inconel X750 also shows high resistance to the chloride-ion stress-

corrosion cracking even in age-hardened conditions. The usual applications include gas-turbine parts (i.e., industrial 

and aviation), nuclear reactors, springs (i.e., steam service), vacuum envelopes, bolts, extrusion dies, heat-treating 

fixtures, bellows, aircraft sheets, and forming tools. 

 Inconel 617 can be defined as a solid-solution-strengthened alloy containing Co. Its perfect combination of 

oxidation resistance and high-temperature strength makes it a beneficial material for gas turbine aircraft engines and 

other areas that involve exposure to extreme temperatures, like the pressure vessels and steam generator tubing for 

the advanced high-temperature gas-cooled nuclear reactor [40]. 

  Inconel 738: Alloy IN-738 is a highly significant nickel-based superalloy. It is made by melting and 

casting it in a vacuum, and it can be hardened by precipitation. This alloy has exceptional strength against creep-

rupture at high temps, and it also has better resistance to hot corrosion compared to many other superalloys with 

lower chromium levels. This design aims to provide the gas turbine industry with an alloy that has excellent 

resistance to deformation at temps up to 980oC while also being capable of enduring prolonged exposure to the high 

temps and corrosive conditions often seen in engines. Alloy IN-738 demonstrates improved tensile qualities 

compared to increased temp stress-rupture and similar capabilities to Alloy 713C, which is commonly used. 

Additionally, it has much greater resistance to sulfidation. There are two variations of Alloy IN-738: IN-738HC, 

which has a high carbon content, and IN-738LC, which has a low carbon content [39]. 

     The hot corrosion attacks are decreased with the temp decrease to lower than 927 oC (i.e. 1700oF). At 

temps of less than 760oC (i.e., 1400oF), the mechanism of the hot corrosion is changed under specific conditions. 

The attack can start dramatically increasing with the decrease in the degree of temp; however, after that, it has 

decreased again with the decrease of temps to less than approximately 649oC (1200oF). In such a regime of a lower 

degree of temp, the province of the land-based power gas turbines, attacks are resisted optimally by producing 

chromium oxide on the surface. As a result, the alloys for that application and region include the IN738 designed 

particularly for having higher levels of the Cr in some of the faces back up higher than 20pct. (IN939 is one of the 

alloys in this latter category.) Other alloys have been devised to provide optimal resistance to hot corrosion in 

higher-temp services. Examples of those alloys are IN792 [41]. 

 

3. High-Temp Oxidation 

     In engineering applications, most metals and alloys have lower thermodynamic stability than their oxides, 

so they react with the environment to reduce their free energy. Usually, such a reaction forms a solid oxide layer on 

the surface, separating metal from the environment. The rate and reaction path of specific metal/gas reactions are, in 

turn, regulated by several parameters, like temp, gas pressure, surface morphology, and alloy composition. [42]. 

Generally, there are three stages of the oxidation: 

(i) The transient stage is identified by the simultaneous and temporary formation of oxide of each one 

of the active elements; 

(ii) Steady-state stage, which is identified by the development of a protective oxide scale; 

(iii) The break-away stage is identified by the accelerated attacks [43]. 

    Oxidation resistance depends upon forming a defect-free, adherent oxide scale on the alloy surface. 

Generally, changes to protect oxidizers and exclusively protective oxides occur at higher temps and longer times. 

These changes involve attaining a complete external protective oxide scale, which is a steady state. The steady-state 

period or the time to break-away duration has been considered the most critical factor in the practical oxidation 

behavior. At this step, the overall reaction is regulated by the reactants' solid-state diffusion through the oxide scale, 

which reduces the reaction rate with the increase of time, which is a parabolic rate [44]. 

    Thermodynamically, the oxide formation will only occur when the ambient oxygen pressure is larger than 

the oxide dissociation pressure in equilibrium with metal. In the case where the metals or the alloys are employed in 



Material and Mechanical Engineering Technology, №4, 2024 

95 
 

high-temp oxidizing environments, they are protected by oxide scale, forming and acting like a partial barrier to 

continuing environmental attacks, as: 

   

                  2M + O2 → 2MO                 (1) 

 
Fig. 12. - The schematic diagram for oxide scale growth in high-temp oxidation process [44]. 

 
The oxide layer grows on metal by transporting ions, electrons, molecules, or atoms through the scale, as 

shown in Figure 6. The scale's capability for protecting underlying metal is acting as a mechanical barrier, and its 

mechanical integrity ceases inside it. Further growth behavior of the oxide scale depends upon transport mechanisms 

through the scale. The transport of metal ions outwards to the oxide/gas interface gives an outward-growing oxide, 

while the inward transport of oxygen ions gives inward growth of the oxide. In both cases, the transport rates will 

determine the growth rate of the oxide scale. The oxide's transport mechanisms may be divided into short-circuit and 

solid-state diffusion [45]. Typically, the alloys or the metals undergo oxidization at high degrees under an oxygen-

containing atmosphere, which results in one oxide compound or more at the interface of gas/substrate. Such 

chemical species' growth can protect substrate material if this compound keeps providing a homogeneous, adherent, 

stable, and dense oxide layer to the surface. At the same time, it results in the reduction of oxidizing element 

transport to scale. Only a few oxide kinds show such properties at high temps, where all the diffusion processes are 

more activated.  

Aluminum oxide (Al2O3), chromium oxide (Cr2O3), and silicon oxide (SiO2) show these characteristics and 

possess specificities concerning the range of temp. Due to their complexity, the growth of such oxides has been of 

great interest. Essentially, several of the diffusion processes have been involved, in other words, diffusion in the 

volume and grain boundaries and anionic and cationic processes of diffusion, which may be revealed, for example, 

through the SIMS measurement.  

The alloying elements' effect on the substrate may promote (Ti) or slow down (Zr, Y, Hf, and La) the 

formation of the oxide. Initial surface preparation also has an important impact on the formation of the oxide scale 

or, in other words, on developing the alumina layer. The chromium scale makes a good barrier that is hot-resistant 

against corrosion in temperatures between 950oC and 1000oC. Nevertheless, according to partial O2 pressure at high 

temps, the vapor of the Chromium could be formed and volatilized. At the same time, CrO3 was developed for high 

O2 partial pressure (po2), which resulted in the protective layer of the Cr2O3 being thinned down. Silica is relatively 

stable at high temps; however, it forms a glassy structure that is not sufficiently resistant to thermal shock. 

Numerous sequences of phase transformation that were impaired by starting the chemical composition of the raw 

material were reported in the literature. Such polymorphic transformation is also impaired by volume contraction in 

oxide de scale, which might be critical in establishing a protective layer of the oxide [46]. 

 

4. Hot Corrosion 

Corrosion of the materials, including Nickel and Cobalt base super alloys induced by the molten salts in 

oxidizing gas at increased temperature, has been referred to as ‘hot corrosion’ to distinguish it from conventional 

low-temp corrosion. It results from accelerated oxidation at temperatures that are usually in the range of 700OC to 

925OC, where the alloys and the metals get covered by contaminant salt films. Salts in the vapor phase are benign in 

general. The range of the temp within which the hot corrosion takes place is highly dependent upon gas constituents 

and salt chemistry, in addition to the composition of the alloy. Such corrosion was noticed in the petrochemical 

process equipment, coal gasifiers, boilers, internal combustion engine exhaust systems, gas turbine engines on 

aircraft, and industrial and marine applications. The partial pressures and temps of sulfur and oxygen in some 

industrial operations, even though gases separately, have no considerable corrosive effect, the overall environment 

in those operations results in forming molten and solid salts, which play a role in the corrosion [47,48]. 

Kind I hot corrosion, or high-temp corrosion, occurs at temps 800o and 950oC (i.e., 1470o and 1740oF). It has 

been believed that the deposit of the molten sodium sulfate is necessary to initiate the hot corrosion attacks. Usually, 

the morphology of Kind I hot corrosion is identified with a thick, porous oxide layer with an underlying alloy matrix 

depleted in Cr, which is succeeded by the internal Cr-rich sulfides. Kind II hot corrosion or low-temp generally 

happens in a temp range between 670o and 750oC (i.e., 1238o and 1382oF). Kind II hot corrosion has been identified 

through the pitting attack with little or no internal attacks underneath the pit. Co-base alloys are more susceptible to 

Kind II hot corrosion involving 100µm [28]. The process of hot corrosion degradation of superalloys typically 

includes two stages :(a) a stage of initiation, throughout which alloys are behaving much like they would have 
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behaved if there were no deposits, and (b) a stage of the propagation, in which deposit results in protective 

characteristics of oxide scales to be considerably different from the ones [49]. The low-temp hot corrosion 

mechanism includes forming base metal sulfates, which require a specific partial sulfur trioxide pressure to stabilize. 

Those sulfates react with the alkali metal sulfates to form compounds with low melting points, preventing the 

formation of a protective oxide [20]. 

 
Fig. 13. - Corrosion rate vs. temp [20]. 

 

5. Oxidation  Law 

As can be seen from Scheme 1, the product of the solid reaction MO will separate the two reactants if we 

consider reaction M(s) + 1/2 O2(g) = MO(s). 

 

                                                          M            MO                O2 

                                                       Metal       Oxide             Gas 

 

 

                                                                     Scheme1 

 

For the reaction to proceed further, one reactant or both must penetrate the scale; in other words, either one of 

the metals has to be transported via oxide to the interface of oxide–gas. The oxygen must be transported to the 

oxide–metal interface and then reacted there due to mechanisms through which reactants could penetrate the oxide 

layer, which has been considered a significant part of the mechanism through which high-temp oxidation occurs. In 

particular, the same can be applied to the sulfide formation and growth and other similar products of the reaction.   

The p-B ratio is defined as:  

 

                                     RPBB =
𝑉𝑜𝑥𝑖𝑑𝑒 

𝑛.𝑉 𝑚𝑒𝑡𝑎𝑙
 =

𝑀 𝑜𝑥𝑖𝑑𝑒.𝜌 𝑚𝑒𝑡𝑎𝑙

.𝑀 𝑚𝑒𝑡𝑎𝑙.𝜌 𝑜𝑥𝑖𝑑𝑒
                       (2) 

 

where RPB – Pilling – Bedworth ratio 

n- number of atoms of metal per molecule of the oxide 

M- atomic or molecular mass 

𝜌 − 𝑑𝑒𝑛𝑠𝑖𝑡𝑦  
V-Molar volume 

According to the measurements, the connection below may be shown: 

 RPB less than 1: the layer of oxide coating is too thin, possibly broken, and does not provide 

any protective effects (e.g., Mg) 

 RPB higher than 2: oxide coating chips off and does not provide any protective effects (for 

instance, Fe) 

 2> RPB >1: oxide coating is passivating and provides a protective impact towards additional 

surface oxidations, such as Al, Ti, and Cr-containing steel) [50]. 

 

6. Coatings for High-Temp Applications 

Most coating kinds depend upon isolation with a "barrier" of a part to be protected from environmental 

conditions. This barrier's role is to minimize the liquid or gaseous species' diffusion toward a component and, on the 

other hand, prevent the elemental diffusion from alloy toward the external surface where they would be reacting. 

https://en.wikipedia.org/wiki/Steel
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Most generally, a barrier is dynamic in that it is formed through coating interaction with an oxidizing environment, 

which is usually the coating case, whether ceramic or metallic, which results in the formation of oxides like 

Chromium, alumina, and silica. There is a wide range of available coating methods, and selecting the optimal 

process depends on functional requirements (such as substrate metallurgy, shape, and size), coating material's 

adaptability to the intended method, needed adhesion level, and equipment availability and cost. In general, all of 

the processes of the diffusion coating operations are formed due to five distinctly similar processing steps: 

1. Generating vapor that contains Cr, Si, and Al.  

2. Transporting that vapor to the component. 

3. Vapor reaction with the substrate alloy element for the formation of various inter-metallic. 

4. Diffusion in the alloy. 

5. Post-processing heat treatment is used to obtain the desired composition and microstructure. 

Several different manufacturing methods have been developed for diffusion coatings. Figure 8 gives an overview of 

the most important procedures [51]. 

 

 
Fig. 14. - Diffusion coating manufacturing principle [51]. 

 

6.1. Pack Cementation 

         Pack cementation is an in situ CVD (for example, chemical vapor deposition) batch process that was 

utilized for producing oxidation—and corrosion-resistant coatings on inexpensive or otherwise inadequate substrates 

for more than 75 years [52,53]. 

During this procedure, the component that must be coated is submerged in a solution that contains the 

necessary coating material and a halide compound acting as a catalyst. The mixture and the substrate are enclosed in 

a sealed or partially sealed vessel and heated in a vacuum or pure argon gas at a designated temp. The halides of the 

material are conveyed to the surface of the material to be covered by evaporation with consistent heating. During 

this process, a contact occurs between the coated portion and the coating material. Novel phases or solid solutions 

are created inside the coating region. The significant parameters that affect the pack cementation process are [54]: 

1. Chemical composition of the substrate;  

2. Powder purity was utilized; 

3. Time and Temp utilized in the cementation process; 

4. The substrate surface state.  

Figure 9 depicts the key stages of the pack cementation process. Metal halides are generated and conveyed 

via the gaseous phase to the component's surface for coating. At the surface, the halide reacts with the specimen and 

dissociates into the metal and the halogen anion. 

 
 

Fig. 15. - Major processes throughout back cementation operation [51]. 
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Pack cementation can be defined as a modified vapor deposition operation performed in a closed container at 

increased temp degrees (typically, 1000OC). Usually, a pack includes substrates that are to be coated and inert filler 

powders. The master alloy is rich in elements that require deposition and activator salts (NH4Cl, NaCl, NaF, or a 

combination). Activator salt reacts with master all to generate the volatile metallic halides, diffusing through 

materials of the porous filler (typically, α-alumina) to the surface of the subs trade. At the surface of the substrate, 

metallic halide vapors participate in many potential reactions [55]. The metal atom undergoes diffusion into the 

surface zone of the substrate. The coating development is similar to diffusion couples, and the interdiffusion is 

driven by the activity or concentration gradient between the environment (containing diffusing materials like Al) 

and the component's surface [56]. Upon being released at the surface, the halogen reacts with fresh metal atoms 

derived from the powder, sustaining the process in a continual manner. Halogens, such as chlorine and fluorine 

(although bromine or iodine may also be utilized), act as activators. 

 

 
 

Fig. 16. - The main chemical reactions involved in the pack cementation process [57]. 

 

The pack cementation process is usually utilized to form diffusion coating coatings, which improve the 

oxidation resistance of various heat-resistant samples.  

 

6.2. Physical Vapor Deposition (PVD) 

     Three main kinds of PVD processes involve atom-by-atom transfer mode. PVD is a group of processes 

where the material is converted into the vapor phase in a vacuum chamber and condensed on the surface of the 

substrate as a very thin film. PVD may be utilized to apply many different coating materials. Those processes 

include evaporation of the electron beam (EB) and sputtering, which can be combined with ion plating [58]. 

EB PVD: Commercial electrons beam physical vapor deposition (EB PVD) coatings are created in a vacuum 

environment, 10-2-10-4pa, with a deposition rate usually higher than 25µm min-1. Generally, the components are pre-

heated in a vacuum at 800o -1100oC and rotated inside the vacuum chamber during deposition. The overlay coating 

thickness can be much thicker, 150-300µm, or other diffusion coatings [59]. 

 

6.3. Chemical Vapor Deposition CVD 

      In the CVD processes (Figure 11), the AlCl3 is produced outside the reactor before being sent to the 

reaction vessel, allowing accurate activity and flow rate control due to uniform and consistent layers of aluminide 

being created. A particular advantage of this system is coating cleanness, which yields enhanced resistance to 

oxidation and the fact that it can pass through, besides hollow components, like the turbine blades that have cooling 

channels so that the external and internal surfaces may be diffusion coated. On the other hand, pack aluminizing 

may result in causing the blockage of the cooling holes to be blocked with the particles of the diluent, requiring 

removal following the processing.  
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Fig. 17. - Diagram of low-activity co-deposition of Hf, Al, and Si in the CVD coatings [60]. 
Additional CVD advantage is that the chemistry may be regulated carefully, which enables the incorporation of additional elements like Al, Y, 

Hf, and Si into coating at an accurate level [60]. 

 

6.4. Plasma Thermal Spraying     

 Thermal plasma spraying can be defined as a procedure in which powder feedstock is injected in a high-

temp plasma jet where finely divided non-metallic and metallic materials undergo deposition in semi-molten or 

molten states on the prepared substrate. It was utilized as one of the economical and sufficient methods for 

producing ceramic coatings on metallic substrates. Bulk powder production from spheroidization was fundamentally 

motivated by a strong drive for high-efficiency materials and the growing need for new materials processing 

technologies. The particles that are injected into the zone of the plasma will experience extreme rates of heating and 

temp degrees of up to 10000 K. Because the plasma spraying has been defined as a pretty high-temp process, 

injected particles with varying size distributions will melt, yielding aerosol of the molten droplets. Particles higher 

than the critical size range could only experience partial melting. 

In contrast, small particles could have a vaporized material layer surrounding liquid droplet, so the plasma 

processing of the material with stringent requirements must be regulated carefully to produce the needed results 

because plasma technology's full potential depends on our capability to achieve an optimum match between process 

requirements and properties of the used plasma source and reactor designs. The plasma process has evolved into a 

highly flexible coating system that can be applied to many materials. One of the primary plasmas spraying 

applications is protecting components of aircraft engines by depositing the aerospace coating like the alumina or 

zirconium/ magnesium thermal barriers on the metal substrates. Lately, it has also been utilized as one of the tools 

for processing bio-ceramic materials like hydroxyl-apatite (HA) as both powders and coatings [14]. In the spray 

process, a plasma jet melts, coating feedstock in a powder form. Plasma is produced in a plasma gun. The typical 

gun's internal details have been illustrated in Figure 12. The process details can be summarized as follows: 

A direct current between the stick-kind copper cathode (i.e., negative polarity) with the thoriated tungsten tip 

located along the axis of the gun and the water-cooled copper anode (i.e., positive polarity) generates electrical arcs 

(Figure 13). Being rigid, the thoriated tungsten tip decreases cathode wear [61]. 

 

 
 

Fig. 18. - Internal Metco Plasma gun characteristics [14]. 
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Fig. 19. - Diagram of the Plasma Spray nozzle and internal processes [14]. 

 
6.5. Slurry Coating 

The slurry-based diffusion coating can be found commercially; they offer similar chemistries to those in the 

traditional pack cementation aluminide coating. In the slurry cementation, halide activator and coating materials are 

blended as a particle-loaded paint system or slurry, using a water-base emulsion or an organic binder. The system 

slurry/paint may be applied as part to be coated by spraying, dipping, or almost at the room's temp. After that, the 

slurry spray is cured onto part via low-temp thermal treatment, usually about 200°C. cured prediffusion coatings 

could contain only Al+Cr, Al+Al2O3, Si+Cr and Al+Si depending upon final service conditions. Then, the pre-

coated parts are heated in the furnace to allow the Aluminum diffusion (Silicon and other additions). This step's hold 

temp ranges between 650o and 1100oC, according to the substrate that will be coated and its final applications. Temp 

is selected such that the coating material contained in the slurry reacts and inter-diffuses with a substrate to form the 

final inter-metallic coating [48,62]. The chemical composition evolution of slurries follows industrial normalization 

as well. Paints and slurries can be applied easily; nevertheless, they have not been widespread in aero domains 

except for repairs. In the present day, due to process flexibility, the tailoring of elements must be performed to 

provide a sufficient response concerning several application domains, such as aeronautics [63]. 

 

7. Summary of Literature Reviewed  
 

Table 2.1. Summary of Literature Reviewed about increasing hot corrosion resistance and oxidation of Inconel alloys by coating 

The most important conclusions Temp ₒC Condition of 

hot corrosion  

Powder  Coating 

methods  

Ref. 

had studied hot corrosion in the components of 

gas turbines and concluded that hot corrosion 

represents a mechanism of failure that causes 

high concerns in the engines of gas turbines. 

1000 NaCl+V2O5 Ni-Cr-Al-Y Thermal 

barrier 

coating 

[64] 

 Those coating kinds have very good resistance 

to high-temp oxidation, and their adequate 

temp of antioxidation may be increased to 

1100o C. The phases of NiAl and Ni3 Al have 

been considered the main constituents of the 

aluminized coating 

1100 - Al-Cr Pack 

cementation 

[65] 

Adding B and Si might enhance the coatings' 

resistance to hot corrosion by promoting the 

growth of the continuous and dense layer of a-

Al2O3 in the initial stage and enhancing the 

oxide scale adherence to coatings in successive 

processes of hot corrosion. 

900 75 wt. % 

Na2SO4 + 25 

wt. % K2SO4 

NiCoCrAlY arc ion 

plating (AIP) 

[66] 

Formations of oxides in addition to Ni, Cr, or 

Co could result in all coatings' resistance to hot 

corrosion. 

900 Na2SO4-

60%V2O5 

NiCrBSi HVOF 

sprayed 

[67] 

The coating of the aluminized NiCrAlY had 

shown considerably superior resistance to hot 

corrosion in the presence of 75wt. % Na2SO4 + 

K2SO4/NaCl films due to forming a protective 

and continuous scale of Al2O3. 

900 75wt.% 

Na2SO4+25wt.

% 

K2SO4/NaCl 

Ni–30Cr–

8Al–0.5Y 

Diffusion 

coating 

[68] 
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The most important conclusions Temp ₒC Condition of 

hot corrosion 

Powder Coating 

methods 

Ref. 

The oxidation kinetics for the uncoated IN600 

alloy in the air, CO2, and water vapor are 

almost parabolic. The values of the constant of 

the parabolic rate (k p) that have been obtained 

at 900oC in the air, CO2, and water vapor were 

2.68x10-7 and 4.16x10-7 mg2/cm4, respectively 

900 Na2SO4, NaCl Al-Cr-Y pack 

cementation 

process 

[69] 

the Pt+Hf-modified γ′+γ and γ+β-CoCrAlY 

coating showed the improved performance of 

the KindI hot corrosion compared to Platinum-

modified β. 

1150 Na2SO4 CoCrAlY pack 

cementation 

process 

[70] 

Preliminary testing studies indicate that Al 

slurry coatings can replace Cd in aircraft 

components. 

 - A spray gun 

was applied 

to the Al 

slurry  

Slurry [71] 

Results have shown that a coated layer is 

created by dissolving Ni in the liquid Al at Al 

temperature, forming a layer of the 

intermetallic compound.  

The coated layer's main phase is Ni2Al3, which 

includes small amounts of AlCr2 and NiAl3. 

AlCr2 mainly exists in the layer neighboring 

the top surface. 

 - Al-Al2 O3 Slurry [72] 

The most important conclusions Temp ₒC Condition of 

hot corrosion 

Powder Coating 

methods 

Ref. 

Based on experimental results, the nano-

structured coating showed more sufficient hot 

resistance against corrosion and oxidation 

resistance than the conventional coating. 

1050 V2O5 and 

Na2SO4 

YSZ plasma spray [73] 

 After the NiCrAlYSi has coated K40S, a 

protective scale of a-Al2O3 has been created on 

that coating 

1173 k Na2SO4 and 

NaCl 

NiCrAlYSi arc ion 

plating 

[74] 

The presence of Cobalt in a coating might 

promote the establishment of a protective scale 

of Al2O3 on the coating and restrain internal 

sulfur diffusion in coatings. 

 1173  K Na2SO4 + 

NaCl 

NiAl pack 

cementation 

process 

[75] 

Because of the low chromium content and high 

tungsten content, CM 247LC is easily 

corroded. In comparison to IN738LC 

900  and  

850 

 Chloride and 

vanadium 

 Air plasma 

spray (APS), 

Low-pressure 

plasma spray 

(LPPS), and  

(EBPVD), 

[76] 

It has been discovered that the rate of sulfide 

corrosion is regulated with the process of high-

temp Ni alloy dilution within liquid Ni sulfide 

eutectic 

950 NaCl 

+ Na2SO4 

- - [77] 

Salt mix coatings of NaCl, V2O5, and Na2SO4 

led to relatively slow oxidations at both 

temperatures.  

Increased salt coating thickness has been found 

to enhance hot corrosion rates. 

550, 650 NaCl 

V2O5 +Na2SO4 

- - [78] 

Microstructural studies conducted with the 

SEM have shown that plasma coatings are 

sound and have no large pores or interfacial 

cracks. 

1040℃ Na2SO4 and 

V2O5 

YSZ Plasma [79] 

Max coating thickness of 60 µm was achieved 

for MoSi2 and 5 µm for Mo5Si3 coating.   

- - MoSi2 Slurry [80] 
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The most important conclusions Temp ₒC Condition of 

hot corrosion 

Powder Coating 

methods 

Ref. 

This study summarized the characteristics of 

the Chrome carbide nickel chrome coating 

types deposited by various approaches and the 

hot corrosion behavior of the Nano-structured 

as well as conventional coating types in molten 

salt environments. 

900 (Na2SO4+K2S

O4) 

Ni-Cr thermal spray [81] 

The optimal resistance to the oxidations after 

50hr at 5hrs for every one of the cycles for the 

addition of the Y2O3 and yttria-doped silicon-

modified aluminide hardness is approximately 

three times higher compared to the hardness of 

the uncoated alloys following the cyclic 

oxidation in the air at 900 oC for 50 hrs. 

- - Al-Si-Y pack 

cementation 

process 

[82] 

The mass gain and oxidation rate have been 

increased, and the correlation between mass 

gain and time has been near the parabolic 

oxidation law. 

40 

KNO3–

60 

NaNO3 

(wt%). 

600 °C   [83] 

Coating the aluminide could considerably 

improve the resistance to oxidation by forming 

a very thin scale of Al2O3.  

- - Al Slurry [84] 

 

Conclusion  

It is apparent from the literature review summary that numerous studies have been conducted on nickel-base 

superalloy following thermal spray and plasma spray processes. Several works have focused on applying thermal 

barrier coatings with alumina and zirconia on the substrate made from IN738LC alloy. However, there is a notable 

research gap in the area of slurry coating at room temp for IN738LC, providing an opportunity for further 

investigation and serving as a key motivation for this study. The study will explore slurry coating using a mixture of 

(Al+Cr, Al+Si, Al+Al2O3, and Cr+Si) with varying percentages, which has yet to be extensively examined by other 

researchers. 
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Abstract. In this bending calculation, the driven shaft of a gearbox with a gear is used. The hub of a wheel pressed 

onto a shaft can serve as a bushing, increasing the cross-section of the shaft. When choosing a fit for the wheel hub 

on the shaft, it is important to exclude rotation of the wheel on the shaft, as well as the possibility of the joint 

opening due to a bending moment. According to the results of the analysis, the strength of the annular shaft under 

the hub of the pressed wheel turned out to be quite high. Calculations have showed that the strength reserves of a 

hollow shaft with a pressed wheel hub for bending increase from 2.1 to 4.39, and for deflection deformation from 

3.85 to 4.5. The calculation shows savings in material consumption for the manufacture of the driven shaft of the 

gearbox compared to a solid section. At the same time, the load from its own weight on all structural elements is 

reduced, and the manufacturability of the shaft is increased, since they are designed smooth, and the same range of 

parts is used as for a solid section shaft.  

  

Key words: shafts, annular sections, strength, rigidity, press connection. 

 

Introduction 

Annular shafts are used in machines that mainly experience tangential stresses from torque and minor 

bending stresses from transverse loads. These machines include conveyors, mixing devices, mixers, etc. [1]. It is 

believed that hollow shafts cannot be used in power transmissions of machines for reasons of low transverse load 

capacity. However, as noted in [2], [3] there is currently a trend in the use of thick-walled shafts in mechanical 

engineering, which are able to perceive a complex stress state with a sufficient margin of safety. The relevance of 

the research lies in the fact that when using hollow shafts as an amplifier of dangerous cross-section, an external 

bandage in the form of a wheel hub pressed onto the shaft can be used. The method of designing and calculating 

such a connection is presented. The effectiveness of the proposed work is ensured by reducing the metal 

consumption of the structure. The purpose of the article is to show a possibility of use of annular shafts in high 

loaded equipments. The objective of the article is to design and calculate shaft with a pressed wheel hub on it. The 

expected results are possibility to use such annular shafts with wheel hub due to their high enough rigidity and 

safety factors. 

 

1. Research methodology 

The diagram of the driven shaft of a gearbox with a gear shown in Figure 1 has the following parameters: 

Shaft power Р2=6 kW; rotation speed n=120 min-1; pitch wheel diameter D2=350 mm; tooth angle β=12 mm; 

module mn=3 mm; shaft material - steel 45 with endurance and strength limits for workpieces up to 80 mm. 

Loads acting on the shaft: 

- forces in wheel engagement: 

 

𝐹𝑡 = 2Т2/𝐷2 = 2 ⋅ 9,55𝑃2/𝐷2𝑛2 = 2 ⋅ 9,55 ⋅ 103 ⋅ 6/350 ⋅ 10−3 ⋅ 120 = 2,72 kN (1) 

 

 𝐹𝑎 = 2,72 ⋅ 103 ⋅ 𝑡𝑔120 = 578,2 N, (2) 

 

 𝐹𝑟 = 2,72 ⋅ 103 ⋅ 𝑡𝑔200/ 𝑐𝑜𝑠 1 20 = 1,01 kN. (3) 

 

Torque: 

 

𝑇 = 𝑃2/𝜔 = 9,55𝑃2/𝑛 = 9,55 ⋅ 6 ⋅ 103/120 = 477,5 N·m. (4) 

 

Bending moment at a point in the center of the wheel according to the calculations performed: 

 

𝑀𝑏 = √𝑀С𝑉
2 + 𝑀С𝐻

2 = √115, 62 + 211, 22 = 240,76 N·m. (5) 

 

Equivalent load moment according to strength theory: 

 

𝑀𝑒 = √240, 762 + 47622 = 533,08 N·m. (6) 
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Axial moment of resistance of the shaft: 

 

 𝑊𝑥 = 0,1𝑑3 . (7) 

 

Bending stress from equivalent load: 

 

 𝜎𝑒 = 𝑀𝑒 𝑊𝑥⁄  .  (8) 

 

For a solid-section shaft with a keyed wheel connection experiencing alternating symmetrical cyclic bending 

stresses, the permissible stresses are determined by the endurance limit [4] 

 

[𝜎]−1 = 𝜎−1 · 𝜀0 · 𝛽0/[𝑛] · 𝑘 · 𝜎 , (9) 

 

where safety factors [n]=2; stress concentration factor for steel σ𝑡=900 MPa; 𝑘𝜎 = 1,6 scale factor at d=60 mm 

𝜀0 = 0,82; surface roughness coefficient 𝛽𝜎 = 0.9 ÷ 0.97 

 

[𝜎]−1 = 410 · 0,92 · 0,82 1,6 · 2 =⁄ 96,6 MPa. (10) 

 

Safety factor: 

 

𝑛 = [𝜎]−1 𝜎𝑒⁄ . (11) 

 

The shaft is calculated for rigidity. Shaft bending force: 

 

𝐹 = √𝐹𝑡
2 + 𝐹𝑟

2 = √(2,72 ⋅ 103)2 + (1,02 ⋅ 103)2 = 2,91 kN. (12) 

 

Shaft bending calculations are now automated, accessible and can be done online. For example, the 

calculation program [5] considers various design schemes of beams with common section configurations. In this 

case, the permissible shaft deflection: 

 
[𝑓] = (0,0001 … 0,0003)𝑙 = (0,0001 … 0,0003)(120 + 220) = 0,034 … 0,1 mm 

 (13) 

 

 

Stiffness safety factor 

 

𝑆 = [𝑓] 𝑓𝑚𝑎𝑥⁄ , (14) 

 

where 

 
[𝑓] = (0,1 + 0,034) 2⁄ = 0,067 mm (15) 

 

 

- average value of permissible deflection. 

For tubular section: 

Testing for strength and rigidity showed that the annular section with parameters 𝑎 = 𝑑1 𝑑⁄ = 38/60, 

according to Table 1, does not provide sufficiently reliable permissible bending stress parameters and is only 𝑛 =
2,1. According to estimates from sources [6], acceptable safety factors are in the range of 2.0÷3.0. In this regard, it 

is necessary to strengthen the design of the tubular shaft. As shown in Figure 1, the hub of wheel, pressed onto shaft, 

can serve as a bushing that increases the cross-section of the shaft. 
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Fig. 1.  - Gear pressed onto an annular shaft 

 

When choosing the fit of the wheel hub on the shaft, you must: 

- prevent the wheel from turning on the shaft; 

- possibility of opening the joint from a bending moment. 

For the first condition, the calculated pressure 

 

𝑝 = 2𝑘𝑀𝑐𝑟 𝑑2𝜋𝐿ℎ𝑓⁄ , (16) 

 

where f is the coefficient of friction in the shaft-hub connection; k-safety factor; 𝐿ℎ - the length of the landing area 

of the wheel on the shaft, equal to the width of the hub. 

The second condition is met when sufficient pressure is created in connection with interference 

 

𝑝 = 4𝑀𝑏 2𝑊𝑦𝜋⁄ , (17) 

 

where 𝑊𝑦 = 𝑏2(𝑑 − 𝑑1) 6⁄  – moment of resistance to bending of the diametrical section of the bushing; 

b - width of the area for landing the wheel hub on the shaft; 

𝑀𝑏- bending moment equal to the maximum moment. 

To ensure that the joint does not open due to shaft bending, the tension pressure must be at least 𝑝 = 𝑝1 0,25⁄  

[4]. Based on this pressure, according to a method known in engineering calculations, the interference is determined 

and the fit is selected. The dimensions of the wheel hub for shafts recommended in technical manuals for the 

machine parts course [7] and foreign sources [8], [9] require clarification. In this connection, the dimensions of the 

parts connected with interference when the female part is heated were calculated. From the condition of ensuring 

maximum tension, ensuring the strength of the part and the heating temperature not exceeding the permissible 

values, the outer diameter of the bushing (wheel hub) is selected - 𝑑ℎ = 80 mm and its length 𝐿ℎ = 50 mm. 

Allowable bending stresses for shafts experiencing alternating stresses are determined by the endurance limit. 

When calculating, the use of an interference fit that weakens the cross-section is taken into account by the 

corresponding values of the coefficients 

 

[𝜎]−1 = 𝜎−1 · 𝜀0 · 𝛽0/[𝑛] · 𝑘 · 𝜎 , (18) 

 

where safety factors [n]=2; the ratio of the stress concentration coefficient to the scale factor during interference fit 

at  𝜎𝑡 = 900 MPa and d=60 mm, pressing pressure more than 20 MPa, 𝑘𝜎 𝜀𝜎⁄ = 3,0; surface roughness coefficients 

𝛽𝜎 = 0,9 ÷ 0,97; 

 

[𝜎]−1 = 410 · 0,92 3 · 2 =⁄ 62,83 MPa. (19) 

 

Bending stress 

 

𝜎𝑒 = 553,08 · 103 37130 =⁄ 14,3 MPa. (20) 

 

The strength of the annular shaft under the hub, the pressed-in wheel, turned out to be quite high, safety 

factor 𝑛 = 𝜎𝑒 [𝜎]−1 = 4,39⁄ . 

The presence of a step in the form of a wheel hub pressed onto the shaft complicates calculations for 

deflection. To simplify it in engineering calculations, one can use the reduction of a shaft with steps to an equivalent 

smooth shaft [10]. At the junction of the shaft parts, additional forces ΔQ and moments ΔM are introduced, which 

are the difference in the internal force factors of the section, determined from the diagrams: 

 

𝛥𝑄1 = 𝑄1(𝛽2 − 𝛽1);  𝛥𝑄2 = 𝑄2(𝛽2 − 𝛽1); 
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𝛥𝑀1 = 𝑀1(𝛽2 − 𝛽1);  𝛥𝑀2 = 𝑀2(𝛽2 − 𝛽1); 
 

Using the reduction coefficients, the stepped shaft is replaced by an equivalent rod of constant stiffness with 

a moment of inertia Jo, taking into account the moment of inertia of the middle section of the shaft J2 with a hub and 

two extreme sections with moments J1 and J2 

 

𝛽1 = 𝐽0 𝐽1⁄ ; 𝛽2 = 𝐽0 𝐽2⁄ ; 𝛽3 = 𝐽0 𝐽3⁄ . 

 

Next, the calculation is carried out using the calculation program [11] for an equivalent beam with a constant 

moment of inertia of the section. 

To fix the wheel on the shaft, spacer bushings are installed between it and the bearings on both sides (Figure 

1). They are usually installed on shafts with transitional fits. The magnitude of the equivalent moment at the end of 

the hub is less than in the middle section of the wheel 

 

𝑀 = 𝑀𝑒(𝑏 − 𝑎)/𝑏. 

 

In this regard, the outer surface of the wheel hub can be sloped in the direction of the ends of the hub. To 

transmit rotation from the shaft to the actuators, keyed or splined connections of parts are used. To use the former, a 

shank with a keyway is pressed into the hole at the output end of the shaft [12], [13]. To prevent rotation of the 

shank in the shaft hole, it is necessary to calculate the pressure, select the required interference fit and the length of 

the mating part l 

 

𝑝 = 2𝑘𝑀𝑐𝑟 𝑑2𝜋⁄ 𝐿ℎ𝑓                                                              (21) 

 

If the wall thickness is sufficient, spline grooves can be cut at the output end of the tubular shaft. 

 

2. Results and discussion 

The dangerous section under the wheel hub, as the main element of the power transmission, loaded with 

torque and bending moments, is enhanced by pressing it onto the shaft.  

For example, for a hollow shaft with a diameter ratio of 38/60, when pressing a hub with an outer diameter of 

74 mm, the wall thickness increased from 11 mm to 18 mm. Calculations show that the strength reserves of a hollow 

shaft with a pressed wheel hub for bending increase from 2.1 to 4.39, and for deflection deformation from 3.85 to 

4.5. Table 1 shows the main results of the research. 

 
Table 1. Calculation results for various cross sections of the driven shaft 

 

The mass of a workpiece with a diameter of 60 mm and a length of 340 mm is 7.54 kg. The mass of the 

workpiece for the manufacture of an annular shaft with a diameter ratio of 𝑎 = 𝑑1 𝑑⁄ = 38 60⁄ = 0,633 and a length 

of 340 mm does not change and amounts to 4.5 kg. Savings in material consumption compared to a solid section 

with a diameter of 60 mm for the manufacture of the driven shaft of the gearbox - 3 kg, mass ratio - 1.675. At the 

same time, the load from its own weight on all structural elements is reduced, the manufacturability of the shaft is 

increased, since they are designed smooth, the same nomenclature of parts is the same as for a solid shaft. 

 

Conclusions 

The article has designed and calculated shaft with a pressed wheel hub on it. The expected results have been 

achieved as article has showed high enough rigidity and safety factors. Research has showed that the strength 

reserves of a hollow shaft with a pressed wheel hub for bending increase from 2.1 to 4.39, and for deflection 

deformation from 3.85 to 4.5. When strengthening the hollow shaft by pressing the wheel, its hub increased the 

cross-section of the shaft, which makes it possible to use hollow shafts instead of solid-section shafts and create 

sufficient safety and rigidity factors. At the same time, the load from its own weight on all structural elements has 

decreased. The calculation showed savings in material consumption for the manufacture of the driven shaft of the 

gearbox compared to a solid section, which allows the use of hollow shafts in power transmissions of critical 

equipment.   

 

 

S, mm d1/d, 

mm/mm 

Ix, mm4 Wх, 

mm3
 

m, kg f, mm 𝑆 = [f]/f 𝜎𝑒, MPa [𝜎]−1, MPa 𝑛 = 𝜎𝑒 [𝜎𝑏]−1⁄  

11 38/60 158000  17790 4,5 0,0174 3,85 29,96 62,8 2,1 

          

21 38/.80 1373900 371300 4,5 0,0149 4,29 14,3 62,8 4,39 

          

0 60 636200 21210 7,54  0,0146 4,52 25,13 96,6 3,84 
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Abstract. This paper investigates the structure-property relationships in basalt fiber reinforced polymer composites 

doped with multi-walled carbon nanotubes (CNTs). Basalt fabrics were reinforced with 0.2-0.8 wt% CNTs using 

hand layup and compression molding to fabricate laminated plates. The mechanical, morphological, and 

thermomechanical properties were characterized using tensile, flexural, impact, SEM, FTIR, XRD, and DMA 

testing. Results showed that increasing CNT percentage led to progressive surface decoration and eventual 

obscuration of the underlying basalt fibers as observed by SEM. FTIR revealed a transition from basalt-dominated 

to CNT-dominated spectra with higher loadings. While tensile strength improved up to 0.4% CNTs before 

decreasing, flexural strength declined initially up to 0.4% before consistent enhancements. However, impact energy 

decreased gradually with more CNTs due to embrittlement effects. An optimal CNT loading of 0.4-0.6 wt% was 

found to maximize the mechanical performance through uniform dispersion and interfacial adhesion. DMA showed 

increased stiffness but reductions in damping and degradation resistance above 0.6 wt% CNTs. Overall, CNTs can 

substantially reinforce basalt fiber composites within an optimal composition range contingent on controlled 

aggregation and processing conditions. 

 

Keywords: basalt fibers, carbon nanotubes, multi-walled carbon nanotubes, polymer matrix composites, hand 

layup, compression molding, mechanical properties, tensile strength, flexural strength, impact resistance, scanning 

electron microscopy, fourier transform infrared spectroscopy, X-ray diffraction, dynamic mechanical analysis 

 

Introduction 

Basalt fibers have recently emerged as a promising sustainable reinforcement for polymer matrix composites 

for structural applications [1]. Sourced from natural volcanic rock, these inorganic fibers provide impressive 

strength and modulus, excellent thermal stability and chemical resistance at relatively low cost compared to 

conventional glass or carbon fibers [2]. The basalt composition, rich in silica, alumina and calcium oxide, forms an 

amorphous glassy structure during manufacturing, resulting in smooth fiber surfaces ideal for polymer matrix 

adhesion [3]. With tensile strength from 484 MPa to 704 MPa [4], elastic modulus of 89 GPa [5] and failure strain 

of 3.2%, basalt delivers mechanical performance comparable to E-glass. Additionally, basalt maintains strength and 

stiffness up to 750°C, significantly higher than most glass fibers. These properties have driven rising interest in 

basalt-reinforced composites for high-temperature environments from automotive exhaust components to aerospace 

structures [6]. 

However, the brittle nature of basalt fibers and their glassy amorphous structure leads to certain limitations in 

fracture toughness, impact resistance and fatigue performance of basalt composites [6]. Recent efforts have focused 

on hybrid basalt fiber composites, reinforced with nanomaterials such as carbon nanotubes (CNTs) to improve the 

toughness, damage tolerance and durability while retaining the high strength and thermal stability. In particular, 

CNTs can enhance energy dissipation and crack resistance through mechanisms like crack bridging, deflection, and 

pulling-out [7]. The high electrical and thermal conductivity provided by the CNTs also imparts multifunctionality. 

But realizing these benefits requires optimizing the CNT content and tailoring the microstructure. Insufficient 

loading leads to negligible improvements while excessive CNTs can degrade mechanical properties through poor 

dispersion, bundling and impaired interfacial adhesion [8]. 

In this work, we fabricate basalt glass fiber composite plates reinforced with varying concentrations of multi-

walled CNTs. The hybrid composite constituents include basalt fabric, 10 MIL glass fibers, epoxy resin and CNTs. 

We comprehensively characterize the microstructure, phase composition, and thermomechanical performance using 

scanning electron microscopy, Fourier transform infrared spectroscopy, X-ray diffraction and dynamic mechanical 

analysis. Correlating the microstructure to mechanical properties will provide critical insights toward designing 

enhanced hybrid basalt nanocomposites. This multifunctional combination of basalt fibers and CNTs shows promise 

for next-generation high-performance composites ranging from automotive and wind turbine components to 

aerospace structures. 

 

1. Methodology 
Composite materials, combining the favorable properties of various constituents, have gained significant 

attention in recent years due to their exceptional mechanical and thermal characteristics. In this study, we focus on 
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basalt glass fiber composite plates, which have shown great potential for use in diverse industries ranging from 

aerospace to automotive. The key constituents of these plates, namely basalt fabric, 10 MIL glass fiber, epoxy resin, 

hardener, and graphene, are analyzed comprehensively to ascertain their contributions to the overall performance of 

the composite. 

 

2.1 Materials 

 

2.1.1 Basalt Fabric 

Basalt fabric, derived from natural basalt rock, is a key reinforcing material employed in the composite 

plates. Its structure consists of densely interwoven basalt fibers, providing excellent strength and stiffness. The 

physical and mechanical properties of basalt fabric are evaluated using SEM imaging and tensile testing [1]. 

 

 
 

Fig. 1. -  Basalt fabric 

 

2.1.2 10 MIL Glass Fiber 

The 10 MIL glass fiber serves as an additional reinforcing element in the composite plates. Its fine, high-

strength fibers enhance the structural integrity and impact resistance of the material [9]. The fiber morphology and 

tensile properties are examined using SEM and mechanical testing methods. 

 

2.1.3 Epoxy Resin 

Epoxy resin acts as the matrix material in the composite, offering adhesion between the reinforcing fibers and 

providing load transfer capabilities [10]. The chemical composition and curing characteristics of the epoxy resin are 

investigated using XRD analysis. 

 

2.1.4 Hardener 

The hardener is a crucial component in the epoxy resin system, facilitating the cross-linking reaction and 

determining the final material properties. Its impact on the curing kinetics and mechanical performance of the 

composite is studied through rheological measurements and mechanical testing. 

 

2.1.5 Graphene 

Graphene, a two-dimensional allotrope of carbon, is incorporated into the composite to enhance its electrical 

and thermal conductivity [11]. The dispersion and alignment of graphene within the Composites are assessed using 

SEM. 

 

2.2 Fabrication 

 

2.2.1 Laminate Production 

Four laminates, each measuring 300*300 mm in size and possessing a thickness ranging from 3 to 3.5 mm, 

were fabricated using the hand lay-up technique. Basalt fabric layers were interleaved with epoxy resin to create the 

laminates. The resin and graphene were mixed using the hand stirring method to achieve uniform dispersion [12]. 

The graphene weight percentage in the composite was varied from 0.2 to 0.8 to investigate its impact on the 

resulting properties. 

 

2.2.2 Compression Molding 

To consolidate the laminates and ensure proper bonding between the layers, compression molding was 

conducted using an SVS Hydraulics compression machine. Appropriate temperature and pressure conditions were 

maintained during the compression process to facilitate resin curing and laminate formation. 
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2.3 Testing and characterization 

 

2.3.1 Tensile Test 

The evaluation of maximum tensile stress is vital in determining the mechanical strength and structural 

integrity of composite materials. This study focuses on basalt glass fiber composite plates and their ability to 

withstand tension. The ASTM D638 standard test method was employed to accurately measure the maximum tensile 

stress experienced by the material. By adhering to the established testing standards, reliable and consistent data were 

obtained, facilitating meaningful comparisons with other composite materials and enabling confident engineering 

applications [13]. 

 

2.3.1.1 Tensile Testing Apparatus 

The tensile testing apparatus used in this study complied with the specifications outlined in the ASTM D638 

standard. It consisted of a universal testing machine equipped with appropriate grips to securely hold the specimens. 

The testing machine was capable of applying a constant and controlled load along the longitudinal axis of the 

specimens. Displacement and load ensors were employed to measure and record the deformation and applied load 

during the test [13]. 

 

2.3.1.2 Test Procedure 

The tensile test was conducted following the guidelines specified in the ASTM D638 standard. The 

specimens were carefully mounted onto the grips, ensuring a secure and centralized grip alignment. A constant 

crosshead speed was applied to the specimens, gradually inducing tensile deformation until failure occurred. The 

load-displacement data were continuously recorded throughout the test to capture the stress-strain behavior of the 

material [13]. 

 

2.3.2 Flexural Test 

Determining the stiffness of composite materials is crucial in assessing their structural integrity and 

performance. This research focuses on basalt glass fiber composite plates and aims to evaluate their stiffness 

characteristics through a flexural test. The ASTM D790-17 standard test method is employed to ensure accurate and 

reliable measurements. By adhering to the established testing standards, consistent data can be obtained, facilitating 

meaningful comparisons with other materials and enabling informed engineering applications [14]. 

 

2.3.2.1 Flexural Testing Apparatus 

The flexural testing apparatus utilized in this study adhered to the specifications outlined in the ASTM D790-

17 standard. It consisted of a universal testing machine equipped with appropriate supports and loading fixtures. The 

machine applied a controlled force at a specified rate to induce bending deformation in the specimens. Load and 

displacement sensors were employed to measure and record the applied load and corresponding deflection during 

the test [14]. 
     

2.3.2.2 Test Procedure 

The flexural test was conducted following the guidelines specified in the ASTM D790-17 standard. The 

specimens were placed on the supports, ensuring proper alignment and support conditions. A controlled load was 

applied at the center of the specimen, inducing a three-point bending configuration. The force was gradually 

increased until plastic deformation occurred. The applied load and corresponding deflection were continuously 

recorded to capture the material's flexural behavior. 

 

2.3.3. Impact Test 

Understanding the impact resistance of composite materials is crucial in various engineering applications. 

This study specifically investigates basalt glass fiber composite plates and aims to evaluate their maximum impact 

load capacity. The impact test, performed according to the ASTM D256-10 standard, enables the measurement of 

impact strength and provides valuable data for characterizing the material's behavior under sudden dynamic loading. 

Adhering to standardized testing procedures ensures consistent and comparable results, aiding in material selection 

and structural design [15]. 

 

2.3.3.1 Impact Testing Apparatus 

The impact testing apparatus utilized in this study complied with the specifications outlined in the ASTM 

D256-10 standard. It consisted of a pendulum impact tester with appropriate supports and fixtures. The pendulum 

was released from a specified height, striking the specimen with a controlled impact energy. The apparatus was 

equipped with sensors to measure and record the absorbed energy during impact [15].  

 

2.3.3.2 Test Procedure 

The impact test was conducted following the guidelines specified in the ASTM D256-10 standard. The 

specimens were securely mounted on the impact testing apparatus, ensuring proper alignment and support 
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conditions. The pendulum was released, striking the specimen and imparting a sudden dynamic load. The absorbed 

energy was measured and recorded by the apparatus. Multiple tests were conducted to obtain a statistically 

significant dataset [15]. The composites are developed with multiple Nano particle reinforced epoxy and perform a 

comparative analysis of the mechanical properties[16-19]. 

 

2. Results and discussion 

 

2.1 Flexural Testing  

The flexural strength of the composites exhibited an initial decline with a small increase in CNT percentage 

from 0.2% to 0.4%, with the average strength decreasing from 37.57 MPa to 32.29 MPa. However, further increases 

in the CNT percentage led to a steady improvement in flexural strength, with the average strength increasing to 

36.32 MPa at 0.6% CNT and reaching an optimum value of 41.52 MPa at 0.8% CNT. This trend of an initial decline 

followed by consistent improvements suggests the existence of a CNT composition threshold between 0.2% and 

0.6%, below which the strength decreases and above which it improves with increasing CNT content. The non-

monotonic dependence of flexural strength on CNT percentage can be attributed to changes in microstructure and 

CNT dispersion influenced by the CNT composition. The results of the flexural test are shown in Table 1. 

 
Table 1. Flexural testing results 

S.No Sample Details Width (mm) Thickness (mm) Force(N) Flexural 

Strength (MPa) 

1 Sample: 0.2-1 10.34 3.21 1880 42.48 

2 Sample: 0.2-2 10.74 3.35 1580 32.94 

3 Sample: 0.2-3 11.05 3.77 1960 35.29 

4 Sample: 0.4-1 10.37 3.13 1260 29.11 

5 Sample: 0.4-2 10.02 3.01 1340 33.32 

6 Sample: 0.4-3 10.26 3.06 1400 33.44 

7 Sample: 0.6-1 10.78 3.26 1840 39.27 

8 Sample: 0.6-2 11.22 3.34 1540 30.82 

9 Sample: 0.6-3 11.06 3.28 1880 38.87 

10 Sample: 0.8-1 8.69 3.28 1620 42.63 

11 Sample: 0.8-2 9.07 3.36 1840 45.28 

12 Sample: 0.8-3 8.66 3.26 1380 36.66 

 

3.2 Tensile Testing 

The tensile strength of the composites exhibited a non-monotonic trend with increasing CNT content, 

evidenced by an initial improvement from 344.40 MPa to a maximum of 396.86 MPa as the CNT percentage rose 

from 0.2% to 0.4%, followed by a decreasing trend down to 362.71 MPa at 0.8% CNT. This peak in strength at 

0.4% CNT indicates an optimal composition, above which aggregation effects likely cause the strength to decline. 

Meanwhile, the elongation at break showed minimal variation with CNT percentage, hovering around 9-10% for all 

compositions, suggesting that the ductility was unaffected by CNT addition. The results demonstrate that the 

reinforcing effect of CNTs on tensile strength diminishes at high loadings beyond an optimal composition of 0.4% 

due to aggregation while the ductility is unaltered across compositions. The results of the tensile test are shown in 

Table 2. 

 
 
 
 
 
 
 

Table 2. Tensile testing results 
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Sl.No Sample details Test Method Tensile 

Strength(MPa) 

Elongation (%) 

1 Sample: 0.2-1  

 

 

 

 

 

 

 

 

ASTM D638 

350.23 9.67 

2 Sample: 0.2-2 340.05  9.77 

3 Sample: 0.2-3 342.91  9.22 

4 Sample: 0.4-1 403.35  9.32 

5 Sample: 0.4-2 389.60  8.72 

6 Sample: 0.4-3 396.62  9.42 

7 Sample: 0.6-1 370.02  9.41 

8 Sample: 0.6-2 372.75  8.89 

9 Sample: 0.6-3 376.74  9.59 

10 Sample: 0.8-1 348.56  8.41 

11 Sample: 0.8-2 356.47  9.27 

12 Sample: 0.8-3 383.10  9.66 

 

3.3 Impact Testing 

The impact energy absorption of the composites displayed a declining trend with increasing CNT percentage, 

with the average impact energy decreasing progressively from 161.59 kJ/m2 at 0.2% CNT to 125.92 kJ/m2 at 0.8% 

CNT, indicating embrittlement induced by higher CNT loading. A considerable drop was observed when the CNT 

increased from 0.4% to 0.6%, implying the existence of a threshold composition beyond which the impact strength 

deterioration becomes more pronounced, likely due to constrained polymer chain mobility. The results demonstrate 

that CNT addition impairs the impact energy absorption capability of the composites, especially at concentrations 

above 0.4%, owing to an embrittlement effect that intensifies with increasing CNT content. The results of the Impact 

test are shown in Table 3. 
 

Table 3. Impact testing results 

S.No Sample details Impact Energy(KJ/m2) 

1 Sample 0.2 - 1 161.89 

2 Sample 0.2 - 2 160.75 

3 Sample 0.2 - 3 161.26 

4 Sample 0.2 - 4 160.94 

5 Sample 0.2 - 5 162.09 

6 Sample 0.4 - 1 159.52 

7 Sample 0.4 - 2 158.34 

8 Sample 0.4 - 3 159.94 

9 Sample 0.4 - 4 160.31 

10 Sample 0.4 - 5 157.88 
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S.No Sample details Impact Energy(KJ/m2) 

11 Sample 0.6 - 1 135.94 

12 Sample 0.6 - 2 136.22 

13 Sample 0.6 - 3 134.82 

14 Sample 0.6 - 4 135.71 

15 Sample 0.6 - 5 135.08 

16 Sample 0.8 - 1 125.88 

17 Sample 0.8 - 2 127.61 

18 Sample 0.8 - 3 124.77 

19 Sample 0.8 - 4 125.34 

20 Sample 0.8 - 5 126.79 

 

3.4 SEM  

Scanning electron microscopy (SEM) reveals carbon nanotubes (CNTs) visibly decorating the underlying 

smooth basalt fiber surfaces at low CNT loadings of 0.2 wt%. The nano-scale tubular CNT structures exhibit high 

aspect ratios. Higher magnification SEM enables detailed characterization of the CNT morphology, including 

hollow interiors and degree of alignment/aggregation on the basalt. Optimal CNT-basalt fiber interfacial adhesion 

occurs through uniform, conformal CNT coatings. However, poor dispersion or debonding at the interface indicates 

weak bonding. 

 

  
a) b) 

  
c) d) 

 
e) 

 
Fig. 2. - SEM images of Basalt/epoxy composite with (a)0.2% by weight CNT, (b)0.4% by weight CNT, (c)0.6% by weight CNT, 

(d)0.8% by weight CNT and (e) plane of the composite 
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As CNT concentration rises to 0.6 wt%, increased roughening of the basalt fibers is attributed to more 

extensive CNT surface coatings. CNT pull-out observed on fiber fracture surfaces provides evidence of mechanical 

interlocking and enhanced adhesion. Thicker CNT networks partially obscure the basalt morphology.  At 0.8 wt% 

CNT loading, thick CNT coatings nearly completely obscure the underlying basalt fiber structure. Individual CNTs 

are no longer distinguishable. Harsher processing conditions required for these CNT loadings may damage the basalt 

surface with pitting, cracking, or melting. However, the CNT networks can heal defects and strengthen interfacial 

adhesion. Increasing CNT concentration from 0.2 to 0.8 wt% progressively modifies the basalt fiber surface 

morphology as detected by SEM, providing insights into CNT dispersion, interfacial bonding, and effects on the 

basalt reinforcement. 

At 0.2 wt% CNT loading (Sample a), scanning electron microscopy reveals sparse decoration of the 

underlying basalt fiber surfaces with isolated carbon nanotubes (CNTs). The smooth basalt morphology remains 

predominantly visible. In Sample b (0.4 wt% CNTs), the number of surface-coating CNTs increases substantially, 

forming a more defined network while the basalt fiber shape remains discernible. Sample c (0.6 wt% CNTs) 

displays extensive CNT coatings that obscure the underlying basalt fibers, presenting a rough, entangled CNT mesh. 

Individual CNT resolution becomes challenging. With Sample d (0.8 wt% CNTs), the basalt fibers are almost 

completely encapsulated by thick CNT layers. The original fiber surface is heavily obscured by the dense CNT 

network. CNT agglomeration is likely at this high loading. 

 

3.5 FTIR 

The comparative Fourier transform infrared (FTIR) spectroscopy analysis of the epoxy resin samples with the 

sample integrated with CNT particles, indicates distinct modifications in the chemical composition and structure of 

the polymer matrix arising from the addition of the CNT particles. The pure baseline epoxy spectrum shows 

characteristic peaks corresponding to C-H, C=C, and C-O vibrational modes. However, the FTIR spectrum of the 

nanoparticle-containing epoxy sample displays lower transmittance intensities for several major epoxy peaks along 

with the emergence of new peaks associated with the nanoparticle inclusions. The attenuation of existing epoxy 

vibration intensities implies a disruption in the epoxy molecular network and reduced concentration of specific 

functional groups due to interactions with the nanoparticles. Furthermore, the new spectrum peaks suggest the 

incorporation of chemical species related to the nanoparticle composition.  

 

 
 

Fig. 3. - FTIR results 

 

The comparative FTIR study verifies that the addition of the CNT particles induces measurable changes in 

the epoxy resin chemistry and structure based on the alterations observed in the spectral profile. Overall, the 

spectroscopic analysis confirms the successful integration of The CNT particles into the polymer matrix through the 

definitive modifications in the FTIR signature. 

 

3.6 XRD 

The X-ray diffraction (XRD) analysis of the basalt/epoxy composite sample doped with 0.8% carbon 

nanotubes (CNTs) by weight confirms the successful incorporation of the CNT dopant. The results show the sample 

contains primarily carbon, at 71.32 mass%, along with silicon oxide, aluminum oxide, and calcium oxide from the 

basalt and epoxy components. 
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Fig. 4. - XRD of Basalt/epoxy composite with 0.8% CNT by weight 

 

The high carbon content can be attributed to the presence of CNTs at the intended 0.8% loading. This CNT 

addition is significant because at this concentration, CNTs are known to enhance the mechanical, electrical, and 

thermal properties of composites. While further testing would be needed to quantify the magnitude of property 

improvements, the XRD verifies the composite contains approximately 0.8% CNTs as intended. 

 

3.7 DMA 

Dynamic mechanical analysis provides valuable insights into the viscoelastic performance and 

thermomechanical properties of polymeric materials. For basalt fiber composites reinforced with varying weight 

percentages of carbon nanotubes, the technique reveals several key trends. In particular, the addition of CNTs is 

shown to enhance stiffness and thermal stability up to moderate loadings, but further addition negatively impacts 

mobility and degradation resistance. Optimization of CNT content is required to balance reinforcing effects with 

retention of damping capability. 

 

 
Fig. 5. – Tan Δ 

 

Dynamic mechanical analysis reveals that the addition of carbon nanotubes (CNTs) strongly influences the 

viscoelastic performance of basalt fiber composites. Incorporation of CNTs from 0.2 to 0.8 wt% markedly enhances 

the storage modulus and stiffness across the tested temperature range, affirming the reinforcing nature of the CNT 

network. The glass transition temperature shifts slightly higher with increasing CNT percentages, suggesting some 

CNT-induced restriction of polymer chain mobility at the interface. Concurrently, the intensity of the tan delta peak 

progressively declines at higher CNT loadings, implying hindered damping capability due to constrained interfacial 

motions. The composites maintain excellent thermal stability up to 200°C for all CNT contents, however the onset 

of degradation emerges earlier above 0.6 wt% CNTs. Furthermore, the loss modulus peak position decreases with 

more CNTs, indicating altered viscoelastic energy dissipation modes. 
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Fig. 6 - Storage Modulus 

 

 
Fig. 7. - Loss modulus 

 

In summary, CNT incorporation provides mechanical reinforcement but higher loadings begin to restrict 

mobility and reduce damping. An optimal CNT loading balancing stiffness, toughness, and thermal stability is 

estimated between 0.4-0.6 wt% for the basalt fiber composites. 

 

Conclusion 

The tensile, flexural and impact properties of the CNT-reinforced composites showed varying degrees of 

enhancement up to an optimal CNT percentage followed by deterioration due to aggregation effects. This 

comprehensive study demonstrates that augmenting basalt fiber composites with carbon nanotube reinforcements 

can substantially enhance certain mechanical properties when incorporated at optimal compositions between 0.4-0.6 

wt%. However, detrimental effects emerge at higher CNT loadings due to aggregation issues. Scanning electron 

microscopy revealed increasing surface decoration and eventual obscuration of the underlying basalt fibers with 

rising CNT percentage. At 0.8 wt% CNTs, thick conformal coatings nearly completely encapsulated the basalt. 

Fourier transform infrared spectroscopy showed a transition from basalt-dominated to CNT-dominated spectra at 

higher CNT contents. X-ray diffraction confirmed the presence of 0.8 wt% CNTs through elevated carbon levels. 

Mechanical testing exhibited noticeable property enhancements at lower CNT loadings followed by 

deterioration at excessive percentages where aggregation dominated. Both tensile and flexural strength improved up 

to 0.4-0.6 wt% CNTs before declining at 0.8 wt%, attributed to impaired interfacial adhesion. However, impact 

energy decreased more consistently from 0.2 to 0.8 wt% CNTs due to embrittlement effects intensifying with higher 

loading. Dynamic mechanical analysis revealed that increasing CNT content progressively enhanced the storage 

modulus, suggesting improved stiffness. But the loss modulus and damping capability diminished at higher loadings 

above 0.6 wt% as CNTs restricted interfacial mobility. Thermal degradation also emerged earlier above 0.6 wt%. 

In summary, an optimal CNT loading between 0.4-0.6 wt% was found to maximize certain mechanical 

properties through uniform dispersion and strong interfacial adhesion enabling efficient stress transfer. However, 

concentrations above this range led to impairment from CNT aggregation. With controlled processing, CNTs can 
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effectively reinforce basalt fiber composites within a tailored composition range prior to the onset of negative 

aggregation effects. 

 

Data Availability 

The authors confirm that the data supporting the findings of this study are available within the article and its 

supplementary material. Raw data that support the findings of this are availbale from the corresponding author, upon 

responsible request.  
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Abstract. This research reviews the study of the hydro-volume vibration mechanism of Shock Vibration Source of 

Seismic Signals. The developed source should have a smaller weight compared to analogs due to the fact that the 

source is pressed to the ground at the moment of emission of the Amplitude-Modulated Sweep Signal by a falling 

load, Theoretical studies were carried out on a linear mathematical model of the mechanism. A comparison of the 

calculated values of frequency characteristics with experimental values was the method for assessing the validity of 

the assumptions adopted for the mathematical model. Experimental studies of the dynamic system of the mechanism 

were conducted on an experimental vibration stand using frequency characteristics. To simplify the design, the fall 

of the load for pressing is simulated by a low-frequency generator in the vibration mechanism of the experimental 

stand. Thus, the vibration mechanism includes two separate drives for controlling the oscillatory system for high-

frequency and low-frequency oscillations, an oscillating system and an external load. The determination of 

frequency characteristics of the vibration mechanism, the conditions and nature of its resonance, and finding 

resonant zones is the task of the research. 

 

Keywords: sweep signal, seismic vibrations, vibration mechanism, dynamic characteristics 

 

Introduction 

Various sources of seismic vibrations are used for exploration of geological environments in modern seismic 

exploration. At the same time, in the research works it is noted the prospects of shock-vibration sources using [1-7]. 

This research is a continuation of the work “The Study of the Parameters of Amplitude-Modulated Sweep 

Signal of the Shock Vibration Source of Seismic Signals” [1]. The overall objective of the research is to develop a 

small-sized seismic shock-vibration source with an amplitude-modulated probing signal. 

The article reviewed [1] the probing signals with different forms of the envelope of the amplitude of the 

force. The prospects of using a signal with a sinusoidal envelope are confirmed. To form such a signal, it is 

proposed a design scheme of the seismic signal source, including an oscillatory system with an impact unit. The 

force and the form of the signal envelope are formed by the process of interaction of the fallen active load with the 

shock absorber of the actuator.  

The hydro-volume vibration mechanism [8-14] can be represented as a generalized dynamic circuit, adding 

additional connections to it due to the presence of a resonant circuit (Fig. 1) (regardless of the materials of the 

elements) [15, 16]. 

 

 
 

Fig 1. – Scheme of the dynamic system of the hydrovolume vibration mechanism 

 

It is evident from the diagram of the dynamic drive system that the oscillatory system and the load acting on 

it represent a single system with direct and feedback connections. 

The purpose of the research is to study the vibration system of the vibration mechanism that is to determine: 

• its dynamic characteristics$ 

• the parameters of the resonant mode; 

• the degree of influence of high-frequency and low-frequency generators on the amplitude of oscillations. 

Also it was the task to prove: 

• the validity of simulating the fall of an active load by the operation of a low-frequency generator 

• the possibility of the research on the formation of an amplitude-frequency modulated signal.  

In the article on the base of the experiments: 

• logarithmic amplitude-frequency and phase-frequency characteristics of a dynamic system are constructed; 

• logarithmic amplitude-frequency and phase-frequency characteristics of a dynamic system are constructed; 
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• a comparison of the calculated dynamic parameters with experimental ones is given. 

 

1. Theoretical Part 

To simplify the design of the laboratory stand (Fig. 2), in laboratory conditions, the fall of a load with mass 

m was replaced by its rocking-oscillatory motion [1]. It was recorded, in this case, the amplitude x of the load's 

movement in the vertical direction. 

 
 

Fig 2. – Simplified schematic diagram of the experimental stand: 

S1, S2, x1, x2 ω1, ω2 are: the area of the generators plungers and the coordinates of the plungers moving, the 

rotational speed of the high-frequency and low-frequency oscillation generators; φ1 is the tilt angle of the high-

frequency generator disk; φ2 is the current position angle of the low-frequency generator shaft; p0 is the average 

pressure in the system;  is coefficient of viscous losses in the vibration circuit of the mechanism; С0 is the stiffness 

of the main elastic links, which includes the stiffness HPH and the stiffness due to the presence of medium pressure 

in the cavities; Cp is the hydraulic stiffness due to volumetric deformation; ±dW is the variable fluid flow 

 

For this purpose, load III is placed on four cross-connected elastic shells – high-pressure hoses (HPH). The 

high-frequency oscillations are excited by a symmetrical generator (HFG) in them, and the shock mode is simulated 

by an additional low-frequency generator (LFG). 

The hydrovolume vibration mechanism constructed according to this scheme consists of: 

• a drive for controlling the high-frequency oscillatory system II; 

• a drive for controlling the low-frequency oscillatory system I; 

• an oscillating system; 

• an external load III; 

• medium pressure generation systems IV. 

In the research [1] the general equation of displacement was obtained: 

 

𝑚
𝑑2𝑥

𝑑𝑡2
+ 𝛼 ∙

𝑑𝑥

𝑑𝑡
+ 𝐶𝛴 ∙ 𝑥 = 𝐶𝑝 ∙ 𝑘s1 ∙ 𝑥1 + 𝐶𝑝 ∙ 𝑘s2 ∙ 𝑥2                                         (1) 

 

where S is the operating area of the actuator; 

𝑘𝑠1 =
𝑆1

𝑆
 and 𝑘𝑠2 =

𝑆2

𝑆
 

CΣ=C0+Cp. 

There were obtained the equations for the system of equations for subsequent computer modeling: 

 

𝑑𝑊 = 𝑊1 + 𝑊2 − 𝑊0; 

𝑑𝑝 =
𝐸

𝑊0
𝑑𝑊; 

𝐹𝑑 = 𝑆 ⋅ 𝑑𝑝;       (2) 

𝐹𝑣 = α ∙ 𝑉;   
𝐹𝑥 = 𝐶0 ∙ 𝑥; 

𝑑𝐹 = 𝐹𝑑 − 𝐹𝑉 − 𝐹𝑥  
 

where W1, W2 are liquid volumes supplied by high and low frequency generators to the HPH; 

W0, dW is the initial fluid volume in the shells and its change; 

Е is the fluid elasticity modulus; 

S is the operating area of the actuator; 

dp is the pressure drop in operating cavities; 

 is the coefficient of viscous losses in the oscillatory circuit; 
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V is the movement speed of the movable body of the actuator. 

х is the current movement of the moving body; 

С0 is the stiffness of the main elastic bonds 

dF, Fd, Fx, FV  are: the force transmitted through the HPH to the "ground", the driving force, the force from 

the current deformation of the HPH, the force of the viscous internal resistance. 

A detailed structural diagram of the mechanism (Fig. 3) is given on the based on the system of equations (2). 

The first adder in this structural diagram characterizes the volume balance equation and the process of 

forming the deformation volume dW, the second adder describes the force balance equation. 

 

 
a) 

 
b) 

 
Fig 2. – Structural diagrams of a hydrovolume vibration mechanism: a) for displacement, b) for pressure drop dps is the Laplace operator 

 

According to the assumptions made when compiling the mathematical model [1], expression (1) is linear and 

continuous in the frequency and time interval under consideration. This allows us to perform a transformation over 

expression (2) - the Laplace transform: 

 

(𝑚 ⋅ 𝑠2 + 𝛼 ∙ 𝑠 + 𝐶Σ) ∙ 𝑋(𝑠) = 𝐶𝑝 ∙ 𝑘s1 ∙ 𝑋1(𝑠) + 𝐶𝑝 ∙ 𝑘s2 ∙ 𝑋2(𝑠)                          (3) 

 

Let's rewrite expression (3): 

 

(𝑇2 ⋅ 𝑠2 + 2 ⋅ 𝜉 ⋅ 𝑇 ⋅ 𝑠 + 1) ∙ 𝑋(𝑠) = 𝑘1 ∙ 𝑋1(𝑠) + 𝑘2 ∙ 𝑋2(𝑠),                           (4) 

 

by introducing the notations: 

𝑘1(2) =
𝐶𝑝 ∙ 𝑘s1(2)

𝐶Σ
; 

𝑇 = √
𝑚

𝐶Σ
=

1

𝜔∗
; 

𝛼 = 2 ⋅ 𝜉 ⋅ √
𝑚

𝐶Σ
. 
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Let us consider the operation of each of the oscillation generators separately, i.e. two variants of the system 

operation: 

• in the first case, the input is the movement of the plunger of the high-frequency generator х1 

(𝑇2𝑠2 + 2 ⋅ 𝜉 ⋅ 𝑇 ⋅ 𝑠 + 1) ∙ 𝑋(𝑠) = 𝑘1 ∙ 𝑋1(𝑠);                                                  (5) 

 

• in the second input is the movement of the plunger of the low-frequency generator х2 : 

 

(𝑇2𝑠2 + 2 ⋅ 𝜉 ⋅ 𝑇 ⋅ 𝑠 + 1) ∙ 𝑋(𝑠) = 𝑘2 ∙ 𝑋2(𝑠).                                                  (6) 
 

We obtain two different loading schemes for the mechanical system of the vibration mechanism, differing in: 

• the nature of excitation; 

• the size of the excitation volume of liquid supplied by the generators into the cavities of the shells; 

• stiffness parameters. 

According to the assumption of linearity [1, 17, 18] in equations (5, 6), the coefficients Т,  and k, depending 

on the value of the hydraulic stiffness СР, are constant and they are input parameters. 

In a real physical model, they depend both on the generator inputs and on the change in the output 

parameter – the displacement x, since: 

 

𝐶𝑝 =
𝑆(𝑥)2 ∙ 𝐸

𝑊0
,                                                                                              (7)  

 

and therefore require correction. 

We obtain the transfer functions for the system from equations (6, 7): 

 

𝑊𝑥1(𝑠) =
𝑋(𝑠)

𝑋1(𝑠)
=

𝑘1

𝑇2𝑠2 + 2 ⋅ 𝜉 ⋅ 𝑇 ⋅ 𝑠 + 1
                                                        (8)  

and 

𝑊𝑥2(𝑠) =
𝑋(𝑠)

𝑋2(𝑠)
=

𝑘2

𝑇2𝑠2 + 2 ⋅ 𝜉 ⋅ 𝑇 ⋅ 𝑠 + 1
.                                                     (9)  

 

We obtain the frequency transfer functions by applying the Fourier transform to expressions (6, 7): 

 

𝑊𝑥1(𝑗𝜔) =
𝑋(𝑗𝜔)

𝑋1(𝑗𝜔)
=

𝑘1

1 − 𝑇2𝜔2 + 2 ⋅ 𝑗 ⋅ 𝜉 ⋅ 𝑇 ⋅ 𝜔
                                          (10)  

and 

𝑊𝑥2(𝑗𝜔) =
𝑋(𝑗𝜔)

𝑋2(𝑗𝜔)
=

𝑘2

1 − 𝑇2𝜔2 + 2 ⋅ 𝑗 ⋅ 𝜉 ⋅ 𝑇 ⋅ 𝜔
.                                       (11)  

 

We determine amplitude-frequency characteristics (AFC) from the expressions (10, 11)  

 

𝑊𝑥1(𝜔) =
𝑘1

√(1 − 𝑇2𝜔2)2 + 4 ⋅ 𝜉2 ⋅ 𝑇2 ⋅ 𝜔2
                                              (12)  

and 

𝑊𝑥2(𝜔) =
𝑘2

√(1 − 𝑇2𝜔2)2 + 4 ⋅ 𝜉2 ⋅ 𝑇2 ⋅ 𝜔2
;                                             (13)  

• phase-frequency characteristics (PFC) 

𝜑𝑥1(2)(𝜔) = −arctg
2 ⋅ 𝜉 ⋅ 𝑇 ⋅ 𝜔

1 − 𝑇2 ⋅ 𝜔2
                                                               (14)  

 

To analyze the operation of the vibration mechanism in the future, we will use logarithmic frequency 

response (LFR): 

 

𝐿𝑥1(2)(𝜔) = 20 ⋅ lg (𝑊𝑥1(2)(𝜔)).                                                                   (15) 

 

By making structural transformations of the diagram (Fig. 2), we obtain for the pressure drop dp in the 

working cavities of the actuator: 

• transfer functions: 

𝑊𝑑𝑝1(𝑠) =
𝑘1 (𝑇2𝑠2 + 2 ⋅ 𝜉 ⋅ 𝑇 ⋅ 𝑠 +

𝐶0

С𝛴
)

𝑇2𝑠2 + 2 ⋅ 𝜉 ⋅ 𝑇 ⋅ 𝑠 + 1
                                                       (16)  
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and 

𝑊𝑑𝑝2(𝑠) =
𝑘2 (𝑇2𝑠2 + 2 ⋅ 𝜉 ⋅ 𝑇 ⋅ 𝑠 +

𝐶0

С𝛴
)

𝑇2𝑠2 + 2 ⋅ 𝜉 ⋅ 𝑇 ⋅ 𝑠 + 1
 .                                                     (17)  

• frequency transfer functions: 

𝑊𝑑𝑝1(𝑗𝜔) =
𝑘1 (

𝐶0

С𝛴
− 𝑇2𝜔2 + 2 ⋅ 𝑗 ⋅ 𝜉 ⋅ 𝑇 ⋅ 𝜔)

1 − 𝑇2𝜔2 + 2 ⋅ 𝑗 ⋅ 𝜉 ⋅ 𝑇 ⋅ 𝜔
                                             (18)  

and 

𝑊𝑑𝑝2(𝑗𝜔) =
𝑘1 (

𝐶0

С𝛴
− 𝑇2𝜔2 + 2 ⋅ 𝑗 ⋅ 𝜉 ⋅ 𝑇 ⋅ 𝜔)

1 − 𝑇2𝜔2 + 2 ⋅ 𝑗 ⋅ 𝜉 ⋅ 𝑇 ⋅ 𝜔
.                                          (19)  

 

From expressions (18, 19) we obtain expressions for: 

• AFC 

𝑊𝑑𝑝1(𝜔) =

𝑘1√(
𝐶0

С𝛴
− 𝑇2𝜔2)

2

+ 4 ⋅ 𝜉2 ⋅ 𝑇2 ⋅ 𝜔2

√(1 − 𝑇2𝜔2)2 + 4 ⋅ 𝜉2 ⋅ 𝑇2 ⋅ 𝜔2
                                                    (20)  

and 

𝑊𝑑𝑝2(𝜔) =

𝑘2√(
𝐶0

С𝛴
− 𝑇2𝜔2)

2

+ 4 ⋅ 𝜉2 ⋅ 𝑇2 ⋅ 𝜔2

√(1 − 𝑇2𝜔2)2 + 4 ⋅ 𝜉2 ⋅ 𝑇2 ⋅ 𝜔2
                                                 (21)  

• PFC 

𝜑𝑑𝑝1(2)(𝜔) = −arctg
2 ⋅ 𝜉 ⋅ 𝜔 ⋅ 𝐶𝑝

(С𝛴 − 𝑚 ⋅ 𝜔2) ⋅ (С0 − 𝑚 ⋅ 𝜔2) − 4 ⋅ 𝜉2 ⋅ 𝑇2
                             (22)  

To analyze the operation of the vibration mechanism in the future, we will use logarithmic frequency 

response (LFR) 

𝐿𝑑𝑝1(2)(𝜔) = 20 ⋅ 𝑊𝑑𝑝1(2)(𝜔).                                                                       (23) 

 

2. Experimental Part 

The experimental studies of the dynamic characteristics of the oscillating system of the mechanism were 

carried out on a stand (Fig. 1). 

The stand consists of the following main elements: 

• an actuating vibration element with an internal diameter of dBH =0.01 m and an operating pressure of 

Рwork=24 MPa; 

• a volumetric axial-type oscillation generator with adjustment of the supplied volume W1=x1S1by changing 

the stroke value х1 of pistons with an area of S2=2.610-4 m2; 

• a volumetric axial-type oscillation generator with adjustment of the supplied volume W2=x2S2 by changing 

the stroke value х2 of the piston with an area of S2=2.610-4 m2; 

• a generator drive adjustable in terms of rotation speed 1 and2; 

• a system for feeding leaks, maintaining and regulating the average pressure in the operating cavities of the 

hosepipes. 

The mass of the moving parts of the mechanism is m4 кНsec2/m. 

The experiment was carried out with separate excitation of elastic shells by generators. 

The purpose of the experiment is to determine the values of the resonance frequencies of the displacement x 

and the pressure drop dp. 

The next values were determined in the result of the experiment: 

• the resonance frequencies of the displacement of the “output link” x 

- the main ωх: 

 

𝜔𝑥 = √
𝐶Σ

𝑚
≈ Hz;                                                                                      (23) 

- additional ωх´≈13…18 Hz; 
• pressure drop resonance frequencies dp: 

- “positive” dp=ωх= ω0; 

- “negative” 
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𝜔𝑑𝑝
′ = √

𝐶0

𝑚
≈ 3.5 Hz.                                                                                    (24) 

• relative damping coefficient 

𝜉 =
𝑑𝜔

𝜔0
≈ 0.1 m2/Н.                                                                                    (25) 

There were determined the system parameters based on the data (23-25): 

• rigidity – С2.5 MH/m, СР0.6 MH/m, С01.9 MH/m 

• viscous loss coefficient 200 Нsec/m 

We obtain the calculated frequency response and phase response for displacement x and pressure drop dp for 

both generators (Fig. 4, 5) for different values of their amplitudes Х1 and Х2, substituting the values into expressions 

(12-15, 20-24). 

The calculated resonance peaks coincide in frequency with the experimental ones due to the fact that the 

parameters determined from the experiment were substituted into the expressions. At the same time, a comparison of 

the nature of the asymptotes and the resonance values allows us to conclude about the admissibility of the accepted 

linearity. 

 

Conclusion 

The analysis of the diagrams (Fig. 4, 5) showed: 

• that the slope and position of the calculated and experimental LAFC and LPFC qualitatively coincide, and 

the magnitude of the resonance peaks lies within the error limits of 15%; 

• that the maximum LAFC for displacement x is observed in the case when the phase angle between the input 

х1(2) and the output х φх1(2) (2) is equal to –π/2; 

• the resonance in pressure drop occurs at frequencies 0, 𝜔𝑑𝑝
′  with a phase shift φdp(2) equal to +π/2; 

• in the transresonant mode at  ∞ the magnitude of the oscillation amplitude of the “output link” tends to 

zero, and the pressure drop remains practically unchanged. 

 

 

Fig. 4 – LAFC and LPFC of the high-frequency generator: 

- calculated;  - Х1=2 mm,  - imput Х1=1.5 mm,  - Х1=1 мм,  - 
imput Х1=0.5 mm 

Fig. 5 LAFH and LPFC of the low-frequency generator: - 

calculated;  - Х1=2 mm,  - input Х1=1.5 mm,  - Х1=1 mm,  - 
input Х1=0.5 mm 

 



Material and Mechanical Engineering Technology, №4, 2024 

126 
 

The experimental study method of the dynamic characteristics of the mechanism in two stationary modes 
(first with one high-frequency generator operating, then with a low-frequency generator) consisted of obtaining 
experimental amplitude-frequency and phase-frequency characteristics of the following quantities: 

• output signal x; 
• pressure drop dp; 
• phase shift angles φx1(2) and φdp1(2). 
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